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CHAPTER1I

INTRODUCTION

Phosphors are often used as radiation indicators because they emit light when ex-
posed to ionizing radiation. A charged particle, upon interaction with the phosphor mate-
rial, will excite electrons. Relaxation of the electrons usually results in photon emission,
and characterization of that emission tells us about the nature of the interaction. Instead of
creating emission from ionizing radiation, our project leverages photoluminescence emis-
sion to query radiation-induced displacement damage. Displacement damage was created
in the material using particle radiation. Compared to the ephemeral emission form ioniza-
tion (called scintillation), which is gone moments after the exposure is removed, displace-
ment damage is essentially permanent. Consequently, the material that has been damaged
by radiation can be queried at any arbitrary time after the irradiation, and the effects of the
damage are effectively recorded into the material resulting in a remotely readable, perma-
nent record of the radiation exposure.

The approach to determine whether non-ionizing radiation causes displacement
damage in phosphors included systematically exposing several materials to x-rays, alpha
particles, protons, and neutrons. Since phosphor luminescence intensity and lifetime are
mainly governed by the arrangement of luminescent centers in the host lattice and the lo-
cal crystal environment of each luminescence center, the optical properties were used to
quantify changes in the local crystal structure. Instead of measuring the scintillation light
yield, the photoluminescence spectrum and lifetime were measured. In this work, scintilla-
tion refers to the emission during irradiation and photoluminescence refers to the emission
from a UV-VIS source or a laser after irradiation. The results of these experiments provide

insight into the possible mechanisms of damage and instruct how to design a material with



the desired interaction effects with radiation exposure.

The materials selection was motivated in part by the ultimate goal of the research,
which was to identify materials that would react with neutrons to create a permanent record
of radiation exposure. The first material tested was Y;Al;0,, (YAG) because it has been
well-studied and thus has a heavy presence in the literature and because our lab group
has experience with the material. We used this as a screening material, but ultimately, the
aluminum was replaced with boron because '°B is known to have a large neutron cross
section [4], which should increase the probability of radiation interactions. Unfortunately,
boron does not substitute equivalently for the aluminum and the crystal structure of the two
materials is quite different. Nevertheless, the structure of the luminescence spectra, which
is one method used to indicate damage, is similar.

Not only were multiple types of phosphors synthesized and irradiated, but also mul-
tiple fabrication studies were performed to enhance the emission intensity of the phosphors
tested. Some of these fabrication studies were performed by Robert Harl and Courtney
Mitchell from the Roger’s group. These experiments were necessary because the concen-
tration of rare-earth activator needed for maximum emission intensity depends on the host
lattice. For example, when cerium is the dopant in a phosphor, the most intense emis-
sion usually results with a doping concentration around 1% or less. The concentration
of europium, on the other hand, usually needs to be much greater, sometimes as high as
20% [5]. Regardless of the emission intensity, the material sensitivity to radiation damage
can be affected by the doping concentrations, and thus a range of doping concentrations
were explored during the radiation experiments.

In addition to choosing a material, a robust protocol for experimentation was nec-
essary. To determine whether the changes in the spectra and decay were due to irradiation
and not from contamination or inconsistent data collection, etc., it was important to de-
velop a reliable approach to preparing samples and performing spectroscopy and lifetime

measurements. We resolved issues with how the samples were mounted and took steps to



ensure that the same spot was queried before and after the exposure.

By deconvoluting the emission spectra with Gaussians, we were able to normalize
emission with the integral of the reflected excitation peak for consistent comparison be-
tween samples. By fitting exponentials to the entire decay trace, we were able to determine
the lifetime of the material without choosing an arbitrary range to fit a line and calculate 7,
which is common among lifetime data reduction techniques. This approach also allowed us
to examine multiple decay mechanisms. The phenomenological model described by Birks
and Black was used to represent the emission degradation with radiation exposure. Further-
more, the decay trends of irradiated samples were fit using a model motivated by Dexter.
These models help to distinguish between influences from various quenching mechanisms
that affect the lifetime. This work concludes with remarks about the relationships between
activator concentration, lifetime, and proton fluence that are new to the scientific commu-
nity.

Also included are experiments and results from collaborative works on YAG:Dy
and YAG:Tm as high-temperature thermographic phosphors. Controlled calibration exper-
iments were performed, and the data were used as a standard to compare for other high
temperature environments. YAG:Tm is a good candidate because it has an emission line at
a shorter wavelength than other high-temperature thermographic phosphors, and thus can

be detected even when black-body radiation obscures the other emission wavelengths.

1.1 Applications
Rare-earth orthoborates are particularly suited for applications such as flat panel
displays and fluorescent lighting [6] because of their VUV transparency [7] and exception-
ally high damage threshold [8]. Studies of these materials are often focused on fabrication
because the light output is strongly dependent on the bulk configuration [9] (powder vs.
crystal, for example). Other studies have focused on the conversion efficiency useful for sil-

icon solar cells [10] or properties and structure suitable for optoelectronic devices [11,12].



These materials have also been used as scintillators for radiation detection [13, 14] where
the luminescence intensity is measured as a function of radiation dose.

The most researched property is scintillation—the immediate emission of photons
upon absorption of energy. Scintillation is caused by an electron, an alpha-particle, an ion,
or a high-energy photon. Efficient scintillators have a fast de-excitation (returning to the
ground state), high light output, and are transparent to their own emission. Solid-state light-
ing, light emitting diodes (LEDs), and incandescent lamps use a type of scintillation called
electroluminescence, where the emission of light is a result of electric current. Fluorescent
lamps use electricity to ionize a gas inside the bulb (typically mercury) which in turn causes
electrons to be excited and scattered. These electrons hit a layer of phosphors deposited on
the inside of the bulb and excite their electrons, which emit photons upon relaxing back to
the ground state. Although phosphors were used in cathode ray tubes (CRT) in televisions
and computers, plasma display panels (PDPs) have mostly replaced them. PDPs are display
devices consisting of pixels, which radiate light directly or emit luminescence from phos-
phors. The phosphors are excited by ultraviolet light that is produced by a gas discharge.
These screens require multiple colors, so more than one phosphor is needed to produce
different colors of light. For example, Sr3(PO4)5C1:Eu3+ emits in the blue, LaPO4:Ce3+
emits in the green, and Y203:Ce3+ emits in the red. The combination of certain phosphors
creates emission of various colors, including nearly white light.

I"-ray cameras (Auger cameras) take pictures of emitted isotopes in the human body,
usually with Nal: T1* phosphors. More common, however, are X-ray computed tomography
(CT) scans. X-rays attenuate as they pass through the body and then hit a phosphor film
(usually Csl:Na) that scintillates. This input film is also layered with indium oxide and
a photocathode where the photons are converted to photoelectrons. The photoelectrons
from this film travel through a vacuum and electron optics where they are accelerated into
another phosphor film that captures the image.

Another common application is phosphor thermometry [15, 16]. Phosphor ther-



mometry is a technique for temperature measurement which utilizes the decay time of the
phosphor [17]. Phosphor temperature dependence can be manipulated by the type of ele-
ments in the phosphor. For example, YAG:Dy has a very high temperature range sensitiv-
ity (above 1200°C) [18], whereas La,0,S:Eu is sensitive down to cryogenic temperatures.
Phosphor thermometry is useful for measuring temperatures of moving parts or of places

that are difficult or impossible to get to with a thermocouple.

1.11 Activator Selection

Cerium(III) in YBO; emits two broad peaks centered around 388nm and 412nm.
There is also a weaker peak from cerium 4+ around 450nm that appears when higher
concentrations of cerium are doped in YBO5. Emission from cerium is a 5d-4f transition.
Because the 5d levels are not shielded (as the 4f levels are) they interact strongly with the
local crystal and vibronic states. Therefore, transitions from 5 d—4f, which are allowed, are
broad. Therefore, the emission spectrum is narrow. These emission peaks largely overlap
each other, and the 388 nm peak overlaps the reflection of the excitation at 365 nm. These
two emission peaks occur because the crystal lattice of YBO; creates a 5d energy level
state. From this state, energy can transition to the relaxed states at the ZFS/2 and 2F7/2-
These transitions emit energy approximately equal to 3.2eV (388nm) and 3eV (412nm)
as photons. YBO3:Ce3+ has a lifetime on the order of 30ns. If the lattice is disturbed, the
5d level may be at a different energy and thus the transition energies change as well. This
results in shifting of the emission peaks to correspond with the energy transition levels.

Although the crystal’s influence on the 5d level provides a Stokes shift in the visible
region in YAG:Ce>*, the amount of cubic symmetry around the ion is responsible for the
precise emission wavelength [19]. As the dopant atoms are substituted for Al (i.e. Ga) the
local structure becomes more symmetric [20]. Consequently, the emission red-shifts. If the
local environment is altered by radiation damage, we hypothesize that the emission could

shift. . Europium(III) in YBO; emits at least three peaks: 593, 611, and 627 nm. Europium



transitions all occur in the 4f-4f levels. They are forbidden, and do not interact with the
crystal because they are shielded. Unlike the cerium emission, europium peaks are narrow
and separated, overlapping only slightly at the tails. Europium emission is not sensitive to
the crystal lattice the way cerium is because the excited energy level (SDO) exists regardless
of the lattice structure. However, the number of transitions which occur in Eu3* depends
on the crystal field. This means that there can be as many as six peaks in the spectrum of
a europium-doped phosphor. Europium tends to have a longer lifetime than cerium. The
lifetime of europium in YBOj is on the order of 4ms [21] whereas the lifetime of cerium
in YBOjsis on the order of 30ns. While the peaks in a cerium-doped material shift when
the lattice is disturbed, the peaks of a europium-doped material do not. Instead, the crystal

field may be affected resulting in splitting and therefore more emission peaks.



CHAPTER 11

BACKGROUND

2.1 General

Phosphors are materials that luminesce or give off light upon absorbing energy.
Since phosphors have been known for so long, the terminology describing them has changed
over time. The root of luminescence is “lumin,” which means “light.” However, fluores-
cence, phosphorescence, and photoluminescence are also commonly used terms to describe
the same process.

Phosphors are crystals composed of a host lattice and an impurity, usually an ac-
tivator ion. While the composition of the host lattice is varied and includes borates and
phosphates, etc., the activator is usually a lanthanide or rare-earth element. Sometimes, an
additional impurity ion is added as a sensitizer that enhances the emission intensity of the
activator by transferring energy to the activator.

Phosphor luminescence can be stimulated with different types of energy. Further-
more, the terms for the resulting luminescence may have multiple names. Photolumines-
cence generally indicates light (photons) as the energy source absorbed by the material.
Triboluminescence results from friction. Chemiluminescence is produced by a chemical
reaction that creates the emission (glow-sticks, for example). Thermoluminescence occurs
when the energy absorbed is heat. Bioluminescence is emission from a living organism.
Cathodoluminescence occurs when electrons are the excitation energy. These terms refer
to the type of energy that excites the phosphor.

Although radiative emission is always light, the emission spectrum may be differ-
ent depending on the source of excitation energy. For example, the emission spectrum

produced by fracture (triboluminescence) may not be equivalent to the emission spectrum



produced when the same material is excited by UV light [22]. In this review, the emission
measured during excitation by any source other than the UV source is “scintillation,” and
the “photoluminescence” is measured during excitation from the UV source. This means
that the emission during radiation experiments is considered scintillation.

The properties of phosphors are sensitive to the method of synthesis and processing—
the crystal size, activator (dopant) concentration, post-processing (annealing) temperature,
and form of the final product (powder, solid, film, etc.). A nanoparticle phosphor with 1%
activator concentration could demonstrate very different spectral properties and lifetime
than the same phosphor as a single crystal with 5% activator concentration. Furthermore,
interactions with radiation could be more or less sensitive. This variability makes phos-

phors a useful material that can be fabricated to perform as desired.

2.2 Synthesis

There are many types of phosphor synthesis. Synthesis techniques include sol-
gel [5], hydroxide precipitation, hydrothermal synthesis [23, 24], solid-state reaction [25,
26], and combustion synthesis [9]. Our fabrication method is a gel-combustion technique
which produces a powder. Each synthesis has techniques and variables that can be altered to
produce the same basic material, but with different properties. Variables include the starting
reagents (powder, liquid, solution, etc.), temperature during processing, temperature post-
processing, volume of material fabricated, duration of processing, tools used, conditions
during synthesis (under vacuum, Argon instead of air, etc.). These variables can affect the
formation of the crystals—speed, size, distribution, which in turn can affect the properties
of the material. For our experiments, we made phosphors with three host lattices: YAG,
LZO0, and YBO;. We doped these lattices with either Ce®*, Eu®*, or both.

Cerium(III) is an especially desirable dopant for luminescence because of its high
light yield, fast response time (10-100ns), easy fabrication, and low cost. More impor-

tantly, because of the crystal field and the spin-orbit coupling of the 5d electron, the Ce>*



excitation energy is dependent on its crystalline host lattice. The absorption of Ce** can
be around 470nm in YAG or as low as 280nm in LaCl;. Furthermore, the emission is also
variable, ranging from 540nm in YAG:Ce** to 350nm in LaCl3:Ce3+ [27]. The emission
is always composed of a two-peak broadband spectrum because the 4f electrons of Ce®*
always split into 2F5/2 and 2F7/2 which do not depend on the crystal environment.
Europium (III) is another common dopant used in phosphor applications, particu-
larly for its red emission. However, unlike Ce**, Eu** emits multiple sharp peaks and a
much greater dopant concentration is required for a high light yield. Europium has many
5DO — 7FJ transitions (where J=1, 2, 3, 4...). Although europium has multiple transitions,
none result directly from the crystal environment. We normally see crystal field splitting
of certain levels when the europium is placed in a lattice, and the strength of the splitting
between magnetic and electronic transitions is heavily dependent on the local crystal field.
If the local crystal field becomes disturbed, as in radiation damage, then we would expect

a corresponding change in the luminescent spectrum.

2.2.1 YAG

Y,05;—Al,05 can exist in three different crystal phases: YAIO; which is a per-
ovskite structure called YAP, Y,Al,O4 which is a monoclinic structured called YAM, and
Y;Al;O;, which is a cubic garnet structure called YAG shown in Figure 2.1. YAG is
often used in solid-state lasers with erbium or neodymium. When cerium is substituted
for yttrium, it becomes the brightly emitting phosphor in the form of Y; A Al;O,,:Ce,.
YAG:Ce** is commonly used in a variety of lighting applications—LEDs, cathode ray tubes,
mercury-vapor lamps, etc. YAG:Ce** can also be doped with gadolinium resulting in

Y3_XA15_y012:CeX,Gay and blue-shifting the emission spectrum [28].



Figure 2.1 The unit cell of YAG, where green represents the yttrium, white represents
aluminum, and red sites represent oxygen [1].

2.2.2 LZO

Lanthanum zirconate (LZO) is a pyrochlore which luminesces when doped with
a rare-earth compound. Pyrochlores take the chemical form A,B,0,, where the A=Y,
La, Nd, Sm, Eu, or Gd and B=Ti, Zr, Hf, or Sn. See Figure 2.2. In this case we use
La, , Zr,0;:Eu, where x=0.01, 0.02, 0.03, 0.04, or 0.05. We used 5% Eu3* for most radia-

tion experiments to enhance the intensity of the emission.

223 YBO;

The crystal structure of YBO; has been debated many times, but most sources sug-
gest a hexagonal vaterite-type structure with a P63 /m space group. However, a study by Lin
et al. used neutron diffraction to study the transition phases of LnBO5. They looked at the
low-temperature and high-temperature morphology of Y, o,Eu, (sBO5 and ultimately con-

cluded that a better space group assignment for vaterite-type YBO; is C2/c with unit cell

10



z[111]

A (16d)

o' (8b)

Figure 2.2 The coordination geometry of A ions in the pyrochlore structure [2].

parameters a = 11.3138(3) A, b = 6.5403(2) A, ¢ = 9.5499(2) A, and 8 = 112.902(1)°. A
2007 study by Li et al. agrees with this conclusion [29].
Boron-10 has a large neutron radiation cross-section, meaning it should be more

susceptible to damage from neutrons than a phosphor without it.

224 Europium Tetrakis

Europium tetrakis dibenzoylmethide triethylammonium (EuD,TEA) is a tribolumi-
nescent material with an extremely high light yield. Triboluminescence is the ability to
emit light when the material’s crystals fracture. It is easy to fabricate, and when the ma-
terial loses the ability to fracture any further, it can be dissolved back into ethanol and the

crystals regrown.

23 Photoluminescence Spectroscopy
The optical spectrum measured during excitation by electrons, for example, may
differ from the spectrum measured by another UV excitation. Furthermore, the terminol-

ogy of which spectral data being analyzed may be unclear in the literature. For example, the
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Figure 2.3 Projection of the structure of the low-temperature phase Y, o,Er, ;sBO5 along
the (001) direction, and coordination polyhedra of Y1 and Y2 atoms [3].
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luminescence that results from excitation of a phosphor during charged particle bombard-
ment may produce a different spectrum than, all variables remaining the same, excitation
with a UV-VIS source. Some scientists may call this particle-induced luminescence (PIL)
and optically-stimulated luminescence (OSL), respectively, or perhaps just scintillation and
photoluminescence.

The Birks and Black model [30] is used for scintillation luminescence to obtain an
estimate of the half-brightness radiation dose for materials from measured emission. This
parameter indicates the sensitivity of the material to radiation-induced changes in the scin-
tillation. Here we consider scintillation to be the light output during particle irradiation,
or electroluminescence. For our case, we are interested in the photoluminescence after
the material has been exposed (not during) and so we distinguish the light output from
photo-excitation from the scintillation or the light output from proton-excitation. Despite
this distinction, we can apply the Birks and Black model, being phenomenological in ori-
gin, to indicate the sensitivity of the photoluminescence to radiation-induced displacement
damage as well.

Y 1

S 2.1
Yo 1+N/A’ .1

where N is the total number of particles per area striking the crystal (dose), Y is the overall
yield of the un-irradiated sample (N = 0), and A is a fitting parameter that represents the

half-brightness dose.

24 Decay
The duration of the emission of light depends on the material. Emission lifetime,
also called the decay, can range from nanoseconds to seconds. Glow in the dark toys
have an especially long lifetime, lasting for hours. Dye-pumped lasers are often made
with phosphors like YAG:Dy to produce very brief powerful bursts of light. Although all

phosphors have an emission lifetime, some lifetimes can be affected by external events
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such as heat or radiation.
Phosphor lifetimes decrease with increasing temperature. The rate of decrease is

unique to each phosphor. The intensity of luminescence decays exponentially

=1 '/® (2.2)

where [ is the initial intensity, ¢ is time, and 7 is the temperature-dependent lifetime. The
lifetime of bulk YBO3:Eu3+ phosphors is approximately 4.73 ms [31] whereas the lifetime
of YBO;:Ce’* is about 30ns [25].

2.5 Radiation
The two main types of radiation are ionizing and non-ionizing. Ionizing radiation
uses the kinetic energy of a particle to release an electron from an atom or molecule. Di-
rectly ionizing radiation includes alpha and beta particles. Protons, neutrons, gamma rays,
and x-rays are indirectly ionizing. At high fluences, it may be possible to permanently
damage a phosphor with ionizing radiation, but our prior work has not been able to con-
firm this because the resources available at Vanderbilt have relatively low activity and thus

experiments take a long time.

2.6 Literature Review - Radiation Studies
Using phosphors for radiation detection typically utilizes scintillation. The phos-
phors are excited by ionizing radiation or thermal stimulation (thermostimulatied lumines-
cence), but not often used to detect non-ionizing radiation.
Some of the first radiation studies using phosphors trace back to the 1950’s when
J.B. Birks and F.A. Black measured the scintillation efficiency of anthracene exposed to

alpha-particle radiation [30]. Using a polonium source, they exposed a small crystal to
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50hours with a flux of 1.1 x 10° aparticles /cm? /minute. They measured the amplitude
of the scintillation of the anthracene intermittently using a PMT. From this, they were
able to develop a model, see Equation 2.1, that matched the phenomenological results
of the degradation of emission intensity due to the radiation exposure. Two weeks after
the irradiation, the anthracene had not recovered its original fluorescence efficiency—the
damage was permanent. Birks and Black attributed this damage to “intense ionization”
[30].

Hollerman et al. have numerous works published about the scintillation response of
various phosphors to proton radiation. Several of their studies were funded for space-based
applications seeking materials resistant to ionizing radiation or materials that could anneal
and self-repair from ionizing radiation [32—-34]. Their works examine phosphor fluores-
cence from proton beams at 3MeV [34,35,35-38] and 45MeV [39]. The phosphors were
tested as films mixed with binders. The effects of the radiation damage were examined as a
function of luminescence intensity, specifically, the dose required to reach half-brightness,
during the irradiation, but the post-radiation exposure emission or lifetime were not exam-
ined [34,38,39]. Although Hollerman et al. have done extensive work with the scintillation
response of various phosphors to proton irradiation, and their work provides an indica-
tion of which materials are more susceptible to radiation damage, they do not explore the
mechanism(s) of damage.

Gaubeas et al. investigated luminescence characteristics during 1.6 MeV proton bom-
bardment of polycrystalline CdS [40]. They evaluated the defect introduction rate by ex-
amining both laser- and proton-induced luminescence, but focused on the emission and did
not consider the lifetime.

Kortov recently wrote a summary entitled “Modern trends and development in high-
dose luminescent measurements” [41], which explains that high-dose dosimetry materials
need to be radiation-resistant so that the luminescent centers do not degrade under intensive

irradiation. Kortov suggests that nanostructured phosphors are prime candidates for high-
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dose thermoluminescent dosimetry because they have a large capacity for trapping centers.
Kortov discusses why nanostructured ceramics are particularly promising; annealed to re-
move charge defects so that they can be reused.

There are various other studies which address phosphor luminescence affected by
ionizing radiation or thermal neutrons [42-49], yet most of these studies look exclusively
at the scintillation during irradiation.

In the literature, displacement damage from non-ionizing radiation is mostly asso-
ciated with silicon devices, semiconductors, and other microelectronics. There are studies
that investigate damage constants and light outputs of LEDs [50-52]. There is still a gap
in the understanding of how optical properties of phosphors, photoluminescence and decay

especially, are affected by non-ionizing radiation.

2.7 High-temperature Thermography

Thermographic phosphors are often used to measure temperatures in harsh thermal
environments because of their non-contact nature, chemical and thermal robustness, and in-
dependence on radiative properties [15]. Because spectral emission from the visible region
is used to indicate temperature, black-body radiation from high-temperature surfaces can
obscure the measurement signal. The 365nm emission line in thulium-doped YAG could
be used in high-temperature measurements because its wavelength is significantly shorter
than other emission lines in common high-temperature phosphors. Although the intensity
of the emission peak is somewhat lower than the other characteristic lines in YAG:Tm, the
lifetime is measurable and shows a strong dependence on temperatures above 900°C. Gated
spectral measurements help identify energy levels responsible for the 365 nm emission.

YAG:Tm has been identified as a possible candidate for remote high-temperature
measurement [53]. The material’s chemical robustness and high-temperature survivability
make it suitable for applications like combustion environments where harsh thermal condi-

tions would destroy traditional sensors. We are interested in this particular material because
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it has an emission line at 365 nm, which is shorter in wavelength than many other high tem-
perature emission lines in other materials such as YAG:Dy [54]. This UV emission peak
is important in applications where black-body radiation can obscure long wavelength spec-
tral emissions. Although this short wavelength emission peak at 365 nm has been identified
before [55], its temperature dependence has not been studied and that is the focus of the

present effort.
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Figure 2.4 Energy level diagram of Tm>*.

The activator Tm presents a variety of energy levels resulting in a rich spectrum.

Figure 2.4 is a simplified energy level diagram showing the higher levels. Of primary
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interest is the 1D2 state but the levels above this are also of potential for high temperature
applications and should be addressed in future work. Guy [56] provided information on the
dynamics of higher states in YAG:Tm for 116, 1D2, and 1G4. For the example of a crystal
of 0.1 atomic percent at 10K, the decay times are 37 &2 us, 50 +2 us, and 570 £+ 10 us,
respectively. These values change with dopant concentration and morphology but are a
guide as to what to expect.
To our knowledge, the first to exploit Tm for fluorescence thermometry was Zhang [53,

57]. Temperature dependence from ambient to 1350°C was observed of infrared bands
longer than 1 um from the 3H4 and 3F4 states. The material was in the form of a YAG:Tm
optical fiber where the fluorescent emission is confined inside the fiber. In that case, the
ratio of the signal to blackbody radiation is larger than for thin phosphor coatings in non-
contact applications under consideration here. Cates [18] monitored emission from 1D2 at
458 nm from a phosphor powder sample of YAG:Tm, observing fluorescence to 1500°C.
For phosphor thermometry, monitoring shorter wavelength emission bands may be advan-
tageous since blackbody emission decreases with wavelength. This is illustrated by Fig-
ure 2.5 where blackbody emission curves for 1200 and 1400°C are plotted along with an
emission spectrum of YAG:Tm. Blackbody emission decreases by factors of 60 and 40

from 458 to 365 nm at these two temperatures respectively.

2.8 Mechanisms
There are two mechanisms of emission: radiative and non-radiative. Radiative
emission occurs when energy absorbed by the host lattice excites the activator to a higher
energy state and the activator emits that energy in the form of a photon as it drops back
down to its ground state. Non-radiative emission occurs when the energy absorbed by the
host lattice is either too little to excite the activator, or is just absorbed within the lattice and
dissipated as phonons—also called quenching. However, there are several other steps that

can occur after the absorption of excitation energy but before either emission or quench-
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Figure 2.5 YAG:Tm spectrum and blackbody emission.

ing. The energy can be transferred between activators. Dexter energy transfer and Forster
energy transfer are different mechanisms, but both produce the same end result. In our
data, we cannot distinguish which mechanism is occurring, but we can account for energy
transfer in our model for luminescence lifetime. If two activators are within a short dis-
tance, usually less than 10 Angstroms [58], and thus their electron wavefunctions overlap,
the energy absorbed can move from one to the other in the form of charge. Dexter energy
transfer is short-range, a Coulombic interaction that depends on the Wigner-Seitz radius. If
the transfer distances is greater than 10 Angstroms and is thus a long-range transfer, FRET
(Forster or Fluorescence Resonant Energy Transfer) is considered the mechanism of energy

transfer. The FRET efficiency, or the quantum yield of the energy transfer is given by

E=—7—— (2.3)
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where E is the FRET efficiency, r is the distance between donor and acceptor, and Ry is
the distance between two dipoles when the transfer efficiency is 50%. R can be calculated

by
RO 90000 (In10)x2J
0 1287514 Ny

(2.4)

where Qy is the fluorescence quantum yield of the donor, k2 is the dipole orientation factor,
n is the refractive index, Ny is Avogadro’s number, and J is the spectral overlap integral
given by

J= / Fo()ea(M)A4dA 2.5)

where fp is the normalized donor emission, and &4 is the acceptor molar extinction coeffi-
cient. FRET can occur when there is an overlap in the absorption spectrum of one activator
and the emission spectrum of another. This is an energy transfer that occurs without the
movement of charge. The probability of energy transfer, direct emission, and direct quench-
ing depends on the distances between two activators and between activators and quenching
sites. The Wigner-Seitz radius for YBO3:Ce3+ (shown in Figure 2.6) can be calculated

using the unit cell parameters a = 11.3138(3) A, b = 6.5403(2) A, ¢ =9.5499(2) A, and

3\ 13
d—2 ( = ) 2.6)

where x, is the concentration of 3+ sites being occupied by an activator, that is x, =

B =112.902(1)°. as follows

mol%(12atoms per unit cell)/(Vyc). The volume of the cell is 650 A3. The Wigner-Seitz
radius is about 10 A at 10mol% activator concentration. The radius is greater than 10 A
for activator concentrations below 10mol% suggesting that the FRET transfer mechanism

dominates.
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Figure 2.6 Estimation of the Wigner-Seitz radius for YBO3:Ce3+.
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CHAPTER III

METHODS

3.1  Fabrication of YBO;:Ce**

The chemicals used in the combustion synthesis of YBO3:Ce3+ were NH,B;Oq
(Sigma Aldrich, > 99.5%), Y(NOj3); - 6 H,O (Sigma Aldrich, 99.9%), glycine (C,H5O,N,
Sigma Aldrich Reagent Plus, > 99%), NH,NO; (Macron Chemicals, ACS Grade), Ce(NO5), -6 H,O
(Sigma Aldrich, 99.5%), and Eu(NO;); -6 H,O (Pfaltz and Bauer, Inc., 99.9%). The re-
sistivity of the deionized water used in these syntheses was 12.5MQcm™! or greater.
To perform the synthesis, the reagents were added in stoichiometric ratio Y(NO3); +
0.2NH,B504+1.6 C,H;O,N — YBO; +2.4N, +3.2CO, +4.4H,0; 0.006 moles of YBO;
were made in each case. The reagents were weighed on a balance then added to a S0 mL
alumina crucible. A 0.148M Ce(NOj3)5 - 6 H,O or 0.104M Eu(NO;); - 6 H, O solution was
used to add the dopant via an adjustable micro-pipettor. Because NH,BsOg lacks an ox-
idizer, a 1:1 ratio of NH,;NO; to every boron atom was added to provide oxidizer. The
additional oxidizer was then balanced via 4.5NH,;NO; + C,H;0,N — 5N, +2CO, +
11.5H,0 with glycine to provide a balanced fuel:oxidizer ratio. The reactants were diluted
in 2mL of water. The crucible was placed on an 80°C hot plate and continuously stirred
with a PTFE coated stir bar for 15min. The stir bar was removed and the crucible was
placed in a 600°C vented muffle furnace. Combustion took place within 3min of being
placed in the furnace. The material was then given a 2-hour heat treatment at 1000°C to

burn off remaining carbonaceous residues.

22



Figure 3.1 Combustion synthesis.

3.2 Powder Sample Mounting

There were many constraints to consider when designing a way to hold the sample
(in this case powder) for experiments. For the irradiation experiments, we chose to use
the unadulterated powder—no binders, solutions, or shape processing. Binders can interfere
with the photoluminescence, as demonstrated by Weeden-Wright and Gollub [59]. Solu-
tions are not practical in vacuum environments where radiation and other characterization
is required. Because the irradiation may not penetrate the entire sample and because the
beam coverage is not uniform, we must ensure that the exposed powder is the same powder
that is also examined by spectroscopy and decay.

The samples are tested under ionizing radiation (x-rays) so the material must be
conductive to prevent charge buildup. The samples are also placed under vacuum in the
pelletron (protons), tilted 90° to be irradiated (pelletron), and moved between the end sta-
tion chamber and the photoluminescence/decay setup repeatedly. We tried using an epoxy
and glue (separately) on a thin sheet of aluminum. From this we learned that superglue has
an emission peak [59]. While the photoluminescence emission intensity of the LZO:Eu**
did not significantly change due to the radiation exposure to 1 MeV protons, having a sec-

ondary luminescent material (the cyanoacrylate) was useful as a reference for the compar-
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ison of degradation of the emission intensity. Although the effect was interesting, we want
to see changes to just the phosphor rather than the phosphor and binder mix.

Another constraint to our sample holder is how to make sure the excitation light
and radiation hit the same exact spot. Our photoluminescence/decay setup uses fiber with
a 600 um diameter, so the light coming out of the cable is about 2 or 2.5mm when put
close to the sample. Sometimes the emission is very weak, so the closer the fiber is to the
sample, the more light gets back into the fiber and received by the spectrometer. Thus,
the area where the photoluminescence/decay is measured is quite small. The beam size
from the pelletron can be adjusted. We want the beam size to be small because there is
less energy fluctuation and the experiments are faster. But the beam’s spot size should
be slightly larger than the sample size so that the deposited energy is uniform across the
sample.

SRIM calculations were made to determine the penetration depth of alpha particles
and proton particles through YBO5. 3.4MeV alpha particles penetrate 28 um and 1 MeV
protons penetrate 28 um. This depth is important because we want to irradiate the entire
sample, not just the top layer. The photoluminescence may query a different depth than the
irradiation.

Our final design is a 10mm x 10 mm x 2 mm aluminum square with a2 mm diameter
indentation (0.5 — 1 mm deep) in the center. We take a small amount of powder from the
vial and press it into the indentation with a flat spatula. We repeat this until the indentation
is compact and filled. To create an even surface, we use a blade to scrape away excess

powder.

3.3 Photoluminescence
Photoluminescence measurements were taken with an Avantes 2048 USB2 spec-
trometer. The excitation was provided by a xenon light source that goes through a Newport

Oriel 130 1/8 monochromator. The monochromator allows selection of the excitation wave-
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Figure 3.2 Schematic of photoluminescence setup.

length. The light passes through one leg of a bifurcated fiber optic cable to a translation
mount that can be adjusted to align the light with the sample. This leg of the cable both
sends out the excited light and receives the emitted light from the phosphor. The third leg of
the cable takes the emitted light to the spectrometer where it is translated into a spectrum.
The sample holder is placed in a custom 3D rapid-prototype printed fixture that sits station-
ary in a filter adapter as seen in Figure 3.3 The fiber cable connects to an SMA adapter that
is screwed into a small x-y translation stage. By using the translation stage and the Avantes
Avasoft software set with a low integration time, we can identify the position at which the
emission is greatest and the excitation/reflected peak is minimized (this happens simulta-
neously). This centering on the sample ensures that same exact spot is queried before and
after irradiation. In addition, a dark spectrum is saved and subtracted from each measure-
ment right before data collection to remove stray or background light from contaminating

the signal.
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Figure 3.3 The sample is mounted and placed into the plastic holder under the fiber cable.
The two black pieces can be pushed closed to create a dark environment for photolumines-
cence. Figure (a) shows the sample holder open (upper) and closed (lower).

26



Because the material is a powder, we assume that all properties are dominated by
scattering and are, therefore, diffuse [60]. Consequently, the values are effective proper-
ties of the powder, not actual material properties for pure crystalline materials of the same
constituents. We have also assumed that the excitation efficiency « and reflectivity p are
independent of the frequency of the excitation light and emission light. Strictly this ap-
proximation is not valid; however, we can not distinguish between these properties from
the measurements we have made, so identifying separate absorptivities and reflectivities is
unnecessary.

Even if the properties are considered diffuse, the geometry will change the overall
ratio of collected emission to collected reflected light. This effect does not appear in the
formulation but is not important as long as the geometry of the fiber relative to the sample is
maintained for each measurement. For example, if the fiber is not aligned with the sample,
the excitation light could reflect off the aluminum sample holder instead of the sample
itself. Therefore, the sample holder was placed in a translation stage and the sample moved
until the reflected light was minimized. At this position, most if not all of the excitation
light falls on the sample whose reflectivity is less than that of the aluminum holder. This
position also corresponds to where the emission is maximized because the sample was
being exposed to the greatest amount of excitation light in this configuration.

Because relative intensity measurements are hard to measure consistently, we nor-
malized our data. We normalize the entire spectrum to accommodate any variations or
uncertainties in the setup such as fluctuations from the lamp, slit widths from the monochro-
mator, losses from transmission through filters/fibers/connections, phosphor intensity, etc.
We fits Gaussian curves to each of the peaks in the spectrum—one curve for the excita-
tion/reflection and one curve for each transition in the emission (which sometimes overlap,
as in YBO3:Ce3+). From the fit we find the integral of the excitation/reflection peak. The
entire spectrum is divided by this value (integral normalization). By taking the integral of

the excitation/reflection peak, we remove the dependence of the output on the monochro-
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Figure 3.4 An example of the Gaussian curves fit to the photoluminescence of YBO; :Ce’".

mator and excitation strength that may affect the overall intensity of the spectrum.

The excitation spectrum, Figure 3.5, indicates the wavelengths (energy) where the
material absorbs the most light. The monochromator sweeps from 300nm to 800 nm while
the spectrometer measures the emission at each wavelength. The wavelengths that produce
strong emissions are the excitation wavelengths.

Emission spectra are measured by selecting the excitation wavelength(s) with the
monochromator (or a laser in the case of lifetime measurements) and adjusting the integra-
tion time and number of averages to acquire an accurate representation of the emission.

The emission spectra can provide valuable information about the material. The
emission peaks indicate the energy level transitions from the excited state down to the
ground state. Some peaks can be electronic dipole transitions and others can be magnetic
dipole transitions. In addition, the number of peaks per transition can indicate crystal field
splitting. The symmetry of the environment of the luminescent center has an effect on the
number of peaks. Europium, for example, has a peak at 612nm thatisthe 5d — 4 f(7F5/2)

transition, but it can split into as many as four peaks near 612 nm depending on its symmetry

in the lattice.

Repeatability studies were done to provide an error range of photoluminescence

28



40

" Neomission = 414 im —— 5 Aemission =‘g?? ﬂm —
L 35 - [ emission =

6 ] emission = 627 NM e
— 5 [ by
] S
8 4t 8,
= 2
= £
g s
= £

2 L

1 L

0 e - - : - 0 : : :

200 220 240 260 280 300 320 340 360 380 200 250 300 350 400 450 500

Excitation Wavelength [nm] Excitation Wavelength [nm]
(a) (b)

Figure 3.5 Excitation spectrum of (a) YBO3:Ce3+ and (b) YBO3:Eu3+.

emission measurements. Five samples of YAG:Ce>* from the same batch were packed into
holders. The process of centering, removing the dark background, and normalization were
done on each sample. In addition, one sample was tested five times. The results of this test
can be seen in Figure 3.6.

Because absolute intensity measurements are difficult to measure consistently and
across samples, we normalized our data to the integral of the reflected excitation peak as
measured by the spectrometer. By normalizing in this way, we remove any variation in the
excitation light due to lamp fluctuations, varying slit width on the spectrometer, or intensity
variations inherent to the lamp for different wavelengths.

The normalized measurement can be represented as a combination of material prop-
erties showing that the measurement is indeed independent of the intensity of the excitation
beam. Therefore, measurements made before and after irradiation can be compared, and
any change will indicate a change in the material properties due to radiation, not changes in
the photoluminescence measurement technique. Figure 3.7 shows how the light interacts
with our sample and provides a pictorial representation of the normalized measurement.
The spectral intensity of the emission /5, and the spectral intensity of the reflected light

I, are the magnitude of the corresponding peaks from the spectral measurement. We can
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Figure 3.7 The excitation light that illuminates the sample emanates from the end of a
bifurcated fiber optic. The other fiber, collects reflected and emitted light.

write the emission and reflected intensities as a function of the unknown incident excitation

and effective material properties such that

Ir=pIl), and, (3.1)

Ly = (1 - (X>2(1 - p>2q17LX' (3.2)

where p is the reflectivity of the sample, g is the quantum yield, and « is the loss due to
absorption by the host lattice. Refer to Figure 3.7 for the relationship between the intensi-
ties and the properties used in this formulation. The ratio of emitted intensity to reflected
intensity (what we call overall yield) is given as

I 1—a)?q(1—p)?

- )

Y, =
I)Lr p
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We can also define total quantities which are integrated over the Gaussian fit of a

peak. For example,

oo — 2
L=1I, /O exp {—%} d = I \276,, 3.4)

X

where Oy is the standard deviation of the peak, and L, is the center of the peak. In the gray
approximation, the reflected and excitation center will be the same, and the reflected and
excitation standard deviation will be the same. Therefore, the total overall yield can also
be expressed in terms of parameters gleaned from the spectral measurements and the same

effective properties used in Equation 3.3.

_ 2 _n)2
Iy _ om (1—0a)*q(1—p) 3.5)

y==2
I, o P

The foregoing formulation shows that any changes in the normalized spectrum due
to irradiation suggest that the effective material properties were altered by the incident par-
ticles. On a simplistic level, we can understand how particle radiation might create defects
as atoms in the sample are bombarded. The defected sample then might exhibit more scat-
tering, which could show up in our measurements as a increased absorption coefficient «.
Similarly, more defects would also increase quenching and reduce the quantum yield g. We
can not distinguish between these effects, and the sample may actually see a combination

of effects, but we are ultimately looking for a change in the spectrum after irradiation.

34 Decay
Since the fiber is positioned ideally above the sample, we can easily move the other
ends of the fiber to measure the lifetime. The end connected to the monochromator can be

switched to connect to a laser, and the other leg that is connected to the spectrometer to a

PMT.
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Figure 3.8 Example raw decay with example fit (inset).

To measure the luminescence lifetime of YBO;:Ce*, a switched 337 nm nitrogen
laser (Newport NL100) at a repetition rate of approximately 30Hz with a 170 uJ pulse
energy excites the sample. A photomultiplier tube (PMT Hamamatsu model H10721-20)
connected to an oscilloscope (Tektronix DPO3034) collects the emission. The emission
passes through a 360nm long-pass filter, a 415nm band pass filter, and an ND filter (two
layers of weigh-paper) to reduce the saturation of the laser light within the signal. A 50Q
termination was used to record fast transients. A typical trace of the raw data that originates
from the oscilloscope is shown in Figure 3.8 along with an example fit of the data used to
determine the decay time. The slope of the linear portion in the log plot is the decay time.

To measure the lifetime of europium-doped samples, a 200mW Coherent OBIS

405nm LX laser is connected to a Tektronix AFG3021C function generator.
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3.5 XRD

Materials were characterized by x-ray diffraction (XRD) to verify the crystal struc-
ture and integrity of the as-fabricated powder. XRD data were collected on un-irradiated
bulk samples because our sample size for radiation tests were too small to measure XRD af-
ter irradiation. Measurements were taken using a Scintag X-1 powder x-ray diffractometer
with CuK, radiation (1.5418 A). Scans were run at 45kV and 40mA. Although the crystal
structure of yttrium borate has been highly debated [29, 61-63], the XRD characterization
(Figure 3.9) affirms that our product’s structure matches the JCPDS reference for yttrium
borate. XRD can provide indications about whether the sample is entirely yttrium borate,
or if other yttrium-oxygen-boron materials are present in our product. Although we cannot
determine the purity from XRD alone, we can determine whether the crystal structure is
changed by the dopant. In this case, yttrium borate maintained its crystal structure even

when doped with cerium or europium. See Figure 3.9.
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Figure 3.9 XRD spectra of YBO3:Ce3+ and YBO3:Eu3+ with JCPDS reference.
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3.6 Irradiations
We hypothesize that non-ionizing radiation at an appropriate fluence can perma-
nently damage a phosphor. Photoluminescence and lifetime of the phosphor provide infor-
mation about whether or not the material has been exposed to damaging radiation. This is
the first step to using phosphors as a tool to detect radiation. By exposing the material to
a suite of radiation types, fluences, and energies, we can begin to distinguish the effects of

radiation.

3.6.1 X-Rays

The phosphors were exposed in an ARACOR 4100 tungsten X-ray source with
a beam size of approximately 3cm in diameter. The X-rays at 1Mrad fluence and a
dose rate of 31.5Krad SiO/min did not change the photoluminescence spectra in either
YBO3:1%Ce3Jr nor in YBO3:6%Eu3+. This result is expected because x-ray radiation is

ionizing, therefore the probability of displacement damage is unlikely.

3.6.2 Alphas

For alpha irradiation of YAG:1%Ce* and LZO:5%Eu’* using 21 Am, four sam-
ples were laid in a square (2 X 2) and the 12mm X 12mm source was put directly on
top. The >*' Am has an activity of 8.8 uCi and energy of approximately 5.5MeV. The
alpha irradiations were done in air, not in vacuum, which means the particles have less en-
ergy (3.4MeV compared to 5.5MeV). YAG:1%Ce** and LZO:5%Eu* were exposed for
10 minutes, 30 minutes, and 1 hour, which corresponds to a fluence of 6 x 107, 1.8 x 10°
and 3.6 x 10% particles/mm? respectively. Results are shown in Figure 4.2.

Alpha irradiation of YBO3:1%Ce3+ and YBO3:6%Eu3+ were done also in the pel-
letron using helium gas. Photoluminescence emission was measured after 1, 5, 29, and

101 hours, which corresponds to 8.14 x 108, 4.07 x 10%, 2.36 x 10'°, and 8.22 x 10'? alphas /cm?.
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The results, which are provided in Figure 4.6 (a), show an insignificant (within the noise)
decrease in the overall intensity of the spectrum for both materials.

Alpha irradiation of EuD,TEA using ?*!Am and 2!°Po were performed with two
methods. The first method used a cap of powder sample with the source chip resting over
the top. The second method used a thin-film (EuD,TEA dropcasted onto microscope slide)

and the source chip held just above the sample.

3.6.3 Protons

The first few proton irradiation experiments (on YAG and LZO) were performed
in the Vanderbilt VINSE Van de Graaff and the subsequent experiments carried out in the
pelletron accelerator. H* gas was used to produce 1 MeV protons.

The accelerator proton beam was focused to 4 mm and centered on the sample. The
beam profile from previous experiments is assumed to be Gaussian where the diameter is
approximately the FWHM of the beam. Consequently, the region of the beam incident
upon the sample was reasonably uniform, although the edges (at 1 mm from the center)
received 15% less intensity than the center. We are required to move the aluminum holder
between the spectroscopy stage and the accelerator end station between each irradiation,
so we can’t ensure that exactly the same spot is targeted after each step. Therefore, the
uniformity of irradiation is important to minimize the uncertainty of the exposure across

the sample, and the wide beam allows consistent measurements between steps.

3.6.4 Neutrons

Neutron irradiation tests were performed at the Ohio State University Research Re-
actor (OSURR). The fuel at OSURR is 19.5% enriched U;Si,. For our tests, we used
the pneumatic transfer (rabbit) facility. The neutron energies in the rabbit facility vary

from thermal energies (0.0253eV) up to 18 —20MeV. For the rabbit, 68% of the neu-
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trons are less than 1eV and 18% are epithermal (between 1eV and 0.5MeV). The re-
maining 14% are fast (> 0.5MeV). The neutron flux in the rabbit over all energies is
2.4 x 10'”n/cm? /sec at a reactor power of 450kW. When operated at lower powers, the

neutron flux is scaled appropriately.
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CHAPTER IV

RESULTS

4.1 Screening with X-rays

The first material we fabricated and tested was yttrium aluminum garnet doped
with cerium (YAG:Ce**). We started with YAG:Ce>* because there is already a great deal
of information in the literature about it, and it is easy to make. In addition, our lab has
previous experience with fabricating and measuring the photoluminescence and decay of
YAG:Ce™*.

Our first radiation experiment exposed YAG:1%Ce>* to x-rays using an ARACOR
4100 tungsten source. X-rays are ionizing radiation, so we did not expect to see any
change in the photoluminescence. We irradiated samples of material with 10keV x-rays
at 100krad, 500krad, and 1 Mrad and took a photoluminescence spectrum after each dose.

As shown in Figure 4.1, there were no discernible changes in the spectra after irradiations.

4.2  Alphas with 2!Am and Protons in Van de Graaff
The second material tested was lanthanum zirconate doped with europium (LZO:4%Eu>*).
We decided to try europium as the dopant rather than cerium because europium has a nar-
row line emission spectrum. There are more transitions (and peaks), the peaks are sharper,
and they peaks do not overlap the way cerium does. Unlike cerium, whose transition levels
depend on the presence of the lattice, europium has several intrinsic transitions that are
largely independent of the lattice. However, the lattice can cause splitting of europium lev-
els. We thought perhaps some peaks could be more sensitive to the radiation than others.

For this test, we glued phosphor powder onto an aluminum square 1.5cm X 1.5cm using

generic cyanoacrylate (Gorilla super-glue). We exposed LZO:4%Eu’* to x-rays to ver-

38



TAG# Ce at460nm
Hormalized

T

Criginal
on Ingdium H
100krad
S00krad

Lanthanum Zirconate:Eu
{annealed at 975, ex=395nm, normalized)

1hrad

| A
— 03 i
E -
1 3
S 8
| ~ 02 =—1Mrad
,':;' —501krad
i d:, o1 144krad
=3 i 4
| £ , Ve \ . A 1 Control
0 am uww"'. o\, Q% 700 750 v 8%
s W
1 o MM Y

0 L L L L
=00 250 600 650 700 750

&
s

YWarelength (nm)

(a)

Wavelength (nm)

(b)

Figure 4.1 Photoluminescence emission results from x-ray irradiations of (a) YAG:1%Ce>*

and (b) LZO:4%Eu>*.

Figure 4.2 Photoluminescence emission results from alpha irradiations of YAG:1%Ce™*.
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ify our method of measuring photoluminescence and decay between irradiations and from
sample to sample.

Then we did proton irradiation in the VINSE Van de Graaff. The intensity of the
photoluminescence emission degraded after each irradiation, but an emission peak, which
turned out to be from the glue, increased. Unfortunately, after removing the glue compo-
nent of the experiment, we were unable to recreate the data that showed degradation of
the LZO:4%Eu** emission [64]. These were not step-stress experiments, but individual
samples each irradiated to a different dose.

In addition to the pre-irradiation and post-irradiation photoluminescence measure-
ments, we took scintillation data. Although the focus of this project is not about scintilla-
tion, we can still learn about the material by examining the cathodoluminscence. An SLR
camera was positioned to view through the Van de Graaff porthole and the camera param-
eters (aperture, exposure time, focus, etc.) were kept constant throughout the experiment.
Pictures were taken at intervals during the radiation. One pixel from each shot was bro-
ken down into red, blue, and green channels with their respective intensities, as seen in
Figure 4.3. Europium in LZO:Eu** emits in the red region, so it was not too surprising
that the blue and green components did not change over time. The red channel, however,
decreased with time. This decrease can be modeled with a standard exponential, as seen
in Figure 4.3. We expect standard exponential behavior because the degradation is cumu-
lative as time passes and therefore, as quenching occurs there are fewer opportunities for

luminescence emission.

I=1loe "+ 1,57 4.1)

where Iy = 150, T = 47min, and 1,77 = 130.
Upon removal from the end station, we noticed the powder had turned from white to
yellowish gray, as seen in Figure 4.4. The area of color change was approximately equal to

the proton beam raster area suggesting that the color change was a result of the radiation.
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Figure 4.3 (a) Cathodoluminscence as seen by looking through porthole at target during
irradiation in VINSE Van de Graaff. (b) Cathodoluminscence of LZO:4%Eu>* showing
degradation of red channel.

We can not rule out the possibility that there were contaminants in the end station that
interacted with the radiation or the sample and resulted in the color change (i.e. carbon
buildup).

The third material we fabricated and tested was yttrium borate (YBO;). We tried
doping it with cerium, europium, and a combination of cerium and europium. Our first
experiments were with YBO;:1%Ce>* and YBO;:6%Eu**. We used 1% Ce*" because
that amount was used in YAG, and 6% Eu’* because preliminary quenching concentra-
tion experiments (via REU student Justin Colar) and the literature suggested 6%. Af-
ter some of the initial experiments (October 2012), we performed concentration studies
and determined that 1% Ce** or 20% Eu** in YBOs; is the ideal amount for measuring
the most intense emission. Co-doped material was explored, but as the concentration of
cerium was increased, the europium signal quenched, so these samples were not irradiated.
YBO3:1%Ce3+ and YBO3:6%Eu3+ were exposed to alpha and proton radiation. Multiple
samples of each powder (same batch) were measured for photoluminescence before and

after each step of irradiation.
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Figure 4.4 Luminescence from LZO:Eu* (a) before proton irradiation and (b) after proton
irradiation, which shows a dark area where the beam hit the sample. (c) LZO:Eu?* in
incandescent light after proton irradiation also reveals the dark area where the beam hit the
sample.

The results, which are provided in Figure 4.5(a), show an insignificant (within the
noise) decrease in the overall intensity of the spectrum for both materials, YBO3:1%Ce3+
and YBO3:6%Eu3+. Figure 4.6 (b) shows the intensity of the photoluminescence spectra
does not appear to change with fluence. Although we expect some damage to present itself
for particle radiation, the lack of change in the spectrum could be due to 1) an insuffi-
cient fluence to create enough damage to be visible, 2) an inappropriate alpha energy to
interact with the crystal, 3) a poor choice of material that is relatively immune to alpha
irradiation, or 4) low penetration of radiation into the material. However, the alphas could
have produced damage that was undetectable by photoluminescence. Therefore, another
possible explanation for lack of change in the photoluminescence is the small penetration
depth of alpha particles in YBO5. A SRIM [65] calculation indicates the penetration depth
of 3.4MeV He?" particles in YBO;:Ce**and YBO;:Eu** to be 17.28 um and 17.56 um
respectively. The depth of the light penetrating the sample is greater than the depth of the
damage caused by the alphas, such that even if there is damage, it may not be visible be-
cause the luminescence from the un-damaged volume overwhelms changes in the damaged

portion.
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Figure 4.5 Photoluminescence emission results from alpha irradiations of (a)
YBO,:1%Ce*" and (b) YBO;:6%Eu**using 2*! Am.

Table 4.1 TRIM calculations for approximate radiation damage in YBO3:Ce3+ and
YBO,:Eu**.

Source | Vacancies/Ion Fluence # of Defects
H* 7.5 1 x 10 (min) | 7.5 x 10™ (min)
H2+ 118 2.09 x 10° (max) | 2.47 x 10'0 (max)

SRIM calculations for 1MeV H" particles in YBO3:Ce3+ indicate a penetration
of approximately 20.59 um, and 20.87 um for YBO3:Eu3+. Although the penetration is
deeper for protons than with alphas, the distance is comparable. As will be seen in the
subsequent section, a degradation of photoluminescence for proton irradiated material is
evident. Therefore, we conclude that damage produced by the alphas should be detectable
by the photoluminescence. Since we did not see significant change in the photolumines-
cence in the alpha irradiated material, we conclude that the material was not damaged
enough for detection. Table 4.1 shows the number of vacancies estimates from TRIM cal-
culations based on a the minimum fluence achievable for protons and the maximum fluence
for alphas. One measurement of displacement damage provided by the TRIM tool is va-

cancies per ion which is 118 for 3.4MeV alphas and 7.5 for 1 MeV protons in YBO;. If we
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Figure 4.6 Photoluminescence emission results from alpha irradiations of (a)
YBO,:1%Ce>" and (b) YBO;:6%Eu** in the pelletron.

multiply the fluence with the vacancies per ions, we can get an idea of how much damage
was caused by irradiation. Therefore, the most amount of damage we were able to achieve
with alphas was 2.47 x 10'0 vacancies compared to a minimum of 7.5 x 10'* vacancies
with protons. We were unable to test the phosphors under proton irradiation at such low

fluences, so a direct comparison cannot be made.

4.3 Alphas and Protons in Pelletron

All subsequent proton experiments were carried out using a newer pelletron accel-
erator. Three samples of each material were exposed to 1 MeV protons at 1014, 5 x 1014,
10", and 5 x 10'H* /cm?. The overall intensity of the emission with increasing proton
dose is apparent in both YBO3:Ce3+ and YBO3:Eu3+. Decay was measured before and
after each irradiation step as well. The lifetime of the irradiated sample increased ini-
tially and then decreased upon further irradiation, as seen in Figure 4.10. We expected the
lifetime to decrease monotonically. This result is interesting because it suggests that the
photoluminescence and the decay behave independently.

Assuming the material is damaged by the proton irradiation, the decrease in photo-
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Figure 4.7 Photoluminescence emission results from proton irradiation of (a)
YBO,:1%Ce*" and (b) YBO;:6%Eu’".

luminescence is probably the result of the increase in number of quenching sites created by
the radiation-induced displacements.

Referring to equation 3.3, we can understand the decrease in yield as a decrease
in g. Alternatively, the absorption of the material might increase with defects because
the optical depth will decrease. In equation 3.3, this effect will show up as an increase
in absorptivity. Both effects, which result in a decrease in yield, may be present in the
material. However, we can not distinguish these effects using our measurements. A more
detailed model and perhaps more detailed measurements are needed to resolve which effect
dominates. Nevertheless, we can observe a strong dependence of the photoluminescence
on the radiation dose.

The intensity of the emission of the first peak [Sd — 4 f (ZFS/Z)] in the YBO4 :Ce>*
does not change significantly from the pre-irradiated dose to 1 x 10'*H* cm™2. The subse-
quent intensity measurements for increasing dose all decrease monotonically. The intensity
of the second peak [Sd — 4f (2F7/2)] also consistently decreases with increasing proton
dose. These trends are shown in Figure 4.8.

The lines in Figure 4.8 are fits using the Birks and Black model (equation 2.1). The
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Figure 4.8 Peak intensity for the transitions in (a) YBO3:Ce3+ and (b) YBO3:Eu3+. The
lines are fits using Birks and Black model.

adjustable parameters are the initial (un-irradiated) yield and the half-brightness dose. The
half-brightness dose gives an idea of the sensitivity of the material to radiation exposure. In
other words, the half-brightness dose can be used to compare materials and radiation envi-
ronments. As shown in Figure 4.8, the data match the model well with the half-brightness
dose calculated as 9.85 x 10! cm? for the F, and 9.24 x 10! cm? for the F,,. The val-
ues are within 6% of each other meaning that both peaks experience the same effect with
dose. The europium-doped samples exhibit similar trends with the half-brightness dose
for all peaks averaging 1.81 x 10" 4 0.065 x 10'3 cm?, which means that YBO3:Eu3+ is
more sensitive than YBO3:Ce3+. Both the cerium- and europium-doped samples are below
their respective optimal concentration, where the maximum emission intensity is achieved.
Other researchers have determined the optimal concentration of Ce**in YBO; to be around
0.5% [66, 67], although bulk YBO5:Ce is commonly synthesized with 1% doping [68].
In addition, it has been found that the quenching concentration of europium in YBOj in-
creases with decreasing particle size. Bulk YBO3:Eu3+ is often made with only 5 or 10%
dopant, but the optimal europium concentration is around 30% [31,69]. Our material at

6% is almost certainly below the quenching concentration for YBO3:Eu3+. This is impor-
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tant because the mechanism for quenching is different depending on the region. At doping
levels above the optimal concentration, luminescent centers are close enough to initiate res-
onant transfer. Excited luminescent centers will transfer their energy to other luminescent
centers via resonant transfer mechanisms at a rate faster than the emission. If the energy
is transferred to a location near a defect center, that excitation is quenched instead of emit-
ted. This is why the luminescence decreases at higher doping concentrations. At doping
levels below the optimal concentration, the relationship between doping concentration and
emission intensity is linear because transfer mechanisms are not possible in dilute concen-
trations. The quenching mechanism at low doping levels is dominated by defect center
quenching.

In the radiation experiments we are adding defects that quench the luminescence
through direct interaction of the defects with the luminescence. If we add more defects,
we expect the luminescence to decrease proportionately. However, because the concen-
tration of luminescent centers in the cerium-doped samples is less than the doping in the
europium-doped samples, the probability of a new defect being close enough to the lumi-
nescent center to it is also smaller. Therefore, we expect a larger number of defects will be
needed to quench the cerium doped samples. And in fact, the fluence, which we assume
is proportional to the number of defects, required to quench the cerium-doped samples
is about 6 times that of the europium-doped samples. The concentration of europium is
also 6 times that of the cerium. Although the remarkable comparison of the difference
in half-brightness dose to the difference in doping concentration is probably fortuitous,
the foregoing analysis, nevertheless, suggests that the sensitivity of phosphors to radiation
damage can be improved with doping as long as the doping concentration stays in the linear
region.

The asymmetry ratio, R/O, does not show a trend as indicated in Figure 4.9 and
Table 4.2. This result suggests that the red and orange emission peaks are affected without

discrimination under proton irradiation. Furthermore, symmetry of the Eu**site does not
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Figure 4.9 Ratio values of the red emission peaks at 612nm and 627 nm (5D0 — 7F2) over
the orange emission peak at 593 nm(SDO — 7F1) in YBO3:Eu3+ as a function of proton
fluence.

Table 4.2 R/O ratios from YBO;:Eu>*.

Fluence [protons/cm?] | Is12nm/I5930m | 16270m/T5930m
0 0.602 0.733
1 x 104 0.609 0.750
5% 1014 0.608 0.738
1 x 10 0.604 0.749
5% 1013 0.640 0.739

change significantly.

Preliminary results (from October 2012) were intriguing. We observed the expected
effect in the photoluminescence, but unexpected effects in the lifetime measurements. We
hypothesized that the photoluminescence and the lifetime would both decrease monoton-
ically. Instead, the lifetime increased after the first proton irradiation step (10'*H* /cm?)
and then decreased after each subsequent irradiation step. To determine whether this re-

sult was an error, we repeated the experiment (in February 2013), this time with the ideal

48



YBO3:1% ce® YBO,:4% Ce®*

0.00014 T T T T
/é - S -
C -k
0.00012 |
0.0001 Hf
v
[d 8e-05
=
=
6e-05 g
I Ho—
|
4e-05 \
2005 - 4
0x10° 1x10'® 2x10'® 3x10'® 4x10'® 5x10"

0

+ 2 0 1e+15 2e+15 3e+15 4e+15
Fluence [H"/cm*] Fluence [H*/cm?]

(a) (b)

Figure 4.10 Preliminary decay results from (a) October 2012 on YBO3:1%Ce3+ and (b)
February 2013 of YBO,;:4%Ce™* after 1 MeV proton irradiation.

dopant concentrations. The trends are the same in each set of tests.

We tested the same material at lower fluences to find the approximate threshold
at which the photoluminescence intensity changed most significantly. The fluences tested
were 1012, 1013, and 1014 HT / cm?. The results were inconclusive because the photolumi-
nescence emission intensities varied within the range of error. This test should be repeated
with more careful experimental procedures.

In April 2013, we used 2MeV protons instead of 1 MeV protons at fluences from
10'* to 3 x 10" HT /cm?. Changing the proton energy could have an effect on the sensitiv-
ity of the material to irradiation. We expect higher energy protons to penetrate deeper into
the material and cause more damage. The photoluminescence and decay measurements
do not reflect the same trends as previous tests and the changes in emission intensities are
within the noise. At this point we are at a loss to explain this result. During these experi-
ments, the pelletron was unstable and provided an inconsistent beam current.

In the YBO3:1%Ce3+ photoluminescence emission results shown in Figure 4.7 (a),
we see the characteristic two-peak curve between 380nm and 440nm. The shape of the

emission is the same for both pre- and post-irradiation spectra, meaning that if damage
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Figure 4.11 Decay results from April 2013 2MeV proton irradiation on YBO3:4%Ce3+.

occurs, it does not affect one transition over another. The intensity of the post-irradiation
spectra is significantly lower than the pre-radiation spectra by about 40%, suggesting that
the radiation indeed produced damage that is evident in the photoluminescence.

The degradation of the photoluminescence emission could certainly be a result
of radiation damage. Non-ionizing radiation damage mechanisms are conceptualized as
billiard-ball interactions. A proton, which behaves like a high-energy particle, travels into
the phosphor material and knocks another ion out of its lattice site. The loss of an ion or
multiple ions changes the local environment of the luminescent center. In the certum-doped
YBO;, we hypothesized that displacement would quench a number of luminescent centers
making the normalized emission intensity degrade. On the other hand, we can not distin-
guish between a change in the absorptivity at the excitation wavelength and a change in the
emission of the material. Nevertheless, a change in the spectrum due to radiation is clearly
observed.

However, a change in the photoluminescence does not prove that the degradation is
a direct result of radiation. Perhaps some the degradation is a result of hydrocarbon buildup
from trace molecules in the vacuum chamber, or a surface contaminant that originates from

the phosphor and blocks the interaction of photons with the phosphor. Although the results
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are compelling, we are not prepared to claim with certainty that the degradation in the
observed photoluminescence spectra is due to radiation-induced displacement damage.
The europium-doped phosphors are potentially more interesting because they emit
line spectra rather than broad emissions. Line spectra have multiple narrow peaks repre-
senting various dipole transitions available in the structure. Since the peaks are narrower
and more dependent on the crystal field, there are more opportunities to damage the mate-
rial and the damage could be easier to detect. Upon investigation of the europium-doped
YBO; spectra shown in Figure 4.7 (b), we see a similar degradation in the overall emission.
We had hypothesized that changes in the spectra such as peak red- or blue-shifting, rela-
tive peak intensities changes, or emission shape changing (peaks appearing or disappearing
completely) might be evident. This type of result might provide more information about
the mechanisms of damage. For example, if the 611 nm peak degraded significantly, but the
627nm and 593 nm peaks did not, we could postulate that the magnetic dipole transition
is more susceptible to radiation damage than the electronic dipole transition. Even though
these features are not observed, a degradation in the overall normalized intensity is still a

compelling indication of radiation damage.

Change in Photoluminescence Spectra of YBO,

Ce emission A | degradation | Eu emission A | degradation
388nm 39.1% 593nm 49.6%
412nm 40.8% 611nm 57%

- - 627nm 47.7%

To understand the radiation effects and to develop a model for the observed changes,
the first concept to consider is why the photoluminescence changes as a function of the
activator concentration. In general, photoluminescence intensity increases linearly with

activator concentration for dilute solutions. At low activator concentrations, luminescent
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centers are too far apart to transfer their excitation energy to another activator or quenching
center. Therefore, an excited center will remain excited until it emits a photon, and more
excited activators results in more emission. In the dilute regime, the lifetime is unchanged
with concentration. Because there is no energy transfer, each excited center emits indepen-
dently, and the lifetime of the entire structure is uninfluenced by the number of emitters.
As the concentration of activators increases, the average distance between them

decreases and can be approximated as twice the Wigner-Seitz radius

1/3
d—2 (i) @2)

dmx,

where x, is the concentration of 3+ sites being occupied by an activator, that is x, =
mol%(12 atoms per unit cell)/(Vyc). When d approaches a transfer distance, which de-
pends on the material and transfer mechanism, the luminescence efficiency and lifetime
can become dominated by quenching processes [70], and both decrease.

The luminescence emission rate is a function of radiative and non-radiative transi-
tion rates. Radiative transitions occur as emission of photons while non-radiative transitions
occur through one or more of a combination of mechanisms: thermal relaxation, concen-
tration quenching, or defect quenching. Mathematically, we can separate these transition

rates into the sum of each mechanism using Matthiesen’s rule.

I 1 1 1 1
=t — 4 —, 4.3)
T T Ta Td  Th

where radiative emission is designated by subscript r, quenching by defects as d, quench-
ing by activator pairs as a, and thermal quenching as th. Thermal quenching occurs due
to changes in the temperature and depends on the material. In our study, the tests were
performed well below the temperature at which thermal de-excitation becomes significant,
so the thermal quenching rate is neglected from here on. The overall lifetime, which can

be measured directly, is given as [71]
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The activator quenching rate is proportional to the activator concentration x,. How-
ever, the relationship of the concentration to the quenching rate depends strongly on energy
transfer between activators. For simple pair quenching, rates can be linearly dependent
on concentration, but resonant transfer mechanisms can augment quenching so that the
quenching rate depends on higher powers of the activator concentration. Although the
power law for various transfer mechanisms (dipole-dipole, FRET, charge hopping, etc.)
has been described [72], we can not distinguish between these mechanisms in our data;
therefore, we will treat the power as an unknown fitting parameter such that 1 /7, ~ x’.

As defects are added, the probability that a new defect will be placed within a
certain distance from an excited activator—the quenching distance r,—is proportional to
the volume occupied by all the activators divided by the total volume of the system. The
volume occupied by activators is estimated as the concentration of activators multiplied by
the volume of influence of a single activator.

N % Jtrg 4

P(interaction) =

The probability that a new activator interacts with a defect carries the same proba-
bility except that the number of defects is counted. Therefore, the defect quenching rate is

1 /74 ~ x4x4. This model for concentration and defect quenching can be written as

1+ Ci1xt 4 Coxgxy

T + Toff, (4.6)

where C; and C, are fitting prefactors, and Tyg is a nominal decay time for large con-
centrations. This parameter is needed (we believe) to accommodate a varying Ce>*/Ce**
ratio [73].

Figure 4.12 shows the measured lifetimes of samples of YBO3:Ce3+ with different
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Table 4.3 Estimated parameters from Equation 4.3 for the fits shown in Figure 4.12.

Proton Experiment Concentration Quenching Experiment

parameter
T, 41.2ns 20.3ns
C 1.64 x 10* 7.7 x 107
n 3.42 5.80
Toff 16.8ns Ons

activator concentrations. One set of data show results (blue) from the same samples used in
the radiation experiment where the measurements were taken prior to exposure to protons.
Another set shows results (red) from a concentration quenching experiment performed sep-
arately. The samples were fabricated using the same recipe and synthesis method, but by
different people. Differences can be explained by small variations during synthesis such as
different muffle furnaces, contaminated or different sizes of crucibles, or a different purity
or source of reactants [24,74-76]. From the data, the fitting parameter C| can be estimated,
but C; can not because there are no radiation-induced defects in this concentration quench-
ing study. There are intrinsic defects like grain boundaries and impurities, which can form
cationic quenching sites, but these are not included in the defect component of the quench-
ing because natural defects are assumed to be constant throughout the experiment. Instead,
the effects of these intrinsic quenching sites is included implicitly in the 7, term.

Therefore the number of fitting parameters in Equation 4.3 is reduced to four: 7,, Cj,
n, and Tyg. The effects of these inherent defects are embedded in the 7, parameter, which
does not change with activator concentration. Table 4.3 provides the estimates of the fits
that are shown in Figure 4.12. At 3mol% doping (Y, ¢;Ce( 3BO3), transfer mechanisms
between luminescent centers begin to increase to the point where intrinsic defects are found
more easily, so quenching is increased.

Doping concentration affects the overall emission intensity in addition to the decay

time. For dilute systems, the emission intensity is proportional to the activator concen-
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Figure 4.12 Lifetime as a function of activator concentration. Lines are from the fit of
equation 4.3 without the defect term.

tration. As the concentration of activators increases to the point where energy transfer
mechanism begin to dominate, the emission intensity decreases due to quenching much
like the lifetime. A model for the normalized emission can be derived from Equation 4.3

by introducing the linear dependence of the emission on concentration.

_ NoXa
1 4+ Ci1xlt + Coxgxg '

n (4.7)

The magnitude of the intensity is obtained from spectral measurements of each
sample. Figure 4.13 shows the emission spectrum and the fit of the measurement for the
1 mol% doping sample. The height (magnitude of the intensity), width, and location of the
emission peaks are obtained by fitting Gaussians to the measurements. The peak at 365 nm

is a reflection from the UV/VIS excitation. The emission intensity vs. concentration data
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Figure 4.13 The parameters of the curves are obtained by fitting a Gaussian to each peak
in the measurements. The data shown is from a 1 mol% doped sample.

in Figure 4.3 show that the 384nm peak, which is the 5d—4f(2F5 /2) transition, reaches a
maximum intensity at about 2mol% cerium doping. The 414nm peak, which is the 5d-
AfCF, /2) transition, maximum is closer to 3mol% cerium doping. The third peak is located
at approximately 450nm and is believed to be a result of Ce** in the material. Evidently,
Ce** is a greater percent of the material in higher-doped samples [77-79].

The error bars in Figure 4.3 were obtained as the standard error of the peak intensity
resulting from the fit. The magnitude of the bars gives an estimate of the random error in the
spectral measurements. However, the variability in the data, in addition to the random noise
in the spectral measurement, can be attributed to environmental differences arising from the
fabrication, handling, and measurement of the various powder samples. For example, the
combustion synthesis creates a powder whose grains may not contain the exact same doping

level. We crush the powder into micron sized grains and mix the grains before mounting, so
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Figure 4.14 Photoluminescence emission concentration quenching curves of YBO3:Ce3+
transitions 5d—4f(2F5/2) (blue) and 5d—4f(2F7/2) (green). The red peak is believed to be a
Ce**. The fits are of Equation 4.3.

parameter 384nm 414nm 450nm

Mo 11.5 8.84 5.39

C 737x 1072 5.74x 1072 18.1x 1072
n 2.67 2.42 2.09

we expect the average doping to be at the stoichiometric doping level, but we can’t control
this variable better than a few percent [66].

The location of the maximum emission red-shifts slightly as the activator concen-
tration increases as shown in Figure 4.15. This is due to crystal straining with an increase
in substitution luminescent centers [28]. Furthermore, the ratio of the peaks (414 nm peak
over 384nm peak) increases with concentration. This suggests that the probability of the

5d—4f(2F7/2) transition is higher than the 5d—4f(2F5/2). The error bars associated with the
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Figure 4.15 The maximum emission intensity at the 384nm peak, 414nm, and 450nm
peak in YBO3:Ce3+ increases slightly with increasing Ce>* concentrations.

location are obtained from the standard error of the fit as those in Figure 4.3. Because the
peak shift is less sensitive to concentration, we don’t see the systematic errors associated
with intensity measurements.

There are two main reasons for the concentration quenching study. First, dam-
age detection is easier with a stronger photoluminescence response than a weak response.
Therefore, finding the optimal doping concentration allows changes to be detected in the
measurements of both photoluminescence and decay easier. Second, these data can be used
to get an estimate for 7, and the pure concentration term prefactor C; and exponent n in
equation 4.3 by fitting to the concentration quenching curve without the defect term.

The concentration quenching curve of YBO3:Ce3+ in Figure 4.3 shows that photo-
luminescence intensity increases monotonically from a concentration of 0mol% to about

3mol%, where the emission is a maximum. Doping concentrations higher than 3% result in
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more activator quenching and thus the emission intensity decreases. All three peaks shown
in the figure of the cerium emission follow the same trend. However, the measurements and
corresponding model are not detailed enough to isolate the effects of the different sites. The
model does not distinguish whether the emission source is from a 5d-4f(>F; /2) transition
site or a 5d—4f(2F5 /2) transition site. Furthermore, the 5d—4f(2F7 /2) transition level could
be excited but non-radiatively decay to the a 5d-4f(*Fs /2) transition level which could then
emit or quench.

The results of the proton irradiation step-stress experiment are shown in Figure
4.16 and Figure 4.17. The maximum emission intensity of the 384nm peak decreases
as a function of fluence and follows the trend described by Birks and Black. The decay of
YBO;, Ce3* doped at 0.5 mol%, 4 mol%, 6 mol%, and 8 mol% Ce3* are plotted as a function
of fluence in protons/cm?. Each data point is the average of three samples, all of which
were exposed to radiation and measured the same way.

The pre-radiation data in Figure 4.17 are fit with Equation 4.3 using Cj, n, and 7,,
where C; = 7,5 = 0. Each set of data, 0.5mo0l%, 4 mol%, 6 mol%, and 8 mol%, has a dif-
ferent pre-irradiation decay time determined by the concentration. As the concentration of
activators increases, the decay time decreases—more activators leads to faster decay due to
pair-quenching. This effect is demonstrated in the lifetime concentration quenching curve
(see Figure 4.12). We assume that there are no differences in the number of defects (intrin-
sic or radiation-induced) at a fluence of Oprotons/ cm? for each concentration; therefore,
the fit parameters are constant from the pre-radiation data. In our experiment, we system-
atically introduced defects with particle radiation. What we can’t do is map the number
of defects to the fluence. All our radiation effects are, therefore, plotted as a function of
fluence (not defect concentration). In the model, we assume that the un-irradiated sample
is defect free. Of course, this is not realistic, but the effects of the intrinsic defects can be
captured in the 7, term (as stated previously), which is estimated at x; = 0. Consequently,

when we refer to defects being introduced, we are referring to the defects introduced over
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Figure 4.16 The maximum normalized emission intensity of the 384 nm peak divided by
the area of the reflection of the excitation as a function of fluence at 0.5mol%, 4 mol%,
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Figure 4.17 Decay time of YBO3:Ce3+ as a function of fluence at 0.5mol%, 4mol%,
6 mol%, and 8 mol% activator concentration.
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Table 4.4 Estimates of the prefactor for the influence of radiation-induced displacement
damage from the fits in Figure 4.17.

mol% G (sz) std. err. (sz)
0.5 1.48x107% 1.06x107 P
4  346x10715 1.38x10716
6 3.92x107° 1.26%x10°P

and above the intrinsic defect level.

The results of the fit are given in Table 4.3 for the proton experiment. Consequently,
the lifetime for un-irradiated samples (x; = 0) were 7(x, = 0.5) = 41.0ns, 7(x, = 4%) =
32.6ns, 7(x, = 6%) = 20.0ns, and 7(x, = 8%) = 10.7ns. We then fix the values of Cj,
n, and 7, for the subsequent fit of C; using the measurements from the irradiated samples.
All samples have an approximately constant lifetime until around the third irradiation (~
1 x 10" protons / cm?). The 8mol% sample was inadvertently damaged before testing at
the largest fluence where the radiation-induced displacement damage becomes significant.
Therefore, a fit of this sample is not meaningful.

The decrease in lifetime at higher fluences can be attributed to quenching that re-
sults from radiation-induced defects. We can see a dramatic decrease in lifetime between
the x; =3 x 10 cm =2 and x; = 5 x 1019 cm ™2 at all concentrations. The lifetime of the
0.5mol% sample dropped 8.9ns (23%), that of the 4mol% dropped 10.8ns (34%), and that
of the 6mol% sample dropped 6.2ns (33%). Clearly, the higher concentrations (above the
optimal concentration of 3mol%) are more sensitive to small changes in fluence. However,
Table 4.4 shows the C; value from the fit. The lower concentration (x, = 0.5mol%) is af-
fected by the radiation at a lower fluence (1/C, = 6.8 x 103 cm~2) than the x, = 4mol%

and x, = 6mol%, which are affected at 2.9 x 10'*cm™2 and 2.6 x 10'*cm~2 respectively.
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4.4 Neutrons, Tetrakis, and Future Work

The neutron experiment took place at OSU, so without the spectroscopy equipment
from Vanderbilt we could not take measurements between irradiations. Instead, we irradi-
ated samples for different durations. We had two sets of samples: one set had the powder
mounted in the aluminum squares like the other experiments, and the other set had un-
mounted powder in 0.3 mL polyethylene vials. Three mounted samples were irradiated at
each of four fluences—10'2, 1013, 10'%, and 10'3, plus three controls (unirradiated). There
were two vials of loose powder for each fluence. All of them samples were packed into a
polyethylene bottle and padded with cotton. The cotton was supposed to help prevent the
powder from coming out of the mounted samples when the bottle was thrust into and out
of the rabbit facility. Unfortunately, not many of the mounted samples survived. No decay
measurements were taken for this set of experiments.

The photoluminescence emission was measured by creating a 3-D-printed piece
which has a well in it which fits the vials. The rest of the setup remained the same. The
distance from the fiber to the sample powder in the vial was enough to ensure that only
the powder was hit by the beam. However, since the vial reflected the excitation/emission,
a background of an empty vial was subtracted from the results. The photoluminescence
measurements from the vial samples do not seem to show a trend.

From the surviving mounted samples, we could create a compelling set of results,
but these should not be seen as conclusive.

Because the europium tetrakis (EuD,TEA) has such high light yield and seems to
emit under weak effort (just tapping the powder with a spatula), we thought it might be
sensitive to even low-fluence radiation like alpha particles. We tested the tetrakis under
241 Am and then also 2!°Po over a period of several days. The >'°Po source has an activity
of 500 uCi, which is much larger than the *! Am sources (one has 0.1 uCi and the other
has 10 uCi. The fluence from 2!°Po corresponds to 1.11 x 10'© per day. These results are

inconclusive and the experiment should be repeated.
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Figure 4.18 Photoluminescence emission from vial samples of YBO3:4%Ce3+ after neu-
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CHAPTER V

CONCLUSIONS

This research provides a method to study radiation-induced displacement damage
in materials through photoluminescence. This is a unique approach because most studies
using phosphors focus on their scintillation. More importantly, in addition to using the
emission spectrum as a means of detecting displacement damage, we look at the lifetime,
which has not been done in YBO; before. In fact, we only came across one other publi-
cation that considered lifetime as a means of detection for displacement damage—“In situ
variations of carrier decay and proton induced luminescence characteristics in polycrys-
talline CdS” by Gaubas et al. [40].

Radiation that is primarily ionizing, such as x-rays, does not cause permanent dis-
placement damage, at least not at low intensities. And alpha radiation did not damage our
phosphors, at least not enough to be detected by photoluminescence. However, higher flu-
ences should be tested to determine what level of radiation affects the photoluminescence.
While high-fluence ionizing radiation may change the optical properties of phosphors, it
does not cause permanent displacement damage than can be used as a record after a long
time. Non-ionizing energy loss (NIEL) is more likely to cause permanent damage to the
phosphor that can be detected long after the creation of the damage.

Our original hypothesis was based on the dependence of the luminescence on the
local crystal environment. In particular, we expected Ce>* to respond to defects more dra-
matically because luminescence from Eu®* is essentially independent of the lattice. Ce>*
emission, on the other hand, arises due to the lattice structure. Therefore, if we damage
the lattice, we expect something about the spectrum of YBO3:Ce3+ to change differently

compared to the spectrum of YBO3:Eu3+. However, our observations did not support this
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hypothesis. We indeed measured a degradation in the intensity and lifetime, but we did
not observe any significant shifts in either spectrum. Instead, our data indicate an overall
degradation of the emission intensity regardless of the local crystal environment. This sug-
gests that defects act primarily as quenching sites and do not strain the crystal such that the
photoluminescence emission changes.

The most recent work on proton-irradiated YBO3:Ce3Jr demonstrates a strong rela-
tionship between radiation-induced displacement damage and photoluminescence lifetime.
We assumed that fluence is linearly proportional to the number of defects in the material.
After a critical fluence the lifetime decreases. This feature can also be seen in scintillating
systems where the intensity is measured as a function of radiation dose. However, we also
discovered that the initial activator doping alters the critical fluence such that lower doping
levels are more sensitive to the fluence or corresponding number of defects. Furthermore,
we were able to use Dexter’s lifetime model on our data to differentiate between quenching
mechanisms innate to the material and quenching mechanisms that were created by proton-
induced defects. In summary, we have demonstrated that the lifetime of YBO3:Ce3+ is
a more robust measure of irradiation-induced damage than normalized emission spectra.
YBO3:Ce3+ is one of numerous phosphors and there is potential for developing a mate-
rial that is more sensitive, perhaps by incorporating a sensitizer or using a single-crystal
rather than a powder. The fluence required to create detectable displacement damage in
YBO;, :Ce’* is relatively high, but it could be possible to find a phosphor or combination of

phosphors which have a much lower, more applicable, threshold for damage.
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APPENDIX

5.1 Thermographic Phosphor Calibration
5.1.1 Methods

Temperature dependence of YAG:Dy and YAG:Tm were studied in collaboration
with J. Eldridge, T. Jenkins, and S. Allison. Our contribution focused on developing a
calibration curve for the materials to compare with results from other high-temperature
experiments. The powder sample was placed in a small round-bottom ceramic crucible.
The crucible was placed on top of a taller cylindrical crucible so that the sample was close
to the opening at the top of the oven to maximize the solid angle between the emitting
powder and the collection optics.

Two different phosphor samples were tested in this effort. The sample tested for
the high temperature calibration was YAG:1%Tm from Phosphor Technology QMK69/N-
X Lot 20236. The powder sample was 0.249 ¢ placed in a small round-bottom ceramic
crucible. The crucible was placed on top of a taller cylindrical crucible so that the sample
was close to the opening at the top of the oven to maximize the solid angle between the
emitting powder and the collection optics.

The excitation laser is a Continuum Surelite III, flashlamp pumped Nd: YAG with a
pulse-rate of 10Hz. The third harmonic at 355nm, with a pulse duration of 8ns was used
for excitation. The beam is steered to the oven through three uncoated prisms, and the
combined efficiency of getting the light into the oven is 5% providing 150 uJ at the oven,
which is sufficient for excitation.

To direct the excitation beam to the sample and to collect fluorescence from the
same access port, we used an uncoated plane window (flat piece of BK7 glass) at 45°
to permit broadband transmission (> 90%) as well as significant reflection ( 9%) of the
excitation beam. An aperture is placed between the collection optics (600 um fiber) and
the plane window to limit ambient PMT illumination. Notch filters were placed ahead of
the collimation optic, which were used to focus the emission onto the fiber.

The emission was collected with a 5V Hamamatsu model H10721-20 PMT with
50Q terminator and interpreted by a LeCroy WaveSurfer 44MX-s-B oscilloscope. Aver-
aging was done by triggering the scope on each laser shot using the Q-switch trigger. See
Figure 5.1 for the laser and oven setup.

At each temperature the decay was measured with a 458nm notch filter and a
365nm notch filter. The gain was set to 600mV for most samples measured with the
458 nm filter and 700mV for most of the samples measured with the 365 nm filter. There
is also an iris in the tube with the filters and the fiber coupler that was closed slightly for
saturated signals (usually with the 458 nm filter). Each decay is the average of 100 pulses.

5.1.2 Results

Figure 5.2 shows the result for the instance of a long gate scanned out for almost
2.5ms. There is clearly a short component and a long component to the decay of the
emission. A narrower gate is necessary to better depict the shorter component. For this
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Figure 5.1 Oven showing the PMT orientation and laser input along with a depiction of the

support on the interior of the oven.

I

T

3000 _, ' k;i-exponenfial decay
off scale
2500 | long gate -
2000 r
§2]
c
>1500
o
o
1000
500
MM
0 S
0 500 1000 1500 2000
Time [us]

Figure 5.2 Example of YAG:0.8%Tm time dependence at 458 nm. Data provided by Steve

Allison.
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Figure 5.3 Example of YAG:0.8%Tm spectra for short and long gates. Data provided by
Steve Allison.

run, the early part of the short component is off-scale; but, this setting was necessary to
better show the longer component.

To obtain spectra, a gate width and its delay with respect to the excitation pulse
were defined and the signal measured as the wavelength was scanned. Figure 5.3 shows the
strikingly different results that were obtained for two different gate widths. Both were set
to a delay of 40 us to make sure the flash-lamp excitation had completely terminated. For
short gate width, 150 us, the spectral emission, indicated by the red trace, comes mainly
from the 1D2—3H6 and lD2—3F4 transitions. At least two Stark components are resolved
at each position. Guy [56] lists five Stark components and greater spectrometer resolution
might reveal these. The band at 365nm is very close to the excitation at 355 nm and scat-
tering in the spectrometer may obscure part of this band. For the long gate width, 1000 us,
the emission is predominantly from the 'G, with a peak at 486nm and with significant
emission within the 458 nm band. The spectral bandwidth was 1.5nm.

Decay time, 7, was estimated from the time-resolved intensity after testing several
fitting approaches. To begin, it was assumed the decay was characterized by a single expo-
nential equation of the form Aexp(—¢/7) where A is signal amplitude and ¢ is time. Next,
a double exponential fit, the sum of two such equations, was executed. Similarly, a triple
exponential fitting was performed. The decay traces of two longer wavelength emissions
(458nm and 486nm) show strong multi-exponential behavior. Figure 5.4 (a) shows the
luminescence signal at 300°C for the 365 nm peak. Figure 5.4 (b) shows the luminescence
signal at 300°C for the 458 nm peak. The double fit was able to isolate fast transients (of
the order of tens of nanoseconds) apparent in the data. Therefore, the characteristic thulium
decay is slightly longer for the double fit. In general, the standard error of the double fit
is smaller than the error for the single fit. Also, depicted are triple exponential fits, which
turned out to be very similar to that of the double fit. This suggests that only two exponen-
tials are required to faithfully capture the decay signal.

The multi-exponential character indicates that cascading may be involved with the
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458 nm band. The replenishment ratio, which is defined as the rate at which the level is
refilled from a higher level to the rate at which the level emits [80], is estimated from the
bi-exponential fit parameters to 0.45. This refilling is presumably from the short-lived lD2
. This indicates that the emission at 458 nm replenishes one of every two decays initially,
which confounds the analysis of the decay of the 458 nm band. Consequently, the 365 nm
peak may be a better wavelength for temperature measurements because it is less likely to
contain multi-exponential behavior.
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Figure 5.4 Semi-log plot of intensity vs time for (a) 365 nm and (b) 458 nm bands at 300°C
with various fits as noted.

In order to obtain a calibration, decay times are determined over a range of tem-
peratures. Exponential fits of the time-resolved emission show characteristic tens of mi-
croseconds decay times for both peaks and quenching temperatures were around 1000°C
(see Figures 5.5 and 5.6). After the quenching temperature, the decay time decreases with
increasing temperature to a decay time < 200ns at temperatures greater than 1200°C giv-
ing a good sensitivity for temperature measurement. Near 1400°C, the decay curve reduces
to a few nanoseconds, which is likely the decay of the laser and no additional information
about the phosphor decay is apparent at these temperatures.

The decay time versus temperature calibration of the 365nm band is very similar
to 458 nm band. The decay time is essentially constant to about 1000°C at which point the
temperature dependence is pronounced. With that established, there are at least two advan-
tages to using the 365 nm band. One is that blackbody emission is less in the ultraviolet. As
illustrated by the two spectra, the emission at 458 nm consists of emission from two states,
1D2 and 1G4, which adds complexity to analysis. Moreover, these states can be re-filled by
higher energy states, further confounding measurements.

There are a number of additional features that should be explored in future work.
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Figure 5.5 Calibration curves for 365 nm peak of YAG:Tm powder using (a) single expo-
nential fit and a (b) double exponential fit.

It needs to be determined if the temperature dependence of the 1G4 state is similar to the
long-lived states characterized by Zhang [53,57] which show temperature dependence over
a wide range. If so, then both long and short fluorescence emissions may be used in a
complementary way for covering a wide range with lower sensitivity but high sensitivity at
high temperatures.

The attention of this work focused on Tm in the YAG host. However, the results
should be instructive for Tm in other hosts and serve at a starting point for exploring them.
It is to be expected that in other hosts, the quenching temperature of the 1D2 state will be
different. Otherwise, decay times should be similar and have similar temperature depen-
dence.

Another aspect that requires additional consideration is band intensity versus tem-
perature and also versus excitation wavelength. Khalid and Kontis [81] explored this for
several thermographic phosphors including YAG:Tm. They characterized the initial emis-
sion amplitude versus temperature and found that for the 458 nm band, the amplitude in-
creased up to around 1000°Cand from there began to decrease when excited at 355nm.
When excited by 266 nm, the efficiency is less and the amplitude decreases with tempera-
ture. Will emission amplitude at 365 nm behave the same for these excitation wavelengths?

Lastly, there are higher lying states, 116 and several Ps, that may be accessed by
excitation at 266 nm. Will the quenching temperature be precipitous like the 1D2 or more
gradual and cover a longer temperature range like the 3H4 and 3F4 states. Will it occur at
a higher temperature? Even if there is no temperature dependence in certain ranges, the
existence of so many states expands the possibility that temperature may be determined
from the ratio of spectral emission amplitudes.

This work is an important step in advancing the utility of this material for high tem-
perature measurements. The complexity of this phosphor shows that careful and extensive
characterizations are necessary to fully exploit this material for phosphor thermometry.
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Figure 5.6 Calibration curves for 458 nm peak of YAG:Tm powder using (a) single expo-
nential fit and a (b) double exponential fit.
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