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Abstract 

 

Several lines of astronomical evidence indicate that most of the matter in our universe is 

made of non-luminous material known as dark matter, the nature of which remains a 

mystery. DEAP-3600 is a liquid-argon-based scintillation detector located 2 km 

underground outside Sudbury, Ontario, Canada, purposed towards directly detecting dark 

matter particles as they pass through the target material. Since the acrylic vessel 

containing the 3600-kg liquid argon target is not transparent to the 128-nm scintillation 

light produced during these interactions, a thin layer of 1,1,4,4-tetraphenyl-1,3-butadiene 

(TPB) was deposited onto the inner surface of the acrylic vessel to shift the wavelength 

of the scintillation light to the visible range, where is can pass through the transparent 

acrylic vessel and is more easily detected by the surrounding array of photomultiplier 

tubes. 

 The dark matter signal in DEAP-3600 is accompanied by a host of other 

background signals, which must either be suppressed, or identified as background signals 

and subsequently cut from the analysis. A major anticipated source of background events 

is alpha decays of radioactive isotopes on the inner surface of the acrylic vessel, near the 

TPB layer. The potential for these events to generate a background signal depends 

sensitively on the choice of thickness of the TPB layer. A study of the effects of TPB 

layer thickness on the background rate of these surface alpha events is presented, and a 
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model for the dominant contributor to these background events is developed to generate 

estimates of the probability that an event of this type would mimic a dark matter signal. 

Other effects considered in the choice of TPB layer thickness are presented, and the final 

decision of a              TPB layer thickness, along with the TPB deposition 

campaign, is briefly described.   
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Chapter 1 

 

A Review of Dark Matter 

 

Since the 1930s, several lines of astronomical evidence have shown a consistent 

mismatch between the amount of matter that can be inferred from the gravitational 

dynamics of the system under consideration, and the amount of matter that can be 

detected directly by telescopes. This mismatch came to be know as the “Dark Matter 

Problem”, and the mysterious material comprising the missing matter came to be known 

as “Dark Matter”. The resolution of the Dark Matter Problem remains one of the most 

pressing goals of modern physics. 

 The results of the Planck mission, the most recent full sky survey of the cosmic 

microwave background (CMB), indicate that the total mass-energy of the universe is 

partitioned as follows (assuming ΛCDM, the standard cosmological model): 69.1% as 

dark energy, a mysterious property of empty space which is responsible for the 

accelerating expansion of the observable universe; 25.9% as dark matter, as described 

above, and the remaining 5.0% as ordinary (baryonic) matter, in the form of stars, 

planets, interstellar gas, etc. [1]. Therefore, 83.8% of the total matter in the universe is 

dark matter. 
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Despite its apparent abundance relative to ordinary matter, dark matter has never 

been directly observed, and so its exact nature is unclear. There is currently a worldwide 

effort to directly detect dark matter using a variety of methods, both to confirm its 

existence and to study its properties. This thesis was written in the context of one such 

dark matter detector, DEAP-3600. This chapter presents some of the evidence for dark 

matter, some candidate solutions to the dark matter problem (with an emphasis on those 

solutions with particles sensitive to detection by DEAP-3600), and discusses some of the 

methods currently being employed to detect dark matter (again with an emphasis on the 

method used by DEAP-3600). 

1.1 Evidence for Dark Matter 

Galactic Rotation Curves 

Evidence for dark matter has been found for distance scales ranging from the size of 

galaxies to the entire cosmos. First considering small scales, the presence of dark matter 

within galaxies can be inferred from the study of galactic rotation curves of spiral 

galaxies; i.e. the orbital velocity of stars in a galaxy as a function of their distance from 

the galactic center. The visible matter in a typical spiral galaxy is distributed such that the 

majority of its mass is contained within the central bulge, with far less mass beyond it. 

Outside the bulge therefore, if the Newtonian picture of gravity is correct, the centripetal 

force experienced by an object orbiting the bulge should be equal to the gravitational 



3 
 

force due to the bulge. If the mass of the object is  , and the mass of the bulge is  , this 

equality can be expressed as 

   

  
 
   

 
 

(1.1) 

Rearranging gives 

   
  

 
 

 

  
 

(1.2) 

We therefore expect the orbital velocity of stars outside the bulge to experience a 

“Keplerian fall off”; i.e. to decrease in inverse proportion to the square root of the 

distance to the galactic center. However, by measuring the velocities of objects orbiting 

the bulge (for example, by observing the redshift of stars or other tracers in edge-on 

spirals) as a function of radius, we see that this Keplerian fall off is not present in most 

spiral galaxies. For one example among many possibilities, Figure 1.1 shows that the 

rotation curve of galaxy NGC 6503 is quite flat out to very large radii, well beyond the 

visible portion of the galactic disk [2]. 

 The flat rotation curves of spiral galaxies can be explained by the existence of a 

spherical halo of mass surrounding the galaxy such that the total centripetal force 

experienced by an orbiting object increases with radius, even beyond the galactic bulge. 

We can acquire a feel for this mass distribution by requiring a flat rotation curve and 

performing a simple calculation: 
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Figure 1.1: The rotation curve of the galaxy NGC 6503. The rotational velocity remains 

roughly constant out to radii well beyond what is expected in the absence of dark matter. 

Figure from [2]. 
 

                       (1.3) 

Assuming Newtonian gravity and a circular orbit, we have 

  

 
 
     

  
       

    

 
 

(1.4) 

where      is the mass contained within a sphere of radius  . Comparing equations 1.3 

& 1.4, we find that 

       (1.5) 

Noting that  
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(1.6) 

Comparing equations 1.5 & 1.6, we see that 

     
 

 

                             
(1.7) 

We therefore infer the presence of a spherical dark matter halo surrounding the galaxy 

with mass density proportional to the inverse of the square of distance from the galactic 

center. Remember however that this gives only a general idea of the sort of dark matter 

distribution that would reconcile Newtonian dynamics with the data, and that several 

details are omitted. For example, the density at very large radii must in some way deviate 

from     in order to keep the total mass of the galaxy finite, and exactly how this 

happens is still unknown. Nevertheless, a spherical or nearly spherical dark matter halo is 

still widely accepted as the explanation of the observed flat rotation curves.  

 There are ways to explain the observed rotation curves without invoking dark 

matter by considering deviations from Newtonian gravity at large distance scales. One 

theory that attempts to do this is known as Modified Newtonian Dynamics (MOND), 

which postulates that the gravitational force is proportional to the square of the 

centripetal acceleration, rather than the centripetal acceleration itself, when the 

gravitational force is sufficiently small [3]. While this does permit flat rotation curves 

(and indeed was developed specifically for that purpose), it has difficulty explaining 
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other observations (such as the bullet cluster, discussed below) which postulate dark 

matter for their resolution. 

Velocity Distribution of Galaxy Clusters 

An estimate of the total mass of a galaxy cluster can be obtained by observing the 

distributions of velocities of galaxies within the cluster and applying the virial theorem: 

          (1.8) 

This mass estimate can then be compared to an estimate based on the combined luminous 

matter in the cluster. This idea was first applied to the coma cluster in 1933 by 

astronomer Fritz Zwicky, who found that the total mass as estimated by the velocity 

distribution exceeded the total mass as estimated by the luminous matter by a factor of 

more than 400 [4]. This factor has come down somewhat with improved estimates of the 

luminous mass in the cluster, however some estimates still calculate a factor as high as 

100 [5]. This type of analysis performed on other galaxy clusters (for example, [6]) 

confirms that dark matter dominates the mass content of these systems. 

Bullet Cluster 

An observation which is often regarded as smoking gun evidence for the existence of 

dark matter is the 1E 0657-56 galaxy cluster, also known as the bullet cluster. Figure 1.2 

shows the distribution of mass in the cluster as inferred from gravitational lensing (blue), 

the distribution of intergalactic baryonic gas as inferred from X-Ray telescopes (pink), 
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and the distribution of galaxies as inferred from optical telescopes (yellow/white). This 

cluster is the result of a collision between two smaller clusters, and it can be seen that the 

intergalactic gas lags behind the galaxies themselves. This is because the gases interact 

electromagnetically, which causes each cloud of gas to slow as it passes through the 

other, while the galaxies experience no such interaction. Since intergalactic gas is by far 

the largest baryonic component of the mass, in the absence of dark matter we should 

expect the gravitational distribution to overlap with the X-ray distribution to a significant 

degree. Since the gravitational distribution appears instead to overlap with the optical 

distribution, we infer the presence of a bulk of mass, distributed within and commoving 

with each cluster, which, like the galaxies, is largely unaffected by the collision. Though 

modified gravity theories can reduce how much mass is needed to explain this lack of 

collocation between baryonic matter and gravitational mass, most modified gravity 

theories have difficulty explaining this observation without postulating at least some dark 

matter of this kind, which is why dark matter is generally preferred over modified gravity 

as an explanation for this and other anomalous observations. 

Cosmic Microwave Background 

Evidence for dark matter can be found on the largest cosmological scales by studying the 

anisotropies of the cosmic microwave background (CMB). The CMB is the radiation left 

over from when photons decoupled from matter shortly after the epoch of recombination 
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Figure 1.2: Composite image of the famous bullet cluster. The distribution of mass in the 

cluster, as inferred from gravitational lensing, is shown in blue; the distribution of 

intergalactic baryonic mass, as inferred from X-ray telescopes, is shown in pink; and the 

distribution of galaxies, as inferred from optical telescopes, is shown in yellow/white. 

Since the bulk of baryonic mass in galaxy clusters is in the intergalactic gas, we infer 

from the offset between the blue and pink regions the presence of a large bulk of non-

baryonic dark matter. Image is from NASA with X-Ray data from [7], and lensing & 

optical data from [8]. 
 

 (about 378,000 years after the big bang). The CMB is present over the entire sky, and is 

nearly perfectly isotropic. Faint anisotropies in the CMB do exist however, due to density 

fluctuations in the early universe becoming frozen as the universe expanded, and as these 

matter overdensities gravitationally contracted they gave rise to all the structure we see in 
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the universe today (galaxies, clusters, superclusters etc.). The angular scale of the CMB 

anisotropy depends on the relative contributions of baryonic matter, dark matter, and dark 

energy to the total energy density of the universe, and so by observing the CMB in detail 

we can estimate the total dark matter content of the universe.  The results of the Planck 

mission, which is the most recent full sky survey of the CMB, indicate that 83.8% of the 

total matter in the universe is dark matter [1]. 

1.2 Dark Matter Candidates 

Although the existence of dark matter has been accepted by most physicists for many 

decades, most of the details about its nature remain unclear. Several ideas have been 

proposed to describe what dark matter is made of, some of which are outlined below. 

 MACHOs 

Perhaps the most obvious possibility is that dark matter is simply made up of 

ordinary matter which, for various reasons, doesn’t emit electromagnetic radiation 

and therefore can’t be detected easily by conventional telescopes. Objects like this 

are known as MAssive Compact Halo Objects (MACHOs), and include bodies 

like brown dwarfs, black holes, neutron stars, and planets. Though there are 

undoubtedly such objects in the galaxy, microlensing experiments such as 

MACHO [9] and EROS [10], which search for MACHOs in the small and large 

Magellanic clouds, have set limits on the MACHO populations in these galaxies 

which appear to rule them out as an explanation for more than a small fraction of 
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the missing matter in the universe [11]. 

Axions 

Although Quantum Chromodynamics (QCD) permits charge & parity (CP) 

symmetry violating interactions, measurements of the electric dipole moment of 

the neutron show that CP-violation from this sector must be zero or extremely 

small [12]. The Peccei-Quinn theory, first proposed in 1977, explains the lack of 

CP-violation in QCD by postulating the existence of a new scalar field [13]. The 

particle associated with this field is called the axion, and its very small mass & 

interaction cross-section are such that is it a viable candidate for dark matter. 

Experiments such as the Axion Dark Matter Experiment (ADMX) are searching 

for signatures of axions originating from the milky way dark matter halo [14], and 

other experiments such as the CERN Axion Solar Telescope (CAST) are 

searching for axions originating from the sun [15]. 

Supersymmetric Particles 

One of the most popular theories for physics beyond the standard model is known 

as supersymmetry, which posits the existence of a supersymmetric boson partner 

particle for every standard model fermion, and vice versa. This is a popular 

standard model extension because it has several appealing theoretical properties, 

including resolving the hierarchy problem (roughly speaking, why the Higgs mass 

is so much smaller than the Planck mass, see [16] for a more complete 

discussion), and modifying the coupling constants of the weak, strong, and 
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electromagnetic forces such that they unify at high energies. Another appealing 

aspect of certain supersymmetric theories is that heavy, stable, weakly interacting, 

electrically neutral particles, exactly the properties required of potential dark 

matter particles, arise naturally from these theories [17]. The absence of any direct 

detection of dark matter indicates that it does not experience electromagnetic or 

strong interactions. Dark matter may interact via the weak force, and it clearly 

interacts gravitationally. The convergence of the predicted properties of 

supersymmetric particles and the required properties of dark matter explains why 

supersymmetric theories are the most popular extensions to the standard model. It 

is this type of dark matter that will be considered for the remainder of this thesis. 

Dark matter candidates arising from supersymmetric theories are massive and weakly 

interacting, and are therefore a specific type of Weakly Interacting Massive Particle 

(WIMP). They must also be stable, if they are to have survived to the present from the 

big bang [18]. Moreover, if they were relativistic, they would wash out small scale 

density fluctuations in the early universe, allowing only large-scale structures to form at 

early times. The smaller structures that exist presently would therefore have to have 

formed at a later time. Since observations indicate that galaxies form before galaxy 

clusters [19], it is generally agreed that WIMPs must be non-relativistic, or “cold”. 

1.3 Detection of Dark Matter 

Since WIMPs do not interact via the electromagnetic or strong force, very little is known 

about their properties, and an unambiguous detection of this dark matter candidate would 
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provide a wealth of information about such properties. There are three main approaches 

for trying to detect dark matter: 

1. Indirect Detection 

Some dark matter models predict that the dark matter particles can self-

interact to produce standard model particles. One commonly considered 

possibility is the production of high energy gamma rays from dark matter 

particles self-interacting through a process analogous to standard model 

annihilation [20]. 

        (1.9) 

Indirect detection involves searching for excess gamma ray signals from dark 

matter annihilations in regions of the universe where dark matter is expected 

to be especially dense, due to the presence of large quantities of ordinary 

matter (centers of galaxies, center of the sun, etc). There are other processes 

that can produce high energy gamma rays however, especially around large 

concentrations of matter, so it is difficult to definitively attribute high energy 

gamma rays to dark matter annihilation. Several ground-based detectors (such 

as VERITAS) and satellite-based detectors (such as Fermi-LAT) continue to 

set limits on dark matter self-interaction cross-sections based on observed 

high-energy gamma ray fluxes [21][22]. 
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2. Direct Detection – Dark Matter Production 

The Large Hadron Collider (LHC) is a 27-km long synchrotron-type particle 

accelerator and collider located beneath the France-Switzerland border, which 

can collide protons at a center of mass energy of 13 TeV. In collisions of such 

high energy, particles beyond the standard model may be produced, some of 

which could be candidates for dark matter. Since dark matter particles are 

only weakly interacting, their production would have to be inferred through 

missing transverse momentum in events that produce them. Though new 

particles not predicted by the standard model may indeed be discovered by the 

LHC, it is difficult to know which, if any, of the discovered particles are of the 

same kind as those which comprise the dark matter abundant in the cosmos, 

without also detecting relic dark matter particles and comparing their 

properties to those of the particles observed at the LHC. Nevertheless, 

discoveries at the LHC could provide clues to the possible mass and cross 

section, and therefore relic density, of cosmic dark matter [23]. 

3. Direct Detection – Dark Matter Recoil 

Although the distribution of dark matter in the universe precludes the 

possibility that dark matter particles interact via the electromagnetic or strong 

force, they may participate in interactions with cross-sections around the weak 

scale [24]. Dark matter may occasionally scatter off of a standard model 

nucleon, causing the nucleus containing the nucleon to recoil. The energy 
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transferred by the dark matter particle to the nucleus can then be measured in 

a variety of ways (For example, the recoiling nucleus could induce a bubble in 

a superheated liquid detectable by cameras, as in PICO, or induce lattice 

vibrations detectable by a change in temperature, as in CDMS). Due to the 

myriad of other particle interactions which can deposit energy in a detector, as 

well as the extreme rarity of dark matter interactions, extracting dark matter-

induced nuclear recoils from background signals is a very challenging task.  

Nevertheless, several experiments around the world are in operation and under 

construction, trying to detect such a dark matter-induced nuclear recoil. 

DEAP-3600, the experiment for which this thesis is written, is one such direct 

detection experiment, and so we will devote the next section to a more 

detailed consideration of the requirements of dark matter-induced nuclear 

recoil detectors. 

 

1.4 Sensitivity of WIMP-Induced Nuclear Recoil Experiments 

The sensitivity of WIMP-induced nuclear recoil experiments is usually represented as 

90% confidence level exclusion curves for different combinations of WIMP mass and 

WIMP-nucleon cross section. In order to allow experiments to compare sensitivities with 

one another, assumptions about a variety of relevant physical quantities, such as the 

average WIMP velocity in the distribution, the velocity of the solar system with respect 

to the galaxy and the velocity of the earth with respect to the sun, the local WIMP 
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density, and many others, have to be standardized. Table 1.1 shows some of the values 

commonly assumed when making exclusion plots for detector comparison. 

Local WIMP density                  

Average WIMP velocity relative to detector 220 km/s 

Galactic escape velocity 600 km/s 

Table 1.1: A list of some commonly assumed physical quantities used to compare the 

sensitivities of different dark matter detection experiments 

 

Moreover, the overall WIMP-nucleon cross section can be broken into a spin-

independent and a spin-dependent component, as follows [18]: 

     
   

 

 
             

 
 
    

   
 

 

   

 
               

  
(1.10) 

The spin-independent cross section is determined by the spin-independent couplings of 

the WIMP to the proton and neutron,    &   , and the spin-dependent cross section is 

determined by the spin-dependent couplings of the WIMP to the proton and neutron,    

&   . Therefore, when calculating exclusion curves for WIMP-nucleon cross section and 

WIMP mass, it must be specified whether one is talking about the spin-independent or 

spin-dependent cross section, since they depend on different couplings.  In addition, these 

cross sections depend on different quantities, and so different experimental setups can be 

used to increase sensitivity to one or the other.  For example, in the case that    &    are 

roughly equal (as is the case with many models), the spin-independent cross section can 

be seen to be proportional to the square of the atomic mass of the target, and therefore a 
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detector with a target of high atomic mass is desirable. By contrast, the spin-dependent 

cross section can be seen to be proportional to the net spin of the nucleus, and since 

nuclei with an even number of protons (neutrons) have nearly zero net proton (neutron) 

spin, the nucleus of the detector target must have an odd number of protons or neutrons to 

observe this channel of interaction (there are some complications in that a net positive 

(negative) proton spin can cancel a net negative (positive) neutron spin to varying 

degrees, depending on the values of    &   . Further discussion can be found in [18]). 

Since     
   has both an even number of protons and an even number of neutrons, DEAP-

3600 is not at all sensitive to spin-dependent interactions. 

To understand what other factors drive the sensitivity of a WIMP-induced nuclear 

recoil experiment, it is helpful to consider the expected shape of the WIMP energy 

distribution. Assuming a Maxwellian velocity distribution of WIMPs in the galactic halo, 

the differential rate per unit recoil energy for WIMP-nucleus elastic scattering can be 

written as: 

  

   
 

  
   

         
(1.11) 

where    is the total event rate,   
     

       
  (where    is the mass of the WIMP and 

   is the mass of the target nucleus), and      
  

 

 
 is the average kinetic energy of the 

incident WIMP. By modifying the expected distribution of WIMP velocities by including 

the velocity of the earth relative to the sun and the velocity of the solar system relative to 

the galaxy, as well as capping the WIMP velocity distribution at the galactic escape 
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velocity, the differential rate takes a very complicated form which is very well 

approximated by: 

  

   
 
    
   

           
(1.12) 

for suitable choices of    and    (for full details on how equation 1.11 is derived, how 

equation 1.12 is derived from equation 1.11, and the full form of the differential rate, see 

[18]). A key feature of this distribution is that it increases exponentially with decreasing 

recoil energy, and so a low energy threshold is crucial for detecting a large number of 

events and increasing detector sensitivity. Moreover, the overall event rate is extremely 

low; about 10 events per kilogram per day for a 50 GeV WIMP with a WIMP-nucleon 

cross section of           (1 pb) [18]. It can be seen from Figure 1.3 that the WIMP-

nucleon spin-independent cross section must be many orders of magnitude lower than 

this for WIMP masses from around 10-10,000 GeV (the masses which are predicted by 

many supersymmetric extensions to the standard model), and so the event rate is expected 

to be even lower than the above estimate. Therefore, it is advantageous for nuclear recoil 

detectors to be very massive, and to run for a long time. 
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Figure 1.3: Exclusion curves of various experiments for the spin-independent WIMP-

nucleon cross section under standard assumptions of the relevant physical quantities. 

Figure from [25]. 
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Chapter 2 

 

Detector Technologies and DEAP-3600 

 

2.1 Observable Signals from Dark Matter Interaction 

Direct dark matter detectors generally all rely on the same particle physics interaction for 

their operation; a WIMP from the dark matter halo scatters off a nucleus in the detector 

target, transferring energy to the nucleus and causing it to recoil. It is the energy in this 

recoiling nucleus that can then be detected. Although there are several ways of detecting 

this energy, they tend to fall into three broad categories [26]: 

1. Heat: The recoiling nucleus may induce vibrations in a detector’s crystal lattice, 

causing an increase in temperature which can be detected with very sensitive 

temperature sensors. Alternatively, the recoiling nucleus may be sufficiently 

energetic to serve as a nucleation site for a superheated liquid, causing the 

formation of a gas bubble which can be detected by optical cameras. 

2. Ionization: The recoiling nucleus may interact with the electron shells of 

neighbouring detectors atoms, liberating some number of electrons. These 

electrons can then be drifted by an electric field to a wire readout, where they can 

be detected. 
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3. Scintillation: The recoiling nucleus may cause neighbouring detector 

atoms/molecules to transition to an excited state, either by liberating/exciting 

electrons or inducing different modes of molecular vibration. These excited states 

can decay into the ground state by emitting scintillation photons which, provided 

the detector is transparent to its own scintillation light, may be detected by 

external or internal light sensors. 

Most detector technologies exploit one of these main signal channels, and several extract 

signals from two of them. No detector currently gathers information from all three of 

these channels, though in principle this is possible. Figure 2.1 shows a schematic of the 

different direct detection styles as well as examples of experiments using these styles. 

Gathering signal from more than one channel is usually an advantage because it is often 

the primary way that detectors discriminate between nuclear recoils (which WIMPS are 

expected to induce) and electron recoils (which tend to be induced by electrons and 

photons), the latter of which generally dominate the background of the detector. More 

specifically, the size of one signal relative to the other usually depends on whether the 

incident particle deposited its energy into a nuclear recoil or into electrons (some more 

clarifying examples will be given in the next section in the context of current dark matter 

detection technologies). There are, however, other ways to distinguish between these two 

types of events that don’t rely on multiple signal channels, for instance, by relying on the 

distribution of energy in time of an event. This method is known as Pulse Shape 

Discrimination (PSD), and will be discussed in more detail in section 3.2 in the context of 
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Figure 2.1: A schematic of the three major dark matter detection styles, along with some 

examples of past/present experiments that make use of these styles. The experiments that 

appear along the edges of the triangle make use of the signal channels at both ends of the 

edge. Figure adapted from [26]. 

 

DEAP-3600. 

2.2 Current Dark Matter Detection Technologies 

A variety of dark matter detector technologies are in operation or under construction 

around the world that are trying to detect WIMP-induced nuclear recoils through the 

three signal channels mentioned above. Their relative advantages and drawbacks are 

summarized below. The information in this section was taken from [26] unless otherwise 

noted. 
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Scintillator Crystals 

When radiation passes through and interacts with a material, energy may be transferred to 

the atoms or molecules of the material, which can then enter an excited state. For certain 

materials, the de-excitation of these atoms or molecules requires the emission of a 

photon. Such materials are known as scintillators, and these scintillators have long been a 

common detection technique in particle physics. Scintillator crystals must usually be 

doped with another atom to produce impurities which act as luminescence sites within the 

crystal. For example, with NaI(Tl), which is the most common scintillator crystal in use 

due to its high density, the thallium dopant produces the required crystal impurities, and 

serves to increase the light yield of the crystal and shift its peak emission wavelength to a 

value to which the crystal itself is transparent. Scintillator crystals are an appealing dark 

matter detector technology because of the relative simplicity in their manufacture, as well 

as their long-term stability, allowing detectors to run for a very long time. Since only one 

signal channel (scintillation) is collected, event-by-event particle discrimination is 

achieved primarily through pulse shape discrimination (discussed in detail in section 3.2), 

along with a few other techniques, such as the use of an active veto system for rejecting 

external backgrounds, rejecting events which hit multiple crystals in the detector array, 

operating in a low-background environment, and growing the crystal with radio-pure 

materials. 
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Germanium Detectors 

A class of particle detectors, known as semiconductor detectors, work by measuring the 

number of charge carriers liberated in a semiconductor by energy deposition from a 

passing particle. When electrons are excited into the conduction band by a passing 

particle (creating an equal number of holes in the valence band), an electric field carries 

them to electrodes, where they are measured as a pulse. Since the energy required to 

transfer an electron into the conduction band is very low and constant, these detectors can 

operate at low thresholds and often have very good energy resolution. The two most 

common types of semiconductor detectors are silicon and germanium detectors, and 

although both types are used in dark matter search experiments, only the latter has 

sufficient energy resolution to effectively discriminate backgrounds without collecting 

energy from another signal channel [27]. Silicon-based semiconductor detectors often 

collect a phonon or scintillation signal, in addition to the electric signal, to distinguish 

between electron and nuclear recoils (as is done in cryogenic bolometers, see next 

heading). At room temperature, electrons regularly cross the band gap to the conduction 

band, where they are carried by the electric field to the electrodes, causing detector noise. 

To sufficiently reduce this noise, germanium detectors are cooled to liquid nitrogen 

temperatures. The noise level of germanium detectors also scales with crystal size, so a 

large target mass is difficult without careful detector design. 

Cryogenic Bolometers 

Cryogenic bolometers primarily detect the lattice vibrations (phonons) induced by energy  
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dissipation from a particle-induced nuclear or electron recoil in a crystal. In order to be 

sensitive to the few keV energy depositions expected of WIMP-induced nuclear recoils, 

the detector crystals are kept at temperatures on the order of 10-100 mK, where the heat 

capacity of some materials is very small. The phonons produced from particle 

interactions can be divided into thermal and athermal phonons, the former being the 

collection of vibrational modes associated with the random atomic motion present in a 

crystal which give it its non-zero temperature, and the latter consisting of vibrational 

modes beyond this random motion, which have a longer mean free path in the crystal. 

Therefore, thermal phonons will translate to a sustained increase in the crystal 

temperature, while athermal phonons generate a short-lived increase in the kinetic energy 

of atoms, which propagate down the crystal. Changes in temperature (from thermal or 

athermal phonons) are often detected using a transition edge sensor (TES), which exploits 

the very strong temperature dependence of the resistance of a superconductor by holding 

the superconductor at a temperature within the phase transition between its conducting 

and superconducting states. While at this temperature, a small change in superconductor 

temperature induces a very large, detectable change in resistance. 

 In order to distinguish between electron and nuclear recoils, cryogenic bolometers 

must also collect either the scintillation or the charge signal, in addition to the phonon 

signal. Although the phonon signal is linear with respect to the deposited energy, a 

complication arises in detectors which collect the charge signal by drifting electron-hole 

pairs with an electric field, since these drifting particles can dissipate energy into the 
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crystal, inducing additional phonons. This phenomenon is known as the Neganov-Luke 

effect, and these additional phonons must be taken into account to obtain an accurate 

energy estimate of the original particle interaction. 

Liquid Noble Detectors (Single & Double Phase) 

The main features of a liquid noble detector are a large volume of some noble liquid 

(usually argon or xenon, although research and development for detectors using neon is 

underway), surrounded by light and/or charge sensors to take advantage of the high 

scintillation and ionization yields of the target. There are two main types of liquid noble 

detectors: single phase detectors, where the entire target volume is in liquid form, and 

double phase detectors, where there is a region of the detector where the target is in gas 

form. In both cases, a passing particle deposits energy into the noble liquid, exciting or 

ionizing the atoms. These excited and ionized atoms then combine to form unstable 

excited dimer (excimer) states, which then decay and emit a photon (for a more detailed 

discussion of this process in the case of argon, see section 3.2). The free electrons 

generated from the ionized atoms can either recombine to produce more scintillation 

light, as is the case in single phase detectors, or they can be drifted by an electric field to 

another region in the detector, where they can either be collected by wire grids, 

generating an electrical signal, or be accelerated in the gas phase of a double phase 

detector by a stronger electric field, generating a second scintillation signal.  

The geometry of single phase detectors is usually spherical, with 4π solid angle 

coverage by photodetectors. By considering the photon distribution of surrounding 
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sensors, position reconstruction with an uncertainty of around a few cm is possible. 

Electron recoils and nuclear recoils can be distinguished through a technique known as 

pulse shape discrimination. A more thorough discussion of this method is deferred to 

section 3.2, where the details will be presented in the context of the DEAP-3600 detector. 

In brief, the number of singlet & triplet states obtained by the excimers after energy 

deposition depends on the linear energy transfer (LET) or energy deposited per unit 

length, of the incident particle. For nuclear recoils, the LET is very high, resulting in a 

higher proportion of singlet states, whereas for electron recoils, the LET is much lower, 

resulting in more triplet states. The single state excimers have a much shorter lifetime 

than the triplet state excimers, and so an estimate of the number of singlet states (and by 

extension, a prediction about whether the deposited energy was due to a nuclear recoil or 

electron recoil) can be obtained by the distribution of detected scintillation photons in 

time. This is especially true in the case of argon, where the lifetimes of the different states 

vary by three orders of magnitude (6 ns and 1.6 µs). In xenon however, the difference in 

lifetimes is not as stark (4 ns and 22 ns), so the discrimination power is substantially 

weaker.  

This weakness in discrimination power in xenon can be overcome with the use of 

a double phase detector design, which are typically cylindrical in shape with a 

photodetector array at each of the ends. In such detectors, an incident particle deposits 

energy into the detector medium as usual, creating a population of excited and ionized 

atoms. In this case however, an external electric field prevents free electrons from 
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recombining, and instead drifts them to one end of the cylinder where they are read out as 

a second signal. Position reconstruction is achieved by obtaining the x-y co-ordinates 

from the light distribution in the second signal, while the z co-ordinate is obtained from 

the time difference between the first and second signal. A position uncertainty of a few 

mm is typically attainable in this way. Particle discrimination is achieved by comparing 

the energy deposited into excited atoms (observed as scintillation light in the first signal) 

to the energy deposited into ionized atoms (observed as either scintillation light or an 

electrical pulse, depending on the readout method, in the second signal). More atoms are 

expected to be ionized for nuclear recoils than for electron recoils, and so a high ratio of 

second signal to first signal is indicative of a nuclear recoil, while a low recoil is 

indicative of an electron recoil [28]. 

One of the advantages of this method is that it allows for very large active 

volumes with comparatively little expense, due in part to the simplicity and homogeneity 

of the target. In addition, the position reconstruction capabilities allow for good self-

shielding by selecting a central fiducial volume for analysis. The scintillation wavelength 

of both argon and xenon is in the ultraviolet regime (128 nm and 175 nm respectively). 

While photodetectors with quartz windows enable the direct detection of xenon 

scintillation light, quartz is opaque to photons from argon scintillation, and so it is far 

more common for argon-based detectors to shift scintillation photons to the visible 

regime using some wavelength shifter. 
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Bubble Chambers 

In order for a liquid to begin to boil, the temperature in the liquid must be sufficiently 

high that the vapor pressure exceeds not only the ambient pressure of the surrounding 

liquid, but also the pressure due to surface tension in the liquid. The surface tension 

scales with the inverse of the diameter of the bubble, so in most cases, where the liquid 

contains small undissolved bits of material and the container has small imperfections, 

bubbles can form at these nucleation sites which are sufficiently large to make the 

contribution to the pressure from surface tension negligible. However, in cases where the 

liquid is very pure and the containing vessel is very clean and smooth, the liquid may be 

heated several degrees higher than its boiling point while remaining in the liquid state, 

since the surface tension in the liquid is sufficient to prevent the formation of small vapor 

bubbles. Liquids in this state are said to be superheated, and a class of particle detectors 

rely on this property of liquids for their operations. When a particle passes through a 

volume of superheated liquid, it may deposit enough energy in a sufficiently small 

volume to overcome the surface tensions in the liquid and form a small vapor bubble. 

Once the small bubble is formed, it will tend to expand rapidly due to the reduced surface 

tension, and the bubble will quickly reach macroscopic size. Detectors using superheated 

fluids typically view these bubble with external cameras, with several viewing angles to 

allow position reconstruction, on the order of a few mm, and with acoustic sensors to 

help with particle identification. Once a bubble is formed, the detector must rapidly 

compress the liquid to prevent runaway boiling, and then slowly decompress to below the 
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vapor pressure (but above the combined vapor pressure and pressure due to surface 

tension) of the liquid. 

 The main advantage of this method is that, with a careful selection of the 

threshold, the LET for electron recoils is not sufficient to form a bubble, and so these 

detectors are essentially blind to the main source of backgrounds that dominate most 

other detectors (gammas & beta decays). Alphas, neutrons, and WIMPs remain able to 

create bubbles through nuclear recoil. Alphas can be identified by their louder acoustic 

signal compared to neutrons and WIMPs, and neutrons can be expected to scatter 

multiple times in a sufficiently large bubble chamber due to their high cross section. To 

preclude the possibility of neutrons that catch only the edge of the superheated fluid 

volume (and therefore only scatter once) being recorded as WIMP events, it is typically 

only the innermost volume of the detector that is considered for dark matter interaction 

searches. A drawback of this method is that after each event, the fluid must be 

recompressed and slowly decompressed, causing some detector dead time [29]. 

2.3 The DEAP-3600 Detector 

DEAP (Dark matter Experiment using Argon Pulse shape discrimination) 3600 is a direct 

dark matter search experiment located at SNOLAB, a particle physics laboratory 

operating 2 kilometers underground in an active nickel mine near Sudbury Ontario. 

DEAP-3600 is a single-phase liquid noble detector which uses argon as the target 

material. It will be sensitive to spin-independent WIMP-nucleon interactions with a cross 
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section of           for a 100 GeV WIMP, making it one of the most sensitive 

experiments on earth for direct detection of WIMPs of that mass. 

Detector Layout 

The target material in DEAP-3600 is 3600 kg of liquid argon contained within a highly 

radiopure spherical acrylic vessel (AV) with an inner radius of 85 cm. The inner surface 

of the AV is coated with a few-micron-thick layer of the wavelength shifter 1,1,4,4-

tetraphenyl-1,3-butadiene (TPB). TPB has a number of properties that make it desirable 

for use as a wavelength shifter, including its very high fluorescence efficiency, fast re-

emission time, and the fact that its re-emission spectrum overlaps strongly with the range 

over which the PMT's are sensitive. Moreover, it has been shown by Veloce et al. that the 

light yield of TPB remains high down to liquid argon temperatures, showing only a 

marginal degradation at 87 K relative to 300 K [30]. Optimizing the thickness of this 

wavelength shifting layer is one of the major focuses of this thesis, see chapter 4 for more 

details. Bonded to the outside of the AV are 255 cylindrical acrylic light guides, 50 cm 

long and 19 cm in diameter, which are coupled to 255 inward facing 8-inch Hamamatsu 

R5912 high quantum efficiency photomultiplier tubes (PMTs). The space between the 

light guides is filled with specially shaped blocks made of alternating layers of high 

density polyethylene and foamed polystyrene, to provide thermal insulation between the 

AV and the PMTs, allowing the latter to operate closer to room temperature where they 

are the more efficient while the former remains at cryogenic temperature required for 

liquid argon (LAr) (85 K). These filler blocks also provide shielding by thermalizing 
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neutrons emitted from the PMT glass so that they do not produce a nuclear recoil. A 

spherical stainless-steel shell contains and supports the acrylic vessel and PMTs, and the 

entire assembly is immersed in an 8-m tall and 8 m diameter water shield tank. The water 

shielding reduces the flux of neutrons and gammas from the surrounding rock, and serves 

as the target for an active muon veto system. Passing muons induce Cherenkov radiation 

in the water, which can be detected by the 48 outward-facing PMTs installed on the steel 

shell. 

 The AV is open at the top and coupled to a cylindrical hollow acrylic neck with 

inner diameter of 25.5 cm and length of 50 cm. A 3-meter-long stainless steel neck 

extends above the acrylic neck to the supporting platform above. Before construction was 

completed, the stainless-steel neck opened up into a glovebox that was continually 

purged with radon-scrubbed boil-off nitrogen. Systems to be deployed in the detector 

during construction, such as the TPB deposition source or calibration sources, were 

handled inside the glove box and deployed through the neck to prevent radon 

contamination from lab air. Cryogenic temperatures in the detector are maintained by a 

cooling coil deployed in the stainless-steel neck. A schematic of the detector is shown in 

Figure 2.2. 

Detection Process 

When a passing particle deposits energy into the liquid argon volume in DEAP 3600, 

argon atoms in a small volume around the interaction site are excited or ionized, allowing 

them to form excimers. These excimers relax nonradiatively into one of two lowest-  
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Figure 2.2: A schematic of the DEAP-3600 detector. 3600 kg of the target material, 

liquid argon, is surrounded by 255 inward-facing photomultiplier tubes. The argon and 

PMTs are encapsulated in a stainless-steel shell and the entire assembly is submerged in a 

water-filled shielding tank. 
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energy excimer states: a short-lived singlet state and a long-lived triplet state. These 

lowest energy state excimers then decay by emitting isotropic 128 nm wavelength 

photons, which are not energetic enough to excite another argon atom and so travel freely 

to the edge of the acrylic vessel. The UV photons are then absorbed by the TPB layer on 

the inside of the AV, where they are isotropically re-emitted as blue light, with 

wavelengths distributed around a peak of 420 nm. The blue photons are then guided by 

the acrylic light guides to the surrounding PMTs, where they induce a current pulse 

which is digitized and recorded. An estimate of the total energy initially deposited can be 

obtained by adding the current pulses over all PMTs. Similarly, an estimate of the 

location of the initial interaction can be obtained by considering the distribution of light 

in the surrounding PMTs. 
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Chapter 3 

 

Backgrounds in DEAP-3600 

 

As with all dark matter search experiments, the expected background rate in DEAP-3600 

is many orders of magnitude higher than the expected signal rate, and therefore a 

complete understanding of all potential backgrounds is required. To achieve the designed 

sensitivity to WIMP-nucleon cross sections of           for a 100 GeV WIMP, an 

exposure of     kg days with zero backgrounds in the energy region of interest (ROI) is 

needed [31]. The two main strategies for mitigating the effects of backgrounds in a 

detector are prevention, where steps are taken to prevent the unwanted particle from 

depositing energy in the detector in the first place, and identification, where some 

characteristic of the background signal is used to identify it as such, which allows it to be 

cut from the analysis. While the former is naturally desirable, it is often not possible in 

practice, and so the latter is often relied upon to reduce backgrounds to an acceptable 

level. This chapter presents an overview of all known potential backgrounds for DEAP-

3600 as well as the strategies to be employed for their prevention and identification. 

3.1 Cosmic Rays 

Very high energy charged particles originating outside the solar system constantly impact 
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the upper atmosphere and generate hadronic air showers, which decay into protons, 

neutrons, electrons, neutrinos, gammas, muons, and other particles as they travel to the 

surface of the Earth. These initial particles are called cosmic rays, and the air shower 

particles they generate would be a constant source of background events for detectors on 

the Earth’s surface. To prevent these air shower particles from reaching the detector, 

DEAP-3600 is located in a deep underground mine, with a 2.08 km overburden of rock 

which provides 6000 meters of water-equivalent shielding from cosmic ray induced 

backgrounds. At this depth, the flux of muons is reduced from                     

to                  [32], while the flux of all other cosmic-ray-induced particles 

(other than neutrinos) is eliminated. If one of the few remaining muons at this depth is 

incident upon the target volume, it must first pass through the surrounding water 

shielding tank, where it will produce Cherenkov radiation in the water which can be 

detected by the 48 outward-facing PMTs. In this way, muons can be vetoed and so do not 

present a major background. 

3.2 Electromagnetic Backgrounds 

Electromagnetic backgrounds refer to particles that interact primarily with the electron 

shell of the target atom rather than causing the nucleus of the atom to recoil. These 

particles are betas and gammas, and their mitigation strategy depends on their source. 
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Gammas from Primordial Isotopes 

A small set of radioactive isotopes, such as 
238

U, 
232

Th, and 
40

K, have been present on 

Earth since its formation due to their extraordinarily long half lives. These are known as 

primordial isotopes, and their long decay chains entail the emission of several gamma 

rays. If these gamma rays interacted with the LAr target in DEAP-3600, they could 

present a background signal. Uranium and thorium are of particular concern since they 

are ubiquitous in rocks and dust, and therefore can easily contaminate detector 

components unless special steps are taken to prevent or remove such contamination. The 

locations where buildup of these radioactive isotopes is expected to be high enough to 

generate sufficient gamma rays to merit consideration are the steel shell, the PMT glass, 

and the rock surrounding the lab where DEAP-3600 is located [33]. The mitigation 

strategy for these gammas depends in part on their source. For example, the gamma flux 

from the surrounding rock is strongly attenuated by the water shielding tank.  While this 

is not true of gammas originating from the PMT glass and steel shell, these gammas are 

suppressed by the many centimeters of acrylic and other plastics separating these sources 

from the LAr volume. Gammas may Compton-scatter in the acrylic (typically in the light 

guides) and thus induce Cherenkov light which may generate an event in the detector, but 

these events can typically be identified by the abnormally large fraction of total light in 

the PMT attached to the light guide where the scatter took place. Despite these many 

layers of passive shielding, some small fraction of gamma rays may still survive to 
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interact with the LAr volume, and these events must be identified and cut from the dark 

matter analysis. 

Betas from 
39

Ar 

Although the main isotope of argon found on Earth is stable 
40

Ar, cosmic rays interact 

with atmospheric 
40

Ar to produce 
39

Ar, a beta emitter with a half-life of 269 years [34]. 

The ratio of 
39

Ar to 
40

Ar in the atmosphere, and therefore in the liquid argon supply of 

DEAP-3600, is                     [35], which corresponds to an 
39

Ar activity of 

        Bq in the total DEAP-3600 volume. Since this radioactive source is present in 

the target material itself, preventing these betas from depositing energy into the detector 

is not possible, so we must rely on identifying these events and subsequently removing 

them from the dark matter analysis. Although the presence of this constant source of 

potential background is inconvenient, its spatial uniformity and constancy in time can be 

exploited as a calibration source to determine the energy response of the detector [36], as 

well as to test the accuracy of our position reconstruction algorithms [37]. 

 Since 
39

Ar is mostly produced by the interaction of cosmic rays with atoms in the 

atmosphere, it is possible to obtain argon that is depleted in 
39

Ar from deep underground 

where it has not been in contact with the atmosphere for many hundreds of years, where 

the production of 
39

Ar is much lower as a consequence. This is known as depleted argon, 

and its use in DEAP-3600 would allow for a lower energy threshold and therefore better 

sensitivity (see next section on pulse shape discrimination). The first run of DEAP-3600 
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will use atmospheric argon as the target, but a subsequent run using depleted argon is 

anticipated [38]. 

Pulse Shape Discrimination 

Both gammas and betas are examples of electromagnetic interactions, and so the signal 

they deposit in the detector can be identified as a background signal using a technique 

known as pulse shape discrimination. After a particle deposits energy into a local volume 

of argon, exciting & ionizing argon atoms and forming argon excimers, these excimers 

decay nonradiatively into one of two lowest-energy excimer states: a short-lived singlet 

state and a long-lived triplet state. Both of these lowest-energy state excimers decay by 

emitting 128 nm scintillation light, which has insufficient energy to excite other argon 

atoms. The proportion of singlet states to triplet states for a given energy deposition 

depends on the LET of the incident particle, and the reason for this can be seen by 

considering the details about how these excimer states arise. There are two main 

mechanisms for generating the excimers which, upon de-excitation, produce scintillation 

light: 

1. Self-Trapping: An electron in an argon atom is excited to a very high principal 

quantum number (but not liberated from the atom), leaving the positively charged 

core with an unpaired electron. The positive core pairs with a ground state argon 

atom, and the excited electron orbits the positively charged argon molecule and 

nonradiatively decays to the lowest energy excited state, forming an excimer in a 

Rydberg state. 
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2. Recombination: A number of electrons are completely liberated from argon 

atoms, leaving many positive argon atoms and free electrons. The positive ions 

pair with ground state argon atoms while the free electrons lose energy through 

interactions with surrounding atoms. The thermalized electrons then combine with 

the positive argon dimers, which again nonradiatively decay to the lowest energy 

excited state, forming excimers in a Rydberg state. 

Figure 3.1 shows a schematic of these two scintillation mechanisms. It is this second 

excimer generation mechanism, recombination, that is responsible for the dependence of 

the singlet-triplet state proportion on the LET. To form a triplet state, the system must 

experience an intersystem crossing from singlet to triplet state, which requires an excited 

electron to undergo a forbidden spin transition [39]. Particles with a low LET, such as 

betas and gammas, generate a lower charge density of free electrons, slowing down the 

recombination process and allowing more time for intersystem crossings to occur, 

generating more triplet states. By contrast, particles with high LET, such as nuclear 

recoils, generate a high charge density of free electrons, which speeds up recombination 

and suppresses intersystem crossings, and therefore suppressing the number of triplet 

states [40]. 

 The difference in lifetime of the singlet and triplet states is very large; 6 ns for the 

singlet state and 1.6 µs for the triplet state, and so an accurate estimate of the ratio of the 

number of singlet states to triplet states is usually easy to obtain. In DEAP-3600, we use a 

quantity called Fprompt, which is the ratio of the total energy in the prompt time window  
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Figure 3.1: A schematic of the two scintillation pathways that can occur once an argon 

atom receives energy from a passing particle. Along the self-trapping branch, an electron 

is excited to a very high principal quantum number (but not liberated from the atom), 

leaving a positively charged core. The positive core pairs up with a ground state argon 

atom and the excited electron orbits the charged argon molecule and nonradiatively 

decays to its lowest-energy excited state. Along the recombination branch, many 

electrons are totally liberated from their parent atoms, leaving positive argon ions and 

free electrons. The electrons thermalize and the ions pair with ground state argon atoms, 

after which the electrons recombine with the argon molecules, which once again non-

radiatively decay into their lowest-energy excited state. Once in their lowest-energy 

excited state, the argon molecules dissociate, causing the emission of a 128nm photon. 

The difference in recombination time between high-LET and low-LET incident particles 

is what makes pulse shape discrimination possible. 
 

to the total energy in the entire event window. The event window is 16 µs, and the 

prompt time window is defined from -50 ns to 150 ns relative to the leading edge of the 

pulse. In DEAP-1, a prototype detector with an argon mass of 7 kg, it was found that the 

Fprompt of electromagnetic events (such as gammas and beta) is around 0.3, while for 

nuclear recoils, the Fprompt is around 0.8 [41]. Figure 3.2 shows the Fprompt vs. total 

photoelectron count parameter space for a neutron calibration run in DEAP-1, where the 

separation between the electron recoil band and nuclear recoil band is clearly visible. 
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To meet its target sensitivity, distinguishing electron and nuclear recoils in DEAP-3600 is 

essential, and an Fprompt cut is the primary way to achieve this. With a nuclear recoil 

acceptance rate of 50%, DEAP-1 was able to reject electron recoils with a contamination 

probability of less than       , which is expected to be reduced to       in DEAP-

3600, due primarily to the latter's much higher light yield [41]. This rejection factor is 

only achievable however, if enough light is collected in each event to accurately 

determine Fprompt, and so a fairly high energy threshold is required. The nominal energy 

region of interest for atmospheric argon is 15-30 keVee detected energy, which 

corresponds to a range of detector photoelectrons of 120-240. Operating DEAP-3600 

with depleted argon, rather than atmospheric argon, reduces the total number of electron 

recoils that have to be identified, which allows the rejection contamination probability to 

be increased, which allows for a lower energy threshold and therefore better dark matter 

sensitivity. The rate of 
39

Ar in the depleted argon that is expected for the second run of 

DEAP-3600 is reduced by a factor of around 1400. [38]. 

3.3 Neutrons 

Neutron-induced nuclear recoils in the DEAP-3600 LAr are of particular concern since, 

unlike electromagnetic interactions, neutrons are expected to induce a recoil that looks 

exactly the same as one induced by a WIMP. Since it is almost impossible to discriminate 

neutron backgrounds from a dark matter signal, the number of neutrons that pass through 

the LAr volume must be kept at as low a level as possible. The dominant source of 

potential neutron backgrounds is from alphas, originating from the uranium & thorium 
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Figure 3.2: Events from neutron calibration run in DEAP-1, showing the number of 

detected photoelectrons against the Fprompt value, which is the ratio of an event’s early 

light to its total light. Above 120 photoelectrons, the separation between the low-Fprompt 

electron recoil events, and the high-Fprompt nuclear recoil events, is clear. Figure from 

[42]. 
 

impurities in the PMT glass, interacting with low mass elements in the detector and 

producing neutrons, which is a process known as an (α,n) reaction. Neutron backgrounds 

from this source are primarily mitigated by being thermalized in the light guides and filler 

blocks surrounding the argon volume. It is estimated that (α,n) neutrons from the PMT 

glass are sufficiently suppressed in this way that the expected number of WIMP-like 



43 
 

nuclear recoils induced by neutrons over 3 years of running is             [33]. There 

are other potential sources of neutron backgrounds in DEAP-3600; for a very thorough 

discussion, see [33]. 

3.4 Surface Alphas 

Since the path length of alpha particles is very short in most materials, they are only able 

to generate potential backgrounds if they originate within or very close to the argon 

volume (an exception is when alphas far away from the argon volume trigger the 

emission of neutrons though (α,n) reactions, see section 3.3 on neutron backgrounds). If 

an alpha decay occurs inside the bulk of the argon volume, the full kinetic energy of the 

alpha particle (typically several MeV) will be deposited into the argon. This will generate 

a number of scintillation photons which far exceeds the WIMP energy region of interest, 

and so alpha decays within the argon volume do not in themselves constitute a major 

background. A potential background signal can arise however, if the alpha particle is 

emitted near the edge of the detector, where some fraction of the energy can be lost by 

the alpha passing through weakly or non-scintillating material such as acrylic. Surface 

alpha events of this kind are expected to be a major contributor to the background budget 

of the detector, and so understanding their properties and how they arise is crucial to 

ensuring that the designed sensitivity of DEAP-3600 is achieved.  
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Origin of Alpha Emitters 

There are several ways that alpha-emitting isotopes make their way to the inner detector 

surface of DEAP-3600, and in all cases, steps were taken to minimize the impact of these 

contamination paths. The majority of alpha particles which have the ability to interact 

with the argon volume originate from primordial 
238

U and 
232

Th and their many alpha-

emitting daughters (see Figures 3.3 & 3.4). Of particular concern is 
222

Rn, which appears 

in the uranium decay chain and has a half-life of 3.8 days. Since it is a gas at room 

temperature and has a fairly long half-life, 
222

Rn is present in air at levels of around 

        (though this varies considerably by location and season), and can readily 

diffuse into acrylic. Therefore, the first source of alphas to consider is the intrinsic level 

of uranium and thorium contamination in the acrylic out of which the AV is made, as 

well as the level of 
222

Rn which diffuses into the acrylic during the manufacturing 

process. A considerable effort was made during manufacturing, including obtaining 

extremely radiopure methyl methacrylate (MMA) to form the orange-peel-shaped wedges 

of the AV, adjusting the manufacturing technique of the acrylic to minimize the surface 

area available for 
222

Rn to diffuse into, and even stirring the MMA mixture during 

storage so that any diffused 
222

Rn was evenly distributed within the acrylic, rather than 

concentrated on the surface, in order to ensure the concentration of alpha emitters in the 

bulk AV material was kept sufficiently low [43]. 

After the AV was assembled and shipped underground, the entire AV had to be annealed 

several times to relieve the thermal stresses associated with the bonding together of the 
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acrylic components. A special-purpose annealing oven was constructed underground by 

the author and another student for this purpose. The oven consists of an aluminum frame 

lined with foil-faced insulation sheathing, heated with a 10 kW heater-blower unit. The 

insulation was double-layered following a layout designed and implemented by the 

author to minimize heat loss through the seams between the sheathing panels. Before use 

with the AV, the oven was heated to the annealing temperature, and sources of heat loss 

in the oven were identified with an infrared camera and repaired. The annealing process 

was to slowly raise the temperature of the AV, hold it at a high temperature for several 

hours, and slowly lower back to room temperature. Diffusion of 
222

Rn into the acrylic 

was of particular concern during these anneals for two reasons: the concentration of 
222

Rn 

in the underground lab air is many times (          ) higher than on surface, and the 

mobility of 
222

Rn in acrylic increases with temperature [44]. To mitigate the diffusion of 

radon into the acrylic during anneals, the oven containing the vessel was purged with 

radon-reduced air throughout the annealing procedure, reducing the 
222

Rn level in the 

oven from           to          [43]. 

After the completion of the annealing process, the AV was moved into position in 

the shield tank and sealed from the radon-rich lab air by the glove box at the top of the 

neck. The glove box and AV were evacuated and purged with radon-scrubbed boil-off 

nitrogen, and the inside of the AV was thereafter never exposed to lab air. However, the 

inner surface of the AV is expected to have accumulated alpha-emitting 
222

Rn and its 

daughters, due to its exposure to lab air before, after, and between anneals. In order to  



46 
 

 

Figure 3.3: The decay chain of 
238

U which, along with 
232

Th, occurs naturally in rocks 

and soil, and can therefore make its way into detector components. Of particular concern 

is 
222

Rn, which is a gas at room temperature and can therefore readily diffuse into acrylic, 

potentially leading to a source of backgrounds. Figure from [45]. 

 



47 
 

 

 

Figure 3.4: The decay chain of 
232

Th which, along with 
238

U, occurs naturally in rocks 

and soil, and can therefore make its way into detector components. Figure from [46]. 
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remove the majority of these embedded isotopes, a specially designed resurfacing device 

was deployed into the detector to remove the inner-most layer of acrylic. The resurfacer 

consists, in essence, of two mechanical arm of length equal to the inner radius of the AV, 

extending from the AV center, which can pivot in such a way that the entire inner surface 

of the AV is reached by at least one of the arms. Attached to the end of each arm is a 

motorized sanding pad and a system of springs which allows the pads to maintain a 

constant force against the AV surface. The resurfacer was run for over 200 hours over the 

course of three months, resulting in the removal of several hundred microns of the inner 

surface of the AV [47]. Although this is sufficient to eliminate the majority of alpha 

emitting contaminants from the inner AV surface, some contamination is expected to 

remain. 

After resurfacing, the vessel was once again purged with nitrogen in preparation 

for the deployment of the TPB deposition system. A brief outline of the TPB deposition 

system is presented in section 4.6, and a more thorough discussion can be found in [48]. 

Radon daughters may adhere to components of the TPB deposition system and 

deployment apparatus before it is deployed into the detector, and these daughters may 

emanate during the deposition process. In addition, the TPB itself may have trace levels 

of uranium and thorium, which will necessarily enter the vessel during deposition as well. 

For this reason, highly radio-pure TPB was obtained and carefully sealed from lab air 

throughout the deposition process, and the materials used for deposition and deployment 

were ultrasonically cleaned, with stainless-steel components undergoing passivation, in 
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order to minimize radon emanation. While these efforts are critical for keeping surface 

alpha background at an acceptable level, it is expected that low levels of alpha-emitting 

contamination will nevertheless be deposited in the TPB layer during this process. 

Despite all attempts at mitigation, it is expected that some quantity of 
222

Rn will 

migrate into the AV volume itself, through trace contamination in the nitrogen supply or 

supply lines during construction, or emanation from the process system and cooling 

components during operation. Although 
222

Rn, along with the following two alpha-

emitting isotopes in the 
238

U decay chain, 
218

Po and 
214

Bi, decay fairly rapidly with a half-

life of a few days at most, 
210

Pb has a half-life of 22.3 years, enough time for the atoms to 

migrate around the detector and possibly adsorb to the TPB layer. This creates a constant 

source of alpha-emitting 
210

Po on the TPB-LAr boundary, which may present a 

significant source of background. By selecting the appropriate materials for the process 

system and following cleaning procedures, the steady state emanation rate into the inner 

AV is expected to not exceed 5 µBq, which is a requirement to allow DEAP-3600 to 

remain within its surface alpha background budget [49]. 

Alpha decays on the inner detector surface represent a significant source of 

potential background in DEAP-3600, and understanding how they accumulate is crucial 

for predicting their effects on the total background rate, and therefore the overall 

sensitivity of the detector. A summary of expected alpha emitter buildup regions on the 

detector surface is listed below. It is these source locations that will be considered when 
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examining the effect of the TPB layer thickness on the surface alpha background rate (see 

Chapter 4). 

 238
U in innermost 80 µm of acrylic 

 238
U in TPB bulk 

 232
Th in innermost 80 µm of acrylic 

 232
Th in TPB Bulk 

 210
Po in innermost 80 µm of acrylic 

 210
Po in TPB Bulk 

 210
Po on TPB-LAr boundary 

 

Surface Alpha Decay Types 

For a particular alpha decay at a particular location on the inner detector surface, the 

amount of energy that is deposited into the detector depends directly on the direction that 

the alpha travels after being emitted. Scintillation light can be generated in three ways: 

From the liquid argon, as a result of excitation from the alpha particle; from the liquid 

argon, as a result of excitation from the recoiling nucleus; and from the TPB, as a result 

of excitation from the alpha particle. The recoiling nucleus is insufficiently energetic to 

generate appreciable scintillation light in the TPB. Although the alpha can be emitted in 

any direction, each decay can be classified in one of two ways: decays where the alpha 

travels toward the LAr, and events where the alpha travels away from the LAr. Since 

there are three main locations where alpha emitters are expected to build up, as discussed 

in the previous section, there a total of six different alpha decay types leading to six 

different kinds of energy depositions. These six types are shown schematically in Figure 
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3.5, and the potential of each type to generate a background signal in DEAP-3600 will be 

discussed below. 

a) Alpha emitter originates in the acrylic. Alpha travels away from the LAr through 

the AV, while the recoiling nucleus travels a short distance within the acrylic. 

Neither particle travels through any scintillating material, and so no energy 

deposition is possible. Therefore, this case cannot create a background signal. 

b) Alpha emitter originates in the acrylic. Alpha travels toward the LAr, passing 

through some acrylic and possibly TPB and LAr, while the recoiling nucleus 

travels a short distance within the acrylic. Since the alpha passes through TPB and 

LAr, it can generate scintillation light, and at a very specific source depth within 

the acrylic, combined with very specific alpha emission angles, the total light 

emitted may fall within the WIMP region of interest. WIMP-like backgrounds of 

this type are quite rare however, as the source depth and alpha emission angle 

have to conspire in just such a way that the alpha track is just long enough 

through TPB and LAr to emit the correct amount of light. This is possible in some 

cases however, and so this case has a weak potential to create a background 

signal. 

c) Alpha emitter originates in the TPB. Alpha travels away from the LAr, passing 

through a small amount of TPB, while the recoiling nucleus travels a short 

distance within TPB. The energy associated with the recoiling nucleus is 

insufficient to generate appreciable scintillation light within the TPB, and so the  
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Figure 3.5: Schematic of the six types of surface alpha events corresponding to three 

different original locations of the alpha emitter, combined with the two opposite 

directions of the emitted alpha (toward or away from the argon). Only some of these 

types of surface alpha events have the potential to create a background signal. 

 

total light emission from this type of event comes from the alpha track. If the 

alpha is ejected orthogonally to the detector surface, the alpha track length is 

much too short to generate enough light to be mistaken for a WIMP. However, if 

the angle of the emitted angle to the surface normal is increased, the track of the 

alpha through the TPB lengthens, and eventually enough light may be emitted to 

fall within the WIMP ROI. As in case b, this is fairly rare, since the angle must be 

just right to emit just the right amount of light. This case therefore has a weak 

potential to create a background signal. 

d) Alpha emitter originates in the TPB. Alpha travels toward the LAr, passing 

through a small amount of TPB, while the recoiling nucleus travels a short 

distance within the TPB. As in case c, the light emitted comes exclusively from 
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the alpha track, as the energy in the recoiling nucleus is insufficient to generate 

scintillation light within the TPB. In this case however, the alpha must travel 

through the LAr and deposit its full energy, resulting in the emission of light far 

beyond the upper bound of the WIMP ROI. This will easily be identified as an 

alpha particle, and so this case has no real potential to create a background signal. 

e) Alpha emitter originates on the TPB-LAr boundary. Alpha travels away from the 

LAr, passing through the TPB layer, while the recoiling nucleus travels a short 

distance in the LAr. In this case, the recoiling nucleus generates scintillation light 

in the LAr, and for many nuclei the amount of light generated usually falls within 

the WIMP ROI. Therefore, this class of decay will result in events of WIMP-like 

energy if the track of the alpha through the TPB layer is sufficiently short. Since a 

wide range of angles result in fairly short alpha tracks through TPB, this case has 

the highest potential to create a background signal. 

f) Alpha emitter originates on the TPB-LAr boundary. Alpha travels toward the 

LAr, while the recoiling nucleus travels a short distance in the TPB. As in case d, 

the entire alpha energy will be deposited into the LAr, producing quantities of 

scintillation light well above the WIMP ROI. These events will easily be 

identified as alphas, and so this case has no real potential to create a background 

signal. Incidentally, this class of events can be used to identify and estimate the 

quantity of isotopes on the TPB-LAr boundary, since the total energy of the 

corresponding alpha will be converted to scintillation light. 
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It is alpha decay types e, and to a lesser extent, b and c, which have the potential to cause 

surface backgrounds in DEAP-3600. It is therefore these types of decays that we consider 

when discussing the effects of adjusting the TPB layer thickness on the overall expected 

background rate, which is the topic of the next chapter. 
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Chapter 4 

 

Choice for Wavelength Shifter Thickness 

 

Since DEAP-3600 cannot directly detect the ultraviolet scintillation light emitted by LAr, 

both because of the sharply reduced sensitivity of the PMTs for such light, and since the 

AV is opaque to it, a layer of TPB must be deposited on the inner surface of the AV to 

serve as a wavelength shifter from 128 nm UV light to 420 nm blue light, which readily 

passes through acrylic and is detected by the PMTs with high efficiency. A specialized 

system has been developed to allow a layer of TPB to be evaporatively deposited 

uniformly over the inner surface of the AV. The system can accommodate any thickness 

of TPB layer simply by loading more compound into the evaporation chamber (with 

multiple loading and deposition cycles, if necessary). Although the conversion of UV to 

visible light by TPB is saturated for film thicknesses well under 1 μm [50], the choice of 

TPB thickness has many other implications for the performance of the detector, including 

position reconstruction, energy resolution, and both the enhancement and suppression of 

backgrounds. This chapter outlines some of these TPB thickness considerations, with an 

emphasis on the work undertaken by the author. The chapter concludes with the decision 
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for the final TPB thickness, as well as a brief outline of the deposition system and 

process. 

4.1 Suppression of Surface Alpha Events Through Alpha-Induced TPB Scintillation 

When a radioactive isotope undergoes alpha decay on the inner surface of the AV such 

that the emitted alpha travels through the TPB layer, the TPB scintillation light resulting 

from the alpha excitation will contribute to the total event energy.  The scintillation light 

emitted in this way is dependent on the track length of the alpha through the TPB, and 

therefore on the TPB thickness. For some combinations of isotope source location and 

alpha emission angle, the extra light from the TPB is enough to push the event above the 

upper boundary of the WIMP energy region of interest (30 keVee). Thus, the thickness of 

the TPB layer has a direct effect on the number of events in the energy ROI, and can 

potentially be adjusted to reduce the overall background rate. 

 An important aspect of the effective light yield of DEAP-3600 is the efficiency 

with which energy deposited by low-energy nuclei is converted to scintillation light, 

compared to the same amount of energy deposited by electrons. The ratio of these 

quantities, known as the scintillation efficiency, can be modelled by the combination of 

two effects. The first is the assumption that the energy deposited by low-energy nuclei is 

split between electronic excitation/ionization, and kinetic energy of the scintillator atoms, 

and that only the former results in the emission of scintillation light. Thus, the first 

reduction factor contributing to the reduced scintillation efficiency can be written as 
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(4.1) 

where    is the total energy of the nuclear recoil,       is the energy lost through 

electronic excitation/ionization, and       is the energy lost through thermal excitation of 

the scintillator atoms. Dividing all terms by       and letting 

      
     

     
 

(4.2) 

gives 

       
     

       
 

(4.3) 

Lindhard et al. [51] model this reduction factor as 

   
     

       
 

(4.4) 

where  

                       (4.5) 

                 (4.6) 

                      (4.7) 

where   and   are the total number of protons and nucleons in the scintillator, 

respectively. 
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 The second reduction factor arises from Birks’ saturation law, which describes the 

scintillation light emitted per unit length along the track of a particle depositing electronic 

excitation/ionization energy in a scintillator. The expression is 

  

  
    

 
  
     

    
  
     

 

(4.8) 

Where 
  

  
    is the energy deposited per unit track length,   is the proportionality 

constant between deposited energy and emitted light, and 
 

    
  

  
   

 is the quenching 

correction due to processes that occur at high energy deposition densities (   is an 

empirically determined constant). The scintillation per unit length can be described by the 

expected light per unit length, multiplied by the quenching factor 

  

  
     

  

  
          

(4.9) 

Equations 4.8 and 4.9 give 

      
 

    
  
     

 
(4.10) 

Since    is the result of energy deposition into processes other than electronic 

excitation/ionization, and       is the result of processes that cause excited/ionized atoms  
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to relax non-radiatively,    and       are independent of each other. Therefore, the total  

reduction factor can be represented as  

               (4.11) 

4.2 Calculation of Expected Event Energy from 
210

Po on TPB-LAr Boundary 

To demonstrate how the thickness of the TPB layer can affect the total energy of an 

event, we consider a 
210

Po atom undergoing alpha decay on the boundary between the 

TPB and LAr in DEAP-3600, such that the alpha passes through the TPB layer (this 

corresponds to decay type e from section 3.4). This configuration is chosen not only 

because it clearly demonstrates the influence of TPB thickness on event energy, but 

because it represents a realistic background which is expected to contribute significantly 

to the overall surface alpha background budget. We will calculate the total expected 

energy of the decay assuming two different track lengths of the alpha through TPB: 2 µm 

and 5 µm. Note that these track lengths could be the result of an alpha traveling 

perpendicularly through a TPB layer of the corresponding thickness, or travelling at an 

angle through a somewhat thinner layer (see figure 4.1). The possibility of alphas passing 

at an angle through the TPB layer allows even a fairly-thin TPB layer to significantly 

boost the overall event energy on some occasions. There are two contributions to the total 

event energy: TPB scintillation under alpha excitation, and LAr scintillation due to the 

recoiling 
206

Pb nucleus, and each of these components can be treated independently. 
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Figure 4.1: Schematic demonstrating that, since alpha particles can travel at an angle 

through the TPB layer, even a fairly-thin TPB layer can significantly boost the total TPB 

scintillation energy, and therefore the total event energy, on some occasions. 

 

Scintillation Due to 
206

Pb Nucleus 

We first consider the contribution from the 
206

Pb nucleus. Making use of the model for 

the quenching factor for heavy nuclei described in section 4.1, the total light emitted per 

unit deposited energy as 

  

  
             

(4.12) 

where    is the light yield of LAr. Using the definition of       from equation 4.11, we 

can write this as 

  

  
                

(4.13) 

210
Po undergoes alpha decay with a Q value of 5.407 MeV, and the alpha is carried away 

with a kinetic energy of 5.304 MeV, leaving the 
206

Pb nucleus with a kinetic energy of 

103 keV [52]. The nucleus will deposit all of its energy into the argon, and so the total 

light can be found by integrating equation 4.13 
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(4.14) 

We first calculate   . Substituting     ,      , and        into equations 4.5 - 

4.7, we find 

                            (4.15) 

                                (4.16) 

                                                         (4.17) 

Substituting these results into equation 4.4, we find 

   
              

                
       

(4.18) 

The light yield for liquid argon is               , obtained from [53]. Therefore, 

equation 4.14 becomes 

                 
   

 

   
(4.19) 

Recall the form of       from equation 4.10 

      
 

    
  
     

 
(4.20) 

   is Birks’ constant for argon, and is calculated by [54] as                       

using a quenching factor obtained by measurements in [55]. The linear energy transfer 
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(LET) of 
206

Pb in LAr for the relevant energies were obtained from SRIM tables [56], and 

fit with a function of the form 

  

  
         

(4.21) 

Figure 4.2 shows the result of this fit. Clearly, a value of          shows very strong 

agreement with the tables. We can therefore rewrite equation 4.20 as 

      
 

                   
 

 

             
 

(4.22) 

We are now in a position to evaluate the total light emitted, as expressed in equation 4.19 

 

Figure 4.2: Linear energy transfer of a 
206

Pb nucleus in LAr as a function of energy, 

obtained from SRIM. The data are very-well fit by a function of the form given in 

equation 4.21, with a proportionality constant of         . 
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(4.23) 

The final consideration needed to determine the amount of light we actually expect to see 

from a recoiling 
206

Pb nucleus is the detection efficiency of DEAP 3600.  

       (4.24) 

The detection efficiency of DEAP 3600 was estimated in [57] to be 20%, and so the total 

light observed is 

                            (4.25) 

A full-scale Geant4-based simulation package which implements the full geometry and 

electronics of DEAP-3600 has been developed. As a sanity check of the accuracy of the  

simulation package, a set of 100,000 
206

Pb nuclei with the appropriate recoil energy were 

simulated in the LAr volume, so that the energy response of the simulated detector could 

be seen directly. Figure 4.3 shows the number of photons collected for each simulated 

event. In this configuration, the average number of photoelectrons detected in simulation 

is 134.2, which agrees with the expected value of 146.4 to within 10%. 

Scintillation of TPB Due to Alpha Excitation 

We now consider the contribution of TPB scintillation due to alpha excitation. The total 

light emitted by the alpha passing through TPB and collected by DEAP-3600 is given by 

        
  

  
     

(4.26) 
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Where   is the detection efficiency of DEAP-3600,    is the light yield of TPB under 

alpha excitation, 
  

  
 is the linear energy transfer,   is the density of TPB, and   is the 

track length of the alpha through the TPB layer. Pollmann et al. measured the total light 

emitted by TPB under alpha excitation as                     [58]. Once again 

using SRIM tables, the linear energy transfer in TPB was found to be                 

for alphas of energy          . Using these values, together with a TPB density of 

           , a detection efficiency of 20%, and alpha track lengths of 2 µm and 5 µm, 

the resulting light emitted is 

 

Figure 4.3: Simulation of 100,000 recoiling 
206

Pb nuclei distributed in the argon volume 

in DEAP-3600. The mean number of photoelectrons observed in simulation agree with 

the number of photoelectrons expected from the calculation to within 10%. 
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                                             (4.27) 

                                             (4.28) 

Figure 4.4 shows the result of a simulation of 400,000 5.3 MeV alpha particles passing 

through 2.0 µm and 5.0 µm of TPB, using the full DEAP-3600 Monte-Carlo simulation 

package. Default Geant4 V9.6 alpha energy deposition calculations resulting from 

ionization and multiple scattering were used throughout; details can be found in [59]. To 

ensure that the TPB scintillation component was isolated and that the correct length of 

TPB was traversed by the alpha particle, the LAr volume in the simulator was evacuated 

and the alphas were made to originate in the center of the spherical component of the 

detector and be emitted in a random direction. The double-peak feature of the 2.0 µm 

simulation can be explained by the unusual optical effects that obtain when events are 

very near the detector surface. For example, the light yield of the detector becomes 

slightly higher if an event takes place directly in front of a light guide bonding site, since 

the emitted light then has a direct path to a PMT, and slightly lower otherwise. As the 

thickness of the TPB layer increases, and the number of scatters of the emitted light 

increases, this effect is suppressed. Moreover, the detector light yield is higher in general 

near the edge of the detector than near the center. As a rough estimate of the average 

expected number of photons in the 2.0 µm simulation, we take the weighted average of 

the two peaks 
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(4.29) 

                  (4.30) 

Though the agreement between calculation and simulation is not as striking in this case, 

the discrepancy is not too large; they agree to within about 20%. 

Total Photon Count 

Combining the scintillation photons from the alpha particle and the recoiling 
206

Pb 

nucleus for both the 2 µm and 5 µm cases, we find that 

 

Figure 4.4: Simulation of 400,000 5.3 MeV alpha particles traversing 2 µm and 5 µm 

TPB layers in the full DEAP 3600 geometry.  The mean number of photoelectrons 

observed in simulation agree with the number of photoelectrons expected from the 

calculation to within 20%. 
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                             (4.31) 

                             (4.32) 

From these examples, it is clear that a change in the thickness of the TPB layer can 

significantly impact the total light resulting from a radioactive decay on surface, and in 

some cases, can push the total light above the upper boundary of the WIMP region of 

interest. Recall from Chapter 3 that the nominal WIMP ROI is defined as 15-30 keVee 

detected energy. Assuming a light yield of                and a detector efficiency of 

around 20%, this corresponds to a WIMP ROI of around 120-240 detected photons. As 

noted above, a large track length through TPB by an alpha does not always require a 

correspondingly thick TPB layer, as the alphas may pass through the layer at an angle to 

the AV surface normal. Thus, an only modestly thick TPB layer can result in a significant 

increase in light production for surface backgrounds in some cases. 

4.3 Surface Backgrounds from Simulation 

For a more thorough treatment of the effects of different TPB thicknesses on the surface 

alpha background rate, we simulate the outcome of certain alpha emitting isotopes 

decaying in regions of the detector where such buildup of radioactivity is expected. See 

section 3.4 for an overview on where various alpha-emitting isotopes are expected to 

accumulate during construction, as well as the reasons these accumulations are 

unavoidable. The geometry of DEAP-3600 implemented in the simulation package 

assumes a perfectly smooth inner AV surface, as well as a perfectly smooth, uniform 
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TPB coating. Table 4.1 gives a summary of the results of these simulations. The expected 

three-year background estimate was calculated assuming a       position resolution, and 

TPB-LAr boundary, the source isotopes are assumed to be distributed uniformly over the 

full 4π (excluding the neck) surface of the boundary. For simulations involving the TPB 

bulk, the source isotopes are assumed to be uniformly distributed throughout the TPB 

layer. For simulations involving the acrylic bulk, the source isotopes are assumed to be 

uniformly distributed throughout the inner 80 µm of the AV, as alphas originating deeper 

into the acrylic lose all of their energy before reaching the LAr. Alphas are emitted 

isotropically. For simulations involving the 
232

Th chain, the alpha energy corresponding 

to each radioactive isotope in the chain was simulated an equal number of times, with the 

exception of 
212

Bi and 
212

Po, which had their number of occurrences reduced according to 

their branching ratios. For simulations involving the 
238

U chain, the alpha energy 

corresponding to each radioactive isotope in the chain was simulated an equal number of 

times, but only down to 
210

Pb. 
210

Pb has a half-life of 22.3 years, considerably longer than 

other isotopes in the chain, and buildup of 
210

Pb in various locations of the detector is 

expected throughout construction of DEAP-3600 (see section 3.4). Therefore, the alpha 

emissions from 
210

Po, the alpha-emitting daughter of 
210

Pb, are assumed to be 

independent of the 
238

U chain. Table 4.2 gives a summary of the different radioactive 

decay chains, including their alpha energies and relative weight in the simulation. 
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Alpha-Emitter Region TPB 

Thickness 

Generated Number of Events 

in Energy ROI 

(120-240 PE) 

Background in 3 Years 

210
Po in Acrylic Bulk 0.9 µm                            

2.0 µm                             

3.0 µm                             

210
Po in TPB Bulk 0.9 µm                              

2.0 µm                              

3.0 µm                              

210
Po on TPB-LAr 

Boundary 

0.9 µm                                

2.0 µm                                

3.0 µm                                

238
U in Acrylic Bulk 0.9 µm                            

2.0 µm                             

3.0 µm                             

238
U in TPB Bulk 0.9 µm                              

2.0 µm                              

3.0 µm                              

232
Th in Acrylic Bulk 0.9 µm                            

2.0 µm                             

3.0 µm                             

232
Th in TPB Bulk 0.9 µm                              

2.0 µm                              

3.0 µm                              

Table 4.1: Results of Monte-Carlo simulations of alpha-emitting isotopes in regions of 

the detector where buildup of such alpha-emitters is expected to occur. The expected 

three-year background estimate was calculated assuming a       position resolution, and 

component contamination estimated obtained from [60]. 
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 From Table 4.1, the background rate is dominated by decays originating on the 

TPB-LAr surface. As expected, the number of events in the region of interest decreases 

as TPB layer thickness increases, due to the additional TPB scintillation light contributed 

by alpha excitation boosting the total event energy above the region of interest. Figure 4.5 

shows the energy distribution of 
210

Po, the most dominant of the TPB-LAr boundary 

backgrounds, around the WIMP energy region of interest for all three simulated TPB 

layer thicknesses. From the point of view of TPB-LAr boundary alpha events as a source 

of potential backgrounds, a higher TPB layer thickness is preferred, at least up to 3 µm. 

232
Th Chain       

238
U Chain 

Isotope 

Name 

Alpha 

Energy 

(MeV) 

Daughter  Percentage in 

Simulation 

 Isotope 

Name 

Alpha 

Energy 

(MeV) 

Daughter Percentage in 

Simulation 

232
Th 4.013 

228
Ra 16.67 % 

238
U 4.198 

234
Th 12.5 % 

228
Th 5.423 

224
Ra 16.67 % 

234
U 4.774 

230
Th 12.5 % 

224
Ra 5.685 

220
Rn 16.67 % 

230
Th 4.687 

226
Ra 12.5 % 

220
Rn 6.288 

216
Po 16.67 % 

226
Ra 4.784 

222
Rn 12.5 % 

216
Po 6.778 

212
Pb 16.67 % 

222
Rn 5.480 

218
Po 12.5 % 

212
Bi 6.050 

208
Tl 5.99 % 

218
Po 6.002 

214
Pb 12.5 % 

212
Po 8.784 

208
Pb 10.67 % 

214
Po 7.680 

210
Pb 12.5 % 

     
210

Po 5.300 
206

Pb 12.5 % 

Table 4.2: Percentage of each alpha energy simulated in the uranium and thorium decay 

chains. 
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4.4 Model of 
210

Po Distributions 

In order to determine how systematic uncertainties affect the energy distribution of 
210

Po 

events on the TPB-LAr boundary, a model was developed which describes the overall 

shape of these distributions. This section is devoted to the mathematical & physical basis 

of this model; subsequent sections address the effects of these uncertainties on the 
210

Po 

distributions. The total energy of a 
210

Po alpha decay event on the TPB-LAr boundary 

can be broken into two components: scintillation in the LAr caused by the recoiling 
206

Pb 

nucleus, and scintillation in the TPB caused by the alpha track. These two components 

can be treated independently. 

 

Figure 4.5: Simulated energy spectrum of 
210

Po alpha decays on the TPB-LAr boundary, 

for three different TPB thicknesses. As the TPB thickness increases, a larger fraction of 

the peak is pushed above the WIMP region of interest. From the point of view of TPB-

LAr boundary alpha events, a higher TPB thickness is preferred, at least up to 3 µm. 
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 Scintillation Due to 
206

Pb Recoil 

When a 
210

Po atom undergoes an alpha decay, the 
206

Pb nucleus recoils with a 

fixed amount of energy (103 keV). The range of this nucleus is short enough that 

the nucleus is expected to deposit all of its kinetic energy into the LAr, producing 

scintillation light in the process. We therefore model the probability distribution 

function (PDF) of the recoiling 
206

Pb as a Dirac delta function, centered on the 

expected number of emitted photoelectrons. The distribution is then convolved 

with a Gaussian detector response function. The PDF is therefore given by 

                  
 

      
 
     

  

    
  

 
 

      
 
     

       
 

    
   

(4.33) 

Scintillation Due to Alpha Track 

When an alpha particle passes through the TPB layer, the amount of scintillation 

light produced depends directly on the length of the track of the alpha through the 

TPB. Consider the track of an alpha after a 
210

Po decay on the TPB-LAr 

boundary, as shown in figure 4.6. The track length through the TPB is given by 

  
 

       
 

(4.34) 

where   is the length of the track, and   is the thickness of the TPB layer. Letting λ 

be the energy deposited per unit length along the alpha track, we have 
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Figure 4.6: An alpha track traveling at a fixed angle through the TPB layer. The track 

length   is given by   
 

       
. 

 

  
  

       
 

(4.35) 

Taking   to be a random variable uniformly distributed over the range of   to   

 , we can compute the random variable E using the method of transformations. 

  
  

       
            

  

 
  

(4.36) 

    
 

 
         

 

 
                    

           
 

 
              

                             

  
(4.37) 

     

  
 

  

          
 

(4.38) 

Where    is the probability density of the alpha being emitted at an angle  . The 

distribution before including the detector response is therefore given by 

       

   

           
              

                             

  

(4.39) 
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Figure 4.7 shows the shape of this distribution. Notice that it diverges at     , 

which corresponds to an angle of    , as well as the shortest possible track that 

the alpha can leave in the TPB. This is where we expect the PDF to be 

maximized. 

 An additional parameter that must be included in the model to allow it to 

fit the simulated data is a multiplicative factor β on the energy which serves to 

stretch the distribution horizontally around its point of divergence. The physical 

implication of this parameter is that longer alpha tracks deposit more energy per 

unit length than shorter tracks do. This can be explained by the fact that as an 

alpha particle loses energy, its deposited energy per unit length increases, as

 

Figure 4.7: The PDF of energy deposition by an alpha passing through the TPB layer, 

before including the detector response. The distribution diverges at     , which is the 

case where the alpha passes through the TPB layer parallel to the surface normal, 

corresponding to the shortest possible track that the alpha can leave in the TPB. 
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shown in Figure 4.8. After including this parameter, by substituting       

       into equation 4.39, the PDF becomes 

      

    

                                
              

                                                                                 

  

(4.40) 

This PDF is then convolved with a Gaussian detector response function. So, the 

final PDF for the alpha track is given by 

              
 

      
     

  

    
  

(4.41) 

 

Figure 4.8: Linear energy transfer of an alpha particle in TPB as a function of energy, 

obtained from SRIM. The energy deposited per unit length increases as the energy of the 

alpha decreases, which is why the correction factor   to the probability distribution of the 
210

Po decay event is necessary. 
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Since the energy deposited by the recoiling 
206

Pb is independent of the energy deposited 

by the alpha particle, the total energy of the event is simply the sum of these two 

contributions. Since the PDF of the sum of two random variables is equal to the 

convolution of the PDFs of the two random variables, the PDF of the deposited energy of 

the 
210

Po decay is given by 

                           (4.42) 

Since the PDF of the recoiling 
206

Pb nucleus is a simple Gaussian function, and since the 

convolution operator is associative, we can combine equations 4.41 and 4.33 to get 

              
 

      
 
     

       
 

    
   

(4.43) 

where 

        (4.44) 

              (4.45) 

Equation 4.43 is the model used to fit the simulated distributions. There are four free 

parameters in the model 

    : The expected number of photoelectrons detected by DEAP-3600 from 

scintillation induced by the recoiling 
206

Pb nucleus. 

  : The expected number of photoelectrons detected by DEAP-3600 per unit 

length of alpha track through the TPB layer. 
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  : The factor by which the alpha-induced TPB scintillation distribution is 

stretched about its point of divergence, due to the increase of linear energy 

transfer of the alpha as a function of track length. 

    : The width of the overall detector response function. 

Due to the difficulty of fitting all of these parameters simultaneously, some of these 

parameters had to be fixed using other considerations. The first step was to notice that the 

left side of the 
210

Po distributions should be almost-perfectly described by a Gaussian 

function, since it consists of the Gaussian-smeared divergence point of the alpha-induced 

TPB scintillation distribution. Figure 4.9 shows the results of these left-side Gaussian fits 

to the distributions. The width of the detector response function,    , can be obtained 

directly from these distributions. As the thickness of the TPB layer increases, the width of 

the detector response function increases slightly, which can be explained by the fact that 

the width of the detector response scales with the square root of the energy [61]. 

 To fix the value of  , we note that the shift in peak location between the 

distributions is due exclusively to the additional energy from the extra path length of the 

alpha in the TPB layer. We can express this relationship as 

                 (4.46) 

For the two cases of          ,           and          ,          , we have 
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Figure 4.9: Gaussian fits to the left side of the 
210

Po distributions. The parameters of these 

fits are used to constrain the free parameters in the 
210

Po distribution model. 
 

   
           

       
      

(4.47) 

   
           

       
      

(4.48) 

These two estimates should give the same value for λ, and indeed they are very similar. 

In addition, when multiplied by        and 5     , they are very close to the estimates 

obtained in equations 4.27 and 4.28 respectively. The actual value of   used in the model 

is the average of these estimates 

  
         

 
                  

(4.49) 
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 With the value of   fixed, it is now possible to use the Gaussian fits to fix the 

value of    . To do this, we note that the peaks of the distributions are determined by the 

sum of the energy of the recoiling 
206

Pb nucleus, and the energy of the shortest possible 

alpha track through the TPB. We can express this relationship as 

            (4.50) 

For the three cases of          ,          , and          , we have 

                           (4.51) 

                           (4.52) 

                           (4.53) 

Once again, these three estimates should give the same value for    , and once again, 

they are very similar. We will again use the average of these estimates in the actual 

model. 

    
                 

 
               

(4.54) 

 With the above three parameters fixed, TMinuit was able to accurately fit the 

remaining value of β for each 
210

Po distribution. The values obtained for each distribution 

are given by 

           (4.55) 

           (4.56) 
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           (4.57) 

Again, these three estimates should give the same value for β, and again they are very 

similar. We will again use the average of these three estimates in the actual model. 

  
                 

 
       

(4.58) 

Figure 4.10 shows the 
210

Po distributions, overlaid by the model with the parameters 

determined above. There are some effects that are captured by the simulation (the 

 

Figure 4.10: 
210

Po distributions overlaid by the model with the parameters derived in this 

section. The agreement between the simulated data and the model appears quite strong 

for all three distributions, despite the somewhat large       . 
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difference between a decay site located directly in front of a PMT and between PMTs, the 

deviation from a straight line of the alpha particle or recoiling nucleus, etc.) which are not 

incorporated into the model. The model is therefore not expected to perfectly match the 

simulated distribution, which explains the somewhat large       . Nevertheless, the 

agreement between the simulated data and the model appears quite strong for all three 

distributions. 

4.5 Systematic Uncertainties 

As a method of determining how systematic uncertainties affect the 
210

Po distributions, 

we consider how the various uncertainties affect the parameters in the model developed 

in section 4.4, and then subsequently determine how the associated uncertainties in the 

model parameters affect the overall distribution. We will treat each of the model 

parameters in turn, and then present how the estimated uncertainties change the 
210

Po 

distributions. Finally, we obtain estimates of the fractional decrease in leakage 

probability due to increasing the TPB layer thickness, based on these modified 

distributions. 

     : The primary factors contributing to the uncertainty of     (the number of 

photons DEAP-3600 is expected to detect due to the recoiling 
206

Pb nucleus) are 

light yield of liquid argon, the quenching factor associated with the 
206

Pb nucleus, 

and the detector efficiency. While no uncertainties for these quantities were 

included in the sources from which I obtained them, each of these can usually be 
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determined to an accuracy of about 10%. With this in mind, a fairly conservative 

estimate for the uncertainty of this parameter is 20%. 

   : The primary factor contributing to the uncertainty of   (the number of photons 

DEAP-3600 is expected to detect due to TPB scintillation induced by the alpha 

track, per unit length) is the uncertainty in the number of photons emitted by TPB 

per unit of energy deposited, with the detector efficiency also playing a less 

substantial role. Pollmann et al. report a value of                    , 

corresponding to an uncertainty of 23.8%. After including the uncertainty of the 

detector efficiency, a fairly conservative estimate for the uncertainty of this 

parameter is 30%. 

   : Since   is a multiplicative factor on the energy included to account for the 

change in LET of alphas in TPB as a function of track length, the primary factor 

contributing to the uncertainty in   is related to the uncertainty associated with 

the linear energy transfer of alphas in TPB. It is the uncertainty of the change of 

the LET with energy, rather than the LET itself, which drives the uncertainty in  . 

Since the majority of SRIM LET calculations agree with experimental data to 

within 5%, and more than 80% agree to within 10% [62], we take as a 

conservative estimate the uncertainty of   a value of 10%. 

     : The primary drivers of the uncertainty of     (the width of the detector 

response function) is the statistical uncertainty associated with the number of 

events used to generate the 
210

Po distributions from simulation. The systematic 
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uncertainty of this parameter is negligible compared to the statistical uncertainty, 

and to the systematic uncertainties of the other parameters. Nevertheless, we 

include an uncertainty corresponding to the uncertainties found in the fits of 

Figure 4.9, approximately 1% for each of the 
210

Po distributions. 

The following procedure was undertaken to estimate how the uncertainties of these 

parameters affected the overall 
210

Po distributions: Each parameter in the model was 

varied individually, up and down, by the appropriate percentage, and the modified 

distributions were computed. The difference between the modified & original distribution 

were then calculated at each point in the distributions. The negative & positive 

differences due to each parameter were added separately, in quadrature, at each point in 

the distribution. The resulting positive and negative differences serve as the upper and 

lower bounds of the uncertainties in the distributions. Figure 4.11 shows the result of this 

procedure. 

 To obtain a measure of the benefit of increasing the TPB thickness to the ROI 

leakage probability, we compute the ratio of the leakage probability of each thickness to 

the leakage probability for a thickness of 0.9 μm. Measuring the change in ROI leakage 

probability in this way eliminates the total ROI leakage uncertainty that is present for all 

three thicknesses, and changes in the same way for all three thicknesses when a particular 

model parameter is modified. The uncertainty in the ratios that remain are therefore due 

to differences in ROI leakage probability that are genuinely different for different 

thicknesses. The uncertainties in the ratios are calculated in the same was as described 
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Figure 4.11: 
210

Po distributions overlaid by the model, and including the uncertainty 

bands derived in this section. 

above; each parameter is varied individually, up and down, and the positive and negative 

changes to the ROI leakage ratios are added in quadrature to obtain the upper and lower 

bounds for each of the ROI leakage ratios. The results of this procedure are given below. 
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(4.59) 

            

            
            

       
(4.60) 

            

            
            

       
(4.61) 

These ratios show that a TPB thickness of 3.0 μm is a significant improvement over 2.0 

μm and 0.9 μm for this source of background. 

4.6 Other Thickness Considerations 

Although increasing the thickness of the TPB layer mitigates backgrounds from alphas 

originating on the TPB-LAr boundary, this effect will be accompanied by many others, 

which may affect the overall performance of the detector positively or negatively. A brief 

summary of some other TPB thickness considerations is presented here. 

 Despite efforts to obtain highly radio-pure TPB for the deposition, trace quantities 

of primordial 
238

U and 
232

Th within the TPB are expected. Therefore, a thicker TPB layer 

corresponds to more surface alpha emitters, simply due to the presence of more material. 

Additionally, a thicker TPB layer has the usual effect of increasing the energy per event 

due to the additional alpha-induced scintillation light from TPB. For alpha emitters in the 

TPB bulk, this additional energy can boost a surface event into the energy region of 

interest, leading to a further increase in potential backgrounds (See Figure 4.12). Recall 

that for alpha emitters on the TPB-LAr boundary, the additional energy was beneficial, 
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boosting the event above the energy region of interest and resulting in a decrease in 

potential backgrounds. Both of these effects must be considered in the final choice of 

TPB thickness.  

 Although TPB is mostly transparent to its own scintillation light, a sufficiently 

thick TPB layer may lead to some absorption, which will diminish light yield and weaken 

position reconstruction. Multiple scattering of optical photons within the TPB layer may 

also weaken position reconstruction. Francini et al. [63] conducted an investigation into 

the optical properties of TPB which reported, among other things, the integrated relative 

photoluminescence of TPB samples on a glass substrate, as a function of TPB layer 

 

Figure 4.12: Probability distributions for 
210

Po events uniformly distributed in the bulk of 

the TPB. Note that increasing the TPB thickness above        begins to push the peak 

into the energy ROI, potentially resulting in a higher overall background rate. 
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thickness. Figure 4.13 is adapted from [63], with the x-axis modified to show the 

thickness in microns, rather than mass per unit area. These results show that the 

integrated photoluminescence remains fairly constant up to thicknesses around 13.4 µm, 

after which a decrease is observed. The observation that photoluminescence is constant 

over such a large range of TPB thicknesses confirms that absorption of photons in TPB 

will not be a problem in DEAP-3600. 

 Perhaps the principal factor considered in choosing the TPB thickness is the 

requirement that the entire inner surface of the AV be coated, with no pinholes or 

uncovered patches. Therefore, to ensure total coverage, the TPB layer must be at least as 

thick as the surface features of the underlying sanded acrylic. Figure 4.14 shows an 

atomic force microscope scan of a sample piece of acrylic, which was sanded with the 

same sandpaper as was used on the resurfacer. For the three contours shown, over a 

 

Figure 4.13: Plot of integrated photoluminescence of TPB samples on glass substrate as a 

function of TPB thickness. The photoluminescence remains fairly constant up to 

thicknesses around 13.4 µm, after which a decrease, indicating absorption of photons by 

the TPB, is observed. The observation that photoluminescence is constant over such a 

large range of thicknesses indicates that absorption of photons in TPB will not be a 

problem in DEAP-3600. Figure adapted from [63]. 
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distance of 30 µm, the distance between the maximum and minimum displacement was 

observed to be just under 1 µm. Assuming that the TPB deposition system performs to 

specification, the TPB coating shouldn’t vary in thickness by more than 20%. Therefore, 

the average TPB layer thickness must be greater than 1.25um at the very least, assuming 

the largest AV surface features are accurately represented by the three contours in the 

30um sample. Since the largest surface features of the DEAP-3600 AV are likely larger 

than those captured by the sample, a somewhat thicker coating is desirable. 

 The design of the TPB deposition system also plays a role in the choice of TPB 

layer thickness. Only an outline of the design is presented here; the full details of the 

design can be found in [48]. The essence of the deposition system consists of a copper 

crucible hanging inside an 11-cm stainless steel shell perforated with circular holes. The 

locations of the holes are carefully chosen to ensure sufficiently uniform coverage of the  

 

Figure 4.14: AFM scan of a sample of acrylic sanded using the same sandpaper as was 

used by the resurfacer on DEAP-3600. The three colours correspond to three different 

scans. The largest maximum to minimum displacement, observed on the scan coloured in 

red, is just under 1 µm. 
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AV with TPB. The spherical shell is heated by an externally-wrapped coil heater, which 

radiatively heats the inner crucible, causing the TPB to evaporate. The TPB molecules 

then repeatedly scatter, adsorb, and desorb, such that their trajectory is random by the 

time they escape through one of the holes. The size of the copper crucible directly 

determines how much TPB is able to be deposited during a single deposition, which may 

in practice limit total thickness of the TPB layer. While multiple depositions are possible, 

TPB deposition must occur while the AV is under sufficient vacuum that TPB molecules 

have only a small chance of scattering on their way to the AV surface. The reason for this 

is that, during a TPB deposition cycle, a protective neck baffle is installed to prevent TPB 

from being deposited in the neck. The pressure must be kept sufficiently low that no TPB 

is able to scatter around the neck baffle and enter the neck region (see [64] for more 

details). On the other hand, the deposition system can only be removed and deployed 

when the AV is at atmospheric pressure. Thus, each deposition requires the vessel to be 

evacuated and backfilled, which takes a significant amount of time. The copper crucible 

is large enough to contain about 15 g of TPB, which corresponds to a TPB layer of 1.52 

µm, assuming an inner AV radius of 85.1 cm, TPB density of           , and uniform 

coverage. 

4.7 TPB Layer Thickness in DEAP-3600 

The consideration of all of the above factors resulted in the decision to deposit 3 µm of 

TPB on the interior of the AV. The deposition happened in two stages, due to the 
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limitation on the amount of TPB that could be packed into the small copper crucible. For 

the first deposition,            of TPB were loaded into the copper crucible, and 

evaporatively deposited onto the AV on June 19, 2015, over the course of about 6 hours.  

This corresponds to a TPB thickness of             . The second deposition took 

place on June 27, 2015, and proceeded much the same way. This time,            of 

TPB were loaded into the crucible, which under the above assumptions corresponds to a 

thickness of             . After both depositions therefore, the final TPB thickness 

on the AV is estimated at             . 

 During the TPB depositions, an acrylic stage was deployed along with the TPB 

evaporation source at the joint between the acrylic sphere and the acrylic neck. One of its 

purposes was to prevent TPB from traveling into and depositing inside the neck. Acrylic 

slides, sanded with the same sandpaper as was used on the resurfacer, were mounted on 

the underside of the stage and were exposed to the inside of the AV during the 

deposition, allowing them to be coated with TPB. These slides were then extracted along 

with the deployment systems and analysed ex situ, which allowed the thickness of the 

TPB layer in the AV to be determined. Figure 4.15 shows a scanning electron microscope 

image of a section of one of the acrylic slides. As expected, a layer of TPB can be seen 

tracking the features of the underlying acrylic, with a fairly constant thickness of roughly 

3.2 µm.  
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Figure 4.15: SEM scan of a sample of acrylic that was deployed at the joint between the 

acrylic surface and the acrylic neck during the TPB deposition. A layer of TPB of fairly 

constant thickness, tracking the surface features of the underlying acrylic can be seen. 

The thickness is approximately 3.2 µm 
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Chapter 5 

 

Summary and Conclusions 

 

Despite abundant evidence of its existence from various cosmological sources, the nature 

of dark matter remains a mystery. One of the most popular extensions to the standard 

model, supersymmetry, predicts the existence of new weakly interacting massive 

particles (WIMPs), the properties of which make them compelling dark matter 

candidates. DEAP-3600 is a dark matter detector located 2 km underground in a nickel 

mine outside Sudbury, Ontario, and is aimed at directly detecting these WIMP particles. 

DEAP-3600, currently in operation, is among the most sensitive dark matter experiments 

in the world, sensitive to interactions with WIMP-nucleon cross-sections of           

for 100 GeV WIMPs, making it the most sensitive detector on earth for WIMPs of that 

mass. 

 The operating principle of DEAP-3600 is the detection of scintillation light 

induced by a recoiling argon nucleus in the 3600-kg liquid argon (LAr) target, caused by 

the weak interaction of the argon nucleus with a WIMP. Since the emitted ultraviolet 

scintillation light cannot pass through the acrylic vessel (AV) containing the target to the 

surrounding photomultiplier tubes (PMTs), a thin layer of 1,1,4,4-tetraphenyl-1,3-
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butadiene (TPB) must be deposited on the inner surface of the AV, which acts as a 

wavelength shifter from ultraviolet (128 nm) light to visible (420 nm) light. The visible 

light then passes though the transparent AV and is detected by the surrounding array of 

PMTs. 

 Like all other dark matter search experiments, DEAP-3600 suffers from a range 

of background signals, which either need to be suppressed or identified and cut from the 

analysis. Of particular concern are surface alpha events (alpha decays originating near the 

inner surface of the AV) caused by the inevitable buildup of radioactive isotopes such as 

238
U, 

232
Th, and their daughters. The location and causes of such isotope buildup, as well 

as the steps taken to mitigate such buildup, were explored, and the mechanism by which 

the alpha decays of these particles can generate potential background signals for DEAP-

3600, are discussed. The background rate that may be caused by these events depends in 

various ways on the thickness of the TPB layer deployed on the inner surface of the AV. 

Monte-Carlo based simulations of these surface alpha decays, using the full DEAP-3600 

detector geometry, were performed for three different choices of TPB thicknesses, and 

when combined with previous contamination estimates of the various detector regions, 

estimates of the total background over 3 years of data taking were obtained. 

 It was determined from these estimates that the dominant potential background 

from surface alpha events were from 
210

Po decays on the TPB-LAr boundary, and so this 

source of background was studied in more detail. The background rate of these events 

depends sensitively on the TPB layer thickness. In particular, increasing the thickness of 
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the TPB layer increases the total energy of an alpha decay, due to the increase in TPB 

scintillation due to alpha excitation, and for a sufficiently thick TPB layer, a 
210

Po event 

can be boosted out of the WIMP energy region of interest (ROI). A calculation of the 

expected number of photoelectrons observed by DEAP-3600 based on scintillation 

physics and estimates of detector parameters was performed for the three choices of TPB 

thickness, and found to be in close agreement with the number of photoelectrons 

observed in simulation. The simulation assumed a perfectly smooth inner AV surface and 

a perfectly smooth, uniform TPB coating; examining the effects of roughness of the inner 

surface of the AV and TPB is a potential topic for future research. 

 A method for determining how systematic uncertainties in the detector affected 

the 
210

Po probability distributions and energy ROI leakage probability was presented. In 

brief, a model for the energy distribution was developed by considering separately the 

expected energy contribution from the recoiling 
206

Pb nucleus in LAr, and the alpha 

particle traversing the TPB layer. Parameters in the model corresponding to quantities 

obtained in the calculation of the expected number of photoelectrons observed by DEAP-

3600 corresponded closely to those calculated quantities, and the model distributions 

closely fit the simulated distributions. Systematics in the detector were treated by 

considering how the systematics affected parameters in the model, and in turn how the 

corresponding variation in the model parameters affected the energy distributions. 

Finally, bounds on the energy ROI leakage were obtained by adopting conservative 

estimates for the uncertainties in the model parameters, obtaining upper and lower 
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bounds on the model distributions based on how the distributions changed under variation 

of those parameters, and computing the energy ROI leakage resulting from these upper 

and lower bounds. The resulting ROI leakage probabilities for TPB thicknesses of 0.9 

µm, 2.0 µm, and 3.0 µm, are                 
      ,                 

      , and      

           
      , respectively. 

 Additional considerations for the TPB thickness were also presented, the most 

important of which was the requirement that the entire inner surface of the AV be coated 

with TPB, with no pinholes or uncovered patches. The decision was ultimately made to 

use a thickness of 3 µm, evaporatively deposited over two stages in June 2015. Acrylic 

slides were deployed along with the TPB deposition system to allow ex situ analysis of 

the TPB uniformity, thickness, and to check for pinholes and uncovered patches. 

Preliminary analysis of SEM scans of these slides shows a thickness and uniformity 

roughly in agreement with expectation. 
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