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Abstract

DEAP-3600 is a single-phase dark matter experiment that utilizes 3.3 tonnes of liquid

argon as a scintillation target to detect Weakly Interacting Massive Particles (WIMPs).

Two significant challenges in the DEAP-3600 experiment are alpha particles produced

in the acrylic vessel neck and dust, which can mimic a WIMP signal. In this thesis, the

214Bi-214Po decay chain was identified in the three-year dataset based on the time corre-

lation. The study demonstrated that degraded alphas originated in dust. A comparison

of the time distribution from dust and TPB-coated surface alpha particles showed dif-

ferences, demonstrating that most dust is not TPB-coated. Time correlation allows us

to identify the 220Rn-216Po decay chain. Comparing surface alphas from 214Bi-214Po and

220Rn-216Po revealed differences in their energy distribution, indicating that the alphas

from 220Rn-216Po may have originated in the acrylic. A toy Monte Carlo simulation was

used to investigate the differences observed in the alpha energy distributions. Although

this model could account for some characteristics of the energy distribution, it could not

fully explain it.
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Chapter 1

Introduction

1.1 Evidence for Dark Matter

For a long time, most of the research in physics and astrophysics has relied on visual

observations to map the cosmos. However, these observations are contingent on electro-

magnetic interactions. There is strong evidence that 85% of all matter in the Universe

is invisible, referred to as dark matter [1]. While dark matter can’t be seen directly,

its presence is indicated by its gravitational effect on ordinary visible matter, giving

significant evidence that large amounts of dark matter exist. Measurements conducted

by the Planck collaboration suggest that only 4.8% of the Universe’s energy density is

constituted of ordinary matter. The necessity for dark matter is established by a sub-

stantial collection of data from the past 100 years, which reveals a mass deficiency on

galactic and cosmological scales. Alternative hypotheses, such as modified theories of

gravity, have difficulties explaining the observations [2, 3].

In 1933, Fritz Zwicky, a Swiss astrophysicist, first proposed the concept of dark

matter when he studied the Coma Cluster. He applied the virial theorem of classical

mechanics, which relates the average kinetic energy (KEave) of a system to its average

gravitational potential energy (GPEave), using the equation KEave = −1
2
GPEave. By

observing the shift in spectral lines, Zwicky determined that the velocities of galaxies

relative to the cluster’s average were much higher than expected based on the average

value calculated using individual galaxies as test particles in the virial theorem. This

discrepancy led him to suggest the presence of dark matter in quantities much greater

than luminous matter, thus coining the term "dark matter." Although this observation
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forces and is slowed down much more than the stars. Gravitational lensing studies of the

merger revealed the centre of mass was spatially displaced from the hot gas, suggesting

that large amounts of dark matter exist in both galaxy clusters that did not interact

with the gas during the collision. Clowe et al. [12] measured the lensing from this

cluster, displayed in Figure 1.2, and found that the mass distribution measured by

gravitational lensing matched the locations of the galaxies, not the hot gas observed by

Chandra. However, the mass of the hot gas is much larger than that of the galaxies. This

discrepancy suggests the presence of additional hidden mass, which does not interact

strongly with itself or with the gas, allowing it to pass through the collision without

significant interactions, similar to the behaviour of stars and galaxies. This observation

provides strong evidence for the existence of dark matter [3].

The most accurate estimation of the Universe’s total amount of dark matter is derived

from measurements of the Cosmic Microwave Background (CMB). The CMB radiation

originated during the Big Bang and separated from matter around 380,000 years after

that event. This separation occurred when the Universe cooled sufficiently, allowing

basic neutral hydrogen atoms to form. Photons remaining from this period have been

traveling across space, losing energy as their wavelengths stretch due to the universe

expanding. Presently, these photons have cooled to around 2.73 Kelvin. Penzias and

Wilson first measured CMB photons [13].

Observations of the CMB align closely with the minimal ΛCDM (Lambda-Cold Dark

Matter) cosmological model, which outlines the pace of expansion in a flat Universe (with

no curvature). This model accounts for four components: regular matter, dark matter,

radiation (like photons and relativistic neutrinos), and dark energy. The basic ΛCDM

model relies on different cosmological factors, and their specific values are found by fitting

the power spectrum with the model’s prediction. These factors involve H0, representing

the Hubble constant—a measure of how fast the Universe expands. Also, there are Ωi

for each of the four components. The density parameter Ωi for each element refers to

the ratio of its density to the critical density ρcritical, which is the current value necessary

for a spatially flat Universe. The total density has been measured to be incredibly close
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to this critical density. The densities for baryonic matter, dark matter, radiation, and

dark energy are indicated respectively as Ωb, Ωc, Ωrad, and ΩΛ.

The temperature anisotropies observed in the CMB can be expressed as an expansion

in terms of spherical harmonics Yℓm(θ, ϕ) [14]:

δT

T
(θ, ϕ) =

+∞
∑

l=2

+l
∑

m=−l

almYlm(θ, ϕ), (1.2)

where alm are the expansion coefficients. The variance Cl of the expansion coefficients

is defined as:

Cl =
1

2l + 1

l
∑

m=−l

|alm|
2 (1.3)

l(l + 1)Cl/2π is plotted as a function of the multipole moment l in Figure 1.3. This

figure illustrates how the power spectrum aligns with the ΛCDM model, as outlined in

the 2018 Planck report [15]. These recent findings pinpoint the density contributions:

Ωbh
2 = 0.022383 for baryonic matter and Ωch

2 = 0.12011 for dark matter [15]. Here,

h = H0/(100 km/s/Mpc), with H0 = 37.4 km/s/Mpc is the Hubble constant.
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candidate for dark matter within the Standard Model due to its weak interactions. Yet,

the neutrino’s small mass scale means it fits into the category of hot dark matter. On

the other hand, Cold dark matter candidates are often preferred because their extensive

mass range (from GeV to TeV) aligns well with the structures observed in galaxies [1].

1.2.1 WIMP

WIMPs are potential dark matter candidates. After the inflationary period, the universe

reached a high temperature and density, allowing the Standard Model particles and dark

matter components to exist in a balanced thermal equilibrium. This meant that the

Standard Model of particles could convert into dark matter particles through annihilation

and vice versa.

χ+ χ̄←→ SM + ¯SM, (1.4)

where SM represents standard model particles, and χ denotes a dark matter particle. In

the universe’s early stages, the temperature (T ) was so high that dark matter particles

were moving at relativistic speeds, where T was significantly greater than the dark

matter particle’s mass. At this time [17]:

nχ(T ) ∝ T 3, (1.5)

where nχ in Equation 1.5 represents the density of dark matter particles. By using

the Boltzmann constant, which relates temperature to molecular kinetic energy, we can

express temperature in electronvolts (eV), similar to how we express mass. If the universe

were static, these reactions would stay balanced. However, a significant shift occurs in

an expanding and cooling universe when the universe’s temperature drops below the

dark matter particle’s mass, T < mχ. At this point, dark matter particles transition

from being relativistic to non-relativistic, thus [18]:

nχ(T ) ∝ e−mχ/T , (1.6)
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where this exponential factor in Equation 1.6 is due to the decrease in dark matter

production. As a result, the expansion rate eventually surpasses the annihilation rate,

causing the two types of particles to exit thermal equilibrium. This phase, known as

"WIMP freeze-out," marks the moment when the density of dark matter per co-moving

volume becomes so low that the likelihood of two dark matter particles interacting

becomes negligible compared to the expansion of the Universe. Consequently, at the

time of WIMP freeze-out, the total number of dark matter particles in the universe

became constant.

SuperWIMPs is a lighter variation of a WIMP. The hypothesis suggests that their

interactions are so weak that they can be comparable to gravitational interactions, which

are extremely weak relative to other fundamental forces. They are categorized as warm

dark matter due to their lower mass compared to cold dark matter and their more rela-

tivistic behavior. Their particle cross sections are incredibly small, making it unlikely for

them to have achieved thermal equilibrium in the early Universe. Instead, it’s suggested

that these particles might have originated from the decay of heavier nuclei, possibly

including the decay of WIMPs.

Axions, another well-motivated dark matter candidate, arise from solving the strong

CP problem in physics. This problem questions why the strong interaction doesn’t

naturally violate CP symmetry but maintains it. If axions don’t exist, a fine-tuning in

the Standard Model must occur. Axions are incredibly light (less than an eV). Despite

their small mass, axions have properties that make them behave as cold dark matter.

Their unique characteristics make axions an intriguing dark matter candidate [19].

Even though all these options are potential candidates, the DEAP-3600 experiment

and, consequently, this thesis will centre on WIMPs. Therefore, any mention of "dark

matter" moving forward refers to WIMPs.

1.3 Experimental Methods for Dark Matter Detection

Detecting dark matter, including WIMPs and other potential dark matter particles,

proves challenging due to the defining characteristic of low cross section. After decades-
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long efforts by physicists in pursuing WIMP particles, WIMPs with cross sections around

10−45 cm2 and masses about 100−1000 GeV have been ruled out [20, 21]. Furthermore,

inconsistencies among published results have failed to obtain agreement within the sci-

entific community regarding any definitive discovery of WIMPs. The search for dark

matter spans three approaches: search dark matter in particle colliders, direct detec-

tion, and indirect detection, as illustrated in Figure 1.4.

Direct  Detection

Pa
rti

cl
e 

C
ol

id
er

s
Indirect D

etection

DM DM

SM SM

Interaction

Figure 1.4: A schematics illustration of the three approaches employed in experimental
dark matter searches: particle colliders, indirect detection, and direct detection. This
thesis emphasizes the direct detection channel.

In the particle collider method, two extremely high energy standard model particles

(energy order of TeV) collide to produce dark matter particles, similar to what happened

in the early universe. The ATLAS and CMS experiments at the Large Hadron Collider

are trying to observe these interactions [22]. These experiments can’t directly detect

the produced dark matter particles using their components. Instead, these particles

lead to what’s known as missing energy. In many analyses, most missing energy is due

neutrinos, which don’t leave any trace in the detectors [23].

Indirect detection aims to uncover any traces of dark matter decay or self-annihilation,

as shown in Figure 1.4. If dark matter passes through a star, like the Sun or any large

star, it may scatter off atoms and subsequently lose its energy. If the energy loss be-

comes high enough, it could gravitationally bind to the star, increasing the density at the
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star centre and thereby enhancing the likelihood of annihilation. While photons might

not escape these objects, neutrinos commonly do. Experiments with goals to optimize

neutrino sensitivity, such as SuperKamiokande and IceCube [24, 25], could detect this

flux, potentially signaling the presence of dark matter. Additionally, the Galactic centre

serves as a key region for searching for dark matter annihilation due to its high dark

matter density. Gamma-ray observatories like FERMI-LAT have been critical in prob-

ing this region, looking for excess gamma-ray emissions that may indicate dark matter

self-annihilation [26].

In direct detection, the idea is to use a material as a target to interact elastically

with dark matter. When a WIMP interacts with a nucleus, the resulting evidence may

appear as heat, charge, or scintillation light. This information helps differentiate between

a potential WIMP scatter and background events. Removing background is crucial in

this method, presenting a challenge for these types of detectors. Hence, these detectors

are built underground to reduce background from cosmic and other sources.

In dark matter research, various experiments use different methods to fully explore

the WIMP parameter space. The parameter space for multiple experiments is visible in

the figure below. The lines in Figure 1.5 show exclusion curves at the 90% confidence level

for some significant WIMP experiments. The yellow-shaded line denoting the neutrino

floor in the figure limits the parameter space. In this zone, events of neutrino-nucleus

scattering become an unavoidable background because they can’t be distinguished from

WIMP-nuclei interactions. This background notably decreases WIMP sensitivity, mark-

ing the boundary of the WIMP direct detection parameter space. The reason we don’t

see the indirect exclusion curve on the same plot is that the indirect dark matter cross-

section is several orders of magnitude less precise and highly model-dependent.

Direct detection experiments can use one or a combination of three methods: charge,

scintillation, and heat. Figure 1.6 displays the current exclusion curves from experiments

focusing on spin-independent interactions, where interactions are not affected by the spin

of particles. Instead, these experiments target overall mass and charge distributions. The

exclusion curves represent the WIMP-nucleon cross section as a function of WIMP mass.
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Chapter 2

DEAP-3600

DEAP-3600 is a single-phase liquid argon detector designed to directly detect WIMPs

using scintillation light. This chapter will explain the details of the DEAP-3600 detector,

including the physics behind the scintillation process, why liquid argon is used as the

target material, and the design of DEAP-3600.

2.1 Noble Liquids

Noble liquid detectors rely on scintillation light to detect event signals. These noble

liquid detectors have the advantage of utilizing a target material with commercial avail-

ability and inert properties [33]. Two of the most common target materials used in dark

matter detectors are liquid xenon and liquid argon. The DEAP-3600 experiment utilizes

3279 kg ± 96 kg of liquid argon as its target material [34].

2.1.1 Scintillation Signal

WIMP particles passing through the target material can scatter with argon nuclei and

deposit energy. DEAP-3600 is designed to capture the scintillation light from these

interactions within it. A WIMP interaction with argon generates scintillation photons

with a wavelength falling within the vacuum ultraviolet range, peaking at 128 nm [35].

The argon is transparent to these photons. There are two mechanisms for producing

photons by argon: one is the process of excitons (excitation), and the other is ions

produced by ionizing radiation (ionization) [36].

In the first case, after a WIMP particle scatters with an argon nucleus, one excited
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argon atom will remain (Ar∗). This excited argon atom can then bind with a ground-

state argon atom to create an excimer (an excited argon dimer, Ar∗2). This excimer will

return to the ground state, releasing a scintillation photon. The steps of this process are

shown below:

Ar∗ + Ar → Ar∗2

Ar∗2 → 2Ar + hν(128nm).
(2.1)

The process of ionization of argon is similar to the first case. After scattering, we

obtain an ionized argon atom (Ar+). This ionized argon atom can then bind with a

ground-state argon atom to create an ionized dimer (Ar+2 ). The recombination of this

ionized dimer with a free ionized electron produces a highly excited argon atom (Ar∗∗),

causing the other argon atom to return to the ground state. The Ar∗∗ atom will reach

the lowest excited state, releasing energy in the form of heat. After this point, the same

process as excitation occurs, resulting in the emission of a scintillation photon. The

steps of this process are shown below [37]:

Ar+ + Ar → Ar+2

Ar+2 + e− → Ar∗∗ + Ar (Recombination)

Ar∗∗ → Ar∗ + heat

Ar∗ + Ar → Ar∗2

Ar∗2 → 2Ar + hν(128nm).

(2.2)

The ratio of scintillation light to incoming particle energy (light yield) is high for

noble liquids [36]. DEAP utilizes this advantage to measure incoming photons by in-

stalling 255 PhotoMultiplier Tube (PMT)s around the detector. The detector is designed

to collect the scintillation photons and convert them into PhotoElectron (PE). These

PE values are stored for each event for analysis. Figure 2.1 summarizes these two mech-

anisms.
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tube at the top of the detector with an inner diameter of 255 mm, is constructed from

steel like the entire vessel, with the inner vessel accessible through the neck. The deck

is also connected to the detector via the neck structure [33].

A different acrylic material compared to the flow guide and Acrylic Vessel (AV) was

used to design light guides for a specific purpose. The primary objective of light guides

is to transmit light to the PMTs using internal reflection, requiring a higher level of

light transmission to maintain signal sensitivity. Additionally, the design of light guides

allows more radioactivity compared to flow guides and AVs. Furthermore, light guides

also act as additional thermal insulators to allow the PMTs to operate at their highest

efficiency at room temperature.

Light emitted from the inner acrylic vessel is captured by 255 Hamamatsu R5912-

HQE PMTs, known for their high quantum efficiency. According to the manufacturer,

the quantum efficiency is approximately 23% at 400 nm [42]. These PMTs cover ap-

proximately 75% of the inner vessel, and their structure is shown in Figure 2.6. Each

PMT is composed of a photocathode, a focusing electrode, a dynode stack, and an anode

enclosed within a vacuum tube. When a photon strikes the photocathode, it liberates a

photoelectron through the photoelectric effect. This photoelectron is directed towards

the first dynode by the focusing electrode, where secondary electrons are emitted. With

each dynode maintained at a higher potential than the previous one, the electric field ac-

celerates ejected electrons toward the subsequent dynode, exponentially amplifying the

total number of electrons across the dynode stack. Finally, upon reaching the anode,

the accumulated electrons generate a sufficiently large current to produce an electrical

pulse. The dynode stack typically comprises ten stages, yielding a gain factor of 107 for

bias voltages ranging from 1500 V to 1800 V [42]. The PMTs are a significant source of

neutron background.

The acrylic allows visible light to pass through but blocks ultraviolet light. Addi-

tionally, the maximum efficiency of the PMTs lies within the violet region of the light

spectrum, with a rapid decrease observed in the ultraviolet range [42]. Organic TPB is

used to coat the inner acrylic vessel. This coating layer absorbs and re-emits the wave-
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Chapter 3

Background Review in DEAP-3600

One of the main challenges faced by the direct detection method is the removal of back-

ground. This task holds great importance in the design of DEAP-3600. Considerable

effort has been dedicated to constructing the detector to minimize background, primarily

by placing it underground to minimize muon flux and using various materials for neu-

tron shielding. However, specific background sources can produce events near the dark

matter ROI. Based on the WIMP-simulated acceptance, the design goal of DEAP-3600

was to keep background events below 0.6 in the region of interest over a 3000 kg-year

exposure. The target value of 0.6 was decided at the beginning of the DEAP design

process. Considering a Poisson likelihood, this corresponds to a 55% chance of observ-

ing zero background events. This background level is not equally distributed among

electromagnetic backgrounds, alphas, and neutrons [33]. This chapter will discuss key

background types, including 39Ar β-decays, neutron scatters, Cherenkov radiation, and

α-decays.

3.1 39Ar β-decays

In DEAP-3600, there are various electromagnetic sources, which are shown in the Fig-

ure 3.1. In the top plot, the Fprompt versus PE is shown. The LAr alphas appear

in the upper band, while the GAr band is characterized by Fprompt values near zero.

The bottom plot displays the corresponding energy distribution for events within the

ER band. Among these sources, 39Ar is the most dominant. The liquid argon used in

DEAP contains a small amount of 39Ar from the air, which is unstable and can decay







3.2. NEUTRON SCATTERS 27

3.2 Neutron Scatters

Controlling neutron background is essential in the dark matter experiment. Due to their

ability to cause nuclear recoils, they can behave similarly to WIMP signals. There are

two general categories for neutron sources. The first one originates from cosmic ray

interactions. The fact that SNOLAB is located 2 kilometers underground is essential

for reducing this type of neutron. Any neutron surviving through these two kilometers

of rock will be removed through the muon veto system.

The second source involves radiogenic neutrons caused by radioisotopes diffusing

within and around the detector’s components. The first source for these types of neu-

trons is the spontaneous fission of 238U , while the other involves (α, n) reactions induced

by the α-decay of the 238Th, 235U , and 238U decay chains. (α, n) decay predominantly

occurs within the borosilicate PMT glass and the filler blocks surrounding the detector.

Acrylic light guides serve a dual purpose in addition to light transmission: they act as

thermal shielding between the LAr and PMTs while also shielding against neutrons;

this is important for meeting background specifications. The length of the light guides

was chosen to prevent neutrons released from (α, n) reactions in the PMT glass from

entering the WIMP ROI. This extended path length thermally slows down the neutrons,

lowering their energy below the WIMP ROI threshold. All these precise design consider-

ations effectively minimize the neutron background, staying within the set background

level [34].

3.3 Cherenkov Radiation

If a particle moves through a medium at a speed greater than the phase velocity of light

in that medium, it can produce Cherenkov light. This phenomenon can occur in an

acrylic light guide within the DEAP detector. In most cases, the light resulting from

this interaction is generated in a single light guide, and the attached PMT sees the

light. Therefore, the Fprompt should be close to or equal to one. Thus, pulse shape

discrimination helps us distinguish these events.
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However, there are some cases where Cherenkov events coincide with 39Ar, resulting

in a single event with a lower Fprompt. These events might occur in the dark matter

ROI. DEAP collaboration has defined the variable fmaxpe to distinguish specific events.

fmaxpe represents the ratio of light captured by the brightest PMT to the total light. As

Cherenkov light occurs within the light guide, it passes through the PMT associated with

that specific light guide. Effectively, the fmaxpe variable assists in efficiently filtering

out these events. Since scintillation light is generally isotropic in liquid argon, this

background is nearly negligible in the context of the dark matter search.

3.4 Alphas

One of the most important backgrounds in DEAP is alphas, which is this thesis’s primary

focus. Alpha events in the nuclear recoil band can mimic a WIMP signal. In the DEAP

detector, alpha events are emitted by various sources of radioactive isotopes within

the detector. The major sources of these radioisotopes in the DEAP-3600 detector are

232Th and 238U , which are radioactive elements that have existed since before the Earth’s

formation and they have long lifetimes [48]. The decay chains of these two sources are

shown in Figure 3.3 and Figure 3.4. The most challenging isotopes from their decay

chains are 220Rn from 232Th and 222Rn from 238U . These daughter nuclei can migrate

from the material where their parent nuclei decayed. Radon, in particular, spreads into

the surrounding air. Especially in rocks with primordial uranium and thorium, radon

levels rise significantly. While the detector was designed to prevent radon contamination

by using low-radioactivity materials and ensuring high radiopurity in the vessel and TPB,

the assembly of its components occurred underground at SNOLAB. This process involved

exposing the acrylic to the atmosphere within the lab’s underground environment [41].
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distinguished from potential dark matter signal candidates under normal circumstances,

whose energies usually fall within the 80-200 PE range. In Figure 3.5, we can see 222Rn

from a three-year dataset after applying specific cuts, along with its daughter isotopes

emitting alphas within the DEAP detector. Notably, the energy range for full energy

decays exceeds 20000 PE.

Figure 3.5: PE versus Fprompt for the three-year dataset. The colour bar represents
the number of events, with colours ranging from 1 to 105. The cluster of 222Rn and its
daughters are depicted in this picture. The dark matter ROI falls within the nuclear
band’s 80-200 PE range.

There is a noticeable lower energy band in Figure 3.5 extending down from 20000 PE

to zero. There are cases where alpha decays occur at less than full energies. There are

three primary sources for these types of alphas. The first source is alphas emitted from

the acrylic vessel’s inner surface and TPB layer. Secondly, we have alphas originating

from the acrylic neck flowguide surface. The last and most challenging one involves

alphas occurring within dust particles, which is the main focus of this thesis. All three

cases can lead to leakage into the WIMP ROI.

3.4.1 Alphas From Acrylic Vessel Inner Surface and TPB Layer

Among the various alpha sources with degraded energy, the ones occurring within the

acrylic vessel inner surface and TPB Layer are the easiest to identify against the back-

ground. If an alpha decay occurs within the liquid argon, we have a full-energy alpha
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As a second piece of evidence, we can point to metallic dust. The presence of metallic

dust within the liquid argon bulk is a potential concern. Erosion of metallic surfaces,

especially in cryogenic liquid storage tanks may contribute to the generation of dust [33].

During resurfacing procedures, a 10-tonne nitrogen purge was employed within the vessel

to mitigate radon activities. This involved passing the nitrogen through a 50 µm filter,

allowing for the capture of dust particulates above this filter size. Dust samples were

collected around the DEAP-3600 deck and detector floor and within the liquid nitrogen

tanks. Analysis of the samples revealed the presence of copper and zinc dust residues in

the liquid nitrogen using filter paper. These findings highlight the risk of metallic dust

presence within the system.

But is there any proof of dust events in a data-driven approach? Before this study,

there wasn’t. So, the main focus of this thesis in the next chapters is to present this

proof and discuss the properties of dust that we can observe in the data.
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Chapter 4

Alphas from 214Bi 214Po Decay Chain

In this chapter, we will discuss the methods employed to identify the 214Bi 214Po decay

chain in our three-year dataset, the largest unblinded dataset from DEAP to date. Subse-

quently, we will identify degraded alphas from this decay chain, explore their properties,

and examine their potential connections to dust. We begin by defining some variables

used in the DEAP-3600 analysis and employed in this study.

4.1 Cut Variables

In most DEAP-3600 studies, we employ specific cut variables to preprocess our dataset

before proceeding with any analysis. These cut variables can be classified into two

categories: low-level cuts and pile-up cuts. In this section, we will provide a brief

overview of these two types.

4.1.1 Low-Level Cuts

Low-level cuts will help us remove any events impacted by instrumental effects.

• dtmTrigSrc: This cut will flag the source of the trigger in the detector. With

this cut, we remove all internal periodic triggers or external calibration triggers

and just focus on events with a physics trigger, defined as any event within the

detector with PE > 20.

• calcut: There are multiple reasons for encountering bad events in the detector.

Bad events may occur when the DAQ system is busy and suppresses the readout of
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the digitizers or when the high-gain V1720 digitizers exhibit a bad baseline. With

the help of Calcut, we can identify and remove these types of events.

4.1.2 Pile-Up Cuts

With the help of pile-up cuts, we can eliminate suspicious coincidence events that involve

more than one physical event in a single waveform or when there is any suspected light

leakage from the previous event.

• numEarlyPulses ≤ 3: We use this cut to prevent any light leakage from previous

events. This cut indicates that the number of pulses in the waveform for the first

1600 ns should be three or fewer.

• 2250 ns < eventTime < 2700 ns: The eventTime measures the time of the

initial pulse peak in an event relative to the start of the waveform. Typically,

well-calibrated events occur around 2500 ns. To ensure data quality, the current

data range is set between 2250 ns and 2700 ns. This range is applied to remove

any trigger times occurring before or after the physics events. An event that is out

of time indicates the detector was triggered by pile-up.

• deltaT > 20 µs : DeltaT is the time interval between two events. We set a

minimum range of 20 µs between consecutive events as a safety measure to prevent

light leakage from previous events affecting the subsequent ones.

• subeventN = 1: By searching for more than one physics event occurring within

a time window of 10 µs in the DAQ, we can determine whether the distribution of

charges and pulses resembles that of a single flash of scintillation light or multiple

flashes. The result of this search is called a subeventN, which is an integer corre-

sponding to the number of suspected independent physics events within an event

time window. Therefore, when the subevent equals 1, it suggests no indication of

multiple pulses within the event waveform.
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These six levels of cuts help us obtain a clean dataset with physics events for any study

related to the DEAP detector. We refer to the combination of these six cuts as low-level

cuts.

4.2 Calculated Variables

The primary data we have after any events in the Dark matter Experiment using Argon

Pulse-shape discrimination (DEAP) detector are the digitized pulse voltages from 255

PMTs around our detector. We have multiple software processors that individuals use

to generate these variables based on their specific needs in their research. In this section,

we will mention the variables used in this analysis.

• Fprompt: Fprompt is the pulse shape discrimination (PSD) variable that helps us

distinguish between EM and NR, especially for energies greater than 1000 PE.

• PE: Two event energy variables are available for our studies: qPE and nSCBayes.

The qPE variable is simpler than nSCBayes as it requires only the counting of

PEs in each PMT for the specific event. In contrast, nSCBayes uses a Bayesian

analysis to remove AfterPulsing (AP).

• fmaxpe: The portion of charge in the brightest PMT relative to the total event

charge yields a variable helpful in removing Cherenkov backgrounds, called fmaxpe.

• MBL: One of the most important pieces of information required for most analyses

in the DEAP project is the position of the event. There are two main position

fitters used for this purpose. One of them operates based on the timing of events

obtained from all PMTs (TF2), and the other operates based on the charge of

PMTs (referred to as MBL, named after Mikhail Batygov, a DEAP collaborator).

Additionally, there is an ongoing study to implement a neural network approach

as a third-position fitter in the future. However, in this section, we focus on MBL

because it has better resolution for most events. The MBL relies solely on the

spatial distribution of the charge integrated over the full 10 µs time window. With
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the assistance of the Nelder-Mead minimization approach, the MBL can determine

the optimal position describing the spatial charge distribution. To achieve this,

the MBL fitter calculates the likelihood L(x⃗) at the test position x⃗ as follows:

lnL(x⃗) =

NPMTs
∑

i=1

ln Poisson (qi;λi) ,

λi = λi

(

|x⃗|,
x⃗ · −→ri
|x⃗| |−→ri |

, qtotal

)

,

(4.1)

where qi represents the charge of PE in the ith PMT located at position r⃗i, and λi

denotes the expected PE charge calculated through Monte Carlo (MC) simulations.

It is dependent on factors such as the position x⃗i, the angle between PMTi, the

test position, and the total event charge.

4.3 Dataset and Cuts

The three-year dataset (the most available unblinded data within the DEAP collabo-

ration) is used. 414.76 days of running time from the three-year dataset are open for

studies, while the remaining run days are still blinded. Our primary focus is on extract-

ing the 214Bi-214Po decay chain. We first need to clean our dataset using the variables

described in the previous section to achieve this. In summary, we can see the list of

these criteria and the reasons for their use in Table 4.1 below.
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Table 4.1: List of cuts used to clean the dataset, with a focus on identifying the
214Bi-214Po decay chain.

Event Selection Purpose

dtmTrigSrc&0x82 = 0 Remove Non-physics triggers.
calcut&0x31f8 = 0 Remove non-physics triggers.

numEarlyPulses <= 3 Remove pile-up events.
subeventN = 1 Remove pile-up events.

2250ns <= eventTime <= 2700ns Remove pile-up events.
deltaT > 20µs Remove pile-up events.
200 <= qPE Remove Cherenkov events.
fmaxpe< 0.4 Remove events with 40% or more light in

one PMT to remove Cherenkov events.
MBLZ < 550mm Events within the liquid argon

4.4 β − α Events

There are two activities known to be present in DEAP that should appear as correlated

β − α events: 214Bi and 212Bi. The daughter nucleus, 214Po has a 163.6 µs half-life and

decays by emission of a 7687 keV α. The daughter nucleus, 212Po has a 0.299 µs half-life

and decays by emission of an 8784 keV α. These two decay chains are illustrated in

Figure 3.3 and Figure 3.4.

We are not able to detect 212Bi-212Po in this study, primarily due to the short lifetime

of 0.299 µs. As mentioned in Chapter 2, DEAP utilizes a 16 µs time window for event

detection. If two subevents are detected within a one-time window, they are removed

by the cut of SubeventN=1. Essentially, the short lifetime of 212Bi-212Po results in a

SubeventN=2, which fails to pass the cut.

The following sections demonstrate that we can detect the 214Bi-214Po decay chain

by employing an appropriate time window.

In Figure 4.1, qPE vs. Fprompt is shown for the entire three-year dataset after applying

the list of cuts outlined in Table 4.1. In this figure, we define α and β events as follows:

• α: High Fprompt events from NR (i.e., events with Fprompt between 0.6 and 0.8).

• β: Low Fprompt events from ER (i.e., events with Fprompt between 0.18 and 0.4).
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Figure 4.1: qPE vs. Fprompt for a three-year dataset after applying cleaning cuts.
The colour bar represents the number of events, with colours ranging from 1 to 105.
Definitions of variables α and β are provided in the figure.

For the next step, we need to find all β − α coincidences within a time window of

4 ms. The three-year dataset consisted of 47,492,040 events after applying the cuts in

Table 4.1. We identified 13,481 β − α coincidences according to our definition (0.057%

of all data).

The distribution of time differences between β and α is shown in Figure 4.2, along

with a fit using the log-likelihood method. This distribution comprises two contributions:

real β−α and accidental coincidences. If we denote the total number of β−α events as

Nβ−α, with a decay rate λ, a bin width tbin = 104 ns, a constant variable for accidental

coincidences, we expect the distribution of times to be given by the following equation:

P (t) = Nβ−αλtbine
−λt +K (4.2)

when we fit, we find:

• Nβ−α = (132± 2)× 102

• λ = (4.20± 0.04)× 10−6(1/ns)
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• K = 2.32± 0.01

Figure 4.2: The distribution of time differences between β and α. The yellow line
indicates the fit line for accidental coincidences, while the blue line represents the expo-
nential fit for β and α coincidences.

Using the λ that we get from Equation 4.2, we can determine the half-life associated

with the decay. Thus, the half-life calculation is as follows:

N(t)

N0

=
1

2
= e−λt ⇒ t1/2 =

ln 2

λ
⇒ t1/2 = 165± 2(µSec) (4.3)

The calculated half-life of 165 ± 2(µs) is consistent with the half-life of the 214Bi-214Po

decay chain, as in Figure 3.4. Therefore, we can infer that the majority of events in

Figure 4.2 originate from the 214Bi-214Po decay chain. Before examining the properties

of these events, such as energy and Fprompt, we must reduce the rate of accidental events

in our dataset. In the subsequent section, we will discuss an additional step aimed at

improving the accuracy of our results.

4.5 214Bi-214Po

Since the majority of events in Figure 4.2 originate from the 214Bi-214Po decay chain,

these two events must come from the decay of a single nucleus that hasn’t had time
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to move, so they should occur at the same position. We implement a cut on the MBL

distance between any β − α coincidence to consider it a 214Bi-214Po candidate. In Fig-

ure 4.3, the MBL distance between β − α coincidences and their time differences is

shown. After a distance of 400 mm between all β − α coincidences, mostly random

events occur. Therefore, it seems reasonable to set a cut difference of 400 mm for any

214Bi-214Po candidate. By applying this cut, we lose 12.4% of the events, but we mostly

eliminate accidental ones.

Figure 4.3: Distance vs. time difference for β−α coincidence. The colour bar represents
the number of events, with colours ranging from 1 to 100. This figure demonstrates
that events with distances greater than 400 mm predominantly correspond to random
occurrences.

The step-by-step procedure for identifying 214Bi-214Po events is illustrated in Fig-

ure 4.4. This procedure detected 11,794 β-α coincidences within a 4 ms time window

and a 400 mm distance. The distribution of time differences between β and α is depicted

in Figure 4.5, along with a fit performed using the same method as that employed in

the fitting process of Figure 4.2. The fit parameters of Equation 4.2 are detailed below:

• NBiPo = (125± 2)× 102

• λ = (4.40± 0.04)× 10−6(1/ns)
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Figure 4.5: The time intervals between214Bi and 214Po events. The yellow line depicts
the fitting curve for accidental coincidences, whereas the blue line illustrates the expo-
nential fit for 214Bi and 214Po events.

a uniform distribution of positions within the detector, indicating an even spread of

radioactive events. Moreover, the absence of clustering or localized peaks suggests that

accidental events do not occur more frequently in specific regions of the detector. This

uniform distribution is crucial for accurately assessing the characteristics of 214Bi and

214Po decay events, thus ensuring the reliability of the experimental data.
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(a) α Fprompt vs qPE. The colour bar repre-
sents the number of events.

(b) β Fprompt vs qPE. The colour bar repre-
sents the number of events.

(c) Energy distribution of α events. (d) Energy distribution of β events.

Figure 4.6: The comparison of energy distributions between α and β events reveals
a broader range of α energies, starting from near zero, in contrast to the single peak
observed in β events. Additionally, degraded alphas exhibit a wider range of Fprompt
values at lower energies.

(a) Position of α events within detector. The
colour bar represents the number of events.

(b) Position of β events within detector. The
colour bar represents the number of events.

Figure 4.7: The positions 214Bi and 214Po particles, show an approximately uniform
distribution within the detector. There is a enhance for alphas at the surface.
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4.6 Dust 214Bi-214Po

For events where 214Bi is within the liquid argon, both α and β particles are expected to

manifest at their full energies and be detected with 100% efficiency, except for a small

fraction where nearly simultaneous events lead to a single electronics trigger. However,

events occurring on the surface of the acrylic vessel may require particles to traverse

non-scintillating material before detection. Since β particles have a much greater range

than alpha particles, we anticipate that β particles will exhibit the same energy spec-

trum, while the energy of alpha particles may be significantly degraded. Additionally,

we observe only half the events for surface events, reducing the probability of an α-β

coincidence to 25% of the actual events.

In the case of dust events (section 3.4.3), it’s expected that β particles will not

undergo degradation, although alpha particles may. Here, we would also expect the

efficiency to be 100% for both alpha and β particles. Consequently, we can categorize

214Bi-214Po events from the previous section into two categories:

• Dust 214Bi-214Po: Events with degraded alphas, defined as alphas producing less

than 10,000 qPE and with a radius position of less than 845 mm.

• surface 214Bi-214Po: Events with degraded alphas, defined as alphas producing less

than 10,000 qPE, and with a radius position greater than 845 mm.

By applying the condition for dust 214Bi-214Po events, we can find 24 coincidences

with related time different time distributions shown in figure Figure 4.8. By applying

the same approach of fitting as question 4.2, we can find:

P (t) = NBiPoλtbine
−λt +K, (4.4)

where:

• NBiPo = 28± 3

• λ = (4.3± 0.9)× 10−6(1/ns)
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• K = 0.2± 1.5

Figure 4.8: The time intervals between dust 214Bi and 214Po events. The blue line
illustrates the exponential fit for these events, and the black bars show the related error
bars calculated using a Poisson confidence level of 68%.

By using the λ from the above fitting equation, we can calculate the half-life as

t1/2 = 160 ± 3 µs, which agrees quite well with the half-lives of the 214Bi and 214Po

decay chain. The distribution of energy for dust alphas is illustrated in Figure 4.9a

by the red line, which exactly matches the cut we used for identifying dust events,

alongside the black lines showing the energy of all alphas. Additionally, in Figure 4.9b,

we observe the distribution of β particles related to dust alphas, shown in red, alongside

the distribution of all β particles represented by the black line. This figure indicates

that there is no specific energy range for β particles; instead, their energy distribution

appears to be roughly uniform compared to that of all β particles. This result confirms

our expectation that dust has no significant effect on β particles, but it suggests that all

alphas may experience degradation.
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(a) Energy distribution of dust alphas (shown in red) and all alphas
(shown in black).

(b) Energy distribution of β particles related to dust alphas (shown in
red) and all β events (shown in black).

Figure 4.9: Dust 214Bi and 214Po energy distribution alongside with 214Bi and 214Po.
The uniformity in the energy distribution of β particles suggests minimal impact from
dust, while indicating potential degradation in all alphas.

In Figure 4.10, the positions of the 24 dust 214Bi and 214Po particles are indicated

by arrows representing the direction from 214Bi to 214Po. Further analysis conducted

on the x, y, and z positions separately demonstrates that there is no specific region in

the detector exhibiting clusters of dust events; instead, the positions are approximately

uniform within the detector.

We expect that these 24 events occur approximately uniformly over the three-year
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The assumption regarding 214Bi and 214Po dust is that the half-life should exactly

match those of 214Bi and 214Po. The energy of Bi is unaffected, while the energy of

Po is degraded. Considering this fact and all of the aforementioned properties, such as

position and time occurrence, we can conclude that these 24 events represent the first

proof from a data aspect, demonstrating that dust can mimic a WIMP in data.

4.6.1 Comparing Fprompt of Dust and Surface 214Bi-214Po

Dark matter interacts with liquid argon, emitting high Fprompt signals with low energy,

typically around 100-130 PE, reaching maximum energy at 200 PE. Surface alphas,

on the other hand, possess lower energy due to their loss of energy in acrylic and TPB.

Unlike other particles, they reconstruct on the surface and exhibit slightly lower Fprompt

compared to dust events.

Dust events scattered throughout the central volume of the detector, sharing the

high Fprompt characteristic with WIMPs. Consequently, distinguishing between dust

events and WIMP events proves challenging. TPB-coated dust exhibits lower Fprompt

within the ROI. Estimating the quantity of dust involves analyzing high-energy data

and extrapolating it to lower energies through fitting. However, when dust is coated

with TPB, this extrapolation varies, impacting the accuracy of the estimation process.

In this section, we will compare the Fprompt of dust and surface 214Bi-214Po. To gain

an understanding of the nature of these 24 dust events and how they compare to the

dust with coated TPB. In Figure 4.12, the Fprompt distribution of the dust and surface

214Bi-214Po is shown. The Fprompt distribution of the dust in Figure 4.12a has a higher

mean and is narrower compared to the surface 214Bi-214Po in Figure 4.12b. We know

that the surface 214Bi-214Po is affected by TPB, and the fact that these two distributions

are different based on the mean and root mean square suggests that most of the 24 dust

events are not TPB-coated.
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(a) Fprompt distribution of the dust events.

(b) Fprompt distribution of the surface events.

Figure 4.12: Fprompt distribution of dust and surface 214Bi-214Po. In these figures,
normalized counts are used, where the number of events in each bin is divided by the
total number of events.

Another method to compare two Fprompt distributions quantitatively is using a

Monte Carlo permutation statistical test on their skewness. This method was first

suggested by Fred Schuckman, a member of the DEAP collaboration. In this method,

we use the skewness defined as follows:

Skewness =
1

n

n
∑

i=1

(

Xi − X̄

σ

)3

, (4.5)
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where Xi are the data points, X̄ is the mean, σ is the standard deviation, and n is the

number of data points.

A step-by-step explanation of this method is provided below:

• Calculate the skewness of the Fprompt distributions for both dust and surface.

• Calculate the difference between the skewness values.

• Combine all the Fprompt values for dust and surface into a single array.

• Randomly shuffle the array and consider the first 24 values as dust and the re-

maining as surface.

• Calculate the difference in skewness between these two new arrays.

• Repeat these steps 106 times and plot the histogram of the final results.

The final result of the method described above is shown in Figure 4.13 alongside

the difference in skewness between the dust and surface Fprompt distributions and a

Gaussian fit to the distribution of randomly generated skewness values. The distance

between the mean of the Gaussian fit and the skewness is 2.44σ , indicating a difference

between the dust Fprompt distribution and the surface, suggesting that most of the dust

events should not be coated with TPB.
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Chapter 5

Alphas from 220Rn 216Po

5.1 Dataset and Cuts

The method employed and the clean results obtained in identifying 214Bi-214Po in Chap-

ter 3 demonstrate that we can utilize the same approach to identify any other radioactive

source in the detector with a short lifetime. Hence, by examining Figure 3.3 and Fig-

ure 3.4, it becomes evident that 220Rn-216Po presents itself as a good candidate for

employing this method, given its relatively short half-life of 140 ms.

We seek α-α coincidences, defining events where 0.6 < Fprompt < 0.8, as illustrated

in Figure 4.1. The flowchart for identifying 220Rn-216Po is presented in Figure 5.1.

We implement an additional data-cleaning step to remove high-rate alpha events, the

details of which are provided in the next section. The time window for detecting α-

α coincidences is determined by the half-life of 220Rn-216Po that is 145 ms, resulting

in a search window of 1.65 ms to 1.45 s. However, this extended time window yields

numerous random events. Therefore, a distance cut of 200 mm is applied, which is

shorter compared to the distance cut used for 214Bi-214Po.
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(a) Rate of alpha events in the gas argon (MBLZ ≥ 550 mm) per
second. The x-axis represents the time since the epoch in seconds.
Multiple high-rate alpha events appear abnormal in this figure.

(b) Rate of alpha events in liquid argon (MBLZ < 550 mm) per second.
The x-axis represents the time since the epoch in seconds.

Figure 5.2: Rate of alpha events in liquid and gas argon per second.

The main focus of this study is on alphas that occur in liquid argon. To find the

best cut, we need to create a distribution based on Figure 5.2b. First, we rebin this

histogram to 10 minutes and make the distribution of the number of 10-minute intervals

that is shown in Figure 5.3.
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Figure 5.6: The time intervals between 220Rn and 216Po events. The yellow line de-
picts the fitting curve for accidental coincidences, whereas the blue line illustrates the
exponential fit for 220Rn and 214Po events.

We expect the distribution of times to be given by the following equation:

P (t) = Nα−αλtbine
−λt + Const. (5.1)

where:

• NRnPo = (66± 6)× 10

• λ = (5.4± 0.4)(1/ns)

• Const. = 10± 2

Using the λ that we get from Equation 5.1, we can determine the half-life associated

with the decay. This half-life (t1/2 = 0.128 ± 0.009) s is within 2 σ of the 145 ms half-

life of 220Rn-216Po decay chain, so most of these 897 events originate from the same

chain. Comparing this result with the 214Bi-214Po decay chain shows that we observe

more random events here. In Figure 5.7, we can see the 2D plot of the energy of the

first alpha versus the second alpha. Generally, we expect to see full-energy alphas and
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The total number of final 220Rn-216Po events is 679.

Figure 5.9: The final time intervals between 220Rn and 216Po events.

By applying the same approach of fitting like equation 5.1 we can find:

• NRnPo = (65± 6)× 10

• λ = (5.0± 0.3)(1/ns)

• Const. = 2± 1

By using the λ from the above fitting equation, we can calculate the half-life as

t1/2 = 0.137 ± 0.009 s, which is in close agreement with the known half-life of 0.145 s

for the 220Rn-216Po decay chain. Another aspect to examine is the energy of 220Rn-216Po

events. In Figure 5.10, the energy distribution is shown alongside a 2D plot of Fprompt

versus the energy of these events. The energies of Rn and Po, shown in Figure 5.10d

and Figure 5.10c, with peaks at 35,000 and 38,000 qPE, respectively, are in agreement

with the full energy decay chain of 220Rn-216Po that are 6.4 and 6.9 Mev.
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(a) Po Fprompt vs qPE. The colour bar rep-
resents the number of events.

(b) Rn Fprompt vs qPE. The colour bar rep-
resents the number of events.

(c) Energy distribution of Po events. (d) Energy distribution of Rn events.

Figure 5.10: The Fprompt vs. qPE and energy distribution of 220Rn and 216Po. The
energy peaks in these figures are in agreement with the decay chain energies of 220Rn
and 216Po.

Another expected characteristic of the decay chain is the uniform distribution of

220Rn and 216Po within the detector. Figure Figure 5.11 illustrates this approximate

uniform distribution.

(a) Position of Po within detector. The colour
bar represents the number of events.

(b) Position of Rn within detector. The colour
bar represents the number of events.

Figure 5.11: The positions 220Rn and 216Po particles, show an approximately uniform
distribution within the detector. The colour bar represents the number of events.
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To better understand the key differences between surface 214Bi-214Po and surface

220Rn-216Po, we should investigate the energy distribution of surface alphas in these

two cases. In Figure 5.16, the energy distribution for alphas on the surface is shown

without any energy cuts. The energy distribution of 214Po in Figure 5.16c indicates

that most of these alphas occur at full energy. In contrast, alphas from 220Rn and

216Po (Figure 5.16a and Figure 5.16b) exhibit a completely different pattern, with a

high number of degraded alphas ranging from 200 qPE to full energy. This difference

suggests a fundamental distinction between surface alphas in these two studies.

5.4 Toy Monte Carlo Simulation

One possible reason for the difference in alpha particles observed from the 214Bi-214Po

and 220Rn-216Po chains is that the 220Rn are produced uniformly throughout the acrylic

material. Because 220Rn is deep within the acrylic, alphas lose energy and leave the

acrylic.

The alpha particle is a doubly-ionized helium atom, made up of 2 protons and two

neutrons. An alpha particle has a mass of 4 atomic mass units (amu), which is approx-

imately 8000 times the mass of an electron. As it travels through matter, the alpha

particle primarily loses energy through ionization and excitation of atoms in the target

material. Due to its large mass compared to atomic electrons, it can travel through

matter in an almost straight line. This straight-line path simplifies the simulation of

alphas in acrylic.

The small amount of energy lost by a particle as it travels a short distance is known

as the differential energy loss, represented by dE
dx

. This quantity, also referred to as the

stopping power, measures how much energy an alpha particle loses per unit distance in

a given material. The Bethe formula (equation 5.3) describes the stopping power in ergs

per centimeter for a material made up of a single pure element [52].

−
dE

dx
=

4πe4Z2

m0v2
NB, (5.2)
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where

B = Z

[

ln

(

2m0v
2

Iav

)

− ln

(

1−
v2

c2

)

−
v2

c2

]

, (5.3)

where

• Z = the atomic number of the particle.

• e = electronic charge.

• m0 = rest mass of an electron.

• v = the velocity of the charged particle (cm/s).

• N = the number of atoms per cm3 in the target material.

• Iav = mean ionization potential of the target.

• E = energy of the particle.

The velocity for alpha particles with an energy of less than 10 MeV is less than 2.3%

of the speed of light. As a result, the v2/c2 terms in equation (5.4) can be considered

negligible and thus ignored. Equation (5.3) illustrates how the stopping power relies on

the charge and velocity of the charged particle, as well as the atomic density and charge

per atom in the target material.

In this toy Monte Carlo simulation, we used the dataset for alphas in acrylic from the

NIST ASTAR database. This dataset consists of three columns: the kinetic energy of

alpha (MeV), total stopping power (MeV × cm2/g), and projected range (g/cm2) [53].

Figure 5.17 shows the relationship between alpha energy and projected range, along with

the linear interpolation of this data.
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Figure 5.17: Range vs. energy. The blue points represent the dataset, and the orange
line shows the linear interpolation.

In the diagram Figure 5.18, the structure of the particle inside the acrylic is depicted.

The simulation process goes as follows:

• Alpha particles are randomly generated at various depths within the acrylic medium.

The distribution of these initial depths is uniform, ranging between 0 and 60 mi-

crons, ensuring that the particles are equally likely to originate from any point

within the acrylic.

• Each alpha particle is assigned a random direction with a uniform distribution of

cosθ between 0 and 1 upon generation. This randomness simulates the various

possible trajectories the particles could take as they travel through the acrylic.

• For each alpha particle, the distance (d) to the surface of the acrylic is calculated

based on its initial position and direction.

• The density of acrylic in DEAP-3600 is 1.18 g/cm3. By using this density, we can

calculate the energy loss versus distance from the NIST dataset as follows:

Distance(cm) =
Range(g/cm2)

Density(g/cm3)
. (5.4)
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Chapter 6

Conclusions

DEAP-3600 has implemented several strategies to minimize background events in its

dark matter search. Despite efforts like underground placement, material selection,

and advanced discrimination techniques, challenges remain due to alpha decays from

shadowed sources such as acrylic vessels neck and dust, as they can mimic dark matter

signals.

In this thesis, we successfully identified the 214Bi-214Po decay chain in the three-year

dataset from DEAP-3600 by applying various low-level and pile-up cuts to clean the data.

We used time and distance criteria to confidently identify 214Bi-214Po events. The half-

life of 214Po, as calculated in this study, aligns with the expected value. Experimental

results in DEAP showed evidence of dust in the liquid argon, which led to extensive

efforts by the DEAP collaboration to simulate dust in Monte Carlo in order to account

for low degraded alphas attributed to dust. However, prior to our study, there was

no proof of dust events in the DEAP-3600 data. The results of the 214Bi-214Po chain

illustrate that low-degraded alphas can originate from the 214Bi-214Po chain within dust.

The origin of the dust is crucial, especially whether it is TBP-coated or non-TBP-coated.

A comparison of the dust dataset with surface alphas from the 214Bi-214Po chain, mainly

influenced by TPB, revealed a 2.44σ difference in the distribution of Fprompt, suggesting

that most dust events are not TPB-coated.

We have successfully identified 220Rn-216Po events using the method that was previ-

ously used for 214Bi-214Po. In the last chapter, we applied two additional cuts to filter

out the high-rate alphas that occur in three specific regions of the detector near the
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surface, as well as to eliminate any neck alphas. This was done to minimize background.

One interesting result is that the implementation of the neck events cut was successful,

as alphas from Rn and Po both failed this specific cut, indicating that both Rn and Po

originate from the acrylic vessels neck. We compared the distributions of these alphas

with those from dust and surface involving 214Bi-214Po. Our data revealed that surface

alpha events have a wide Fprompt distribution but a higher mean value compared to

dust alphas, deviating from the expected pattern observed with 214Bi-214Po. To bet-

ter understand the observed differences, we used a toy Monte Carlo simulation, which

suggested that alpha particles from 220Rn-216Po lose energy due to Rn contamination of

the acrylic. The simulation involved generating alpha particles within the acrylic and

calculating their energy loss based on depth and direction. The simulation’s findings

partially aligned with the observed data, revealing a wide range of surface alpha ener-

gies in the 220Rn-216Po decay chain, a phenomenon not seen in the 214Bi-214Po chain.

However, some discrepancies, such as unexplained peak around 200 qPE in the energy

distribution, suggest the need for further investigation.
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