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Abstract

The fluorescent and scintillation properties of materials used in particle detectors is an
important property to understand for the optimal use of the detector. For scintillation
detectors in particular, the fluorescence of materials used in the construction of the
detector needs to be characterized in order to properly understand the background
that they may produce. For components that directly scintillate, the scintillation
should be maximized so that the best signal can be obtained. Both scintillation
and fluorescence exhibit temperature dependent properties, thus it is important to
study how these materials behave as a function of temperature. This thesis looks
at characterizing the temperature dependent fluorescence of PEDOT:PSS, and the
temperature dependent scintillation of plastic scintillators.

PEDOT:PSS (Clevios) is a conductive polymer that is transparent in thin films.
This makes it an ideal choice for use as electrodes in noble-liquid rare-event search
dual-phase time projection chambers (TPCs). Special care is needed when designing
a rare-event search detector to ensure that none of the materials produce any signif-
icant fluorescence, since that will create a background for the detector. Clevios is a
new material that has not been used in rare-event search TPCs before. Thus, the

fluorescence of the Clevios has not been quantified. Previous studies suggest that



Clevios may fluoresce when excited by UV or visible light, with the maximal fluo-
rescence occurring at 260 nm. Since Clevios is a material that bonds to acrylic, an
experiment was designed to quantify the fluorescence of Clevios-coated acrylic by us-
ing time-resolved, and spectral techniques, between 300 K to 4 K. It was determined
that the fluorescence from Clevios is negligible when compared to acrylic, which itself
is negligible compared to common wavelength shifters used in TPCs.

Plastic scintillators are a common organic scintillator that are often used for their
fast timing, low cost, robustness, and doping potential. Many scintillators have an
increase in their light yield when they are cooled to cryogenic temperatures. This
has not yet been well studied for plastic scintillators. An experiment was designed to
test the scintillation light yield as a function of temperature for  particles between
300 K and 4 K. This study found that the LY of plastic scintillators decreased by

25% as it is cooled from 300 K to 4 K. Initial tests for detection using Compton
scattering are also included. Further studies are needed to fully characterize the LY

of interactions within the sample.
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Chapter 1

Introduction

The mystery of life isn't a problem to solve, but a reality to experience

Frank Herbert, Dune

1.1 Particle Detectors

The detection of particles is a process that has evolved over time, matching the current
needs of the scientic community. This has also lead to numerous technological
advances that have use in medicine, biology, archaeology, and geology [37, 29]. The
development of particle detectors originates from the discovery of radioactivity by
Henri Becquerel in 1896. He observed a blackening of photographic Ims when they
were placed next to a uranium salt. This lead to the conclusion that there was some
invisible rays coming out of the salt; similar to X-Rays which were discovered the
year before when it was noticed that phosphorescent material glowed in the presence
of a cathode-ray tube, even if the tube was covered in a thick cloth [6, 55, 37]. This
sparked many physicists to start developing detectors to observe more of this invisible

matter, as well as creating theoretical models to describe the nature of these particles.
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Particle detectors are designed to acquire as much information on the 4-momentum
of the incident particle as possible. To do this, particle detectors measure the energy of
the particle and/or its trajectory [37, 63]. Early detectors made these measurements
by using photographic plates, or scintillating screens. It was using this technology
that and particles were discovered. For these experiments the scintillation from
the screen was detected by eye rather than using any electronic data acquisition.
This was common for early particle detectors, since they were limited by the read-
out electronics at the time. Imaging was commonly used for these experiments as
a way to save the information that was obtained by the detector. The rst particle
detector that used imaging was the Cloud chambers designed by C.T.R. Wilson in
1911. This detector visualizes the path of charged particles in the detector, by forming
condensation in the vapour along the track. Pictures of tracks produced in cloud
chambers provide the means to reproduce the kinematics of the particle that travelled
through the detector. Using magnetic elds in combination with cloud chambers can
provide information on the charge of the particle by analyzing the trajectory it took.
Other early particle detectors include bubble chambers and photoemulsions. All of
these use imaging as a primary source of particle detection and analysis [37].

New detectors were designed as the technology for the readout electronics im-
proved. The development of technology such as the photomultiplier tube (PMT) was
particularly useful for particle detection as it achieved single photon sensitivity, allow-
ing the detection of Cherenkov light and scintillation light [44]. Another important
technological advancement was the development of the coincidence method in 1920.
The coincidence method allowed for the correlation of multiple signals, within a set

time window [37]. For many applications this is used to detect particles that are
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interacting in multiple detectors, or to detect particles that are emitted at the same
time but in di erent directions. The coincidence method uses a triggering system
where a trigger is only generated when the two di erent signals occur within a set
time window. This trigger then records both signals. If the two signals fall outside
this coincidence window they will not be recorded. Thus, the coincidence method is
a good technique that removes background events for many applications.

Modern particle detectors are designed with the intent of optimizing the detector
for detection of a speci c particle. This involves two parts. First, a suitable detector
material must be chosen for the type of particle that is being observed. Usually
this material is good at detecting the speci ¢ interaction desired with the incoming
particle. The second aspect is reducing the number of background events that interact
with the detector in the same way as the desired particle. This can be done by
increasing shielding around the detector to reduce the number of particles entering

the detector, or reducing the amount of radioactivity in the detector.

1.2 Rare-event Search Detectors

Many of the particle physics detectors that are being designed today are called rare-
event search detectors. Theses are types of detectors that are being designed to
speci cally detect particles, or particle interactions that are naturally rare. Example
rare-events include neutrino interactions [7, 28], dark matter detection [8], rare nuclear
decays [59], and beyond standard model physics [24]. These detectors are typically
specialized to detect a speci ¢ particle of interest, which includes the mass, spin, and
charge. The detectors need to be low background so that they are able to clearly

resolve the signal from background events.
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Methods of background reduction depends on the type of particle detector, and the
main source of background in the Region Of Interest (ROI). A common background
that needs to be shielded against is atmospheric muons. These are muons that are
created by particle interactions in the atmosphere, then rain down in a shower of
particles onto the surface. In order to block muons from interacting within a de-
tector, there needs to be a signi cant amount of shielding above the detector. This
is why many experiments are built under a mountain or in a mine. The signi cant
amount of overhead rock provides a strong shield signi cantly reducing the number
of backgrounds.

Reducing the backgrounds generated inside the detector is one of the more di cult
parts of making a low background detector. Sources of background within detectors
include: radioactive isotopes in the detectors construction, impurities within the de-
tection medium, and backgrounds due to the design of the detector. Reducing these
backgrounds involves cleaning all of the materials in the detector thoroughly, puri-
fying the detection medium, and doing additional experiments and simulations to
determine the expected background due to the detector design. Many rare event
search detectors are assembled in clean labs with steps taken to thoroughly clean all

of the detector parts so that there are no radioactive contaminants in them.

1.3 Time-projection Chambers

Time projection chambers (TPC) are a type of particle detector that has become
a popular choice for rare-event search detector. These detectors employ the same
technology as a drift chamber which uses electric elds to drift ions that are created by

particle interactions to readout electronics located along the detector. TPCs expand
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upon this design by using electric and magnetic elds to drift ions along the length
of the detector to readout electronics at the end of the cylinder [37]. The electronics
allow the detector to 3D reconstruct the position of the particle interaction with the
detection medium. Since TPCs use a larger drift time then drift chambers, there is an
improvement to the spatial resolution of the detector. TPCs were made with various
gaseous mixtures as the active volume, modern TPCs however can be made with gas,
liquid, or a mixture of both [33].

Most of the designs for rare-event search TPCs use liquid argon or xenon. These
detectors are further divided into single phase and dual phase detectors, with single
phase using only the liquid noble element, and dual phase using the liquid phase for
the main detection medium, and the gaseous phase above the liquid. Argon and xenon
both have distinct advantages and disadvantages (see [8] for full comparison) when
being used in a TPC. In general, xenon is a heavier atom that has a higher interaction
probability, higher operating temperature, and its most common radioactive isotope,
138X e, does not provide signi cant backgrounds. This isotope is even bene cial for
many experiments as it is a radioactive isotope that is capable of double beta decay,
making studies of neutrinoless double beta decay possible [4]. The main downside of
Xe is the high cost. It is the most expensive noble element due to the low natural
abundance. The other main downside is that it lacks Pulse Shape Discrimination
(PSD) which is a useful discrimination method that is used in Argon detectors [8, 4,
15]. These downsides of xenon allows argon to be considered as a detector medium.
The main strength of argon is its lower cost, due to high natural abundance, and
strong PSD [18]. Additional considerations needed when using liquid argon, are due

to the lower operational temperature of 77 K rather than 165 K needed for xenon
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detectors, and the presence of the radioactive isotop€Ar. Many experiments choose
to use underground argon, or take necessary steps to remdévAr contaminants [8,
2, 18].

Single phase TPCs include nEXO [4], and DUNE [3], with nEXO using liquid
Xenon, and DUNE using liquid Argon. Dual phase TPCs include DarkSide-20K [2],
XENON nT [5], and LZ [1], with DarkSide-20K using liquid argon, and XENON nT
and LZ using liquid xenon.

Liquid noble TPCs produce two signals with particle interactions. The rst signal
is a scintillation signal that is produced from the initial particle interaction with the
detector. The second signal is caused by the drift of the electrons that were ionized
by the interaction [2, 15, 1]. Since Time-projection chambers look for scintillation
light from the active medium, any light that is produced by the detector that is not
due to particle interactions in the active medium is a source of backgrounds. More
speci cally, any uorescence coming from the detector itself is a source of background.
Thus, the uorescent properties of the materials used in the detector need to be
studied independently to properly characterize the amount of uorescence coming

from the detector materials.

1.4 Scintillation Detectors

Scintillation detectors are a type of detector that emit ashes of light when excited by

a particle. These detectors can use inorganic crystals, organic molecules, liquid noble
elements, and gases [41]. The type of scintillator chosen for a given experiment will
depend on many factors, one of which is the type of particle that is to be detected.

This leads to a large eld of research into di erent types of scintillators, with di erent
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specializations. These specializations can involve optimizing interactions with certain
particles, or improving the scintillator response time [19, 66, 30, 41].

The di erent types of scintillators have di erent properties that make them better
for detecting certain types of particles. Research into scintillators typically involves
ne-tuning the scintillator to detect a certain type of particle. This can be done by
doping the detector with additional elements, adding in wavelength shifters to make
the scintillation light easier to detect with photodetectors, or cooling the sample to

nd the ideal operating temperature.

1.5 Cryogenic Particle Detectors

Cryogenics are often used by particle detectors to improve detection of particles. The
speci ¢ use of cryogenics depends on the detection method that is being employed by
the experiment, with cryogenics being necessary in certain applications. Cryogenic
detectors are often the most sensitive detectors for detecting low energy interactions.
Transition edge sensors (TES) and Superconducting quantum interference devices
(SQUIDS) are cryogenic detectors that are able to detectK changes in temperature
due to particle interactions. TES operate at a transition between standard and super-
conducting phases, which is around 15 mK [47]. Not every experiment uses TES and
SQUIDS, as they require sophisticated cryogenics to cool to the mK range. Many ex-
periments however still need cryogenics. This includes all liquid noble detectors, such
as the liquid noble TPCs discussed in Sec.1.3. With these detectors it is important
to fully characterize the detectors properties at these temperatures. Any uorescence
or scintillation coming from the detector may change when the detector has cooled

to its operating temperature Any experiment utilizing scintillators in a cryogenic
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environment will see a change in the light yield and decay times when at cryogenic
temperatures. For example, inorganic scintillators such as CaWQZnWO,, CdWOQOy,,
MgWO,, CaMoQ,, CaF,, and Bi;Ge;0;, all demonstrate an increase in scintillation
light yield and decay times at cryogenic temperatures [45]. This means that if a de-
tector wants to optimize the light yield of the scintillator, cryogenics are a good way
to improve that light yield.

Cryogenic tests of scintillators are a research interest for the research group I am
part of. Our laboratory has two optical cryostats that are designed to hold scintil-
lators, and a vacuum certi ed americium-241 **Am) source. The optical cryostats
have windows on all sides so that PMTSs, or other photodetectors can be placed there
to detect the light. sources are able to be placed outside the cryostat, since the en-
ergy loss in the outer shrouds of the cryostat is negligible. Previous studies have been
conducted on Csl [14], Nal, Nal(TIl), and BGO [48], demonstrating their temperature

dependent behaviour.



Chapter 2

Theory

It's better to light a candle than curse the darkness.

Terry Pratchett, Men at Arms

All of the research conducted for this dissertation involves characterizing the ef-
fects of temperature on uorescence and scintillation. Fluorescence is studied with
the intent to characterize optical emissions from materials that are used in the con-
struction of rare event search detectors which would produce background light in
the detector, and scintillation is studied with the intent to maximize the scintillation
light produced for di erent types of ionizing radiation. In order to analyze how these
e ects may change itis rstimportant to understand the mechanisms behind the two
processes. Fluorescence and scintillation are two forms of luminescence, which is the
emission of light due to de-excitation of electrons. The emission process is similar

between the two processes, however they di er by their mode of excitation.
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2.1 Fluorescence and Phosphorescence

Fluorescence is the emission of light by materials in an electronically excited state.
Materials can be excited in a variety of di erent ways, with low energy photons being

a common method, since they do not ionize the material [64, 40]. This excitation
can emit photons in a process known as photoluminescence which has two possible
modes of de-excitation: uorescence, or phosphorescence. The type of de-excitation
is determined by the state the electron is in before de-excitation occurs. Electrons
in a singlet state produce uorescence and electrons in a triplet state produce phos-
phorescence [11]. This process is represented schematically by a Jablonski diagram
shown in gure 2.1.

Fluorescence and phosphorescence begin by exciting an electron, which can be
done by a variety of processes, such as photoabsorption which is the absorption of an
incident photon. Each energy level also has a series of vibrational sub-levels that are
higher in energy. Electrons can be excited into these vibrational levels which leads
to vibrational relaxation, a non-radiative process that causes the electron to fall from
higher vibrational sub-levels to the main energy level. This vibrational relaxation can
occur after any transition between energy levels in singlet and triplet states. Addi-
tional non-radiative processes include internal conversion and inter-system conversion.
Internal conversion is a transition from a higher energy state to a lower energy state
without changing spin. Inter-system conversion is a transition that occurs between
an excited singlet state to an excited triplet state. This transition requires a spin ip
of one of the electrons [11].

Radiative processes can occur from both singlet and triplet excited states. A ra-

diative transition from a singlet state is called uorescence, and a radiative transition
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from a triplet state is called phosphorescence. While the wavelength of the emission
is similar the main di erence between the two processes is the time constant of the
emission. Fluorescence is typically fast with time constants on the order of f0s,
while phosphorescence is slow with time constants on the order of 1@ [11]. All re-
maining processes are relatively fast, with absorption, vibrational relaxation, internal
conversion, and inter-system conversion having time constants of 18, 10 %, 10 10,

and 10 ° respectively [36].

Figure 2.1: Jablonski diagram showing the di erent processes possible for a molecule
that is uorescent. Straight horizontal lines are the di erent energy levels
of the material, dashed horizontal lines are vibrational sub levels. Straight
vertical lines indicate radiative processes, and wavy lines indicate non-
radiative processes. Figure adapted from [11, 36, 12]
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2.2 Scintillation

Scintillation, in general, is the photoluminescence of a material after it has been ex-
cited by ionizing radiation. The di erent types of ionizing radiation fall into 4 groups:
heavy charged particles such as protons andparticles, electrons or particles, elec-
tromagnetic radiation, and neutrons [11]. The interactions di er in the method that
they interact with matter as well as the patrticles that they interact with. This leads

to di erent responses from the scintillator.

2.2.1 Heavy Charged Particles

Heavy charged patrticles, such as particles, protons, and heavy ions, interact with
scintillators through a series of inelastic collisions. Typically these collisions are with
electrons with nuclear collisions happening in rare cases. These interactions deposit
energy into the electrons through electromagnetic interaction, causing excitation and
ionization [11]. The mean energy lost per path length of the charged particle is de-
scribed by the Bethe-Bloch formula [37, 42]. This energy loss is dependent on the
mass of the heavy charged particle as well as its velocity, and the properties of the de-
tector material such as atomic number and mass [37]. As a charged particle continues
its passage through matter it will keep interacting with the material depositing its
energy to a large number of particles. While the energy deposited from each collision
is small, the number of collisions is large. This means that the particle loses all of its
kinetic energy in a short distance [42]. For scintillators, an external alpha deposits

all of its energy on the surface of the scintillator rather than the bulk of the material.
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2.2.2 Electrons

Electrons interact with matter di erently from heavy charged particles due to their
low mass. As such, these interactions are unique to electrons and positrons. Since
electrons are still charged particles, they still interact with matter in the same way
that heavy charged particles do, however their small mass means that bremsstrahlung
also occurs [42, 11]. Bremsstrahlung is a form of energy loss for charged particles
that occurs via the radiative emission of electromagnetic radiation. The emission of
a photon is due to the acceleration of the charged particle due to a nuclear electric
eld. This process is inversely proportional to the square of the particles mass. Thus
the probability of this emission is insigni cant for any charged particle heavier then
electrons [37]. Scattering of electrons in the material varies slightly since electrons
will de ect more then heavy charged particles. Large enough de ections can cause
electrons to backscatter, which is a process where the de ection angle is so large that
the particle leaves the material it scattered in on the same side that it was incident.
The process usually only occurs if the energy of the electron is low, and the incident
angle is large [42]. Electrons from external sources, similar to heavy charged patrticles,

will deposit all of their kinetic energy near the surface of the scintillator.

2.2.3 Electromagnetic Radiation

Only high energy types of electromagnetic (EM) radiation (X-ray and gamma rays)
are considered ionizing. EM radiation dier from the previous types of radiation

by the number of interactions in the material. While charged particles dissipate
their energy in a series of collisions, electromagnetic radiation typically only has

one interaction with a material, most commonly electrons [11]. Large scintillating
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detectors such as those used for rare-event searches can have multiple scatters due to
the size of the scintillating material. These multiple scatters each deposit a portion

of the energy from the photon that results in a larger scintillation signal than a
single interaction. While there is a time di erence between the two interactions, this
time di erence is only a few nanoseconds meaning that it will not be seen by the
detector. All of the materials studied in this report are small thus they only have one
interaction with EM radiation. There are three types of interactions that can occur in

the scintillator, Compton scattering, photoelectric e ect, and pair production [11, 42].
The probability of each type of interaction occurring is determined by the energy of
the EM radiation and the atomic number of the materials in the detector. This
interaction probability is known as the cross section. Each type of EM interaction
has its own cross section with the total interaction probability given by the sum of the
cross sections for each type of interaction. The photoelectric e ect is most prevalent
at low energies, and high atomic number, the Compton e ect is most prominent at
low energy and low atomic number, and pair production can only occur at energies
above 1.022 MeV [11, 42, 37]. Fig. 2.2 shows the regions were each e ect becomes

dominant for di erent atomic nhumber and photon energy.

2.2.3.1 Compton E ect

The Compton e ect is an elastic collision between a high energy photon and an
electron. The electron is initially considered to be at rest and the photon carries the
momentum of the system before the collision [16]. After the collision the electron
recoils at an angle' with respect to the initial momentum of the photon. The

photon will scatter at some angle decreasing in energy. This is shown schematically
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Figure 2.2: Dominant forms of photon interactions for the atomic number of the de-
tector material and the incident photon energy. Figure retrieved from [37].
Figure originally adapted from [23], and [50].

in Fig. 2.3. The energy of the photon after the collisionE°is given by the following
[11]:

_ E
S T ()

(2.1)

where = E=(myc?). It is important to note that the energy of the scattered photon

is determined by the angle that it scatters. Thus if the angle of scattering is known

then the exact energy of the scattered photon is known. This means that the energy
deposited during the scattering is also known. This e ect is used extensively in

Sec. 4.4.
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Figure 2.3: Schematic diagram of a photon Compton scattering o an electron. The
electron recoils at anglé , and the photon recoils at angle .

For all events that scatter at a speci ¢ angle, the di erential cross is section used.
The di erential cross section for Compton scattering is described mathematically by
the Klein-Nishina formula [42, 37]. The Klein-Nishina formula for di erent energies,
and angles is shown in Fig. 2.4. This formula gives the di erential cross section for
Compton scatter interactions as a function of the angle of scattered photons. Low
energy photons, which still have the chance of elastically scattering o an electron,
have a much broader range of angles that they tend to scatter at, with the most likely
angles being 0 and 90. As the energy of the photon increases, the probability of
it scattering at large angles decreases. At high energies, the photon has the highest
probability of scattering forward with small chances of it scattering at steeper an-
gles [42, 37]. The angular dependence of the di erential cross section a ects the rate

of the detector, since the higher the di erential cross section at a given angle is, the
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higher the rate of data acquisition. This is simply because a higher di erential cross

section means that more particles are being scattered at that angle.

2.2.3.2 The Photoelectric E ect

The photoelectric e ect occurs when the energy of the incident photon is completely
absorbed by an atom. This causes the electron to be ejected from the orbital and
ionizing the atom. The energy of the ejected electron depends on the energy of the
incident photon and the binding energy of the electron [11]. The binding energy of
the electron is dependent on the size of the atom, with the outermost electrons having
lower binding energies, typically on the scale of 10 eV, while the innermost electrons
will have higher binding energies, often on the scale of 10 KeV [39]. The probability
of the photoelectric e ect occurring in a given material is strongly dependent on the
atomic number of the material. Thus materials with higher atomic numbers will be

better at fully absorbing electrons in the photoelectric e ect [42].

2.2.3.3 Pair Production

Pair production is the transformation of a gamma ray into an electron-positron pair.
This process can only occur in the eld of a charged body, typically a nucleus. Ad-
ditionally, the photon needs to have an energy of at least 1.022 MeV, which is twice
the mass of the electron [11, 42]. This process also has a strong dependence on the
atomic number of the detector. Larger nuclei are much more likely to interact with

photons via pair production [42].
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Figure 2.4: Di erential cross section for -rays interacting via Compton scattering,
shown in polar coordinates (top) and Cartesian coordinates (bottom).
Energies are chosen to represent a large range of energies, with 0.661 MeV
and 1.115 MeV being selected as theemission of'*’Cs and®2Zn that is

used later for Compton scattering o plastic scintillators. Figure adapted
from [57].



2.2. SCINTILLATION 19

2.2.4 Neutrons

The nal type of ionizing radiation is neutrons. Since neutrons are neutral particles
they do not interact with electrons and the nucleus via coulomb interactions. Neutrons
primarily interact with nuclei via the strong force. Since the strong force has a very
short interaction range, neutrons penetrate deep into materials before interactions
occur [42, 11]. Neutrons primarily interact with nuclei by elastic scattering, however
they can also scatter inelastically, or have other e ects such as neutron capture, and
ssion reactions. Of these reactions, inelastic scattering and neutron capture leaves
the nucleus in an excited state that can de-excite by emitting a-ray [42, 11]. This
process only occurs if the neutron has su cient energy to excite the nucleus which
is typically energies above 1 MeV. Below this range the neutrons primarily scatter
elastically which is the primary method of energy loss that can be used to decrease
the neutron's energy for other processes such as absorption [42]. Other products of
neutrons reaction include heavy charged particles that can be produced from neutron
capture, or through ssion reactions [42, 11]. The energy of the neutron strongly
in uences the types of interactions that it has, as such neutrons are classi ed based
on their energies. Thermal or slow neutrons have energies that are on the scale of
a few eV. Neutrons at this energy typically interact via elastic scattering, neutron
capture and ssion reactions. Epithermal neutrons occur at an energy that nuclear
resonance occurs. Due to this resonance, neutron capture becomes much more likely
to occur. Fast neutrons have an energy between 1 MeV and 100 MeV. Neutrons at this
energy typical interact by inelastic scattering with the nucleus. Finally, high energy
neutrons occur at energies greater than 100 MeV. These neutrons typically interact

by inelastic scattering, but can also produce hadronic showers in the detector. [42].
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Once a nucleus is excited by a neutron interaction it will de-excite by emitting
rays which can then be absorbed by the electrons in the atom to produce scintillation
light. If the neutron interaction instead resulted in ssion, or the emission of other
charged patrticles, then any charged particles that are produced in this reaction can

induce scintillation in the same way that was described in Sec. 2.2.1 [8].

2.3 Scintillation in Organic Materials

All of the materials studied in this thesis are organic materials, or materials that have
carbon-hydrogen bonds, speci cally di erent polymers. Organic polymers are used
in many particle physics applications due to their radiopurity, optical transparency,
and ease of manufacturing. The scintillation process in organic materials is similar to
inorganic scintillators, with the only di erence being in the electronic structure of the
two materials. Thus to understand scintillation and uorescence of organic materials,
the electronic structure of organic compounds needs to be understood rst.

The electronic structure of the molecules is largely determined by the carbon atoms
that make up the hydrocarbon chains. Speci cally, the types of bonds between carbon
atoms determine the geometry of the molecule as well as the electronic structure.
The quantum mechanical nature of the atomic structure means that bonds between
atoms involves a process known as hybridization, which is simply the combination
of wave functions between the two carbon atoms to form a new orbital. For carbon,
hybridization occurs between the 2s and 2p orbitals, forming the sp orbital. These
orbitals can mix with other atoms to create di erent types of bonds. -bonds are
created by two overlapping sp orbitals or an sp orbital and a 1s orbital (from a

hydrogen atom for example). These bonds make up the single bonds between two
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carbon atoms as well as single bonds between carbon and hydrogen. A second type
of bond, called -bonds are formed when two sp orbitals are parallel, and combine
to form new -orbitals. These orbitals are typically made in double and triple bonds

as well as in benzene ring structures. The-orbitals are what is responsible for

scintillation and uorescence of organic materials [58, 43, 11].

2.3.1 Excitation of Organic Scintillators

There are four possible excitation processes for an organic scintillator. The rst, and
most common, is excitation of -electrons into excited singlet states. Typically -
electrons are not directly excited into triplet states, as that involves a spin ip which

is a classically forbidden process. The second process is ionization-efectrons. This
process produces more triplet states since the electrons are more likely to recombine
into triplet states then be excited directly into them. Similarly the third and fourth
process is excitation and ionization of other electrons such aselectrons and 1s
electrons [11]. Excitation of organic scintillators occur within the bulk of the material,
typically called the matrix, which makes up 95% of the material [30]. The rest of
the material in the scintillator is additives that improves the scintillation by shifting

the emitted light to wavelengths that the scintillator is transparent to [30, 11].

2.3.2 De-excitation

Once the matrix is excited, it de-excites by either having a transition to the ground
state, which can be radiative or non-radiative, or it transfers its excitation to ad-

ditional molecules known as primary and secondary uorophores. This transfer of
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energy also happens through radiative or non-radiative means [11, 30]. The exci-
tation of these uorophores is what typically leads to radiative emission [30]. The
exact process of emission is similar to uorescence, in terms of transferring energy
between singlet and triplet states, however the presence of the uorophores adds ra-
diative and non-radiative transitions between the matrix and the uorophores. The
purpose of the uorophores is to primarily increase the light yield of the scintillator,
but is also used for wavelength shifting e ects, since most organic scintillators are
opaque to their own scintillation [11]. Additional wavelength shifters can be added
if necessary to further shift the wavelength to a region that the photodetector of a

given experiment are sensitive to [11, 30].

2.4 Cryogenic properties

The e ect of temperature on scintillators can be described by the Franck-Condon
principle [25], which is a quantum mechanical description of the transitions between
the ground and excited state. Fig. 2.5 plots the potential energies of the ground
and excited state against the position of the excited state relative to the ground
state, known as the con guration coordinate, Q, showing potential wells for the two
states. These potential wells have additional vibrational sub levels that are higher in
energy, and are represented as horizontal lines [11, 41, 26]. Transitions between the
ground state and excited states are represented by vertical lines, which is done because
absorption and emission are done rapidly, and thus the con guration coordinates stay
the same throughout the absorption and emission process [26]. These transitions often
do not occur between the lowest energy of a given state, and instead occur between the

vibrational sub levels of the state. After absorption or emission the system will loose
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energy non-radiatively to go to the lowest energy vibrational sub level possible [26, 41].
Due to displacements in the con guration coordinate between the minima of the
ground and excited states, transitions are only possible where the two potential wells
overlap [26, 11]. The overlapping of the potential wells is material dependent, and
determines how the scintillator behaves at low temperatures [41]. As temperatures
decreases the number vibrational states that are accessible decrease. This means
that systems are more likely to be in the lowest energy vibrational state for a given
excited state [26]. Having less vibrational states accessible means that transitions will
only occur from the minima of the excited potential wells. The vertical o set of the
minima of the potential wells determines the energy of the transition that is possible.
For some materials this means that only high energy transitions are possible and the
light yield increases as temperature decreases. For other systems, this means that
only low energy transitions are possible and the light yield decreases as temperature

decreases [26, 41, 11].
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Figure 2.5: Potential energy diagram of the ground state and an excited state of a
luminescent center in a molecule. Potential energy is plotted against the
con guration coordinate. The curve labelled § is the ground state and
the curve labelled $ is the rst excited state of the molecule. Horizontal
lines in the potential energy well are vibrational levels. Absorption and
emission are denoted by vertical lines. The o set of the potential energy
wells is de ned as Q. The two S; states show a con guration with a
high energy transition (red) and a low energy transition (blue). Figure
adapted from: [26, 41, 11].
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Chapter 3

Clevios

Is it not a strange fate that we should su er so much fear and doubt for

so small a thing?

J.R.R. Tolkein, The Fellowship of the Ring

3.1 Previous Work

My work on Clevios is a continuation of the work done by Jonathan Hucker for his
Master's of Science Thesis [35]. | assisted with the data acquisition and analysis as
well as being the lead author on a publication for the results found [60]. The work
presented here was also presented by Jonathan in his MSc thesis, apart from my

unique contribution of acrylic subtraction that is discussed in Sec. 3.8.

3.2 Introduction

Several next-generation noble-liquid dark matter and neutrino detectors, such as
DarkSide-20k [2], DUNE [3] and XENONNT [5], use time-projection chambers (TPCs)

to measure particle interactions. Many of these detectors use a dual-phase design
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where there are two signals detected per particle interaction. The primary signal
comes from scintillation light produced by the particle interaction in the liquid phase
which also produces ionization electrons. The second signal is produced when these
ionization electrons drift in the TPC electric eld and interact with the liquid-gas
interface, producing additional scintillation light. Electrodes in the detector create
the electric eld that drifts the electrons into the gaseous phase [33]. There are many
ways to design a TPC; one of these designs uses external photodetectors which re-
quires a transparent vessel and electrodes. In this case, there are two ways to make
the electrodes, the rst is using a wire grid, and an alternate is using a transparent
conductive coating applied to the inner surface of the vessel. Both of these electrodes
need to to ensure that scintillation light from the primary signal is visible to the pho-
todetectors, while still providing an electric eld to drift the ionized electrons. In the
case of liquid argon (LAr) detectors, the 128 nm scintillation light from events within
the LAr rst interacts with a wavelength shifter, 1,1,4,4-tetraphenyl-1,3-butadiene
(TPB), producing visible uorescent light. The wavelength shifter is necessary to
shift the ultraviolet (UV) scintillation light to the visible range where the vessel is
transparent and many photodetectors, such as silicon photomultipliers (SiPMs), are
sensitive. The uorescent light from the TPB, which peaks around 420 nm, passes
through the electrode and the vessel before reaching the layer of photodetectors as
shown in Fig. 3.1. The electrode must be made of a material which is conductive
enough to provide the required electric eld strength for the TPC while being made
of a transparent material.

Poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS), branded

as Clevios by Heraeus [32], is an organic conductor that is optically transparent when



3.2. INTRODUCTION 27

Figure 3.1: Diagram of the order in which scintillation light from the LAr interacts or
passes through various layers before it reaches the light detectors (SiPMs).
Diagram not to scale.

in a thin Im. This makes it a candidate for transparent electrodes. Clevios can
be applied as a coating to the inside of the transparent vessel, with a TPB coating
applied on top of the Clevios. Dierent thicknesses can be used depending on the
visible transparency and resistivity required at the location of the coating.

Previous results [20, 17] have shown that some commercial UV-absorbing acrylics
used in the main vessel of other dark matter experiments exhibit a very small amount
of uorescence under UV excitation. As these types of experiments are intended to
have high sensitivity and very low backgrounds, uorescence of the materials used

must be mitigated and characterized. Due to its aromatic chemical structure [53],
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Clevios may also uoresce. Koyama et al. [38] mapped the emission spectra of PE-
DOT:PSS under di erent excitation energies. The Clevios coatings in LAr experi-
ments can be excited by the 420 nm (2.95 eV) uorescence light from the interaction
of the 128 nm argon scintillation light with the TPB. The paper shows that 420 nm
light will produce little emission in Clevios compared to shorter wavelengths. The
maximum uorescent intensity occurs under UV excitation with 260 nm (4.77 eV),
resulting in uorescence around 350{400 nm (3.6{3.1 eV) [38]. Clevios is expected to
uoresce very weakly so this study was conducted using excitation around 260 nm
to maximize the uorescence output. We note that the 260 nm wavelength of maxi-
mal emission falls in a region of signi cant absorbance observed in another work on
PEDOT:PSS [9].

Our study details the experimental methodology that was employed to compare
the amount of uorescent light produced by Clevios under UV excitation to that of
materials of known uorescence commonly used in the construction of detectors [20].
This comparison is done through the detected uorescence light yield (dLY, the num-
ber of photoelectrons for a xed excitation) of Clevios coated UV-absorbing acrylic
as a function of temperature with two di erent thicknesses of Clevios coatings. These
results are compared to the dLY from TPB to produce a relative light yield (rLY)
measurement. Additionally, the spectral features of Clevios are studied and com-
pared to the spectral features of the blank substrates without Clevios coatings. This
is done to identify unique Clevios uorescence features in spectra and study how

di erent Clevios coating thicknesses can a ect the uorescence of the sample.
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3.3 Samples

Several samples were prepared to study the optical properties of Clevios with dif-
ferent combinations of substrates and Clevios coating thicknesses. These are split
into samples with an acrylic substrate and those with a fused silica substrate. The
UV-absorbing acrylic substrate was used to mimic the conditions of DarkSide-20K,
which use a UV-absorbing acrylic vessel, to absorb stray UV scintillation light and
Cherenkov light, coated with Clevios, for the electrodes, and TPB, for wavelength
shifting. The fused silica substrate was used to measure spectral properties of Clevios
independently from the UV-absorbing or uorescent properties of acrylic. Fused silica
is transparent in both the UV and visible region, while the acrylic substrate absorbs
light below 375 nm. The high conductivity grade of Clevios used throughout these
experiments was Clevios F ET. The Clevios coatings are applied by spray coating a
solution of Clevios, isopropyl alcohol, ultra-pure water and Triton X-100 (surfactant)
onto the substrates and then baked in a convection oven at &5 for 30 minutes to
dry. This process uses an airbrush mounted onto a CNC system and is programmed
to apply the coatings to the acrylic. A small amount of variability is expected due to
the airbrush, however the automation reduces this as much as possible. The thickness
of the coating on the substrate was determined by the desired sheet resistance for the
sample, and the optical transparency. Sheet resistance for the samples was deter-
mined using a witness sample with silver electrodes deposited on the surface and a
multimeter to read the resistance across the two electrodes. The thin Clevios sample
was prepared with a sheet resistance of 5 K/ and the thick sample was prepared
with a sheet resistance of 460 / . Sample preparation was carried out at Carleton

University.
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The acrylic substrate is TroGlass Clear Cast 5 mm, a commercial UV-absorbing
acrylic from Trotec [62]. All of the acrylic substrates come from the same sheet of
acrylic, which was machined to t the dimensions necessary for the cryochamber used
for the temperature dependent portion of the study (see Sec. 3.6.1 and Sec. 3.7). Four
samples on acrylic substrates were prepared, with the acrylic coming from the same
sheet for all samples: a blank sample with no coating, two samples with Clevios
coatings with di erent thicknesses referred to as Clevios-thin and Clevios-thick, and
one with a 3 m TPB coating. The TPB sample is used as a standard reference
material to make rLY measurements with Clevios. TPB is an e cient wavelength
shifter and will therefore be the largest contributor to the light observed by pho-
todetectors. Fluorescent properties of TPB were studied in more detail in previous
measurements [20]. Additional samples were prepared using fused silica substrates.
The fused silica substrates are Edmund Optics 25x25x2 mimuncoated fused silica
windows [51]. Three samples were prepared with this substrate: the blank sample
with no additional coating, along with samples with thin and thick Clevios coatings
that had approximately the same sheet resistance as Clevios-thin and Clevios-thick.
Only one sample of each coating thickness was created for both substrates.

The thickness of the Clevios coated samples were measured using stylus pro-
lometry along di erent parts of the sample as the coating may not be completely
uniform across a given sample. Using the stylus pro lometry technique on the Cle-
vios coated acrylic substrate samples, the Clevios-thin sample was measured to be
38 3star  4sys: Nm while the thick sample was measured to be 1730 4sys: M.

For the Clevios coated fused silica samples, the thin Clevios coating had a thickness

of 49  6Bga:  4sys: NM while the thick Clevios coating was 189 s 4sys: NM.
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After the samples were coated they were placed in a container which was covered in
aluminium foil to protect from UV light, as well as being placed in a nitrogen purged
environment to protect against humidity and oxygen, for handling and shipping from
Carleton. Upon reception at Queen's, the samples were kept in that environment
until they were placed into the cryostat (a few days to a few weeks after delivery).
When the samples were not being used, they were kept in a UV blocking vacuum
desiccator. For the absorbance measurements on fused silica, the measurements were
taken the day after the samples were received at Queen's to ensure there was limited

exposure to humidity, oxygen and UV light.

3.4 Fluorescence Measurements

In order to determine the uorescence from the Clevios, three di erent measurements
were made. The rst measurement was done to determine the absorbance properties
of the Clevios. This was done to con rm that Clevios was absorbing the excitation
light, which could lead to uorescent emission. The second was emission spectra
results. This part of the study was conducted to determine the wavelength of emission
from the Clevios, speci cally spectral features that are unique to the Clevios samples,
and not present in the acrylic substrate. Finally, time resolved data was collected.
This data quanti es that amount of light that is being emitted by the Clevios allowing

the direct comparison to other samples such as acrylic and TPB.
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3.5 Absorbance Spectra Measurements

3.5.1 Absorbance Spectrophotometer

The absorbance of the samples was measured with an Agilent Cary 60 UV-Vis spec-
trophotometer. It is capable of measuring the transmittance from 190 nm to 1100 nm

using a xenon lamp. Results are presented as absorbance, de neddas 10g;oT,

where the transmittance of the sampleT = I'—O Is the ratio of transmitted to inci-
dent light intensities. The samples used in this measurement are the same acrylic
and fused silica samples used in other parts of this study with the coating facing the

xenon lamp. The device corrects for the contribution of the bare substrate.

3.5.2 Absorbance Spectra Results

Absorbance measurements were taken for both thicknesses of Clevios on each sub-
strate (see Sec. 3.3). Due to the UV absorbing properties of the acrylic substrate, only
the absorbance results on the fused silica substrate are used. The absorbance seen
in Fig. 3.2 shows that the thicker Clevios sample has higher absorbance at all wave-
lengths as expected. In addition, both samples have higher absorbance at shorter UV
wavelengths than at longer ones. Features seen in the UV region of the absorbance
measurements match features seen in previous studies [38, 53]. If experiments ap-
ply TPB and Clevios coatings to their vessel as shown in Fig. 3.1, most of the light
reaching the Clevios will be the visible TPB uorescence around 420 nm. Based
on Fig. 3.2, the absorbance of UV light is higher than visible light, and could lead to
more uorescence.

The emission spectra that are discussed in Sec. 3.6 use an excitation wavelength

of 260 nm and the time-resolved measurements discussed in Sec. 3.7 use an excitation
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wavelength of 267 nm. The absorbance values at 260 nm in Fig. 3.2 correspond to a
transmittance of (88 3)% for the thin Clevios coating, and (65 3)% for the thick

one.

Figure 3.2: Absorbance of Clevios coatings on a fused silica substrate. The thick
Clevios coating has a higher absorbance than the thin coating at all
wavelengths, with both coating thicknesses having higher absorbance at
lower wavelengths. At lower wavelengths, the local maximum appears at

275 nm, and the local minimum at 255 nm.

3.6 Emission Spectra

Emission spectra were measured using two di erent techniques: measurements with
the optical bre and LED on opposite sides of the sample called transmission mea-
surements, and measurements where the optical bre and LED are on the same face
of the sample called same-side measurements. The transmission measurements were
done to probe how the spectrum changes with temperature, while the same-side mea-

surements were done to study spectral features across a broader wavelength range.
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3.6.1 Cryostat Measurements
3.6.1.1 Cryostat Setup

Emission spectra and time-resolved measurements were conducted in an optical cryo-
stat [20] that allowed for investigation of uorescent properties of the samples under a
controlled environment. During measurements, the sample is in a vacuum lower than
10 ® mbar and surrounded by three cryostat shrouds, thermally isolating the sample
and mitigating humidity and oxygen concerns. The sample is mounted directly onto
the gold-plated copper cold nger of the cryostat, shown in Fig. 3.3, allowing for e -
cient thermal conductivity between the sample and the cold nger. The temperature
of the cryostat is maintained by a resistive heater operated by an external controller.
During measurements, the cryostat temperature is stable within 0.1 K of the desired
temperature.

The setup for emission spectra measurements is shown in Fig. 3.4. The geometry of
the optical cavity is compact, with 16.35 mm from the center of the sample to the end
window, enhancing light collection but restricting sample geometry as well as beam
and photodetector orientation. The sample is excited with a continuous emission
260 nm LED at room temperature attached near one of the outside windows. This
wavelength was chosen as it stimulates maximal emission [38]. This UV light passes
through a 260 nm narrowpass Iter before entering the cryostat through borosilicate
glass windows in the cryostat shrouds. The light then interacts with the sample
coating side rst, if a coating is present. Light produced from the sample interaction,
such as uorescent light, passes through the substrate, if the substrate is transparent
at the uorescent wavelengths, and exits the cryostat via a window opposite the

window that the LED was shone through. The light is collected by a UV/Vis/IR
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Figure 3.3: Thin Clevios sample attached to the cold nger of the optical cryostat.
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Figure 3.4: Diagram of the cryostat con guration used for emission spectrometer
measurements.

optical bre leading to a Horiba spectrometer, which includes a Symphony Il open
electrode CCD detector. The optical bre module has been tted with a sleeve that
is able to be attached directly to the cryostat window. The optical bre directs the
light emitted from the sample to the spectrometer, which is controlled by the data
acquisition (DAQ) system. A 400 nm longpass lter in the spectrometer removes
higher-order harmonic terms in the spectra from the LED. This Iter may also remove
emission light at wavelengths between the acrylic absorbance limit (375 nm) and the
Iter cut-on wavelength (400 nm). Emission spectra were taken with a 10 s exposure

at three di erent temperatures: 300 K, 87 K and 4 K ( 0:1 K).
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3.6.1.2 Cryostat Emission Spectra

The spectra of the two thicknesses of Clevios were compared to the emission of the
acrylic substrate at each of the three temperatures previously mentioned. Figure 3.5
shows the spectra of the three samples at the di erent temperatures in the top three
plots as well as a plot comparing the three samples at 87 K at the bottom of the
gure. As observed previously [20], the uorescence of acrylic increases as temper-
ature decreases (see Sec. 2.4 for details on the mechanism behind this increase in
uorescence). Some materials can show di erent spectral features depending on the
temperature, but that was not observed with the blank acrylic substrate or the two
Clevios coatings. The bottom plot of Fig. 3.7 depicts the same 87 K spectra from the
sample plots above it, but combined to highlight the spectral features and total light
output. At 87 K there does not appear to be distinct features that would indicate a
strong unique uorescence from Clevios in the visible range as the spectral features
appear in all of the samples including the blank acrylic with no coating. In this plot
Clevios-thin has a minimal light output di erence in comparison to the blank acrylic
sample while Clevios-thick has noticeably less emission. This could be related to the
higher absorbance observed for the Clevios-thick coating. It is noted that there may
be additional light output between 375 nm and 400 nm that was cut out of the plot
because the 400 nm longpass lter was used to block the LED peak at 260 nm and
its second harmonic around 520 nm. Light from this missing wavelength range would

contribute to the light yields given in the time-resolved experiments.
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Figure 3.5: Emission spectra for both Clevios-coated acrylic samples compared the
acrylic substrate for 10 s exposures. All spectra were taken with a 400 nm
longpass lter. Samples show an increase in magnitude as temperature is
lowered. Spectral features are similar between the three samples demon-
strating that the emission is dominated by the acrylic uorescence.
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3.6.2 Same-side Measurements

The previously discussed cryostat emission spectra measure the light that is transmit-
ted through the sample. With UV-absorbing acrylic, any potential UV emission from
Clevios would not be observed. For this set of measurements, the spectra were taken
with the excitation source and the bre both facing the coating to reduce the e ect

of the absorbance of the acrylic substrate. If Clevios uoresces isotropically, some of
the uorescence will exit the sample on the same face as the input light and reach
the PMT. This con guration thus allows lower wavelength light (<375 nm) to be
detected. These measurements were carried out at room temperature outside of the
cryostat since the cryostat geometry did not allow for desired light source{sample{

photodetector con guration.

3.6.2.1 Same-side Spectrometer Setup

The setup, shown in Fig. 3.6, consists of two arms, which can rotate about a common
axis like clock hands. The LED is positioned along one of these arms and the other
houses the optical bre to the spectrometer. The sample is placed on top of the axis
and can also be rotated, which allows for di erent con gurations of the setup. The
same-side mode is a con guration where the LED and spectrometer are perpendicular
to each other and the sample is positioned at an angle compared to the LED to study
the emission on the same face of the sample as the coating. The sample is typically
placed at an angle of 60to the LED and the optical bre placed at 90 to the LED

so that the optical bre is looking at the same face of the sample that the LED is
exciting. The sample angle of 60was chosen to reduce the amount of light from the

LED that re ected o the sample surface and reached the optical bre. The entire
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setup is in a darkbox to eliminate ambient light from reaching the spectrometer or
interacting with the sample.

The same 260 nm LED from the cryostat emission spectra is used for these mea-
surements. For the set of measurements using a given substrate, the LED intensity
and the spectrometer exposure time are all identical so that the results can be directly

compared.

Figure 3.6: Diagram for the setup in same-side mode. This mode has the LED and
optical bre at 90 to each other and the sample positioned such that the
plane of the sample is at a 60angle to the LED.
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3.6.2.2 Same-side Spectrometer Results

The top half of Fig. 3.7 shows the spectra of the samples using acrylic substrate.
'LED O ' is a spectrum taken with no LED on to speci cally check the ambient
light levels in the darkbox. Those results showed that there was no obvious ambient
light reaching the spectrometer. The 'LED On No Sample' was taken to show that
no light is reaching the spectrometer without the sample present. The blank acrylic
as well as the two Clevios coatings were tested in this con guration. There are ve
notable spectral features in Fig. 3.7. Feature A is the peak from the 260 nm LED
used for excitation during these measurements, which shows that some of the LED
light is re ecting o of the sample and into the spectrometer. Feature A does not
have a consistent height between samples, which could indicate that the re ectivity
of the Clevios coatings changes with coating thickness. Feature B is suspected to be
an additive to the acrylic since this feature is visible in all three samples, but most
prominently in the blank acrylic sample with no Clevios coating. Commercial acrylics
are not necessarily pure poly(methyl methacrylate) (PMMA) and may have additives
for material stability or desired properties such as UV-absorption. Feature C is the
uorescent emission from the Clevios coating. Notably, this feature is only present
in the Clevios-thick sample. The absence of this feature in the Clevios-thin spectra
could be due to degradation of the Clevios coating. Feature D is the uorescent
emission from the acrylic as seen in Fig. 3.5 and previously studied in detail [20].
This spectrum shows that for the acrylic-based samples, the overall uorescence is
dominated by the acrylic with, for the thick sample, a small contribution from Clevios
peaking around 350 nm. Finally, feature E is a second-order harmonic of the LED

that is created from the di raction grating within the spectrometer. This feature was
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eliminated in Fig. 3.5 by introducing a 400 nm longpass lter, which prevented the
LED light from reaching the di raction grating and producing harmonics at integer
multiples of the LED wavelength.

The bottom half of Fig. 3.7 shows the same-side spectra of the samples on a
fused silica substrate. This test used a blank fused silica substrate as well as the two
thicknesses of Clevios coatings. The resulting spectra has fewer features because the
fused silica is not uorescent when under 260 nm excitation, thus the only features
seen in the fused silica blank are the LED re ection peak (aligned with feature A) and
the harmonic inside the spectrometer (aligned with feature E). The Clevios samples
both show uorescence at 350 nm, which aligns with feature C in the top half of the
plot. The results of this study show that the uorescent emission from Clevios peaks in
a region that is absorbed by the acrylic substrate. Thus, for future experiments where
the LED, sample, and photodetector are placed in a line, most of the uorescence

from Clevios will not be visible.

3.7 Time-resolved Measurements

3.7.1 Time-resolved Setup

Time-resolved measurements are taken in the setup shown in Fig. 3.8. The sam-
ple orientation within the cryostat is identical to the cryostat emission spectrometer
setup discussed in Section 3.6.1.1. For time-resolved measurements, a pulsed 267 nm
Horiba Delta Diode LED was used which produced 750 ps long pulses of at a rate
of 50 Hz. The LED intensity setting was identical for all samples. Fluorescent light
was collected by a Hamamatsu R6095-100 PMT replacing the optical bre that was

used for emission spectra measurements. A function generator was used to produce
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Figure 3.7: Top: Same-face emission spectra of the Clevios coated acrylic samples at
room temperature. Features are A: the peak from the LED that is used to
excite the sample, B: a potential additive used in acrylic, C: the suspected
Clevios uorescence peak, D: the main acrylic uorescence peak [20] and
E: the harmonic of the LED that is a results of the spectrometer respec-
tively. Bottom: Emission spectra of the Clevios coated Fused silica in the
same-side setup. The peaks seen in this spectra correspond to the LED at
260 nm, a harmonic of the LED that is produced inside the spectrometer
at 520 nm, and a peak at 350 nm, which is associated with the uores-
cence of Clevios.

a 50 Hz pulse which triggered the diode ash and started the PMT readout by a
National Instruments PXle-5162 digitizer. The digitizer (10-bit vertical resolution,
operating at 5 GS/s sampling) wrote the data to disk for further analysis. This data
collection process was repeated for 45000 events at every temperature. Each event

waveform was 4 s long consisting of 10000 samples, including a 10% pretrigger.
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Data is taken at 18 temperatures between 300 K and 4 K, including the boiling
points for the noble elements. Between each measurement, the temperature is de-
creased and then allowed to settle at the desired temperature. The sample was given
30 minutes to thermalize at each temperature before data was taken. This thermal-
ization time was settled on by comparing the LY for di erent thermalization periods.
After the 4 K data was taken the system was heated back to 87 K where cross check
measurements were taken to compare the dLY to the earlier 87 K measurement taken
when the system was cooled. From 87 K, the cryostat warmed back up to room

temperature without the compressor and temperature controller.

Figure 3.8: Diagram of the cryostat setup used for time-resolved measurements.
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3.7.2 Analysis

Once the run of 45000 uorescent events was taken, the baseline was calculated using
the rst 6% of the pulse, for each event, then subtracted from the data. Next,
each event was integrated over a set duration of 50 ns covering the PMT pulse.
Averaged pulses for all acrylic substrate samples are shown in Fig. 3.9 along with the
integration region. All three pulse shapes are nearly indistinguishable from each other,
because the measurements are all instrument response dominated, primarily by the
PMTs. The integration window captures most of the uorescence pulse, with small
amounts of light from the pulse tail incorporated into the systematic uncertainty.
The integral represents the charge detected for a specic event in arbitrary units
(ADU s). The integrals of all events are placed into a histogram then tted to
determine the average dLY. The excitation light pulse intensity was identical for all
samples, but was initially tuned such that the resulting integral distribution for low
dLY samples, like acrylic and the Clevios coated acrylic, was a single photoelectron
(SPE) distribution. TPB has a much higher uorescent dLY than acrylic or Clevios so

it produces a skewed Gaussian charge distribution. The exact technique for the TPB
dLY tting is described in [20] which also includes an example of a normalized pulse
and spectra for a 1 m TPB coated acrylic sample in the same experimental setup.
The integral distribution for Clevios and acrylic, an example of which is provided in
Fig. 3.10, was tted with a model of the statistical processes in a PMT [13] returning
the average charge integral for one photoelectron, denoted by \spe" in the plot legend,
and the average number of SPE per event (ie the dLY), given as \m" in the legend.
The tis shown by the red curve on the plot. Statistical errors are determined by the

t of the integral distribution. Dominant systematic error comes from the choice of
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integration window, which was investigated out to 1s to check for additional light.
Reproducibility of setup in terms of positioning was checked by dismounting and
remounting the light detector and light source; this contribution to the systematic

uncertainty was found to be negligible.

Figure 3.9: Averaged pulse for bare acrylic, thin Clevios, and thick Clevios. All pulses
have been normalized to an area of 1. All three pulse shapes are nearly
the same, due to the data being instrument response dominated. Vertical
red lines indicate the integration region.

3.7.3 Light Yield Results

Time-resolved measurements were conducted using both thicknesses of the Clevios-
coated acrylic samples. At each temperature, for the bare acrylic and Clevios coated

samples, the charge integral of each of the 45000 events is determined following
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Figure 3.10: Integral distribution corresponding to the Clevios-thick sample t using
the SPE PMT response model. The pink, dark blue, green, and yellow
dashed curves indicate the 0, 1, 2, and 3 PE models, respectively. The
t was carried out over the range of the red curve, which illustrates the
total PMT response model to SPE levels of light. The black curve is
an extrapolation of the red curve using the best t parameters obtained
during the t and substituting them into the PMT response function.

m is the average number of photoelectrons, spe is the average integral
of an SPE in ADU s/photoelectron.

Sec. 3.7.2 and the integral distribution is tted to determine the dLY (Fig. 3.10). The
method for determining the dLY for the TPB coated sample was outlined in Sec. 3.7.2
producing charge integral distributions similar in shape to those seen in [20]. Fig-
ure 3.11 shows that the dLY of the samples increases as temperature decreases, with

the Clevios-thin sample producing slightly more uorescence, and the Clevios-thick
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sample creating similar uorescence, to the acrylic sample. The general temperature-
dependent trends of the Clevios samples match the trend seen in the acrylic sample
con rming that the uorescence is dominated by the acrylic substrate, itself less than
0.2% the dLY of TPB at 87 K as shown in the rLY part of Fig. 3.11. Error bars are
a combination of statistical and systematic errors discussed in the previous section
(Sec. 3.7.2). For use in a TPC, the uorescence from Clevios is minimal when com-

pared to acrylic and thus should not provide signi cant background for the detector.

3.8 Acrylic Fluorescence Subtraction

The total uorescence of the Clevios-coated acrylic samples is a combination of uo-
rescence from the Clevios coating, as well as uorescence from the acrylic substrate.
Determining the uorescence of the Clevios independently of the acrylic is a di cult
process since there are optical e ects that occur due to the nature of the thin Im.
Thus, in order to isolate the uorescence from the clevios, the uorescence of the
acrylic substrate needs to be subtracted from the total light measured for the sam-
ple. Data was collected for the uorescence of a blank acrylic sample, however, the
presence of the Clevios coating reduces the amount of light that excites the acrylic
to induce uorescence. Thus the uorescence from the acrylic in the Clevios-coated
acrylic samples will be di erent from the blank acrylic sample and it is not possible
to simply subtract the LY of the blank acrylic from the LY of the Clevios-coated
acrylic samples. In order to isolate the uorescence of the Clevios, the uorescent
contribution coming from the acrylic needs to be modeled with the help of the blank
acrylic measurement and subtracted from the total light output of the Clevios-coated

acrylic samples. The background uorescence from the acrylic substrate is estimated
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Figure 3.11: Top : Detected light for both Clevios samples and bare acrylic. They
exhibit a similar dependence on temperature. Acrylic dominates the
light emission. Bottom: same data, now relative to TPB-coated acrylic
taken under the same experimental conditions. Amount of light emitted
by Clevios is small compared to that of acrylic, itself small compared to
that of TPB.
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for each Clevios thickness using the LY data of the blank acrylic sample and the
transmission values of the two Clevios coatings. To start, the uorescent model of

the acrylic needs to be de ned.

3.8.1 Fluorescence model

The uorescent model used de nes the uorescence and incident radiation in terms
of the irradiance, or intensity, of light. Irradiance is the average energy per unit
area per unit time [31], where the energy of a photon 5 = h . Thus there are four
factors that can change the irradiance: changing the number of photons, changing the
photons energy, changing the area of the sample, or changing the time that the sample
is irradiated. Since the pulsed LED emits short, narrow, bursts that are similar in
length to uorescent emission, the area of the sample irradiated remains unchanged
throughout the experiment, thus, the only terms that a ect the uorescence is the
number of photons, and the energy of the photons. While the energy of the photon
will change between absorption and emission, the main parameter that a ects this
analysis is the number of photons. Thus, the irradiance will be used to represent the
number of photons that are at each stage of the uorescent model.

For all samples, the amount of uorescence emitted is assumed to be proportional
to the amount of incident light that excites the sample. This means that the amount
of light that is emitted due to excitation will be a scalar multiple of the amount of
light that is incident on the sample.

For acrylic, if the sample is irradiated by light with initial irradiance of I, then
the resulting uorescence, with irradiancel 5, will be a scalar multiple, K, of the

incident irradiance
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I = Klg: (31)

This scalar multiple is material dependent and incorporates two components, rst
the photoluminescent quantum e ciency (PLQE) which is the ratio of emitted pho-
tons to the number of incident photons [34, 27], and second the ratio of the uorescent
wavelength to the excitation wavelength. The blank acrylic sample will uoresce in
this manner and is quanti ed in Fig. 3.11. This will be used as the maximum uores-
cence of the acrylic in this apparatus. Any Clevios coating applied on the acrylic will
reduce the LY of the acrylic by reducing the amount of light that excites the acrylic,
through transmission. A schematic diagram of this uorescence is shown in Fig. 3.12.

The uorescent data from the acrylic sample seen in Fig 3.11 follows this uores-
cence model. This data is the data that is scaled to represent the background acrylic
uorescence in the two Clevios data sets. Next, the uorescent model for Clevios
coated acrylic needs to be de ned.

For a Clevios coated sample the incident light will rst interact with the Clevios
before interacting with the acrylic. When incident light strikes the Clevios surface
three di erent optical e ects can occur. The rst is transmission of the incident light
through the coating.This would refract the light slightly, but other than that have no
e ect on the incident light. The second is that light gets re ected o the surface of
the sample. This would depend on the angle that the light strikes the surface, as well
as how re ective the coating is. Finally, light can be absorbed by the Clevios. This
absorption can induce uorescence in the Clevios in the same way that uorescence
is induced in the acrylic.

The absorbance measurements obtained in sec. 3.5 provide the ratio of transmitted
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Figure 3.12:top: Schematic diagram of the uorescent model for a sample of bare
acrylic. Fluorescent light that is emitted is proportional to the excitation
irradiance. Bottom: Schematic diagram of the Clevios-coated acrylic
sample. Light that transmits through the Clevios will excite uorescence
in the acrylic that is proportional to the transmission of the Clevios
thickness. Total urescence is the uorescence of the acrylic and the
uorescence of the Clevios along with additional second order e ects
that are ignored in this analysis.
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light to incident light. Since the amount of transmitted, re ected, and absorbed light
must sum to the incident light, the absorbance measurements provide the amount
of light that is re ected or absorbed. The main bene t of having the transmission
through the Clevios is that tells us how much light is passing through the Clevios to
excite the acrylic. Supposd is the percent transmission for a given Clevios thickness.
Using this, the intensity of the transmitted light that can excite the acrylic is given

as:

It = Tlo; (3.2)

where | is the light transmitted through the Clevios. This transmitted light will
excite the acrylic in the same way described previously, however, since the excitation
irradiance is lower the uorescence irradiance will also be lower. The uorescence of

the acrylic in the two Clevios samples in now determined.

3.8.2 Transmission excitation

We have de ned the uorescence of acrylic when it is excited by incident lighko.

If, however, the acrylic is excited by the light that transmits through the Clevios
then the uorescence will be a function of the transmitted light,T |, rather then the
incident light. The scalar factor for acrylic will be the same regardless of the incident
light. We thus de ne the uorescence of acrylic due to excitation of transmitted light

to be | v, and is found by combining Eq. 3.1 and Eq. 3.2
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KTlo

IaTr = Klt

Tla: (3.3)

We use equation 3.3 in combination with the transmission data for a given Clevios
sample to quantify how much uorescence is coming from the acrylic for each Clevios
sample. We nd that the uorescence that is emitted by a Clevios sample that uses
transmitted light is simply the amount of uorescence that we get when there is no
coating on the sample multiplied by the transmission for the thickness of the Clevios.
Thus we use the LY results of the acrylic, determined in Sec. 3.7.3, as the uorescence
of pure acrylic (1 o). The transmission, found in Sec. 3.5, for the thin Clevios sample
is (88 3) % and the thick is (65 3) %. Thus the LY of the acrylic substrate due
to excitation of transmitted excitation light is found at each temperature and for
each sample, by multiplying the LY of the bare acrylic sample by the transmission
of the Clevios, for both Clevios samples. This results in two di erent LY values for
the acrylic substrate at each temperature, one corresponding to the LY of the acrylic
substrate with a thin Clevios coating, and one to the LY of the acrylic substrate with

a thick Clevios coating. These are shown in Fig. 3.13.
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Figure 3.13: Light yield of acrylic based on the amount of excitation light. Blank
acrylic is the LY of acrylic with the full irradiance of the LED. Acrylic
with thin Clevios is the LY of acrylic with 88 3 % of the incident light.
Acrylic with thick Clevios is the LY of the acrylic with 65 3 % of the
incident light.

3.8.3 Clevios Fluorescence

Clevios uorescence will occur using the same model that blank acrylic uorescence
uses that was described in Sec. 3.8.1. The uorescence from the Clevios isn't easily
seen however since it is mostly absorbed by the acrylic substrate. Using equation 3.1

the uorescence of Clevios alone is modelled as:

le = K%: (3.4)
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For Clevios, the irradiance of uorescence il and the uorescent constant is labelled
K % Note that acrylic and Clevios have di erent uorescent scaling constantsk and
K respectively). This is because the two materials will uoresce di erently, and the
value of the scaling constant will di er based on the properties of the material. It
may end up that K = K© but this is not something that gets determined in this
analysis.

Fluorescent light from Clevios will emit isotropically, which means most of the
uorescent light will escape out of the front face or the sides of the Clevios. A
portion of the uorescent light will emit towards the acrylic substrate. Just like the
excitation LED, this light can either be re ected o the interface, transmitted through
the acrylic substrate, or absorbed into the acrylic substrate. The uorescent light that
is absorbed by the acrylic can then excite the acrylic causing it to re- uoresce as well.
This re- uorescence is a second order e ect, as such it will be small compared to the
uorescence of the acrylic from the transmitted light and will be ignored for the rest
of the analysis.

In terms of what a photodetector would see, only the uorescent light from the
acrylic, due to the excitation of light transmitting through the Clevios, and the u-
orescence from Clevios that transmits through the acrylic will be visible. The total

light (1) is thus the sum of the two.

lot = Ia+ | ¢t (3.5)

An additional term, , where 0< 1, is introduced as a scaling factor which
represents the percentage of Clevios uorescence that transmits through the acrylic.

Since the Clevios uorescence peaks at350 nm | as shown in Fig. 3.7 | the acrylic
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substrate will absorb most of this uorescence since it is fully absorbing below 375 nm.
Thus, is likely a small number, and subsequently, the amount of uorescence from
the Clevios observed is small.After subtracting the contribution of the acrylic from

the total uorescence of Clevios, the remaining light is due to direct uorescence of

Clevios.

l ¢ =lit AT

= ItOt TIA (36)

The uorescence due to the Clevios,| ¢ is determined by taking the total LY
data determined for each thicknesd,; seen in Fig. 3.11, then subtracting o the LY
of the blank acrylic sample| 5, that is scaled by the transmission of a the thickness of
Clevios coating,T. The result is the uorescence of Clevios that was able to transmit

through the acrylic sample, | ¢.

3.8.4 Results

The results of this analysis is shown in Fig. 3.14. There are two main results that are
obtained from this gure. First, is that the uorescence of Clevios is independent of
Clevios thickness. Second, the Clevios exhibits a small dependence on temperature
that is independent to the acrylic. This change is roughly :05% when compared to
the uorescence of TPB.

The independence of uorescent light yield and thickness is an unusual result that
does not have a complete explanation. A proposed explanation for this is saturation

e ects in the Clevios. This can mean that the maximum amount of light that can
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Figure 3.14: Detected LY of the Clevios samples with the acrylic uorescence sub-
tracted.
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be aborbed is absorbed in a short distance that is less then the thickness of the thin
Clevios sample. If this is the case then adding more thickness to the Clevios will not
change the amount of light absorbed. A di erent explanation is that the amount of
uorescence is di erent between the samples, however since the uorescence of the
Clevios peaks at 350 nm, which is a wavelength that is absorbed by the acrylic, most
of the uorescent light from the two samples will be absorbed. Since only a small
portion of the uorescent light transmits through the acrylic, no noticeable di erences
are noted between the two thicknesses.

Saturation due of the Clevios requires that the maximum amount of light that can
be absorbed gets absorbed within a distance shorter then the thickness of the Cle-
vios. If this is the case then the absorbance measurements should inidicate that the
amount of light transmitted through is the same between the two samples. Since the
absorbance is di erent between the two samples, if saturation is the correct explana-
tion, then the di erence in transmitted light must be due to an increase in re ectivity
of the thick Clevios sample. In order to fully determine the re ectivity of the samples
an integrating sphere spectrometer is needed. Further tests can be done in the future
to determine the amount of re ectivity from the Clevios samples.

In order to determine, directly, if the uorescence is di erent between the two
samples, an additional experiment would need to be conducted with Clevios coated
on a UV-visible transparent material such as fused silica. Further tests, however,
are not currently possible as the coatings were scratched to measure the thickness
of the coating, and there are concerns that the coatings may have degraded due
to humidity and oxygen exposure during the same side spectrometer measurements.

Future experiments may be able to further probe the mystery as to why the two
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Clevios samples produce the same uorescence.

3.9 Conclusion

We have studied the uorescent properties of Clevios (PEDOT:PSS) coated acrylic
for use as electrodes in time projection chambers (TPCs) for rare-event searches.
In the range of temperatures studied (4 K{300 K), both emission spectroscopy and
time-resolved measurements show that the uorescence of the samples under UV-
excitation is dominated by the acrylic substrate with a small e ect from the Clevios.
These e ects include uorescence from Clevios and other optical properties of Clevios,
with transmission in particular having an impact on the uorescence of the acrylic
substrate. The maximum uorescence of the samples, achieved at low temperature, is
less than 0.25% of the uorescence of the common wavelength shifter TPB. Emission
spectra data show that uorescence from Clevios peaks at 350 nm. Isolating the
amount of uorescence coming from the Clevios requires understanding optical e ects
such as absorption, re ectivity and interference of the samples, as well as the impact
of aging on Clevios. However, for use in TPCs, the uorescence of Clevios-coated
acrylic is minimal, and will have little to no in uence on the regular operation of a

detector.
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Chapter 4

Plastic Scintillators

To succeed, planning alone is insu cient. One must improvise as well.

Isaac Asimov, Foundation

4.1 Introduction

Plastic scintillators are a common type of organic scintillator that was rst made

in 1950 [56]. Plastic scintillators are often used due to their cheap manufacturing
cost, fast response, ease of doping, and mechanical stability [66, 30]. The mechanical
stability is an important factor for the use of plastic scintillators. Since they are
robust, they can be machined into any shape or size that is needed for the experiment.
Additionally, the dopants available to plastic scintillators include heavy metals that
improve gamma absorption, or additional wavelength shifters to optimize the emission
wavelength for a given experiment. Plastic scintillators typically have one wavelength
shifter built into the polymer, since the self absorption of the scintillation light is high
without the wavelength shifter [30, 66, 46]. These factors, along with the cheap cost

make plastic scintillators an ideal detector material for many experiments.
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The main downside to plastic scintillators is their light yield. Plastic scintillators
have an upper limit of 10 000 photons per MeV of ionizing radiation. This is much
lower then many inorganic crystal scintillators which have an upper limit of 1200 000
photons per MeV [30]. The other main downside to plastic scintillators is that they
are poor -ray detectors. This is due to the low atomic number of the polymers used in
the scintillator as discussed in Sec. 2.2.3. In order to have high e ciency in absorbing

-rays, dopants need to be used, or a large thickness of plastic scintillator [46].

Many inorganic scintillators have a temperature dependent light yield, with the
light yield of some crystals more then doubling at cryogenic temperatures [45]. This
temperature dependent e ect has not been extensively studied for organic scintilla-
tors. Only a few studies have been performed to measure the temperature dependent
light yield of plastic scintillators at cryogenic temperatures [10, 22]. Of these experi-
ments, one looks at the LY using Compton scattering from the emissions of #°Co
source. This study found that the LY decreased by 10% at 77 K and 4 K [10].
The second experiment looks at the decay time of plastic scintillators using muons at
850 mK. While the primary goal of the experiment was the decay time of the scintilla-
tion, the author states that experiments are currently being performed to characterize
the LY of plastic scintillators at sub-kelvin temperatures. Other studies on the tem-
perature dependence typically test at temperatures close to room temperature, such
as [52, 65] which looks at the temperature dependence between 273 K and 323 K.

The nature of the previous research has prompted this study of plastic scintillators,
speci cally looking at the change in light yield between 300 K and 4 K with excitation
from an ?*Am source. The particle emission is the main goal of the study, with the

60 KeV emission not clearly resolvable. In addition to the study using afAm
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source, the initial room temperature calibration of a Compton scattering experiment

is presented. This experimental set up is a method that can be used to characterize
-ray interaction in plastic scintillator, without requiring the full collection of the
-ray. This experiment will soon be performed in a cryostat to get results for the

temperature dependent light yield of plastic scintillators under -ray excitation.

4.2 Samples

All plastic scintillators in this study were EJ-200 from Eljen Technologies [61]. These
are general purpose plastic scintillators, that are not doped with any materials that
may enhance timing or light yield. These scintillators have a scintillation e ciency
of 10 000 photons/MeV at room temperature and a density of 1.023 g/chii61].

Every sample was ordered as a large block with rough cut edges so that they
can be machined to the desired size and shape, then polished. Two geometries were
created for this experiment, the rst was designed for detecting particles, and the
second is for detecting Compton scattering of rays.

The sample used for the particle portion of this study was a 20x10x5 mrh
rectangular prism, that has thin aluminium coatings, applied through evaporation
deposition, on 5 sides as shown in Fig. 4.1. The evaporation deposition was done
using an apparatus used for 4th year undergraduate labs. This machine evaporated a
length of aluminium wire then drifted the evaporated aluminium upwards to deposit
uniformly on a surface of the scintillator. The un-coated surface was kept with the
\as cast" nish provided by the manufacturer since it faces a PMT. In order to keep
the face un-coated, it was covered by Kapton tape every time a face was deposited

on.
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Figure 4.1: Top: Deconstructed rectangular prism representing the di erent sides of
the plastic scintillator and the thicknesses of the aluminium coating that
Is applied to each face. The clear face of the scintillator was kept as a
white box. The side that the 's were incident upon is labelled with an
. Bottom: Image of the aluminium coated plastic scintillator
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The portion of this study uses a plastic scintillator with a cylindrical geometry,
chosen to have a higher volume for Compton scatters to occur. Two samples were
created with di erent sizes for di erent parts of the study. Both samples are shown
in Fig. 4.2. The rst sample created was for table top measurements. This sample
has a 27.38 0.05 mm diameter with a 62.55 0.05 mm height. A single layer of 3M
Specular Re ective Foil [54] was wrapped around the side of the scintillator as well
as the top to improve light collection by the PMT. The bottom of the scintillator was
kept polished so that it could be directly viewed by the PMT. Both the scintillator and
the PMT were placed in a black Polyoxymethylene (Delrin) sleeve with the scintillator
resting directly on the PMT. The Delrin sleeve was designed as a small light tight
chamber that has good optical coupling between scintillators and PMT's. The second
sample was created to be used in the cryostat. This sample was a cylinder with a
ange at the bottom to attach the scintillator to the cold nger. The main cylinder
has a height of 38.71 0.05 mm, and a diameter of 32.94 0.05 mm. The ange has
a height of 5.63 0.05 mm and a diameter of 48.08 0.05 mm. Eight 3.5mm holes
were placed evenly around the top of the ange. Screws and crinkle washers [49] were
used to fasten the scintillator to the cold nger, and ensure good thermal contact
throughout the cooling cycle.

Additional samples were prepared throughout the study to test machining char-
acteristics, polishing quality, and di erent methods of improving the light collection
e ciency of the scintillator. All the results presented here come from the samples

above.
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