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Abstract

Development of novel fast-curing plastic scintillators is highly advantageous due to
their potential application in 3D-printed pixelated arrays. The printing of arrays for
radiation detection and localization purposes is expected to significantly reduce the
current manufacturing time, labor, and cost involved when compared to traditional
methods while also producing superior geometric uniformity and light collection. Sev-
eral formulations were developed that exhibit enhanced photon sensitivity, producing
modest but discernible photopeaks at an incident gamma energy of 122 keV. The
photon sensitivity is achieved via bismuth high-Z loading; however, this practice typ-
ically results in diminished light yields. For example, the inclusion of 10wt% triphenyl
bismuth (BiPhs) in a pilot formulation resulted in a light yield of ~40% compared
to a control formulation without bismuth. This depressed light yield was minimized
in later samples by reducing the bismuth loading, thereby investigating the trade-off
between light yield and detection efficiency. Subsequent formulations, which var-
ied the photoinitiator concentration and curing time, demonstrated successful curing
with sufficient plastic hardness, reduced purple discoloration, reduced heat buildup
during curing, and resulted in less cracking during the curing process, all of which
were correlated with lower concentrations of the photoinitiator. These scintillators,
however, did exhibit appreciable leaching of the primary fluorophore and those with
the lowest concentration of photoinitiator (i.e., 0.01 wt%) developed surface fissuring
within the first few weeks after curing. As compared to EJ-256 with ¥7Cs and 5"Co
sources, relative light yield was generally slightly poorer, ranging from 42% to 93%,

and relative efficiency was generally comparable, ranging from 47% to 167%.
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FORMULATION AND CHARACTERIZATION OF FAST-CURING PLASTIC
SCINTILLATORS WITH HIGH-Z LOADING

I. Introduction

1.1 Applications of Plastic Scintillators

Plastic scintillators are widely employed in many radiation detection applications,
particularly in situations requiring large detector volumes, such as radiation portal
monitors [4, 5]. Despite offering excellent fast neutron sensitivity, unsensitized plastic
detectors typically require augmentation by other detectors with greater photon sen-
sitivity and finer resolution to provide a more complete radiological characterization
of monitored materials [3].

Plastic scintillators also offer an attractive option for applications in which assem-
blies of multiple detector bodies (e.g., pixelated arrays) are required [6]. Pixelated
arrays have utility in industrial imaging and medical tomography, where precise spa-
tial resolution is necessary. These may be used in conjunction with digital thin-film
transistor arrays or position-sensitive photomultiplier tubes to preserve positional
information on incident radiation and, thus, produce high-resolution imaging in ap-
plications such as positron emission tomography (PET), gamma camera imaging, or
flash radiography [7, 8]. In many situations, especially where safety and security is
of concern, detectors with dual-particle imaging (DPI) capabilities could be of great
utility [9].

The attractiveness of plastic scintillators for such applications is due to the rel-

atively low cost of constituent materials and the ability to easily fabricate singular



detector bodies in a broad range of shapes and sizes. In contrast, the traditional pro-
duction methods for pixelated plastic scintillator arrays are typically tedious, time-
consuming, and expensive. Construction of pixelated arrays entails precision cutting
and machining of individual scintillator rods (often with dimensions on the order of
millimeters), polishing, wrapping with reflective material, and assembly into arrays
of various dimensions, often containing as many as 10 x 10 (or even more) individual
scintillator rods [10]. Consequently, the existing methods for pixelated array con-
struction are typically expensive in terms of time and cost, especially when geometric
uniformity is maximized. Therefore, investigation into novel, fast-curing plastic scin-
tillator formulations usable in 3D printing machines may provide an improved means
of producing plastic pixelated arrays in a more efficient manner, both in terms of cost
and time, while also ensuring a higher degree of geometric precision in the arrays.

The term “fast-curing” is used to describe plastic scintillator formulations that
cure on the order of minutes or hours. The required cure times can be as low as a
few minutes when photocuring techniques are implemented, such as those using high-
intensity light at a suitable wavelength [11], typically in the range of 300-500 nm.
This “fast-curing” method is distinguishable from more conventional “slow-curing”
approaches that apply to plastic formulations requiring cure times on the order of
several hours to several days. Slow-curing formulations often require the the appli-
cation of heat in special ovens to implement the curing process, whereas fast-curing
formulations, such as the ones explored in this investigation, only require exposure
to a specific wavelength of light (due to the action of a chemical photoinitiator) and
no exogenous heat source.

Regarding detection capabilities, plastic scintillator arrays offer superior detection
of fast neutrons. Of course, plastic scintillator arrays are not expected to replace high-

efficiency and high-resolution systems optimized for x-ray detection, such as modern



solid-state arrays with sub-200 pum pixel sizes. Fast-curing plastic scintillator formu-
lations are, however, expected to improve the fabrication processes and geometric
precision of larger, lower resolution arrays, all while substantially reducing the time
and cost of production. Plastic scintillator arrays will never replace solid-state ar-
rays due to the longer mean free path of photons in plastic when compared to other
materials with higher electron densities. Additionally, traditional plastic scintillator
formulations, i.e., those utilizing a polyvinyl toluene (PVT) or polystyrene (PS) base,
are impractical for 3D printing production methods due to their associated slow rates
of curing. Consequently, any novel fast-curing plastic scintillator formulation that
offers a broad range of performance characteristics could potentially be of substantial

utility and contribute to the state of the art in this field.

1.2 Research Objectives

In this investigation, novel plastic scintillators are fabricated using new combi-
nations of monomers, crosslinkers, chromophores, fluorophores, photointitiators, and
high-Z compounds to facilitate the fast-curing polymerization process and explore
viable scintillator detection media. The rapid polymerization and curing process em-
ploys photocuring techniques, which utilize high-intensity light in the blue to ultravi-
olet region of the elecromagnetic spectrum to rapidly cure and solidify the scintillator
body.

The intent of this study is to formulate and produce a fast-curing plastic scintilla-
tor capable of comparable photon sensitivity and light yield relative to high-Z-loaded
commercially available plastic. The fast-curing nature of the scintillator would make
it an attractive candidate for 3D printing applications, in which materials are fab-

ricated rapidly in iterative cycles. The measured performance characteristics are



compared to a commercial standard produced by Eljen Technology, EJ-256, which
is a PVT-based plastic loaded with 5 wt% lead (Pb). The published performance

metrics for EJ-256 is provided in Table 1 [12].

Table 1: Commercial Plastic Scintillator Characteristics

Characteristics EJ-256
Light Output (%Anthracene) 34
Scintillation Efficiency (photons / 1 MeVee) 5,200
Wavelength of Maximum Emission (nm) 425
Density g/cm? 1.081
High-7Z Additive (wt%) Lead (5)

1.3 Document Overview

This document is organized as follows: Chapter II provides an overview of rele-
vant background information and theory regarding scintillator detection. Chapter 111
details the methods, practices, processes, and procedures employed in the conduct of
this investigation. Chapter IV presents the results and analysis of the findings con-
cerning scintillator formulation and characterization. Finally, Chapter V discusses
the conclusions drawn from the analysis and proposes several potential research areas

for future work.



II. Background & Theory

2.1 Scintillator Overview

Scintillator radiation detectors convert incident ionizing radiation into photons
emitted in or near the visible spectrum that are then measured in a photodetector.
This process begins with the excitation of the detector material, which is initiated by
the interaction of incident photons, neutrons, or charged particles within the scintil-
lator material. Incident charged particles react directly with the scintillator media,
while photons typically interact with orbital electrons and fast neutrons typically
scatter elastically off atomic nuclei in the scintillator, thereby creating charged re-
coil particles. These interactions result in numerous ionization or excitation events
which lead to molecular de-excitations that emit the optical photons converted into
an electric signal by a photodetector.

Traditional scintillators may be broadly categorized as organic or inorganic, de-
pending on the chemical nature of the detection medium. Inorganic scintillators op-
erate via a charged particle (e.g., an electron resulting from photoelectric interaction
with an incident photon) creating electron-hole pairs along its path in the detector.
In a pure inorganic crystal, the radiative de-excitation of a conduction band electron
back to the valence band may be an inefficient process, which can be mitigated by
addition of a dopant to modify the energy structure at the dopant sites, as shown in
Figure 1 [13]. When an activator is present, the holes preferentially migrate through
the crystal lattice of the detector medium to an activator (i.e., dopant) site due to
the lower ionization energy at the site compared to non-activated sites. The electron
of the electron-hole pair, which has been elevated to the conduction band due to the
energy imparted to it by the charged particle, is free to move about the crystal until

it reaches an ionized activator site. The recombined electron-hole pair can now de-



excite via photon emission [14]. The interconnected crystal structure of constituent
elements in an inorganic scintillator is a key attribute of the scintillation mechanism,
facilitating migration of electron-hole pairs throughout the medium toward a favor-
able location for de-excitation. Illustrations of such crystal structures for two common
inorganic scintillators, sodium iodide (Nal) and barium fluoride (BaF3), are shown in
Figure 2. Nal scintillators are often doped with small amounts of an activator, such as
thallium, and BaF; scintillators may be unactivated. Inorganic scintillators typically
offer a very high light yield (with some, such as Luls:Ce and Srly:Eu, observed with
light yields as high as 100,000 photons / MeV), often exhibit negligible reabsorption
of scintillation light, and generally provide significant photoelectric interaction (and,
thus, full energy deposition) with incident photons [15, 16]. Inorganic scintillators
have higher electron densities than organic scintillators due to their higher-Z con-
stituent elements, leading to more interaction events and greater energy deposition
of the high-energy recoil electrons. This results in a higher population of information
carriers (in the form of scintillation photons) to more precisely resolve the incident
particle energy. Consequently, inorganic scintillators are also typically characterized
by higher resolution. Furthermore, the energy threshold required to generate a scin-
tillation photon in a Nal(T1) inorganic scintillator has been shown to be lower that
that required for a NE-102A (analagous to EJ-212) standard plastic scintillator by
a factor of 3.5 to 4 [17, 18]. Some drawbacks of inorganic scintillators are that they
typically have no intrinsic ability to detect neutrons (requiring doping with a neutron
sensitive material to gain this capability), have relatively slow response times on the

order of 1077 seconds, and are often sensitive to moisture in the environment [19].



pure crystal conduction band

Band CGap J : Activator excited states

_Activator ground state

(a) Sodium Iodide (b) Barium Fluoride

Figure 2: Inorganic Scintillator Crystal Structures

Organic scintillators operate via a different mechanism: individual molecules are
excited by incident radiation and the subsequent deexcitation produces a photo-
emission in the visible spectrum. This process is explained in greater detail in Section
2.2. Since the scintillation mechanism for organics operates on the molecular level, it
can occur in any physical phase (as opposed to conventional inorganic scintillators,
which must be in solid, crystalline phase). For this reason, organic scintillators are
often divided into the subcategories of liquid (e.g., linear alkyl benzene [Figure 3al,
deuterated benzene [Figure 3b]), crystal (e.g, anthracene [Figure 3c|, stilbene [Figure
3d]), and plastic (e.g., polystyrene [Figure 3e|, polyvinyltoluene [Figure 3f]). Organic
liquids tend to be resistant to radiation damage and can measure low-energy radiation

with high efficiency, especially when radioactive sources are dissolved or emulsified



within the detection medium; however, organic liquids are often volatile, flammable,
environmentally unfriendly, and susceptible to degradation by dissolved oxygen if not
kept completely sealed [19] [20]. Organic crystals offer the highest scintillation effi-
ciency of any organic scintillators, but are very fragile and difficult to produce in large
volumes [19]. Plastics may not possess the same level of performance characteristics or
capabilities of other organic scintillators, but they are comparatively durable and are
easy to produce in large volumes with various fabrication techniques [3]. Response
time of organic scintillators is generally much faster than that of inorganic scintil-
lators, with response times on the order of 107 seconds [14]. This quality makes
organic scintillators better for characterizing high-activity sources and in situations
where fine timing precision is desired. Some general drawbacks of organic scintilla-
tors, as compared to inorganic scintillators, are that they typically do not capture the
full energy of incident photons, can often reabsorb scintillation photons, and exhibit

comparatively poorer energy resolution [19].



H(C Hz)n\C H/(C Hy)H D D

(a) Linear Alkyl Benzene D

(b) Deuterated Benzene

(d) Stilbene
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CHj _

(f) Polyvinyltoluene

(e) Polystyrene

Figure 3: Examples of Organic Scintillators
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This investigation explores the development of fast-curing, high-Z-loaded plastic
scintillators that may provide appreciable photon sensitivity compared to non-high-
Z-loaded plastics while maintaining sufficient light yield. Sensitivity refers to the
likelihood that incident radiation particles interact with the detector material and
produce radiant, measurable emissions. In this investigation, sensitivity is quantified
as relative efficiency compared to EJ-256. Similarly, light yield is not quantified in
absolute terms but as relative light yield compared to EJ-256. These metrics are

defined in Section 2.2.6.

2.2 Organic Scintillator Function

An organic scintillating compound is composed of a hydrocarbon base with flu-
orophore dyes that fluoresce and/or phosphoresce following interaction with high-
energy incident radiation. Incident photons and neutrons produce high-energy re-
coil electrons and protons, respectively. Molecular structures exhibiting conjugated
bonding (e.g., phenylated compounds) can undergo electronic excitation from recoil
electrons and protons in the matrix followed by radiative de-excitation in the form
of scintillation photon emission in the visible region of the electromagnetic spectrum,
known as radioluminescence. Scintillation photons that are emitted from the scintil-
lator body to the PMT are subsequently converted to photoelectrons by a photocath-
ode. Photoelectrons are produced by the photocathode at varying levels of quantum
efficiency, which is defined as the ratio of photoelectrons produced to the number of
photons impacting the photocathode. Quantum efficiency is primarily dependent on
scintillation photon wavelength and photocathode composition. The photoelectrons
are amplified in the PMT by a series of dynodes, each of which is maintained at a
higher magnitude of electric potential than the previous one. Each dynode emits mul-

tiple electrons for each electron absorbed, thereby generating a current pulse at the

10



terminal anode that is significantly greater in magnitude than the pulse originating
at the photocathode and subsequently generating the detector response output. This

process is illustrated in Figure 4 [21].

Recoil Photocathode Focusing Photomultiplier
particle electrode tube (PMT)
path f

2
g ‘\
2 =" ' ‘::'?:\
High-energy b Y JWU ‘
ionizing [féﬁjen bz,‘ﬂ

radiation photons

ILEAiaN

e /
Scintillator Prlmary Secondary Dynode Anode
electron electrons

Figure 4: Process of Irradiation, Scintillation, and Current Amplification

2.2.1 Plastic Scintillator Raw Materials

Raw materials for plastic scintillator formulation include monomers, crosslinkers,
fluorophores, waveshifters, photoinitiators, and high-Z compounds. Monomers are the
individual molecules that bond together to form polymer chains upon curing. The
monomer used in this investigation is isobornyl acrylate (IBOA). IBOA is utilized
due to its ability to be cured on “fast” timescales (i.e., seconds to minutes). How-
ever, as can be seen from its molecular structure in Figure 5, it lacks any aromatic
ring structure (i.e., conjugated bonding), so it is of limited use as a light-harvesting
chromophore. This characteristic distinguishes IBOA from more conventional plastic
scintillator bases, such as polystyrene (PS) or polyvinyl toluene (PVT), which do not
support fast-curing formulations.

Crosslinkers are the compounds that link the polymer chains together, thereby
enhancing structural integrity. The crosslinkers used in this investigation are 1,6-

hexanediol dimethacrylate (HDDMA) (Figure 6) and bisphenol A dimethacrylate

11
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Y\CHz
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Figure 5: Isobornyl Acrylate (IBOA)

(BPADM) (Figure 7). Previous studies have indicated that HDDMA is advantageous
for clarity (i.e., long attenuation length) but less than optimal for hardness, while
BPADM has been shown to be advantageous for hardness but less than optimal
for clarity [1]. These observations have been revealed via empirical study, although

the underlying mechanisms responsible for these characteristics are still not fully

understood.
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Figure 6: 1,6-Hexanediol Dimethacrylate (HDDMA)
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Figure 7: Bisphenol A Dimethacrylate (BPADM)

Fluorophores are materials that exhibit electronic de-exciattion via photon emis-

sion. Since increased photon emission results in enhanced light yield and, hence,
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improved scintillator performance, it is advantageous to optimize scintillator fluores-
cence. The primary fluorophore utilized in this investigation was 2,5-diphenyl oxazole
(PPO) (Figure 8). Previous investigations demonstrated that scintillators utilizing
PPO exhibit appreciable fluorescence as well as pulse shape discrimination (PSD)
[1]. A few formulations also used diisopropyl naphthalene (DIPN) (Figure 9), which
is an aromatic solvent used in the preparation of the commercial liquid scintillator
EJ-309 [22]. DIPN was selected for use in this investigation due to its established
record of performance as a functional fluorophore [23]. Furthermore, a close analog
of DIPN (naphthalene), has been shown to reduce the quenching effect of high-Z

organometallic additives in plastic scintillator formulations [14].

R

O

Figure 8: 2,5-Diphenyloxazole (PPO)
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Figure 9: Diisopropyl Naphthalene (DIPN)

Photoinitiators are compounds that create reactive species when exposed to radi-

ation, typically in the UV to visible region of the electromagnetic spectrum. The pho-
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toinitiator employed in this investigation is diphenyl (2,4,6-trimethylbenzoyl) phos-
phine oxide (TPO) (Figure 10). TPO is cleaved into benzoyl and phosphinoyl radicals
upon exposure to light in the wavelength range of 380-410 nm, which includes long
wavelength UV to visible violet light (Figure 11). In this investigation, we employ
405 nm light for curing. Both radicals contribute to polymerization (i.e., curing)
of the monomer. The phosphinoyl radical is approximately twice as reactive as the
benzoyl radical, but it is readily converted to the low-reactivity peroxy radical upon
exposure to Oy [24]. This is one of the main reasons that sparging with inert gas
(i.e., Ny) is conducted to displace dissolved Oy in the scintillator formulations prior
to curing. The presence of dissolved Os is also unfavorable because it provides an ad-
ditional pathway for non-radiative quenching of excited states, thereby contributing

to decreased fluorescence [19].

H3C CHs;
O

P
O CHs

Figure 10: Diphenyl (2,4,6-Trimethylbenzoyl) Phosphine Oxide (TPO)

Waveshifters, or secondary dyes, are a subset of fluorophores employed to alter
the wavelength of emitted photons from that of the absorbed photon. If scintillation
photons emitted by the primary fluorophore are also readily absorbed by it, which can
occur whenever appreciable overlap exists between the absorption and emission spec-
tra, then light production is reduced. Additionally, the emitted scintillation photons

may be characterized by a wavelength not optimally matched to exploit the peak
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Figure 11: TPO Photo-Induced Radicalization Reaction

quantum efficiency of the photocathode. Both of these potential problems can be
mitigated by utilizing a waveshifter in the scintillator formulation. The waveshifter
absorbs light emitted by the primary fluorophore and re-emits photons at a wave-
length (usually in the visible range of the electromagnetic spectrum) that is not likely
to be reabsorbed in the scintillator. Waveshifters can effectively be employed in rel-
atively low concentrations, often in the range of 0.005-0.5 wt% [3]. The waveshifter
employed in this investigation is the proprietary Exalite 416 (Figure 12), produced
and distributed by Essilor/Luxottica. With the addition of Exalite 416 to the scintil-
lator formulations, the peak emission wavelength occurs at 416 nm, as shown by the
emission spectrum of a fast-curing plastic scintillator from a previous investigation
(AFIT 130) in Figure 13 [1]. The emission spectrum also indicates an increase in
emissive intensity with additional curing, which provided the impetus to investigate

the effects of varying photoinitiator concentration and curing time.
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Figure 12: 7,7-Di(4-Anisyl)-9,9,9’,9’-Tetrapropyl-2,2’-Bi-9H-Fluorene (Exalite 416)
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Figure 13: AFIT 130 Emission Spectrum During Curing Procedure [1]

2.2.2 Photon Detection

Due to the relatively low atomic number of the constituent materials (i.e., mostly

hydrogen and carbon), unsensitized plastic scintillators typically suffer from a low
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intrinsic efficiency for photoelectric absorption and may not produce a photopeak for
incident particle energies greater than a few hundred keV. Therefore, the dominant
mode of interaction between incident high-energy photons and the scintillator is via
Compton scatter with orbital electrons. Compton scatter occurs when an incident
photon imparts a portion of its kinetic energy to an electron in the detector medium,
thereby resulting in the emission of a Compton electron and a scattered photon. The
energy of the Compton electron (FE.) is given by Equation 1 and that of the scattered

photon (E’ ) by Equation 2,

photon
E hoton
Ee =FE hoton — P 1
phot 1+(%)(1—6089) M)
E hoton
E oton — . 2
phot 1—1—(%)(1—0059) @

where Eppoon 15 the energy of the incident photon, mec? is the rest mass energy of
the electron (i.e., 511 keV), and 6 is the angle of deflection of the scattered photon
relative to the incident photon trajectory [19].

As can be seen from Equation 1, the maximum energy transferable from an inci-
dent photon to an electron via Compton scatter is appreciably less than the incident
photon energy. This maximum energy imparted to the recoil electron, corresponding
to a scatter angle () of 180°, is known as the Compton edge energy. A Compton edge
is distinguishable from a photopeak, which is an energy spectrum feature correspond-
ing to absorption of the full energy of the incident particle. Since an incident photon
>~ 200 keV will not typically deposit its full energy in an unsensitized plastic scin-
tillator, a distinguishable photopeak is not usually observed. The inclusion of high-Z
elements in plastic scintillator formulations, however, has been shown to increase their

intrinsic efficiency for photon detection, thereby increasing the likelihood of observing
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a photopeak and improving the utility of high-Z loaded plastic scintillators for photon
spectroscopy [25]. Previous studies have successfully employed tin, lead, and bismuth
for this purpose [26] [27]. The inclusion of high-Z elements, however, does also in-
troduce the possibility of x-ray escape peaks being observed in the energy spectra,
with the Ko escape peak often the most prominent due to its relatively high energy
and rate of occurrence [28]. The Ka escape peak can coincide with other spectrum

features, thereby obfuscating the results and preventing conclusive analysis.

2.2.3 Neutron Detection

Fast neutron detection in plastic scintillators is primarily achieved via recoil inter-
actions with hydrogen, also known as neutron elastic scatter. In this process, incident
neutrons colliding with hydrogen nuclei impart some or all of their energy in a reac-
tion that conserves both momentum and kinetic energy within the detector medium.
The resulting elastically-scattered recoil nuclei have energies given by Equation 3,

4A

E, = m(COSQ(g)En (3)

where F, is the incident neutron energy, A is the atomic number of the recoil nu-
cleus, and 0 is the scattering angle of the recoil nucleus with respect to the incident
neutron trajectory [19]. The path created by the recoil proton induces ionization and
excitation of atoms and molecules along its direction of travel.

This method of neutron detection requires incident neutrons of sufficient minimum
energy. Hydrogen does not exist freely in organic media, but is typically bonded
to another atom (commonly carbon) as a molecular constituent. Typical carbon-
hydrogen bond energies are in the range of 3-5 eV. Furthermore, to create a charged
particle (i.e, proton), the hydrogen atom must be ionized, which requires at least

13.6 e€V. Therefore, an incident neutron must have an energy on the order of at
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least tens of eV in order to induce a proton recoil reaction. This means that low-
energy neutrons, including thermal neutrons (with a mean energy of 0.025 eV) will
not be detected via this process. If sensitivity to low-energy neutrons is desired,
one method of accomplishing this would be to include a material in the scintillator
matrix with an appreciable cross-section for interaction with low-energy neutrons,
e.g., lithium-6, boron-10, or a fissile material. In practice, organic scintillators that
are unsensitized for low-energy neutrons can produce recoil protons with energies as
low as 50 keV. Typical uses for unsensitized organic scintillators include detection of
neutrons resulting from fission events, with energies of ~1-2 MeV, or from neutron
generators, with energies of ~2.5 MeV (for D-D reactions) or ~14.1 MeV (for D-T

reactions).

2.2.4 Scintillator Interactions with Radiation and Associated Processes

The introduction of an incident high-energy photon or neutron into a plastic scin-
tillator can result in recoil interactions, producing a high-energy electron or proton,
respectively. The recoiling charged particle will create an ionization track within the
scintillator, leaving a trail of excited and/or ionized molecules in its wake.

The partially ionized molecules rapidly recombine with free electrons to either
excited singlet (S) or triplet (T) states in a 1:3 (singlet:triplet) ratio, according to
spin statistics. The population of singlet and triplet states is also impacted by the
energy loss per unit path length (dE/dx) of the recoiling particle. The rate of energy
loss and, thus, ionization density, is greater for a recoiling proton than for a recoiling
electron. Greater ionization density increases quenching (i.e., non-radiative energy
transfer or loss), which competes with prompt fluorescence of S; states. Quenching
includes (but is not limited to) the following processes, in which excited states become

ionized,
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Sp+ Sm— So+ I +e” (4)
Sy — 1T+ e (5)

where S, and S,, are excited singlet states, IT is a positively charged ion, and e~ is
a free electron. In these cases, the interaction of two excited singlet states produces
a singlet ground state and an ion pair (Equation 4) or the interaction of an excited
state with an electric field generated by nearby ions produces an ion pair (Equation
5) [3]. When the ions recombine, they are three times as likely to form triplet states
than singlet states, due to the aforementioned spin statistics and, thus, produce less
fluorescence.

Quenching also competes with internal conversion, which converts highly-excited
singlet states down to the S; state, i.e., the first excited singlet state. Within the
S1 state, several excited vibrational states S;, are possible, and these relax via non-
radiative processes to the Sig state. Internal conversion and vibrational relaxation
occur very rapidly, on the order of femtoseconds to picoseconds. Spy states can de-
excite radiatively, emitting a photon, resulting in prompt fluorescence. Prompt flu-
orescence, which typically occurs on the order of a few nanoseconds after excitation,
is the main radiative de-excitation pathway by which organic scintillators operate.

Regarding excited states, there are several energy transitions that can occur to
facilitate a subsequent return to the ground energy state. Many of these pathways
compete with prompt fluorescence for de-excitation, both radiatively (i.e., photon-
producing) and non-radiatively (i.e., non-photon-producing). Delayed fluorescence
and phosphorescence are radiative de-excitation pathways with luminescent decay
timescales on the order of tens/hundreds of nanoseconds or milliseconds, respectively,

as opposed to ones of nanoseconds for prompt fluorescence. Although it is not typ-
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ically observed in conventional organic scintillators, the non-radiative process of in-
tersystem crossing could theoretically convert some excited singlet states S; to the
excited triplet state T;. In most organic scintillators, however, the population of T
states is produced almost entirely via ion recombination. The direct de-excitation
of Ty to Sp, which could proceed radiatively (resulting in phosporescence) or non-
radiatively, is not observed to occur in conventional organic scintillators [29]. Such
a transition would necessitate a spin flip (so as to not violate the Pauli Exclusion
Pricniple), but the presence of a material that facilitates spin-orbit coupling (e.g.,
an iridium-complex fluorophore) would be necessary to make this process favorable
[3]. Ty states may also interact with each other via the energy transfer mechanism of
triplet-triplet annihilation (TTA), shown in Equation 6, resulting in a S, state and a
S; state. The S; state may then radiatively de-excite resulting in delayed fluorescence,

which occurs on the order of microseconds.

T1+T1—>So+51 (6)

Other energy transition pathways that compete with fluorescence include non-
radiative relaxation and quenching transitions to Sy and radiative migration, by which
a scintillation photon is reabsorbed after being emitted, prior to reaching the pho-
tocathode. In the case of radiative migration, the original characteristic excitation
energy can be lost or degraded due to multiple absorptions and emissions [14]. Figure

14 illustrates some of the phenomena discussed in this section.
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Figure 14: Excitation, De-excitation, and Energy Transfer Pathways [30]

The amount of incident radiation converted to radiative emission can be quan-
tified by scintillation efficiency, i.e., the proportion of incident particle energy that
is converted to light, which depends on both incident particle type and energy [14].
For incident particles of the same energy, recoil electrons (produced by photon in-
teractions) are characterized by higher scintillation efficiency as compared to protons
(produced by neutron interactions). This difference can be as much as an order of
magnitude for incident particle energies up to several hundred keV, with the difference
decreasing as energy increases. For this reason, the concept of absolute light yield
is often used to address differences in scintillation efficiency for different particles.
The term mega-electron volt electron equivalent (MeVee) is used to express the light
yield corresponding to a 1 MeV electron. For a proton to produce equivalent light
yield, its energy must be greater than 1 MeV due to the higher likelihood of non-

radiative de-excitation pathways (resulting from greater ionization density, excited
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state interactions, and triplet state occurrences) associated with proton interaction
in the medium. Further complicating matters is the fact that light yield does not
necessarily scale linearly with particle energy [14, 31]. Notwithstanding, linearity is

sometimes assumed as an approximation.

2.2.5 Light Collection Enhancement

Several factors may be adjusted to improve light collection, both internal and ex-
ternal to the scintillator. Concerning external enhancement, light collection can be
enhanced by optimizing factors concerning reflection and refraction, since photoemis-
sions occur isotropically. Scintillation photons that exit the system will, obviously,
not contribute to measurable light yield; therefore, all scintillator surfaces not in-
terfacing with the PMT window are covered in layers of reflective material in order
to retain scintillation photons in the system that might otherwise escape and redi-
rect that emitted light back toward the photodetector. Additionally, the scintillator
surface interfacing with the PMT window is coated with a material to maintain a con-
sistent refractive index between the scintillator and PMT window, thereby optimizing
transmittance of scintillation photons to the PMT.

Concerning internal enhancement, inclusion of appropriate fluorophores can also
significantly improve light yield. These fluorophores typically provide a partially
overlapping absorption spectrum with the emission spectrum of the organic base (or
other light-harvesting elements in the formulation), thereby facilitating non-radiative
energy transfer (e.g., Forster Resonance Energy Transfer (FRET), illustrated in Fig-
ure 15). FRET occurs via non-radiative dipole-dipole coupling from an electronically
excited donor chromophore to an acceptor chromophore. The efficiency of FRET is
increased by proximity of donor and acceptor chromophores, overlap of donor emis-

sion wavelength and acceptor absorption wavelength, and dipole alignment [32]. This
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non-radiative process can transfer energy to a fluorophore that often has greater scin-
tillation efficiency than the initially excited compound. The primary fluorophore used
in this investigation, PPO, has a peak emission wavelength of 355 nm [33]. Photons
emitted at this wavelength, however, can be reabsorbed due to partial overlap of the
absorption and emission spectra [34]. A secondary wavelength-shifter dye may be
employed to produce scintillation photons at a lower wavelength, thereby mitigating
reabsorption by the primary dye and/or producing scintillation photons at a wave-
length corresponding to the optimal quantum efficiency range of the photocathode.
For a wavelength-shifter to be effective at minimizing reabsorption, there should be
appreciable separation between its peak absorption wavelength and its peak emission

wavelength, known as a Stokes shift, as illustrated in Figure 16.
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Figure 15: FRET Jablonski Diagram [35]
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The wavelength-shifter employed in this investigation, Exalite 416, absorbs the
emission photons from PPO at a peak wavelength of 355 nm and re-emits scintillation
photons at a peak wavelength of 416 nm, corresponding to a Stokes shift of 61 nm [36]
[37]. The peak wavelength of emitted photons is within the peak quantum efficiency
range (i.e., > 20% between ~350-420 nm) of the bialkali photocathode of the PMT

that is employed in this investigation, as shown in Figure 17.
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Figure 17: Quantum Efficiency Comparison of Bialkali to Other Photocathodes [38]

2.2.6 Performance Comparison Metrics

Quantitative metrics are utilized to characterize scintillator performance. These
metrics facilitate comparison of the novel scintillators to each other and to existing
scintillators. The performance metrics utilized in this investigation include relative
light yield and relative efficiency.

Light yield (n) is a measure of scintillation photons generated per unit of energy

deposited by incident (or recoil) particles and is defined via Equation 7 [39].

_ # photons generated

(7)

enerqgy deposited

As the number of scintillation photons may be difficult to accurately quantify,

relative light yield (L,¢) may be defined via Equation 8,

I o Xnovel scintillator
rel — (8)

Xstandard scintillator
where X, opel scintillator 1S the channel corresponding to an energy-spectrum feature of a

novel scintillator and X undard scintitiator 18 the channel corresponding to the analagous
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energy-spectrum feature of a scintillator serving as a standard of comparison. In sit-
uations where a discernible photopeak is not part of the spectrum, the Compton edge
can be used to enable comparisons about relative light yield, as long as measurement
conditions are maintained.

Intrinsic efficiency (€;,¢) is a measure of radiation quanta detected compared to

the radiation quanta incident on the detector surface and is defined via Equation 9

[19]7

# pulses recorded
# radiation quanta incident on detector’

Eint =

(9)

Relative efficiency may also be quantified as a ratio of intrinsic efficiency of a novel

scintillator to that of a known standard, as in Equation 10 [40],

gint (novel scintillator)

Ef ficiency,e = (10)

Eint (Standard scintillator)
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III. Methodology

3.1 Formulation, Curing, and Finishing Procedures

In this research, novel scintillator formulations are produced by varying the rela-
tive amounts of constituent materials in ways expected to improve detection perfor-
mance or structural integrity and unlikely to have an undue negative impact on these
parameters. Unfortunately, alterations that result in improvement of one parameter
may produce a negative impact on another parameter so this process is often an ex-
ercise in optimization. The process begins when relative percentages of constituent
materials are determined and then multiplied by the desired mass of the unfinished
(i.e., unpolished) scintillator to determine the required masses of the constituent ma-
terials. By convention, percentages of all materials, except Exalite 416 and TPO, sum
to 100% (thus, total percentages, including Exalite 416 and TPO) will sum to slightly
more than 100%). This convention has been adopted in previous investigations for
ease of comparison of relative proportions of monomers, crosslinkers, chromophores,
fluorophores, and high-Z compounds [1]. Although accuracy is limited by available
means of adding liquid components to our formulations, which permits no greater
precision than 1072 grams, the slight differences in calculated scintillator mass are on
the same order of magnitude or less as compared to the expected measurement error.

The formulations are mixed in borosilicate glass reaction vials with outer dimen-
sions of 28 mm diameter by 57 mm tall, with 1 inch inner diameter. Upon adding
the TPO, the vials are wrapped light-tight in aluminum foil and kept out of ambient
light as much as possible in order to prevent premature curing. A combination of
heating on hotplates and mixing via sonic bath vibration is then conducted until all
constituents are dissolved and the resulting scintillator solution is homogeneous (if a

fully-dissolved homogeneous solution is achievable). The formulations are then placed
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in an inert glovebox (with a Ny atmosphere and <0.1 ppm Os), and each scintillator
solution is sparged with Ny gas. The purpose of sparging is to displace any Os that
may be dissolved in the scintillator solutions as the presence of dissolved Os could
result in undesirable reactions during the curing process or additional non-radiative
quenching pathways. Pressure relief caps are affixed tightly to the reaction vials prior
to removal from the glovebox to preserve the inert gas (and absence of significant
levels of Oy) inside the reaction vials.

When the scintillator solutions have cooled to room temperature, the curing pro-
cess commences. Curing is initiated with the Formlabs ‘Form Cure’ (Figure 18),
which uses LED light of 405 nm wavelength at 9.1 W radiant power to cure the
scintillators. The curing process is conducted over several iterations of active cur-
ing (with segment durations ranging in duration from 1-60 seconds) alternating with
cooling cycles (with segments ranging in duration from 10-300 seconds). After the
Formlabs procedure is complete and the samples have solidified, the scintillators are
again allowed to cool to approximately room temperature. Then, the next stage of
curing commences with the Dymax ‘BlueWave AX-550 VisiCure’ (Figure 19), which
uses LED light of 405 nm wavelength at 125 W radiant power. Since the plastic has
almost completely cured by the completion of the Formlabs procedure (and, thus, the
potential for substantial heat buildup from further curing is significantly diminished),
the Dymax procedure can proceed with longer active curing segments (ranging in du-
ration from 30-60 seconds) and much shorter cooling cycles (ranging in duration from
10-60 seconds), notwithstanding its appreciably higher intensity. For all described
investigations, active curing time using the Formlabs apparatus ranged from 5-7 min-
utes and active curing time with the Dymax apparatus ranged from 4-6 minutes.
Total cooling times ranged from 12-60 minutes. Longer cooling time segments were

often implemented in an effort to reduce the likelihood of scintillator cracking during
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the curing process, which is believed to be caused (at least in part) by insufficient

heat dissipation.

Figure 18: Formlabs Form Cure with lid open, showing the area where the scintillator
samples are placed for curing

Upon completion of the curing procedure, the ‘finishing stage’ is the final step
of scintillator preparation. The finishing procedure consists of sanding and polishing
the circular faces of the cylindrical scintillators using sandpaper with increasing grit,
moving from 400-grit, 1,000-grit, 2,000-grit, and ~30,000-grit to achieve smooth, clear
surfaces. The finishing is conducted in a wet environment and the first three finishing
stages are completed using a mixture of water and mild liquid soap. The final finish-
ing stage includes a water and alumina (0.3 pum) slurry. The sanding is conducted by

moving the scintillators across the sandpaper surfaces under moderate hand pressure
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Figure 19: Dymax BlueWave AX-550 VisiCure with four scintillator samples placed
in the curing region

in a figure-eight motion, which is more likely than circular or linear motions to yield
a uniformly flat and smooth scintillator face. The sides of the cylincrical scintillators
do not require any finishing, as their interface with the inner surface of the cylindrical
reaction vials results in a clear surface with proper shape. The upper circular face
(with respect to the reaction vial) is characterized by a curved meniscus after curing,
which must be finished to a smooth, uniformly flat face for optimal detector per-
formance, since this face will be mounted against the PMT. Of lesser importance is
the finishing of the lower circular face, which is characterized by mild contours from
the slightly non-flat, inner, bottom surface of the reaction vial. Upon completion

of finishing (assuming the samples have not cracked during the curing and finishing
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processes), the scintillators are ready for performance evaluation and characterization.

3.2 Prototype Formulation

A novel plastic scintillator formulation was proposed based on an existing, non-
high-Z loaded fast-curing design[1]. The key difference was the addition of a high-Z
material to enhance photon sensitivity. Triphenyl bismuth (BiPhjs) was employed for
this purpose in the initial formulation (Bi-Plastic). The formulations for both the
previously existing formulation and the initial high-Z-loaded formulation are detailed
in Table 2. The percentages listed in Table 2 were multiplied by 10 grams to yield
a 10-gram unfinished sample. The same photocuring procedure was employed for
both, which took a total of 24 minutes to complete. This process consisted of active
curing iterations with 405-nm-wavelength light (i.e, 5 minutes of curing with the
FormLabs Form Cure followed by 4 minutes of curing with the Dymax BlueWave
AX-550 VisiCure, in segments ranging from 5-60 seconds), alternating with cooling

iterations (totaling 15 minutes, in segments ranging from 10-180 seconds).

Table 2: Prototype Scintillator Formulation

Name IBOA |PPO |DIPN HDDMA BPADM | TPO |E416 |BiPhg

AFIT 131 [49.0% |15.0% |15.0% |10.5% 10.5% 0.10% |0.20% [00.0%

Bi-Plastic [44.1% |13.5% |13.5% |9.45% 9.45% 0.09% |0.18% [10.0%

3.3 Primary Fluorophore and High-Z Compound Variation Study

The next phase of the investigation explored variation of two parameters: primary
fluorophore content and high-Z compound content. Beginning with these investiga-

tions, most samples were formuluated with unfinished masses of 18 grams or 15 grams,
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in contrast to the 10-gram unfinished mass of the Bi-Plastic scintillator. This greater
mass was chosen so that, after finishing, the scintillators would be close to the same
dimensions of the commercially available standards of comparison, i.e., approximately
1 inch long by 1 inch diameter cylinders. From this point onward in the investigation,
each scintillator sample was assigned a unique designator using the naming convention

of “AFIT XXX”, where “XXX” is a unique three-digit number.

3.3.1 Common Procedures

Upon addition of all individual scintillator components in the reaction vials, the
samples were wrapped in aluminum foil and placed in the digital ultrasonic bath
(H&B Luxuries Digital Ultrasonic Cleaner) where they were subjected to 35 kHz
vibrations in a water medium for two successive cycles of 480 seconds. The most
common use of an ultrasonic bath is cleaning of small objects, but it is employed in
this investigation to facilitate mixing of scintillator components. After the ultrasonic
bath treatment, the samples were placed on a heat plate set to below the boiling
temperature of the solution for whatever duration was required until all components
were mixed homogeneously. For some samples, however, the components did not go
into solution and these were considered to be failed formulations. For samples in
which all components successfully went into solution, the next step was sparging with
Ny in the inert glove box for 15 minutes. After sparging, the vials were re-wrapped
in aluminum foil until the start of the curing process. The curing protocol for all
samples was a total of five minutes of active curing in the Formlabs Form Cure and
four minutes of active cooling in the Dymax BlueWave AX-550 VisiCure. Tables 3 &

4 provide the breakdown of active curing and cooling iterations.
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Table 3: Curing Time Protocol (Formlabs): Primary Fluor and High-Z Variation

Iteration 1 2 3 4 5 6 7
Curing Duration [s] 10 10 10 30 60 90 90
Cooling Duration [s] |60 60 60 120 180 180 -

Table 4: Curing Time Protocol (Dymax): Primary Fluor and High-Z Variation

Iteration 1 2 3 4 5 6 7 8
Curing Duration [s] 30 30 30 30 30 30 30 30
Cooling Duration [s] |10 10 10 10 10 10 10 -

3.3.2 AFIT 001

AFIT 001 was formulated in an attempt to replicate the Bi-Plastic prototype with

an unfinished mass of 18 grams. The formulation is provided in Table 5.

Table 5: AFIT 001 Formulation

IBOA |PPO |DIPN HDDMA BPADM | TPO |E416 |BiPhg
Proportion [44.1% |13.5% |13.5% |9.45% 9.45% 0.09% [0.09% |10.0%
Mass [g] 7.9380 [2.4300 |2.4300 |1.7010 1.7010 0.0162 |0.0324 |1.8000

3.3.3 AFIT 002

AFIT 002 was formulated in an attempt to produce a sample similar to the Bi-

Plastic prototype with an 18-gram unfinished mass. The key difference with AFIT

002 is that the PPO content is doubled (entirely replacing the DIPN content). The

formulation is given in Table 6.
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Table 6: AFIT 002 Formulation

IBOA |PPO |DIPN HDDMA BPADM | TPO |E416 |BiPhg
Proportion |44.1% |27.0% |0.0% ]9.45% 9.45% 0.09% |0.09% [10.0%
Mass [g] |7.9380 |4.8600 |0.0000 |1.7010 1.7010 0.0162 |0.0324 |1.8000

3.3.4 AFIT 003, AFIT 004, & AFIT 005

AFIT 003, AFIT 004, and AFIT 005 were formulated nearly simultaneously, pay-

ing special attention to abide by sterile lab practices, as it was suspected that unidenti-

fied contaminants were responsible for the cloudy consistencies of AFIT 001 and AFIT

002, shown in Chapter IV. The AFIT 003 formulation is identical to the AFIT 002

formulation, while the AFIT 004 formulation is similar to the AFIT 003 formulation

but with 5 wt% greater BiPhs content and 5 wt% less PPO content. The AFIT 005

formulation also mirrors the AFIT 003 formulation but with 10 wt% greater BiPhs

content and 10 wt% less PPO content. All samples were formulated with unfinished

masses of 18 grams. The formulations are listed in Tables 7, 8, & 9.

Table 7: AFIT 003 Formulation

IBOA |PPO |DIPN HDDMA BPADM TPO |E416 |BiPhg
Proportion |44.1% [27.0% [0.0% |9.45% 9.45% 0.09% 10.09% [10.0%
Mass [g] 7.9380 [4.8600 |0.0000 |1.7010 1.7010 0.0162 0.0324 |1.8000

Table 8: AFIT 004 Formulation

IBOA |[PPO |DIPN HDDMA BPADM TPO |E416 |BiPhs
Proportion [44.1% {22.0% [0.0% |9.45% 9.45% 0.09% [0.09% |15.0%
Mass [g] 7.9380 [3.9600 |0.0000 |1.7010 1.7010 0.0162 [0.0324 |2.7000
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Table 9: AFIT 005 Formulation

IBOA |PPO |DIPN HDDMA BPADM | TPO |E416 |BiPhg

Proportion |44.1% |17.0% |0.0% ]9.45% 9.45% 0.09% |0.09% [20.0%

Mass [g] |7.9380 |3.0600 |0.0000 |1.7010 1.7010 0.0162 0.0324 |3.6000

3.3.5 Impurity Identification, BiPhs Recrystallization, & AFIT 006

The significant (and consistent) clouding of AFIT 001 - AFIT 005, as shown
in Chapter IV, suggested that perhaps it was not an external contaminant but a
common impure ingredient causing the fouled appearance. The new supply of BiPhj
was isolated as the likely culprit. To test this theory, one gram of the raw BiPhj
was subjected to a recrystallization procedure. The procedure entailed dissolving the
BiPhs with pure ethanol in a test tube and heating the solution to 70-75°C (below the
boiling point of ethanol of 78°C) until the BiPhz was completely dissolved. Impurities
separated out of solution in the form of a yellowish liquid phase below the clear,
colorless part of the solution. The impurities were, to the greatest extent possible,
siphoned out of the bottom of the solution and the heat continued to be applied
until almost all of the ethanol had evaporated. The solution was then placed in a
vacuum chamber to completely evaporate the remaining ethanol. The recrystallized
BiPhs appeared as bright, white flaky crystals, in contrast to the raw BiPhs, which
appeared as a white powder. A yield of 0.4733 grams of purified BiPhg was recovered
from the recrystallization process. To test the viability of the recrystallized BiPhs,
it was used in the formulation of AFIT 006, which was identical to the AFIT 001
formulation with an unfinished mass of approximately 4.75 grams. The formulation
is given in Table 10.

The new supply of BiPh3 was of the same grade of purity and from the same man-
ufacturer as the original supply which was used in the formulation for the prototype

Bi-Plastic scintillator. The original raw (i.e., unpurified) supply had the appearance
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Table 10: AFIT 006 Formulation

IBOA |PPO |DIPN HDDMA BPADM | TPO |E416 |BiPhg
Proportion |44.1% |27.0% |0.0% ]9.45% 9.45% 0.09% |0.09% [10.0%
Mass [g] |2.0873 [0.6390 |0.6390 [0.4473 0.4473 0.0043 0.0085 0.4733

and consistency of bright white flaky crystals, which was characteristic of the new sup-

ply only after recrystallization. The appearance and consistency of the new supply,

prior to recrystallization, was a whitish powder.

3.3.6 AFIT 007, AFIT 008, & AFIT 009

The constituent profile of AFIT 007 was identical to that of AFIT 002 and AFIT

003, AFIT 008 was identical to AFIT 004, and AFIT 009 was identical to AFIT 005,

with the only differences being that recrystallized instead of raw BiPhs was used and

the new formulations would have an unfinished mass of 15 grams. The formulations

are provided in Tables 11, 12, & 13.

Table 11: AFIT 007 Formulation

IBOA |PPO |DIPN HDDMA BPADM |TPO |E416 |BiPhs
Proportion |44.1% [27.0% |0.0% |9.45% 9.45% 0.09% 10.09% [10.0%
Mass [g] 6.6150 [4.0500 [0.0000 |1.4175 1.4175 0.0135 [0.0270 |1.5000

Table 12: AFIT 008 Formulation

IBOA |PPO |DIPN HDDMA BPADM TPO |E416 |BiPhg
Proportion |44.1% [22.0% |0.0% |9.45% 9.45% 0.09% 10.09% |15.0%
Mass [g] 6.6150 |3.3000 |{0.0000 |1.4175 1.4175 0.0135 [0.0270 |2.2500
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Table 13: AFIT 009 Formulation

IBOA |PPO |DIPN HDDMA BPADM | TPO |E416 |BiPhg
Proportion |44.1% |17.0% |0.0% ]9.45% 9.45% 0.09% |0.09% [20.0%
Mass [g] |6.6150 |2.5500 |0.0000 |1.4175 1.4175 0.0135 0.0270 |3.0000

3.3.7 Gadolinium(III) Oxide Doping: AFIT 041 & AFIT 042

Formulations were attempted using gadolinium(III) oxide as the high-Z com-

pound. These formulations were attempted based on reported successful use of this

compound is PS- and PVT-based formulations [3]. The literature did specify, how-

ever, that this compound had been used successfully when added to plastic scintillator

formulations in the form of nanoparticles (i.e., particles <100 nm in size). Due to

administrative restrictions, nanoparticles were not permitted for use in the available

laboratories, so non-nanoized (i.e., particle size >100 nm) were used instead. The

AFIT 041 and AFIT 042 formulations were similar to that of AFIT 001 and AFIT

002, respectively, exchanging BiPhs for Gd,O3. AFIT 041 and AFIT 042 were for-

mulated with unfinished masses of 10 grams. The formulations are given in Tables

14 & 15.
Table 14: AFIT 041
Name IBOA |[PPO |DIPN HDDMA |BPADM |[TPO [E416 |Gd;Os3
Proportion |44.1% [13.5% |13.5% [9.45% 9.45% 0.09% 10.18% 110.0%
Mass [g] 4.41 1.35 1.35 0.945 0.945 0.009 |0.018 |1.00
Table 15: AFIT 042
Name IBOA |PPO |DIPN HDDMA BPADM [ TPO |E416 |Gd;0;
Proportion |44.1% [13.5% |13.5% [9.45% 9.45% 0.09% (0.18% 110.0%
Mass [g] 4.41 2.70 0.00 0.945 0.945 0.009 |0.018 |1.00
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3.4 Photoinitiator and Curing Variation Study

Based upon previous work, questions emerged regarding the effects of curing fac-
tors on the physical attributes and detection performance of the scintillators. A study
was designed to vary the amount of photoinitiator (i.e., TPO) and the curing time
protocol. Twelve scintillator designs were proposed. TPO content would be varied
at four different levels, i.e., 0.01% (AFIT 100-series), 0.05% (AFIT 101-series), 0.10%
(AFIT 102-series), and 0.20% (AFIT 103-series). For each of these series, three iden-
tical sets would be produced, and each set would undergo one of three curing time
protocols. The three curing time protocols are Protocol A (5 minutes Formlabs + 4
minutes Dymax), Protocol B (7 minutes Formlabs + 6 minutes Dymax), and Protocol
C (5 minutes Formlabs 4+ 6 minutes Dymax). Note that these specified curing times
represent total “active curing” durations and do not include interspersed cooling cy-
cles. The scintillator formulations are provided in Table 16 and the detailed curing

time protocols are provided in Tables 17, 18, 19, 20, 21, & 22.

Table 16: Scintillator Formulations - TPO & Curing Time Study

Name IBOA |DIPN [PPO  HDDMA BPADM [E416 |TPO |BiPh;

AFIT100 |46.55%|00.00%|28.50% |9.975% 9.975% 0.190% | 0.0095%] 5.000%

AFIT101 [46.55%00.00%|28.50%9.975% 9.975% 0.190% [0.0475%]| 5.000%

AFIT102 [46.55%00.00%|28.50%9.975% 9.975% 0.190% [0.0950%] 5.000%

AFIT103 [46.55%00.00% | 28.50%9.975% 9.975% 0.190% [0.1900%] 5.000%

Table 17: Curing Time Protocol A (Formlabs): TPO and Curing Time Study

Iteration 1 /2 (3 |4 |5 (6 |7 |8 (9 |10 |11 (12|13 |14 |15
Curing Time [s] |1 |1 |1 |1 |1 |1 |1 |1 |1 |1 |1 |1 |1 |1 |1
Cooling Time [s| [10 |10 |10 [10 |10 {10 |10 [10 |10 {10 |10 |10 |10 {10 |10
Iteration 16 |17 |18 |19 |20 |21 (22 |23 |24 |25 |26 |27 |28 |29
Curing Time [s] |5 |5 |5 |5 |5 |5 |10 |10 |10 |15 |15 |15 [30 |30
Cooling Time [s] | 180[180|120]120/60 |60 {60 |120]120|120]120|120{120
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Table 18: Curing Time Protocol A (Dymax): TPO and Curing Time Study

Iteration 1 2 3 4
Curing Time [s] |60 60 60 60
Cooling Time [s] |10 10 10

Table 19: Curing Time Protocol B (Formlabs): TPO and Curing Time Study

Iteration

1

4

5

7

8

10

11

12 13

14 |15

16

17

Curing Time [s]

1 1

1

1

1 |1

1

1

1

1 |1

1 |1

5

Cooling Time [s]

10 |10

10

10

10

10 |10

10

10

10

10

10 |10

10 |10

180

180

Iteration

18|19

20

21

22

23 |24

25

26

27

28

29 (30

31 (32

33

Curing Time [s]

2 |5

>

10

10 |10

15

15

15

30

30 |60

60 |60

60

Cooling Time [s]

180} 180

180

120

120

120120

120

120

120

120

120120

120/ 120

Table 20: Curing Time Protocol B (Dymax): TPO and Curing Time Study

Iteration 1 2 3 4 5 6
Curing Time [s] |60 60 60 60 60 60
Cooling Time [s] |10 10 10 10 10 -

Table 21: Curing Time Protocol C (Formlabs): TPO and Curing Time Study

Iteration

1

3

4

5

7

8

9

10

11

12 13

14 |15

16

17

Curing Time [s]

1 1

1

1

1

1 |1

1

1

1

1

1 |1

1 |1

bt

Cooling Time [s]

10 |10

10

10

10

10 |10

10

10

10

10

10 |10

10 [ 180

300

300

Iteration

18|19

20

21

22

23 |24

25

26

27

28

29 30

31 (32

33

Curing Time [s]

5 |5

b}

5

10

10 110

15

15

15

30

30 |30

30 30

30

Cooling Time [s]

240(240

180

180

180

180|180

180

180

180

120

120120

120/ 120

Table 22: Curing Time Protocol C (Dymax): TPO and Curing Time Study

Iteration 1 2 3 4 5 6
Curing Time [s] 60 60 60 60 60 60
Cooling Time [s] |10 10 10 10 10
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The common procedures detailed in Section 3.3.1 regarding wrapping in foil, mix-
ing, heating, sparging, and preparing for curing were followed for the scintillators in
this part of the investigation. All proposed scintillator formulations for the TPO and
curing time study produced homogeneous solutions prior to curing. All scintillators
had the same high-7Z loading of 5 wt% BiPhs and all were formulated to have an

unfinished mass of 15 grams.

3.5 Experimental Procedures

Relative scintillator performance is evaluated by measuring the detection response
of each using consistent radioactive sources, equipment, and methods. Each scintil-
lator is first prepared by wrapping two layers of one-inch wide, white polytetraflu-
oroethylene (PTFE) tape (specification: Mil-T-27730A, A-A-58092) around all sur-
faces except the one that interfaces with the borosilicate glass window of the PMT.
For all measurements discussed herein, the PMT employed was a Hamamatsu R7724
PMT [41]. The unwrapped scintillator face in contact with the PMT window is coated
with a thin layer of Saint-Gobain Crystals BC-630 silicone grease to ensure continuity
of transparent media with similar indices of refraction. The scintillator is then af-
fixed to the PMT window, with the silicone grease providing moderate adhesion, and
capped by an aluminum fitting with a rubber gasket for a light-tight fit, as shown in
Figure 20 in the standard detection setup.

Source measurements were conducted using °"Co and '¥"Cs gamma sources. Source
characteristics, including current activities (as of 01 January 2022) are provided in
Table 23. The 37Cs source was placed in direct contact with the detector and the
5"Co gamma source was placed with a standoff of two inches from the detector.
These distances were empirically determined to provide optimal counting statistics

with minimal pileup events and detector saturation. Source detections were collected
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(a) Detection Setup (Top)

(b) Detection Setup (Front)

Figure 20: Standard Detection Setup

with each scintillator for 300 seconds. Detector outputs were recorded via a CAEN
DT5730 digitizer and the PMT was powered by a CAEN DT5533E HV power sup-
ply module at -1,500 V bias voltage, with CoMPASS data acquisition software and

GECO voltage control software providing the operational interface [42, 43, 44, 45].

Table 23: Radioactive Sources Used for Scintillator Characterization

Nuclide |Half-Life Calibration | Calibration | Time Since |Current
(days) Activity Date Calibration | Activity
(1Ci) (days) (1Ci)
%Co 271.78 10.10 15 Feb 2019 |1,051 0.6922
137Cs 10,983.07 10.00 01 Sep 2000 |7,792 6.1155

As much as possible, the scintillators in this investigation were fabricated to yield
finished products that are equivalent in size and shape. The finished scintillators
are all right circular cylinders of 1 inch in diameter and approximately one inch in
length, but it is not uncommon for the lengths to vary by +/- 0.1 inch. Collections
with sources are made under identical environmental conditions, as much as is prac-
ticable. The equipment settings are held constant for equivalent characterizations
with sources, unless otherwise noted. Maintaining consistent distances, solid angles,
and other experimental parameters permits comparative performance analysis of the

novel scintillators.
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3.6 Evaluation of Physical Characteristics and Performance Metrics

The primary physical characteristics by which the scintillators are evaluated in-
clude hardness, temporary coloring, leaching, and propensity to crack during the
curing process. Hardness is quantitatively evaluated via the Shore A durometer test.
Shore durometers determine hardness by measuring the penetration depth of a probe
on a 0-100 scale. The Shore A durometer utilizes a blunt probe and the Shore D
durometer utilizes a sharp probe, as seen in Figure 21. This investigation employed
the Shore A durometer shown in Figure 22. Measurements of hardness with the Shore
A durometer were taken for scintillators that were finished and intact, even if cracking
or surface fissuring had occurred.

Durometer Hardness Test

Applied Load Durometer Indenters

Shore A Shore D
b13- L4 mm D13 - Ld mm
ase 30
Dm‘em—rl |-- RO men

Figure 21: Measuring hardness with Shore A and Shore D durometers [2]

Temporary purple coloring is commonly observed immediately following the curing
process and the extent appears to be correlated with PPO concentration. Coloring
is evaluated qualitatively by observation while the quantitative effects of coloring are
determined from a measure of relative light yield in comparison to scintillators that
have undergone no (or less) coloring upon curing.

PPO leaching, which produces a hazy film on the surface of the scintillators, is
observed with some scintillator formulations and appears to be correlated with higher
PPO content. Leaching is not typically observed in scintillator formulations with 15

wt% or less PPO but is common among scintillators formulated with 20-30 wt%
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Figure 22: The Shore A durometer employed in this investigation

PPO [1]. Treatment with ethanol has been shown in previous studies to prevent or
significantly reduce the occurrence of leaching, with material loss of only 0.20-0.37
wt% [1] [46]. In this investigation, ethanol treatment was administered 68 days after
curing via immersion of the scintillators in 70 vol% denatured ethanol for a duration
of one hour.

Cracking of novel scintillators during the curing process is not an uncommon
occurrence and is likely due to insufficient heat dissipation. Previous attempts to
remedy this issue with more frequent and longer duration cooling iterations during
the curing process have been only partially successful. One option explored in the
primary investigation to mitigate cracking was to vary the concentration of the pho-
toinitiator (i.e., TPO). The photoinitiator concentration affects the rate and extent
of curing. A minimum concentration of photoinitiator is necessary to fully cure the
scintillator, but too much can result in rates of curing that rapidly generate large

amounts of heat, which is believed to contribute to sample cracking. Therefore, an
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optimal photoinitiator concentration must exist between these two extremes. These
factors, along with the observation that fluorescent light yield of plastic scintillators
increases with greater curing time (from 0 to 540 seconds), motivated the primary
investigation of altering TPO concentration and curing time to explore the effects on
the scintillators’ physical attributes and performance characteristics.

The relative light yield determinations are made by recording the uncalibrated
energy histograms of standard scintillators (i.e., EJ-256) and comparing them to
the energy histograms of the novel scintillators. The ADC channels corresponding to
analogous spectrum features provide a relative comparison of light yield, as calculated
via Equation 8. For the 5"Co spectra, the channel corresponding to the centroid of
the photopeak is used to determine the relative comparison. For the 37Cs spectra,
the channel corresponding the Compton edge is used, where the Compton edge is
approximated by the inflection point of the fitted Gaussian curve.

The relative efficiency determinations are made similarly, by calculating the de-
tection efficiency of standard scintillators for specific spectrum features. Estimation
of intrinsic efficiency is accomplished by determining counts in the energy histograms
beyond the centroid of the photopeak as a proportion of total counts for the 5"Co
spectra. An similar method is used to approximate intrinsic efficiency from the 37Cs
spectra, using the proportion of counts beyond the estimated Compton edge as the
comparison value. Since the source collection parameters are held fixed, the number
of radiation particles incident on the detector face should be very close to equal for all
collections. Thus, the relative efficiency calculation, given by Equation 10, is simply
a ratio of the number of events recorded by the novel scintillator to the standard

scintillator.
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IV. Results and Analysis

4.1 Prototype Bismuth-Loaded Scintillator

The prototype bismuth loaded scintillator (Bi-Plastic) is characterized by remark-
able optical clarity and a slight yellow coloring as compared to the AFIT 131 standard
formulation scintillator which was fabricated simultaneously. The Bi-Plastic is of suf-
ficient hardness to not deform under manual pressure and was able to endure the
finishing process with no cracking or deformation. The slight purple coloring that
occurred subsequent to the curing process faded within a few days. There has been
no noticeable leaching, likely due to the relatively low PPO content of 13.5 wt%. The
Bi-Plastic scintillator did not crack during the curing process. An image of the Bi-
Plastic scintillator, alongside its corresponding formulation without BiPhgs, is shown
in Figure 23. A slight yellowing of the prototype scintillator (on the right) occurred

in comparison to the unloaded scintillator (on the left).

Figure 23: Scintillator without bismuth loading (left) and prototype Bi-Plastic scin-
tillator (right)

The Bi-Plastic scintillator performance was measured with a 137Cs gamma source.
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The energy histogram from the 37Cs (which has a signature gamma emission at
662 keV) does not yield a discernible photopeak but the spectrum does exhibit a
possible “full energy feature” in the form of a “tail” that is not characteristic of a
Gaussian-shaped Compton edge. The energy histograms for AFIT 131 and the Bi-
Plastic prototype are seen in Figure 24. This tail feature exhibited by the Bi-Plastic
prototype extended into the channel region where a photopeak, or a K, escape peak
at ~80 keV less, would be expected. The spectra demsonstrate that the light yield
of the Bi-Plastic scintillator is only approximately 40% that of AFIT 131, but the
efficiency is shown to increase over the unloaded sample by a factor of approximately

170%.
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Figure 24: AFIT 131 & Bi-Plastic Scintillator - 1¥7Cs Energy Histogram Comparison

From comparison of the spectra in Figure 24, it can be seen (by absence of a pho-
topeak) that few full-energy depositions of high-energy incident photons occur in the
scintillator, where “high-energy” is loosely defined as >500 keV. This is likely due in
part to the small mass (~10 g) of the scintillator sample. For this reason, additional
gamma sources were selected for future characterizations in an effort to determine
if full-energy deposition is possible for the Bi-Plastic scintillator at lower-energy ra-
diation regimes. The nuclide *’Co (with photopeak at 122 keV) was employed for
scintillator characterization and yielded modest photopeak generation in subsequent

scintillator samples.

48



4.2 Primary Fluorophore and High-Z Compound Variation Study

4.2.1 AFIT 001 - AFIT 005

Upon curing, AFIT 001 exhibited a yellowish tinge and was very cloudy. AFIT
002 had a yellowish tinge (slightly less yellow than AFIT 001) and was also very
cloudy. AFIT 003 had a yellowish tinge (very similar to AFIT 002), was very cloudy,

and cracked after the completion of the Formlabs curing procedure. These samples

can be seen in Figure 25.

(a) AFIT 001 (b) AFIT 002 (c) AFIT 003

Figure 25: Initial Samples Exhibiting Significant Cloudiness

The components of AFIT 004 and AFIT 005 did not go into solution upon mixing
and heating and, thus, were not cured. AFIT 004 and AFIT 005 are the two vials on
the left in Figure 26. Due to excessive cloudienss, cracking, or failure of components

to go into solution, AFIT 001 - AFIT 005 were not characterized with sources.
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Figure 26: AFIT 004, AFIT 005, AFIT 041, & AFIT 042

4.2.2 Impurity Identification, BiPhs Recrystallization, & AFIT 006

Upon curing, AFIT 006 had a remarkably clear and colorless appearance, in stark
contrast to AFIT 001 - AFIT 005, as seen in Figure 27a. Due to the success of the
pilot recrystallization process, the same procedure was followed but scaled up with a
starting mass of 25 grams of raw BiPhz. The impure liquid phase can be seen settling
at the bottom of the beaker in Figure 27b as the BiPhs and ethanol solution is heated.

The recovered yield was approximately 16.6 grams, or 66%.
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(a) AFIT 006 (b) Recrystallization of BiPhg
Figure 27: Marked Improvement of Scintillator Clarity (a) From BiPhs Recrystalliza-
tion (b)

4.2.3 AFIT 007 - AFIT 009

AFIT 007 (10 wt% BiPhs), AFIT 008 (15 wt% BiPhs), and AFIT 009 (20 wt%
BiPhj3) all cured with a slightly yellowish tinge but appeared remarkably clear com-
pared to formulations with unpurified BiPhs, as can be seen in Figure 28. AFIT 009

cracked after two minutes of curing with the Formlabs Form Cure.

) AFIT 007 ) AFIT 008 ) AFIT 009

Figure 28: Varying High-Z Content Scintillators
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AFIT 007 and AFIT 008 were characterized in terms of relative light yield and sen-
sitivity using 137Cs and 5"Co gamma sources. Similar to the earlier energy histogram
of the Bi-Plastic scintillator with the ¥"Cs gamma source, no discernible photopeak
exists for AFIT 007 and AFIT 008 but the extended feature beyond the Compton
edge is evident for these samples as well as for the EJ-256 spectrum, as evident in
Figure 29. These scintillators do, however, exhibit modest photopeaks with a 5"Co
source, similar to those exhibited by the EJ-256 (5 wt% lead-loaded) standard (Figure
30) and an experimental 8 wt% Bi formulation from a separate study (Figure 31) [3].
It should be noted that the scintillator used to create the *’Co spectrum in Figure
31 was of much larger volume (14 in®) than the scintillators in this study (~0.8 in?).
Regarding the *"Co spectra, the Compton edge (at ~39 keV) closely coincides with
the K, escape peak for bismuth (at ~ 45 keV), which can obscure these features and
render conclusions less certain. Table 24 provides relative metrics of measured light

yield and efficiency as compared to EJ-256.

Table 24: Performance Metrics of AFIT 007 & AFIT 008 Compared to EJ-256

137CS 5700

007 008 007 008

Light Yield 0.42 0.27 0.41 0.27
Efficiency 225 312 210 4.43

These results support previous and well-established findings that higher-Z loading
leads to increasingly depressed light yields and higher photon sensitivities. These
outcomes informed the subsequent study (varying photoinitiator content and curing
time) by indicating that scintillators with lower concentrations of bismuth could po-
tentially achieve useful photon sensitivity levels while facilitating greater light yield.
These findings further reveal that fast-curing scintillators can be fabricated and func-

tion as intended at high-Z loadings of this level.
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EJ-256, AFIT 007, & AFIT 008 - ¥'Cs Source
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Figure 29: EJ-256, AFIT 007, & AFIT 008 Energy Spectra with *"Cs Source

EJ-256, AFIT 007, & AFIT 008 - *'Co Source
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Figure 30: EJ-256, AFIT 007, & AFIT 008 Energy Spectra with 57Co Source
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Figure 31: Energy spectra of experimental 14 in®, 8 wt% Bismuth-Loaded Scintillator

3]
4.2.4 Gadolinium(IITI) Oxide Doping: AFIT 041 & AFIT 042

The constituent components of these formulations did not go into solution, as
seen in the two vials on the right in Figure 26, likely due to the presence of the

non-nanoized Gd,O3. Consequently, no experimental data were measurable from the

AFIT 041 and AFIT 042 samples.

4.3 Photoinitiator and Curing Variation Study

4.3.1 Effects of Curing

Immediately upon curing, key trends emerged. Specifically, the photoinitiator con-
centration was found to be highly correlated with the degree of “purpling” observable
within the samples, with higher concentrations corresponding to deeper coloring, as
seen in Figure 32. This purple coloring, however, faded rapidly in most samples,
but it did not fade completely in all samples. At 60 days post-cure, the 100- and

101-series scintillators showed no discernible purpling to the naked eye, but the 102-
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and 103-series continued to exhibit residual purpling. Furthermore, none of the 100-
or 101-series scintillators cracked during the curing procedure; however, four out of
six of the 102- and 103-series scintillators cracked, specifically one from Protocol A
(nine minutes total active cure time), two from Protocol B (13 minutes total active

cure time), and one from Protocol C (11 minutes total active cure time).

/

Figure 32: (top to bottom) AFIT 100A (0.01 wt% TPO), AFIT 101A (0.05 wt%
TPO), AFIT 102A (0.10 wt% TPO), & AFIT 103A (0.20 wt% TPO) immediately
after curing

All novel scintillators exhibited appreciable leaching on the surface, which was ex-
pected due to the high PPO content of 28.5 wt%. At 68 days post cure, the ethanol
treatment detailed in Section 3.6 was performed, which resulted in significantly im-
proved and enduring surface clarity.

Additionally, photoinitiator (i.e., TPO) concentration was found to significantly
affect whether the samples cracked during curing. Of the formulations with 0.01 wt%

or 0.05 wt%, none of the total of six scintillators cracked. Of the formulations with

%)



0.10 wt% (which was the standard used in previous formulations), two out of three
cracked. Similarly, of the formulations with 0.20 wt%, two out of three cracked. The
scintillators formulated with 0.01 wt% TPO were the most clear and colorless upon
curing, but all of these samples developed exetensive surface fissuring in the weeks
after curing. The relative clarity and surface fissuring of the 100-series scintillators

can be seen in Figure 33.

Figure 33: Clarity, Color, and Surface Feature Comparison of
(Top Row) AFIT 100A, 101A, 102A, 103A
(Middle Row) AFIT 100B, 101B, 102B, 103B
(Bottom Row) AFIT 100C, 101C, 102C, 103C

4.3.2 Spectral Analysis

As is evident from the following energy histogram spectra, characterization of the

scintillators with the ¥"Cs gamma source revealed no discernible photopeaks but an
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extended feature beyond the Compton edge is apparent. The spectra also reveal that
the scintillators do exhibit a modest photopeak with a 5"Co source. Spectra of the
scintillators are grouped by photoinitiator content and by curing time protocol and
are displayed with the EJ-256 spectrum for comparison. Relative light yield and
efficiency are also determined with respect to EJ-256.

The energy histogram spectra measured using the AFIT A-series scintillators (i.e.,
AFIT 100A, AFIT 101A, and AFIT 103A) with separate 37Cs and 5"Co sources
are provided in Figures 34 and 35, respectively. AFIT 102A performance was not

characterized due to cracking during the curing process.
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Figure 34: AFIT A-Series & EJ-256 Energy Spectra with ¥7Cs Source
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Figure 35: AFIT A-Series & EJ-256 Energy Spectra with 57Co Source

The general trends elucidated by the energy histograms of the AFIT A-series
scintillators when using these two radioactive sources were determined by the metrics
introduced in Chapter II. Among this set of samples, the scintillator with a TPO
concentration of 0.05 wt% (AFIT 101A) demonstrates the greatest light yield but the
least improvement in photon detection efficiency when compared with the scintilla-
tors with both higher (0.20 wt%) and lower (0.01 wt%) TPO concentrations. The
scintillator with the highest TPO concentration of 0.20 wt% (AFIT 103A) exhibits
the greatest detection efficiency and the poorest light yield.

The energy histogram spectra of the AFIT B-series scintillators (i.e., AFIT 100B
and AFIT 101B) with 37Cs and 57Co are provided in Figures 36 and 37, respectively.
AFIT 102B and AFIT 103B were not characterized because significant cracks formed
within them during the curing process, and the presence of those cracks preclude the

collection of useful spectroscopic data.
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Figure 36: AFIT B-Series & EJ-256 Energy Spectra with 37Cs Source
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Figure 37: AFIT B-Series & EJ-256 Energy Spectra with 5"Co Source
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General trends observed from the measured data of the AFIT B-series scintilla-
tors suggest the scintillator with a TPO concentration of 0.05 wt% (AFIT 101B)
again demonstrates the greatest light yield and the lowest improvement to photon
detection efficiency when compared to the scintillator with lower (0.01 wt%) TPO
concentration. These findings are consistent with those observed for the A-series
samples reported previously.

The measured energy histogram spectra for the AFIT C-series scintillators (i.e.,
AFIT 100C, AFIT 101C, and AFIT 102C) using ¥7Cs and ®*’Co are provided in
Figures 38 and 39, respectively. AFIT 103C was not characterized, again due to

cracks that formed during the curing process.
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Figure 38: AFIT C-Series & EJ-256 Energy Spectra with 37Cs Source
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Figure 39: AFIT C-Series & EJ-256 Energy Spectra with *”Co Source

The general trends elucidated by the energy histograms of the AFIT C-series
scintillators suggest that the scintillator with a TPO concentration of 0.05 wt% (AFIT
101C) demonstrates the greatest light yield and the scintillator with the lowest TPO
concentration (0.01 wt%) demonstrates the poorest light yield. There does not appear
to be a general trend regarding which TPO concentration is associated with either
the greatest or least improvement in photon detection efficiency.

The measured energy histogram spectra for the AFIT 100-series scintillators (i.e.,
AFIT 100A, AFIT 100B, and AFIT 100C) using *"Cs and 5"Co are provided in

Figures 40 and 41, respectively.
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Figure 40: AFIT 100-Series & EJ-256 Energy Spectra with '37Cs Source
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Figure 41: AFIT 100-Series & EJ-256 Energy Spectra with 5"Co Source
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The spectra measured using the AFIT 100-series are remarkably similar with the
7Co source, all with lower sensitivity and light yield at the photopeak as compared
to EJ-256. Regarding the '37Cs spectra, AFIT 100C is a significant outlier and the
reason for this is not yet understood. AFIT 100A and AFIT 100B both exhibit
higher counts at the Compton edge, indicating greater sensitivity, but at a lower
corresponding channel, indicating lower light yield. Notwithstanding the anomolous
AFIT 100C data with 37Cs, the general trend appears to indicate that curing time
beyond nine minutes (five minutes with the Formlabs Form Cure and four minutes
with the Dymax BlueWave) does not produce a significant impact on scintillator
performance in terms of either light yield or efficiency.

The measured energy histogram spectra for the AFIT 101-series scintillators (i.e.,
AFIT 101A, AFIT 101B, and AFIT 101C) using *"Cs and 5"Co are provided in

Figures 42 and 43, respectively.
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Figure 42: AFIT 101-Series & EJ-256 Energy Spectra with ¥"Cs Source
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Figure 43: AFIT 101-Series & EJ-256 Energy Spectra with 5"Co Source

The AFIT 101-series energy spectra are also remarkably similar, with light yield
very close to, if just slighty poorer than, that of EJ-256. Efficiency at the "Co
photopeak is only approximately half that of EJ-256, but efficiency at the 37Cs
Compton edge appears to be very close to that of EJ-256.

Tables 25 and 26 provide relative metrics of measured light yield and efficiency

for the samples as compared to the equivalent-sized scintillator made from EJ-256.

Table 25: Relative Light Yield Compared to EJ-256

137CS 5700

100 101 102 103 100 101 102 103

A 063 0.92 0.55 0.58 0.88 0.42
B 060 0.85 0.59 0.81
C 056 091 0.77 0.50 0.93 0.74
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Table 26: Relative Efficiency Compared to EJ-256

137CS 5700

100 101 102 103 100 101 102 103

A 153 1.09 1.67 0.66 0.56 0.72
B 152 1.18 0.67 0.59
C 087 1.09 1.35 0.70 047 0.63

4.3.3 Expected Results Compared to Measured Performance

The initial expectation was that the light yield would decrease and sensitivity
would increase with increasing TPO content. This is because it was postulated that
TPO may remain in the scintillator in an amount that is in excess of what was required
to successfully complete the curing process. Given that TPO is a light-sensitive com-
pound, which is a necessary characteristic for any photoinitiator, it was hypothesized
that any TPO that might remain in the cured scintillator may exist in a form that
provides an additional means of interaction with photons. This additional source of
interactions in scintillators with higher TPO loadings was, therefore, associated with
decreasing light yield and increasing sensitivity. The most consistent deviation from
this hypothesized trend is reflected in the lower than expected values of measured light
yield for the AFIT 100-series scintillators, which had the lowest TPO concentration
of 0.01 wt%. However, it is assessed that the presence of extensive surface fissuring,
which afflicted all of the AFIT 100-series scintillators, directly contributed to this
measured result. The extensive cracking present on the surfaces of these scintillators
obviously contributes to reduced light transmissivity across the surface and interferes
with the path and reflection of scintillation photons, thereby diminishing measured
light yield. Notwithstanding the anomalous behavior of the AFIT 100-series, the
general trend of higher sensitivity with greater TPO concentration tended to remain

consistent.
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V. Conclusions

5.1 Key Findings

There have been many useful findings from this investigation. Some of these
findings were expected and others were not. Lessons learned from this investigation
may inform future investigations into fast-curing, high-Z-loaded plastic scintillators.

Many of the findings regarding physical characteristics of the scintillators were
quite unexpected. For example, lowering the photoinitiator concentration signifi-
cantly still enabled the fabrication of scintillators that are hard and durable enough
to withstand the mechanical stresses of the finishing process. The observed slower rate
of heat buildup in these scintillators during the curing process, which was qualitatively
correlated with reduced TPO concentration, creates the possibility of reducing cool-
ing time between curing iterations. This finding is expected to decrease the likelihood
of cracking in future fast-curing formulations and may also facilitate the formulation
of larger scintillator volumes at speed.

The findings regarding scintllator relative performance are also promising. This
study established that high-Z loading of fast-curing, acrylic-based plastic scintillators
is possible, and these follow the anticipated trends in diminished light yield and in-
creased photon sensitivity at greater high-7Z loadings, as shown in previous literature.
More importantly, optimal curing times and TPO loadings for high-Z loaded novel
samples have been explored and refined, with early samples demonstrating overall
performance (both light yield and photon sensitivity) that nearly matches that of
industry standards, such as EJ-256.

Given that none of the curing time protocols revealed any significant advantages
over the others, the minimum cure time of nine minutes (i.e., five minutes of curing

with the Formlabs Form Cure and four minutes of curing with the Dymax BlueWave),
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which corresponded to the AFIT A-series curing protocol, appears to be ideal for
economy of time and resources. The AFIT 101-series (with 5 wt% TPO loading)
easily outperformed the other TPO loading concentrations, primarily due to lack
of residual purple coloring and absence of surface fissuring. The AFIT 101-series,
however, was slightly (but noticeably) tinged yellow as compared to the AFIT 100-
series. The conjecture is that there is an optimal TPO loading somewhere between
0.01 and 0.05 wt% TPO, which is high enough to preclude surface fissuring and
low enough to maximize light yield. Given that many of the same characteristics
associated with a 0.1 wt% TPO content (i.e., purpling, cracking, and heat buildup
during curing) were also present in similar formulations with no high-Z loading [1], it
is likely that reduction in TPO content could have favorable effects for both high-Z
loaded and non-high-Z loaded formulations.

Based upon the new information revealed in this investigation regarding physical
attributes and detection performance, AFIT 101A appears to be the most favorable
candidate for further study and refinement. The hardness, clarity, lack of coloration,
lack of curing-induced cracking, absence of surface fissuring, slow rate of heating
during curing, appreciable photon sensitivity, and decent light yield all contribute to
making this scintillator an attractive option for development. As noted previously,
a slightly lower TPO content (e.g., 0.02 or 0.03 wt%) would seem to be a logical

proposed modification to optimize physical and performance factors.

5.2 Future Work

The surface fissuring of the scintillators with the lowest photoinitiator content
indicate that an ideal TPO concentration exists, likely between 0.01 wt% and 0.05
wt%, that is just high enough to prevent this surface cracking from occurring and

low enough to retain the favorable effects of low TPO content. Fine-tuning this
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concentration could optimize physical characteristics, such as requisite hardness and
longevity, and performance metrics, such as light yield.

There is much evidence of inorganic compounds being successfully employed for
increasing photon sensitivity of plastic scintillators. More recent literature on this
subject specifically mentions the use of nanoparticles, which are currently prohib-
ited in the available laboratories due to safety regulations. If access to facilities can
be gained where use of nanoparticles is permitted, the pool of available compounds
for potentially increasing scintillator sensitivity increases appreciably. There is also a
sizeable selection of organic high-Z compounds that could potentially be used in novel
formulations, with the aim of finding a compound that minimally decreases light yield
while maximally increasing photon sensitivity. Exploring the lower limit of plastic
content (i.e., the monomer and crosslinker components) can create more possibilities
for adding higher concentrations of other materials to scintillator formulations that
will improve or optimize their performance in other ways. The vast majority of scin-
tillators produced in this investigation contain 63 wt% plastic, but some as low as 56
wt% have been produced that exhibit adequate hardness, and even lower proportions
of plastic may be achievable. Since many previous non-high-7 loaded formulations
exhibited inadequate hardness below 60 wt% plastic [1], the high-Z component may
be positively correlated with hardness.

Lastly, the goal of additive manufacturing with fast-curing formulations appears
within reach. Prototypes of 3D-printed fast-curing plastic scintillators have been
recently produced using unsensitized formulations [47]. With further refinements,
high-Z loaded formulations are likely not far behind. As the state of the art of
additively manufacturing fast-curing plastic scintillators evolves, the follow-on goal

of 3D printing plastic pixelated arrays is closer to fruition.
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Acronyms

BPADM bisphenol A dimethacrylate. 11

DIPN diisopropyl naphthalene. 13

DPI dual-particle imaging. 1

FRET Forster Resonance Energy Transfer. 23
HDDMA 1,6-hexanediol dimethacrylate. 11
IBOA isobornyl acrylate. 11

MeVee mega-electron volt electron equivalent. 22

PPO 2,5-diphenyl oxazole. 13

PS polystyrene. 3, 11

PSD pulse shape discrimination. 13
PTFE polytetrafluoroethylene. 41

PVT polyvinyl toluene. 3, 11

TPO diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide. 14

TTA triplet-triplet annihilation. 21
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