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Abstract

The DEAP-3600 experiment is a 3600 kg Liquid Argon (LAr) target scintillation detector
designed to detect the Weakly Interacting Massive Particle (WIMP) dark matter candidate.
The detector works by detecting photons released by nuclear recoils of Argon nuclei, using
an array of 255 nearly isotropically placed photomultiplier tubes (PMTs). The detector
electronics system then digitizes the pulse detected by the PMTs and is designed to maximize
discrimination between single and multiple photon pulses. The data processing chain is
completed with an offline processor that discriminates the dominant Ar-39 induced 3 decay
background from nuclear recoil induced hits using pulse shaped discrimination (PSD).
Each PMT has an intrinsic level of background caused by dark noise and afterpulsing
that can potentially create anomalous signals in the WIMP region of interest. Dark noise is
caused by photoelectrons being spontaneously emitted from the PMT photocathode material
and afterpulsing is typically caused by the residual gas ions inside the PMT that drift
and strike the photocathode resulting in the emission of many photoelectrons. This thesis
introduces a method to characterize the levels of PMT afterpulsing and dark noise in the
DEAP-3600 detector. Presented is a discussion of the implications of the resultant PMT

background for the WIMP search during the detector physics data running.
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Preface

The work presented in this thesis is the author’s own and is original except where noted
here. The use of others’ work is cited in the text where appropriate.

The DEAP-3600 detector is the result of an international collaboration of scientists,
developed over a period of nearly 8 years. Given this, it is natural in such projects to
participate in a number of collaborative efforts and build on the work of others’ while com-
pleting a graduate degree. Within this thesis, the single photoelectron gain plots (included in
Chapter 4) were produced by collaborators Thomas Li and Tina Pollmann (SNOLAB). The
code that generates the charge versus At histograms and related 1D projections (Chap-
ter 4) where developed as a joint effort by the author and co-supervisor Fabrice Retiere
(TRIUMF). The fitting function, both the original algorithm and software, was developed
initially by co-supervisor Retiere and subsequently modified by the author to produce the
results presented in the thesis. The raw PMT waveform plots presented in the Chapter 4,
that make it possible to determine if the charge versus At hits were from a real physics
event, were produced Benjamin Smith (TRIUMF) using the DEAP-3600 online data dis-
play tool. The photomultiplier tube uniformity study plots (Chapter 5) were produced by
the author using the resultant data from code generated by co-supervisor Retiere. Finally,
the Fprompt analysis code utilized for the results in Chapter 6 was produced originally by

co-supervisor Retiere and modified by the author for the purpose of the thesis studies.
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Chapter 1

Introduction

One of the primary challenges in science for nearly 80 years has been the search for an
explanation to the Dark Matter component of the Universe [I]. Recent developments in
astrophysical measurements [2] have provided refined precision on our knowledge of a Uni-
verse with a Dark Matter dominated matter energy density. With no viable astrophysical
explanation for this observation, the effort to provide a particle physics explanation to re-
solve this mystery has continued to grow [3]. In particular, the past decade has witnessed
a large build-up experimental searches for a Dark Matter particle candidate, the favorite
being the Weakly Interacting Massive Particle (WIMP) [4].

The DEAP-3600 experiment [5] is a large scintillation experiment designed to detect
WIMP-induced nuclear recoils inside a 3,600 kg target volume of liquid Argon contained
inside an acrylic vessel. The experiment is located nearly 2 km below the Earth’s surface in
the Vale Creighton Mine near Sudbury, Ontario, Canada and is designed to provide world-
leading sensitivity to the WIMP-nucleon spin independent cross-section for WIMP masses
above approximately 60 GeV. The scintillation light produced in the candidate signal events
in DEAP-3600 is ultimately detected by photomultiplier tubes (PMTs) that provide nearly
72% isotropic coverage of the vessel [5]. The data from the events are then generated using
the amplified signal from the PMTs and output via a system of sensitive electronics that,

with an online analysis algorithm, determine the type of event that occurred in the detector.



This thesis presents a detailed study of two of the primary inherent sources of operating
backgrounds associated with utilizing PMTs in these type of Dark Matter search detectors;
namely dark noise and afterpulsing. The full characterization of these PMT backgrounds
is crucial to understanding the DEAP-3600 detector response and, therefore, ultimately
impacts the achievable sensitivity to the WIMP signal. In Chapter 2 the reader will find
the historical motivation for Dark Matter being prevalent in the Universe and a discussion
of the current complementary searches that have been developed for WIMP candidate Dark
Matter: direct, indirect and production at high energy colliders. Chapter 3 provides the
reader with a detailed description of the DEAP-3600 detector including the motivation for
its design elements. Chapter 4 discusses the potential sources and mechanisms of dark noise
and afterpulsing as PMT backgrounds. Additionally, we present in Chapter 4 a method to
extract the necessary parameters to describe dark noise and afterpulsing using a novel fitting
algorithm applied to the late PMT waveform for initial single photoelectron-like pulses.
Chapter 4 concludes with a comparison test of the late pulse spectrum from externally
produced photoelectrons from a laser source to the spectrum from the DEAP-3600 detector
when operated in a dark state. In Chapter 5 the reader will find the global studies that
test the uniformity of the complete suite of DEAP-3600 PMTs for the dark noise and
afterpulsing backgrounds. Also presented is the response of the PMTs to variations in the
operating voltage and how this may affect the late pulse fit parameters. The thesis concludes
with Chapter 6, where the reader will find a discussion of the implications for the measured
levels of PMT afterpulsing in DEAP-3600 on the soon to begin WIMP search data runs and

possible methods to mitigate their impact.



Chapter 2

The WIMP hypothesis

2.1 Introduction

Over the past century there has been an enormous effort to try to understand the nature
and origin of Dark (non-luminous and non-absorbing) Matter. Dark Matter is proposed
explanation for a number of astrophysics challenges, including why certain galaxies appear
to be rotating faster than predicted by Newtonian gravity if they were only comprised of
luminous (baryonic) matter [6]. Here we will introduce the evidence that supports the
existence of Cold Dark Matter (CDM), a proposed solution to the Dark Matter problem
7 [8] [9. We will discuss the favoured Dark Matter candidate, the Weakly Interacting
Massive Particle (WIMP), and how WIMPs may be supersymmetric (SUSY) particles [10].
We present the types of interactions we might see from SUSY WIMP candidates and how
we might be able to detect them with a detector like DEAP-3600. We will close with a

discussion on the current status of WIMP searches.



2.2 Observational Evidence

2.2.1 (Galactic Rotation Curves

The first evidence for dark matter was proposed by Fritz Zwicky, whose application of the
Virial theorem on the rotational velocities of the galaxies in the Coma cluster led to a much
larger cluster mass than predicted by Newtonian gravity [I]. Further evidence from studies
of galactic rotation curves strengthened his hypothesis [6]. From Newtonian dynamics the

rotation velocity v(r) of the galaxies is expected to fall off as

v(r) = , (2.1)

where G is the Gravitational constant, M(r) is the galaxy mass as a function of the distance
from the source, r. If the mass density profile of the galaxy is like an optical disk (where
the surface brightness declines exponentially with radius) the galactic masses should be
approximately independent of r if they are treated as a point source mass, meaning that
the galactic velocity falls off as approximately v(r) o< 1/4/(r). However, as demonstrated
by Fig. the rotation curves of galaxies are flat at large radii resulting in the need for a
halo with M(r) o r at large radii and a galactic density p(r) oc 1/7? [I1]. The dark matter
density is typically described in terms of its density parameter, Qpm = p/peritical Where
Peritical 18 the critical density that if smaller would cause the Universe to expand forever.
The total density parameter of the Universe €2 is the sum of the dark matter component,
Qpwm, the baryonic matter component {2y and the mass density of relativistic particles £,
[12]. Absence of sufficient luminous matter in the galaxies at large radii indicate the need
for a dark matter component with a lower bound in the density to be Qpy > 0.1 [13] [14)

I5].

2.2.2 Gravitational Lensing and Galactic Events

Gravitational lensing surveys have provided good estimates of how much dark matter is in

individual galaxy clusters. The strong lensing method uses the concept of the Einstein ring,
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Figure 2.1: Rotation curve for the dwarf spiral galaxy NGC 6503 and the expected velocity
contributions from the dark matter halo, optical disk and residual gas. Subtracting off
the disk and gas contributions from the observed profile results in a velocity dispersion
reminiscent of a galactic halo [I6].

which is a distortion of space-time by a large interstellar objects [17]. This affects the path
of light from a distant source such as a star or a galaxy enabling the massive object to act
as a lens when they obstruct the line of sight between an observer and the source [I8].

This method has aided the dark matter search in two primary ways. First, gravitational
microlensing has helped discount the Massive Compact Halo Object (MACHO) hypothesis.
MACHO:s are interstellar objects that are made entirely of baryonic matter [I9]. The search
for MACHOs used the microlensing effect, which relies on the MACHO to pass in front of a
star to make it appear brighter than it actually is [20]. Based on microlensing observations
by the EROS2 collaboration, MACHOs in the mass range of 0.6 x 10~ My < M < 15M,
were ruled out as the primary occupants of the Milky Way halo [2I] . This naturally led
the dark matter community to turn their attention to the WIMP as being the primary dark
matter candidate [22].

Second is the observation of astrophysical events such as the Bullet Cluster as shown
in Fig. This event resulted from the collision of two galaxy clusters approximately

150 million years ago where the concentrations of hot gas from the clusters collided, passed
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Figure 2.2: X-ray observation of the Bullet Cluster by the Chandra X-ray observatory.
There are two distinct parts of the nucleus representing the collision point of the two galactic
clusters. The gases dominate the visible mass budget of the clusters. The purple regions
represents the stellar and gaseous matter and the purple region represents the dark matter
region. The dark matter distribution was resolved using weak lensing. [23].

through each other and stopped close to the point of impact [24]. Measurements of the mass
density via lensing demonstrated that most of the mass after the collision was located away
from the hot gas cluster. With a statistical significance of 8¢, this allowed for limits to be
placed on the self interaction cross section of dark matter and gave experimental evidence

that the dark matter self-interactions were indeed weak [24].

2.2.3 CMB Distribution

Galactic rotation curves provide us with compelling evidence that there might be dark mat-
ter. The total amount of dark matter in the Universe can be understood by analyzing the
Cosmic Microwave Background (CMB) spectrum. The CMB spectrum is a blackbody spec-
trum with a temperature of 2.725K comprised of relic photons from soon after the Big Bang
[25]. The most sensitive measurement of the CMB comes from the Planck telescope [26].
Planck measured the temperature fluctuations of the CMB, which enabled small and large
scale anisotropies in the sky to be well characterized. The CMB anisotropies enable accurate
testing of cosmological parameters. The main conclusion from analysis of the Planck data

is the abundance of baryonic matter (), from the fits to the multipole expansion as shown



Figure 2.3: The all sky picture of the temperature in the early universe taken by the Planck
telescope. The color-scale represents CMB temperature fluctuations and correspond to seeds
for galaxy formations [2].

in Fig. is insufficient to account for the physical matter density ;. Quantitatively, the

abundances found by Planck were,

Oph? = 0.02226 + 0.00023
(2.2)

Qurh? = 0.1415 + 0.0019

meaning that baryonic matter accounts for 17% of the total matter density [2]. It is clear
from these results that the abundance of baryonic matter in the Universe is not sufficient

to account for the total physical matter [27]

2.3 Expected WIMP Distributions and Behaviors

2.3.1 WIMPs in the Early Universe

Simulations of the dark matter distribution in the Galaxy imply that dark matter is non
relativistic (cold). The WIMP properties fit well with this prediction and with the relic
particle model from the early Universe when all particles were assumed to be in a state
of thermal equilibrium production [II]. When the temperature of the Universe dropped

below that required to thermally produce WIMPs, the WIMP number density decreased
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Figure 2.4: Shown is the temperature flucutations measured by Planck as a function of an-
gular scale. The red points show the measured CMB temperature fluctuations as a function
of angular scale on the sky as seen by Planck. The green shaded region shows the expected
temperature fluctuations by the best fit of the standard model of the Universe and the fit
of the Planck data points is also shown. The relative sizes of the first three peaks gives a
very precise idea of how much baryonic and dark matter there is in the Universe [2].

exponentially and the annihilation rate 7 = (ov) n, fell. As a result of this drop in rate,
WIMPs fell out of equilibrium leaving a relic abundance [13].
The current cosmological WIMP abundance €1, can be determined by solving the Boltz-

mann equation, which yields an approximate solution of

Q% = (2.3)

MyNy (3 x 10727 ¢cm? sec_l)
Pe ov
where m,, is the WIMP mass, p. is the critical WIMP density, h is the Hubble constant
in units of 100 km sec™! Mpc~! and o4v is the WIMP cross section. To get the same
cosmological abundance for dark matter, the WIMP annihilation cross section is approx-
imately 1072 GeV~2 [11]. Additionally, this cross section would also be expected from a
typical electroweak cross section Oweax =~ o?/m2 ., for a (low mass) 100 GeV WIMP [14].

This link between electroweak physics and early big bang physics is a coincidence that is

commonly referred to as the WIMP miracle [28§].



2.3.2 Large Scale Structure

Dark matter distributions have been reconstructed from sky surveys such as the 2 degree
Field Galaxy Redshift Survey (2dFGRS) and the Sloan Digital Sky Survey (SDSS) and
other observations such as high quality sky images. An example reconstruction is shown in
Fig. 2.5l These surveys and the CMB spectrum measured by the Planck satellite provide
evidence that enables the formation of galactic components to be tracked from 380,000 years
after the Big Bang to the present day.

To track the evolution of structures from seed inhomogeneities such as primordial den-
sity fluctuations, N body simulations are used. N body simulations numerically calculate
the growth of density perturbations. This is done by evolving the trajectories of a very
large number of particles for an expanding Universe. The expansion is modeled by solving
a dynamical equation such as Poisson’s equation [29] . The main findings of these simula-
tions were that dark matter is necessary to explain structure formation. Observations have
suggested that structure formation proceeds hierarchically with the smaller structures col-
lapsing first, followed by galaxies, and then followed by clusters of galaxies. Dark matter is
required to compact structure during this evolution. The second major finding from N-body
simulations is that dark matter has to be cold for the structure formation model to succeed.
Additionally, the cold dark matter (CDM) model produces simulations that are consistent

with the observations by the SDSS and 2dFGRS surveys [30] [31].

2.3.3 Summary

Based on the evidence presented, a viable dark matter candidate must have a number of
distinct characteristics. To be a seed for large-scale structure formation the candidate has
to be cold and must be dark. For the candidate to be a Big Bang relic and detectable it
must have a lifetime longer than the age of the Universe. Finally, from the Bullet Cluster

observation the candidate has to be weakly interacting.
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Figure 2.5: 3D distribution of Dark Matter in our local Universe constructed from the
Hubble Map data. Each of the dark matter distributions at the three different times were
created using snapshots of the CMB for galaxies at different times. It is calibrated by
measuring the cosmological redshift of the lensing galaxies used to map the dark matter
distribution. The slices across the Universe are combined to produce a 3D map of the dark
matter distribution [32].

2.4 Supersymmetric Dark Matter

2.4.1 Overview

A theoretical model that is widely used to describe the WIMP is that provided by super-
symmetry. Supersymmetry is an extension of the Standard Model and was constructed to
explore new physics that might arise between the electroweak (=~ 102 GeV) and the Planck

scale (=~ 10 GeV) [33]. Since the WIMP is expected to have a mass within this range, it
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is only natural to explore the possibility that the WIMP may be supersymmetric in nature.
To maintain simplicity, here we discuss supersymmetry in terms of the Minimum Supersym-
metric Model (MSSM) and do not divert into the general supersymmetric model or other

topics such as supergravity.

2.4.2 The Hierarchy Problem

A major piece of the Standard Model is the existence of a Higgs field and consequently a
Higgs boson [33]. Spontaneous symmetry breaking of the Higgs field explains why gauge
bosons have mass. However, there is a problem with the current form of the Standard
Model where the Higgs can couple with virtual fermions. Adding these virtual fermion
loops continually to the Higgs interactions means that there are extra terms in the Higgs
Lagrangian that results in the Higgs having a much lower mass than the Planck mass [34]
[4]. This is known as the Hierarchy Problem. A solution to this problem is to define another
symmetry where these virtual fermions are actually virtual scalar particles. This causes
the virtual fermion contribution to the Higgs Lagrangian to cancel, thereby restoring the
Higgs mass to a value much lower than the Plank mass. The existence of these virtual
scalar particles, each with masses going up to the Plank scale, provides the basis for the

supersymmetric model [4].

2.4.3 R Parity and Neutralinos

In order for supersymmetry to produce experimentally viable interactions the baryon number
B and lepton number L of supersymmetric interactions, must be conserved [I4]. This
prevents unphysical decay channels, such as proton decay: p— et 7" [4]. To conserve these

two quantities an extra symmetry called R parity, Pg, is introduced defined by

Pp = (—1)3B-L)+2s (2.4)

where s is the spin. The phenomenological consequence from R parity conservation is

that the lightest supersymmetric particle (LSP) must be stable. If the LSP is a weakly

11



interacting electrically neutral particle, then it is an excellent WIMP candidate. The lightest
supersymmetric dark matter candidate, whose mass has not been disfavored by collider
experiments, is the neutralino [4]. Since the WIMP candidate is expected to be slow moving,
the most relevant neutralino interactions for detection are self annihilation and nucleon

elastic scattering [13].

2.5 Current Status of WIMP Searches

WIMP searches are generally divided into three distinct complimentary fields: direct de-
tection, indirect detection (detection of WIMP decay and annihilation products), and pro-
duction at colliders. The direct and indirect experiments can also be subdivided into spin
independent (SI) and spin dependent (SD) experiments. The SD experiments are sensitive
to the spin state of WIMP-like nuclear recoils, whereas SI experiments are not [35]. SD

experiments enable a specific interaction model to be identified if a WIMP is detected [35].

2.5.1 Direct WIMP Searches

Direct WIMP searches are reliant on measuring the energy imparted from a WIMP-nucleon
interaction. There are three primary mechanisms of detecting the nuclear recoil energy:
ionization, scintillation, and phonon production. Some experiments use more than one of
these mechanisms. Ionization based experiments rely on measuring the ions produced as a
result of a WIMP interacting with a target. Phonon based experiments involve the nuclear
recoil produced from a WIMP interaction with a target solid producing a phonon. As a
result a signal is measured from a temperature change if the detection medium is a crystal
or from a phase transition if the detection medium is a superheated liquid. Scintillation
experiments rely on the detection of scintillation light produced from the excited state of
a WIMP-induced nuclear recoil, such as in DEAP-3600. Using these different methods,
stringent limits on the WIMP-nucleon cross section and the WIMP mass can be placed,
as demonstrated in Fig. The lower cross section limit for WIMP detection also as

demonstrated in Fig. is determined by the irreducible neutrino backscattering events,

12
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Figure 2.6: Spin Independent WIMP cross sections vs mass for a variety of experiments.
The region colored in green is the parameter space that has been probed. The yellow
region represents the atmospheric neutrino background scattering limit. Most of the current
theories (that have not already been discounted) predict a 100 GeV WIMP candidate at a
cross section between 1074° em=2 to 10747 em =2 [36].

the point where neutrinos start interacting with nucleons. Examples of experiments that

utilize these detection techniques are discussed in the following section.

Tonization and Phonon Based Detectors

Tonization and phonon based detectors such as CDMS (Cryogenic Dark Matter Search),
measure ionization and phonon production from nuclear recoils, for example in semiconduc-
tor crystal substrates. The substrates are typically reverse biased to be sensitive to small
voltage changes. Background discrimination for these types of detectors is based on the
ratio of phonon to ionization signal. Experiments such as CDMS have their substrates held
at mK temperatures, enabling high sensitivity to phonon induced temperature changes and
event-by-event discrimination between electronic and nuclear recoil rates. Germanium and
Silicon are used because they are semiconductors and can be made of high purity with low

levels of intrinsic background radiation [37].
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Figure 2.7: Schematic of the WARP dual phase dark matter experiment. The active fiducial
volume is in the liquid phase of the experiment and the integrated light signal plot can be
built from the signal propagated in the liquid and gas phases of the detector [38].

These detectors are designed to detect scintillation light from WIMP-induced nuclear
recoils. The target volume can be a solid, such as Sodium Iodide for the DAMA /Nal
experiment, a liquid noble gas, like Argon for the DEAP/CLEAN experiments or include a
gas/dual phase such as in the WIMP Argon Programme (WArP) experiment or the Large
Underground Xenon (LUX) experiment. The single and dual phase experiments use the
total emitted light as a function of time as a discrimination parameter to distinguish between
WIMP-like and gamma and electron induced events. A schematic of a dual phase setup is
shown in Fig. involving a set of Photo-Multiplier Tubes (PMTSs) to detect light from
the liquid phase and another set to detect light from the gaseous phase. This results in two
light signals being produced from a single recoil. The amplitude of the light signal from the
liquid phase of the experiment is known as S1 and the gaseous phase is known as S2. The
parameters S1 and S2 can be weighted with different parameters. For example, LUX uses

energy, position, recoil type, and electroluminescence (S2) to discriminate out background.
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A WIMP like nuclear recoil in LUX would release a certain amount of scintillation light and
be a single scatter event. Using position reconstruction and the ratio of S1/S2 a stringent
discrimination parameter can be introduced to minimize background induced signals [39].
The single-phase DEAP-3600, the detector of interest for this work, is a scintillation detector

and is discussed in detail in Chapter 2.

Current Results

Fig. shows the major results of most current Spin Independent WIMP searches. The
most sensitive limits on the WIMP mass have been achieved by the LUX experiments. At the
time of writing, DEAP-3600 is currently in its early stages of calibration data acqusition
and the WIMP search is expected to begin late 2015. There are a number of proposed
experiments to probe as much of the WIMP parameter space as possible, including the
SuperCDMS experiment at SNOLAB (sensitive to 1 GeV to 10 GeV WIMP masses) and
the proposed Lux-Zeplin (LZ) and Darkside collaborations, aiming to push their sensitivities

to within an order of magnitude from the neutrino backscattering limit.
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2.5.2 Indirect WIMP Searches

T I T T T T | T T T T I T T T T
"] MSSM incl. XENON (2012) ATLAS + CMS (2012)

-35— DAMA no channeling (2008)

—..—. COUPP (2011)

- - - KIMS (2012)

----- Simple (2011)

— - PICASSO (2012)

log10 ( ogp, / cm?)

--# - |ceCube 2012 (bb)

40 =" IceCube 2012 ww)*

4 (x'v form <m,, = 80.4GeV)
1

1 2 3 4
Iog10(mx/GeV)

Figure 2.8: Spin dependent cross section for IceCube and SuperK with several direct searches
shown for comparison. The indirect searches have the potential of complementing the direct
searches and in the case of IceCube exceed the sensitivity of direct WIMP searches [40].

Indirect WIMP searches primarily involve trying to detect products of WIMP annihilations
or decays. Regions of high matter density provide potential sources for large numbers of
WIMP interactions. Examples of such targets are the Sun, galactic halos or dwarf galaxies
[41]. Messenger particles, such as ~y-rays or particle- antiparticle pairs, could be produced
from these interactions. The messenger particles may then be detected and, based on their
abundance, flux, and energy, fitted to models or provide WIMP mass - energy exclusion
curves that are complimentary to the direct WIMP searches, as demonstrated in Fig.
Here, we discuss several experiments that could help draw conclusions about WIMPs and
dark matter via indirect detection, including the Alpha Magnetic Spectrometer (AMS02)
spectrometer (which is designed to measure the cosmic ray antiproton flux), the Fermi-LAT
telescope (which is a pair conversion telescope), IceCube, and SuperK (water Cherenkov

neutrino detectors).
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Figure 2.9: Positron fraction as a function of energy as measured by the PAMELA (blue),
Fermi-LAT (Green) and AMS02 (red). It was expected that the positron fraction would
decay exponentially; however there is a marked rise at energies of about 100GeV. This
might be an indication of the presence on a new heavy particle at these energies or unknown
physics [42].

The AMS02 experiment is a spectrometer installed on the International Space Station
to measure the positron and electron flux in outer space [42]. The detector is made up of a
series of smaller detector modules including a transition radiation detector, a ring imaging
Cherenkov detector (to measure particle velocity), a time of flight counter, a silicon tracker
(to measure particle coordinates), and a calorimeter (to measure the particle energy). Pre-
vious studies by the Payload for Anti-Matter Exploration and Light-nuclei Astrophysics
(PAMELA) spectrometer (an earlier space based spectrometer that was designed to distin-
guish e* from p/p and He) implied an increase of the positron fraction at GeV energies,
as shown in Fig. [43]. The AMS02 was designed to improve on the large uncertainties
of the PAMELA experiment. Their findings have demonstrated there is a marked increase
in the positron fraction between 10 GeV to 200 GeV, possibly indicating some WIMP-like
annihilation. Additionally, the energy range of the rise of the rise in positron fraction agrees
well with the expected WIMP mass range from relic production [42].

The Fermi-LAT detects gamma rays that strike tungsten foils resulting in pair production
[43]. The electron-positron pair are then detected by silicon micro strip detectors. Particle

energy is measured using a scintillation crystal calorimeter and plastic scintillator tiles, with

17



wavelength shifting fibers being used as anti-coincidence detectors. The results of Fermi-
Large Area Telescope (Fermi-LAT) are also compared in Fig. For the energy sensitive
region, the findings agree with the AMS and PAMELA experiments with an increase in
positron fraction between 20 GeV to 300 GeV.

The IceCube experiment is an Earth-based neutrino telescope located at the South Pole
in Antarctica [40]. The detector consists of 5160 Digital Optical Modules on 86 strings
deployed over 1 cubic-km in the deep glacier. Each DOM contains a 10-inch Photo-Multiplier
Tube (PMT) and a full data acquisitor. The PMTs are designed to detect Cherenkov light
emitted by leptons produced by neutrinos interacting in the ice. If neutrinos are emitted
from WIMP interactions in astrophysical bodies, the IceCube experiment has sensitivity to
the cross section and energy of the WIMP particle. Two major results have been published
from indirect WIMP searches by IceCube. The first was on the limits on the muon flux
from neutralino annihilations in the Sun and the second was results from searches for Dark
Matter annihilation in nearby galaxies and galaxy clusters [4I]. IceCube did not see an
excess of muon neutrinos over the atmospheric background. Additionally, they were able to
put limits on the spin dependent WIMP-proton cross section as demonstrated in Fig. [2.8]for
the bb and W W~ channels for masses above 35 GeV. The search for neutrino excesses from
the direction of the Virgo and Coma galaxy clusters as well as a variety of dwarf clusters
yielded no significant excess in the neutrino count.

The Super Kamiokande (SuperK) has also set limits on the WIMP mass and interaction
cross section. The SuperK experiment is a 50,000 ton water Cherenkov detector located in
the Kamioka-Mozumi mine in Japan with 1,000 m of rock coverage [44]. It consists of an
inner detector with 11,146 50 cm PMTs and an outer detector with 1,885 outward facing 20
cm PMTs. The indirect search conducted by SuperK put limits on the WIMP cross section
and energy based on the muon neutrino flux from the direction of the Sun. A summary of
their results is also shown in Fig. Based on their analysis they were able to put stringent
limits on WIMPs produced by the bb and W+ W~ channels.

The Large Hadron Collider (LHC) is currently the premier location to detect WIMP

production due to its high energy and lumonosity [I0]. There have been a number of limits
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Figure 2.10: Cross section vs WIMP mass plot comparing the WIMP parameter space
discounted by collider experiments vs direct searches. The results for the production of
WIMPs from quark and gluon channels is shown [45].

put on the cross section of pp — xx + X where X is a hadronic jet, photon, W or Z
boson. These searches have so far yielded no results that were beyond the predictions of
the Standard Model. Cross section limits have also been placed based on WIMP-nucleon
scattering and compared to direct detection experiments, as shown in Fig. 2.10] for a centre

of mass energy run at /s = 7 TeV.
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Chapter 3

The DEAP-3600 Detector

3.1 Overview

The DEAP-3600 experiment, see Fig. is a single phase scintillation detector designed to
detect spin independent WIMP-nucleon scattering. Comprised of 3,600 kg of liquid argon
(LAr), the detector has a 1,000 kg active WIMP target once fiducial volume cuts are imposed.
The experiment aims to have a spin independent WIMP cross section sensitivity of 10746
cm?. To achieve this, the detector was designed to minimize the impact of background. This
Chapter will discuss the DEAP-3600 detector design, the main background contributions,

and the background mitigation techniques.

3.2 General DEAP-3600 detector design

The detector design is shown in Fig. At the centre is an acrylic vessel (AV) that will
hold 3,600 kg of LAr. The vessel was manufactured to have low activity of 2'°Pb and studies
of the acrylic purity indicate a level of 10719 g/g of 21°Pb [46]. To minimize the number of
AV surface background induced events entering the signal, a fiducial volume cut on the LAr
volume will be taken such that the WIMP target is approximately 1,000 kg [47]. A total

of 255 PMTs that view the central volume are each separated from the acrylic vessel by
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Figure 3.1: LEFT: Detector schematic. The detector is designed to reduce backgrounds in
an onion layer like fashion. The setup hangs from the central support assembly. RIGHT:
Schematic of detector with closed shell. This setup will be submerged in a 8 m diameter
cylindrical water tank designed to provide neutron moderation. The stainless steel used for
make the outer shell was sourced and manufactured in a manner to minimize the intrinsic
radioactivity. The water shield with veto PMTs are not shown for illustrative purposes.

an acrylic lightguide. The space between the lightguides is occupied by filler blocks, which
serve as a both neutron shield and a thermal insulator for the PMTs from the cryogenic
AV. The assembly is contained inside a stainless steel shell surrounded by 48 Veto PMTs in
an 8 m diameter ultra-pure water shield tank. On the top of the setup is the neck flowguide
which is designed to maintain adequate cooling and flow for the liquid Argon [48]. To access

the process systems there is a glove box setup at the top of the neck.

3.2.1 DEAP-3600 Backgrounds

A number of crucial backgrounds have the potential to impact the signals of DEAP-3600.
Those include cosmic-ray induced and primordial backgrounds, which are described in the

next subsections.
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Cosmic-ray induced backgrounds

Cosmic rays are high energy particles that originate outside the Earth and are a primary
source of background radiation, as they interact in the Earth’s atmosphere to produce show-
ers of secondary particles [43]. The main components of cosmic primaries are expected to
be electrons, protons, alpha particles, and nuclei that are involved in stellar nucleosynthesis,
including Helium, Carbon, Oxygen and Iron [49]. The decay and interaction products of
some of the atmospheric secondaries can cause background events in deep site detectors, in
particular muons and neutrons [49] .

For DEAP-3600 the main cosmogenic background is 3°Ar, a by product of cosmic-ray
induced neutrons. 3?Ar is a 3~ particle emitter and has an endpoint energy of 565 keV and

a half life of 269 yr, decaying to >°K via

PAr 53 K4+ 87 + 1. (3.1)

The liberation of the beta particle can cause photon production by interacting with the 4CAr
scintillator. The main method to suppress this background will be trigger-level filtering and
pulse shaped discrimination (PSD), discussed in section 3.3.2 [5] [50] [51]. In the future, a
source of LAr with a low 3?Ar concentration may be procured from underground wells that
have been naturally shielded from cosmic rays [52].

As mentioned, cosmic muons are a second background concern. They can induce fast
neutrons by a variety of mechanisms such as muon spallation (where a muon interaction pro-
duces a neutron by nuclear disintegration), muon elastic scattering, photonuclear reactions
as a result of electromagnetic showers produced by neutrons, and secondary neutrons from
the previous processes. Neutron production is problematic for the detector because they
could produce nuclear recoils that mimic WIMP signals. To mitigate this background there
is a water veto system that surrounds the detector (see Fig. . The water veto shield also
has a set of 48 PMTs to tag muons that traverse the volume by detecting emitted Cherenkov
light [53).
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Primordial backgrounds

Primordial nucleotides are isotopes that have very long half lives (typically > 10® yr) and
provide a source of background in the detector. The three main nucleotides that are of
concern in the detector are 232Th, 238U and 4°K. Shown in Fig. 232Th is a continuous
source of 4 MeV to 8.7 MeV « particles, up to 2.6 MeV v particles, 5~ particles, and
neutrons. Similarly shown in Fig. 238Ur is a source of 4 MeV to 7.8 MeV « particles
and S~ particles. The surrounding rock from the mine environment are abundant sources
of the primordial backgrounds. Therefore, it is imperative that the detector is built in a
very clean environment. Another source of primordial background contamination is from
the detector materials themselves, making material selection an important consideration
during detector construction; the PMTs typically have levels of 1078 g/g U/Th (compared
to the acrylic light guide which can be manufactured with a level of less than 1071% g/g).
Additionally, the PMT photocathode materials are a source of *°K, which itself is a 8 and
~ source [5] .

A major challenge with the nucleotides are that their decay products can diffuse into the
detector. If that did not happen then the situation would be relatively simple as they would
just be a source of irreducible background at the detector material levels. However, if decay
products diffuse into the detector it can lead to an anomalous signal source. Referring to
Fig. and the production of 22Rn and ??°Rn (by 23®U and 232Th respectively) are
a potential source of the discussed diffuse background. These isotopes are able to diffuse
into their surrounding materials and are a source of o and (3 radiation. The daughters of
220Rn decay relatively quickly, however 2'°Pb is produced from ?**Rn and easily adheres to
surfaces. 2!°Pb is a 3~ emitter in the energy region of interest (~ 61 keV) with a half life of
22 years. Additionally, the alpha decays of the intermediate daughters can be absorbed by
certain nuclei and cause the emission of neutrons. To mitigate these sources it is important

to keep the detector isolated from the primordial sources [50].
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3.2.2 Cryogenics

To maintain the LAr at optimal temperature there is a cooling coil setup in the detector
neck connected to the cryogenic plant [48]. Liquid nitrogen (LN) is fed through the cooling
coils and, since its boiling temperature is 77.36 K, the cooling power is sufficient to maintain
the cryogenic requirements of the LAr (with boiling temperature 83.81 K). LN is fed from a
dewar located above the neck via gravity into the cooling coils. It then boils off, is collected
and returned to the dewar where it is recondenses. The LAr is held either inside a large

storage dewar outside or inside the detector itself [5].

3.2.3 Electronics Overview

The physical layout of the electronics system is shown in Fig. [3.41 Racks I and III each
contain 11 Signal Conditioning Boards (SCBs), 16 CAEN V1720 digitizer modules and
two readout computers [54]. Rack IT contains the main controlling computer (deap00), the
CAEN V1740 module for the VETO PMTs, a trigger module and a high voltage source [55].

The electronics infrastructure is broken up into three components (see Fig. : the
front end, the trigger system and the data acquisition (DAQ). Each PMT cable is fed into
one of the 255 ports of SCBs, the core of the front end system. The SCBs provide several
functionalities, including high voltage decoupling, waveform shaping and protection for the
sensitive electronics. There are two sets of SCBs, 22 for the main 255 liquid Argon PMTs
and 4 with a single slow output for the 48 veto PMTs. The 22 main SCBs have three
outputs, a fast and slow signal output in addition to an analog summation of the signals
(ASUM) from the 22 SCBs. The signals are input to the DAQ system for digitization, where
the fast signals are fed into the 250 MS/s V1720 (8 channels, 12 bit) digitizers and the slow
signals are sent to the 65MS/s V1740 (64 channels, 12 bit) digitizers. The digitizers are
read out through optical links to a PCI A3818 card. The V1740s are read by 1 Front End
PC and the outputs from the 32 V1720s are read by 4 frontend PCs.

The trigger decision is made by the Digitizer and Trigger Module (DTM). The DTM

triggers if the ASUM passes a certain charge threshold. Once triggered the DTM provides
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Figure 3.4: TOP: DEAP-3600 electronics layout onsite at SNOLAB. The setup sits on
the deck directly above the detector. The PMT cables are fed from the detector through
the deck into the electronics rack. BOTTOM: DEAP electronics schematic. This block
diagram breaks the electronics system into three distinct sections, the Front End system,
Data Acquisition System and Trigger System.
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the timestamp information and the trigger to the digitizers. An additional role of the
DTM is to also ensure that the clock and timestamps are synchronized. The DTM also
outputs to a Pulse Patten Generator (PPG) when the triggered event is from a LED light
injection system to measure timing offsets between the SCBs. The Versa Module Europa
bus (VMEbus) module is a motherboard that enables communication between the different
digitizer boards. If the digitizers are saturated with a multiple triggers, then they instruct
the DTM that the digitizers are busy and not to accept more triggers until the memory

buffers are cleared.
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Figure 3.5: Schematic of the DEAP network infrastructure. The entire network system
involves linking the electronics racks to the outside world. The Cube Hall Entrance refers
to the physical location of the DEAP-3600 detector.

The DEAP network infrastructure is shown in Fig. and physically takes the digitized
signal and converts it to usable data for an offline user to analyze. The DAQ system is based
on the MIDAS program which was developed at the Paul Sherrer Institute and TRIUMF [55].
The frontend computers are connected by ethernet cables to the MIDAS backend computer
(deap00). The data is sent through an event builder and then sent to a 50 TB storage
computer (DUG1) via a 10 GB optical link. For online analysis, the frontend machines

output to a DAQ switch accessed through a gateway, called DEAPDAQGW, connected to
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Figure 3.6: TOP: Example waveform from the DEAP I experiment. Fprompt is calculated
by defining the short (300 ns) and long (~1.6 us) time windows and counting the charge
in each window. CENTER: Fprompt vs Energy plot of the Am-Be calibration results from
the DEAP T experiment. The red colored region below 40 Photoelectons (PE) are very
low energy events that are dominated by dark noise and 3/ recoils. The dark dotted line
(between 0.3 < Fprompt < 0.4) follows the 3/v recoil tail. The yellow dotted curve (at 0.6
< Fprompt < ~0.9) follows the neutron induced recoils. BOTTOM: Fprompt vs Energy
filter settings at the Eventbuilder level. The events to which the detector must be sensitive
should all be caught in the Low Energy, High Fprompt box. Each of the other boxes would
only have a small fraction of their events saved for calibration purposes.

a local switch onsite at SNOLAB. The switch is accessed by a local network (DEAPANA)

where a DAQ operator onsite can inspect the data (see Fig. [3.4).

3.3 Background Event Mitigation

3.3.1 Trigger Level Filtering

Ideally the experiment would achieve 100% selection efficiency in the WIMP region of in-
terest, while suppressing as much of the dominant 3° Ar backgrounds as possible. This task
is not trivial since the WIMP rate is expected to be less that 10~° Hz compared to the 39Ar

rate of 3,600 Hz [56]. Additionally, writing all the background 3°Ar events to data would
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require an extremely large amount of storage space and may be impossible to analyze on an
event by event basis. There are thus two levels of data filtering to minimize the background
in the WIMP region of interest. The DTM does a very coarse event selection using a physics
trigger and once data taking is complete a final physics analysis can be done via pulse shape
discrimination [51]. The main discrimination parameter used in the experiment is Fprompt
which, as Fig. demonstrates, is a measure of the ratio of charge ¢ in the first 300 ns of

the event time window to the charge in a large 1.6 us window, and is calculated by

300ns
Ons

qdt

300ns 1600ns :
Ons q dt + fBOOns q dt

Fprompt = (3.2)

The DTM does not explicitly calculate Fprompt, but provides a number of threshold con-
ditions that an event must meet. This is done by the physics trigger (also known as the
ADC self trigger source). If the ASUM exceeds a certain threshold, then the DTM starts
recording an event. After the data are recorded for the long (300 ns to 1600 ns) and short
(0 ns to 300 ns) timing window, the trigger makes a decision based on the charge calcu-
lated in the short timing window (Esnort), the long timing window Ejgng) and Fprompt. For
event filtering at the trigger stages, Fprompt isn’t explicitly calculated. Instead 2 threshold
quantities are calculated, as shown in the top plot of Fig. the short window energy in
the first 300 ns threshold, Egore, and the long window energy threshold up to 1.6 us, Eigng.
Then, as demonstrated in the lower right hand subfigure of Fig. two Fprompt (Fihreshi,
Finresh2) and two energy (Einresh1; Ethresh2) threshold conditions can be defined for event
characterization. When there is a physics trigger, an 8-bit trigger-type word is written,

where an example word is:

Word : 0 x 01 (3.3)

Condition : E()nsflfi,us < Ethreshl & Fthreshl X E3(]On5716;¢s > E(]nsfl(ip,s (34)
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Word : 0 x 02 (3.5)

Condition : EOns—lGus < Ethresh2 & Fthresh2 X E300ns—16us > EOns—16us (36)

The next stage of event filtering is the Eventbuilder, shown in Fig. in the network
infrastructure. The Eventbuilder contains the minimal summary of event parameters, in-
cluding event type, trigger type, trigger time and event run number. A major function of
the Eventbuilder is to reduce the data rate written to disk to below 5MB/s. There are 5
major event types, shown in the bottom subfigure of Fig. 3.60 The “Very Low Energy”
threshold will be defined to catch mostly dark noise events. “High Energy” events are ex-
pected to be dominated by Cherenkov and alpha decays. Our window of interest include
the neutron induced recoils in the “Low Energy, High Fprompt” region. The dominant 3°Ar
background tail, should be caught in the “Low Energy” region. The Eventbuilder will write
all the raw waveforms from the “Low Energy, High Fprompt” region since those events are
in the experiment’s region of interest. A small percentage of events from the Low Energy

region will be written to disk for trigger tuning [51] [53].

3.3.2 Pulse Shape Discrimination

Once a WIMP data run is complete, the filtered Fprompt vs charge distribution should re-
semble the DEAP I data run as shown in Fig. In the DEAP I data runs 1.23x10® events
were analyzed. The analysis showed that the upper limit discrimination power between the
39 Ar background in the 44 keVe. - 89 keVe. energy range was < 2.8 x 10~% with 90 %
confidence [51]. For DEAP-3600 the projected discrimination power is at the level of 10710,
meaning the 3° Ar background and WIMP region of interest events can be discriminated to a
much higher degree. After a multi year exposure the number of events in the WIMP region
of interest may be plotted as a function of time and an additional annual modulation test

can be made [51] [57].
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Figure 3.7: TOP: Fprompt vs energy distribution from the DEAP I data run. Most of
the events were /v induced recoils. The dotted red curve represents nuclear recoils in the
WIMP region of interest. BOTTOM: A 1D projection of Fprompt from the diagram above.
There are some overlap events between the /v induced recoils and nuclear recoils. This
is accounted for by fitting the Fprompt distributions to Gaussians to resolve the statistical
likelihood that an event was seeded from one type of event or the other.
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Chapter 4

Characterization of the
DEAP-3600 Photomultiplier
Tubes

4.1 Overview

This Chapter describes the methodology applied to characterize the Hamamatsu R5912
PMTs used in DEAP-3600, in particular the primary features of afterpulsing and dark
noise. It begins with an overview of PMT operation and discusses how a single scintillation
photon can produce a measurable signal. There is a review of measurements conducted
by Hamamatsu of the causes of temperature response and potential afterpulsing. Also
reviewed are afterpulsing studies completed for the Double Chooz experiment, who used
similar PMTs to DEAP-3600. There will be an explanation of our methodology used in
afterpulsing and dark noise characterization for a single PMT. The Chapter will close with
a study of the charge distributions of different groups of late pulses for a single PMT and a

study of whether SPE afterpulsing is equivalent to multiple PE afterpulsing.
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4.2 Photomultiplier Tube operation
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Figure 4.1: TOP(from [58]): Internal setup of a typical PMT. Scintillation light enters,
passing through the faceplate and striking the photocathode. Liberated photoelectrons
are then multiplied by the dynode stages and are collected at the anode. CENTER: This
subfigure shows in more detail the process of electron multiplication at each of the dynode
stages in a setup similar to the PMTs used in DEAP 3600. BOTTOM: Schematic showing
the PMT plugged into its socket [58].

The purpose of a PMT (see Fig. is to detect incident light and produce a detectable
electrical signal [58]. Light enters the device after passing through the faceplate, which for
the Hammastu R5912 PMTs is made from borosilicate glass. Incoming photons strike the

photocathode layer deposited on the inner surface of the faceplate, causing the emission of
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photoelectrons via the photoelectric effect [58]. Photocathodes are semiconductors and the
emission of the photoelectron can be understood by looking at the photocathode from the
semiconductor band gap model [59]. As demonstrated in Fig. for a photoelectron to be
released, the incoming photon has to have enough energy (hv) to overcome the photocathode
work function . Here, v is defined as the difference between the vacuum-level and the
Fermi-level of the photocathode. The vacuum-level is determined by the electron affinity
of the material which is a forbidden energy gap that cannot be occupied by electrons and
separates the conduction and valence band. The ability of a material to emit photoelectrons
is typically expressed in terms of the quantum efficiency, which physically describes the ratio
of output electrons to incident photons [60]. The photocathode used in the Hamamatsu
R5912 PMTs is a bialkali with a quantum efficiency of 38% [56].

Once the photoelectrons are liberated from the photocathode stage, they are accelerated
through a focusing electrode and then the number of photoelectrons are multiplied at the
electron multiplier stage. The electron multiplier stage is made up of a series of dynodes that
are substrates coated with a secondary emissive material. The operating voltage at each
dynode stage is optimized to enable an electron multiplication factor of about 10. Thus,
ideally for the 10-stage dynodes in the Hamamatsu R5912 there should be a total secondary
electron production of 10'° for a single incident photoelectron [56]. The secondary electron
collection finally occurs at the anode.

The final stage of the PMT assembly is the socket that is shown in Fig. The socket
contains the high voltage connections for each of the dynode states as well as the signal
output. Finally, the PMT base contains a voltage divider circuit to ensure that the dynodes

potentials are set correctly.

4.3 PMT noise sources

There are a number of potential sources of noise that can affect the performance of a
PMT. The most common are dark currents (dark noise) and afterpulses. Dark current is

a measurable electronic current that is not induced from an incident photon. Afterpulses
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Figure 4.2: An energy-level diagram for the process of photoelectron emission from an
incident photon with energy hv striking a photocathode [58] .

are pulses that typically occur after the single photoelectron induced pulse. These are
typically caused by residual gas ions that are ionized by the accelerating electrons between
the first and second dynode [6I]. The residual gas ions slowly drift and eventually strike

the photocathode, resulting in the release of more electrons that can be multiplied.

4.3.1 Dark Noise

There are a number of potential causes of dark current, such as thermionic emission, leakage
currents, scintillation from the glass envelope or electrode support materials, ion feedback,
background radiation and field emission [58]. The materials that make up the photocathode
and dynode stages must have a low work function for efficient production of photoelectrons
and secondary electrons respectively. The current generated igayk is given by the Richardson
equation [58] where,

ew

idark X To/4e T, (41)

Here e is the electron charge, k is Boltzman’s constant, 7" is absolute temperature and ¢ is
the material work function [60].

Scintillation from the glass envelope, as explained below, is an additional source of dark
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current that is difficult for the end user to reduce. The photocathode typically has a high
negative voltage applied to it and is housed in a metal case held at ground. This can cause
stray electrons to strike the glass envelope and produce scintillation light that can then be
picked up by the photocathode. This effect may be reduced by requiring there be only a
small amount of scintillating material in the glass [58].

If the PMTSs are operated at higher than recommended voltages, a dark current due to
field emission can be produced. The presence of a strong electric field can cause the emission
of electrons from the dynode stages. Additionally, the presence of potassium oxide (K2O)
in the PMT glass means that there is a natural source of *°K providing photons that can
strike the photocathode. Additionally, cosmic rays are another source of dark noise, but

cosmic rays may be mitigated as discussed in Section [3:2.1]
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Figure 4.3: TOP: Measurements of the dark current variation as a function of PMT tem-
perature after 30 minutes of storage in a dark state. Several different PMTs were tested,
each with different photocathode materials. For bialkali photocathodes like those in DEAP-
3600, there is a decrease of anode dark current from 1.5 nA at 25 °C to 0.08 nA at -20 °C.
BOTTOM: A voltage scan of dark rates with a Hamamatsu test PMT [58].

A significant concern for DEAP-3600 is the changes in the dark current as a function

of applied voltage and operating temperature. Fig. illustrates the general behavior of
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the dark current variation as a function of voltage for a test Hamamatsu R6095 PMT and
as a function of temperature for a variety of PMTs. Based on engineering specifications for
the DEAP-3600 detector, the PMTs are expected to operate at about ~ 250 K (-20 °C)
and not to be exposed to temperatures below 240 K (-30 °C). Preliminary studies of the
R5912 suggest that the dark rate could decrease between 1 to 1.5 orders of magnitude for
a temperature decrease from room temperature to 250 K. Fig. can help illuminate how
the dark rate will vary during the detector cool-down. According to Fig. the dark rate
(for PMTs with bialkali photocathode) should decrease by 2 orders of magnitude for the
cooldown temperature of about 240 K [62].

The operating voltage is not expected to be varied when operating the DEAP-3600
PMTs. The operating voltage must be set carefully because, as Fig. [£:3] shows, incorrect

settings can result in significant variations in the dark current rates [56].

4.3.2 Afterpulsing

Afterpulsing is a challenge because it can be the cause of anomalous physics triggers and de-
grade the pulse shape discrimination. It is therefore important to understand the magnitude
and timing of afterpulses to mitigate this. Afterpulses are typically classified in two distinct
groups, short delay afterpulses (typically one to several hundred ns) and long delay after-
pulses (several hundred ns to tens of us) [63]. Short delay afterpulsing is typically caused
by elastic-scattered electrons incident on the first dynode, while long delay afterpulses are
caused by residual ion feedback in the PMT [58]. During the electron multiplication stage
electrons can ionize residual gases inside the PMT leading to the production of a positive
ion. These positive ions slowly drift toward the photocathode and can cause the production

of many photoelectrons [64].
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Figure 4.4: An afterpulsing spectrum measured by the Double Chooz experiment using a
Hammatsu R7081 PMT [59]. Their dataset shows late pulses starting at 500 ns. There are
several prominent peaks beyond 500 ns, between 1.8 us to 2 us and between 6 us to 9 us
[63]. It is likely that the afterpulse between 6 us to 9us [63] is induced by Cs ions. The
large peak at 500ns is likely due to Coulomb backscattering.

There have been a number of studies designed to try and understand which residual
gas ions are responsible for the afterpulsing behavior. The afterpulsing spectrum of the
Hamamatsu R7081 PMT, used in the Double Chooz experiment, is shown in Fig. [63].
Four prominent afterpulse peaks are observed between 5 s to 7 us occurring due to several
residual gas ions [64]. The ions are identified by calculating their transit time, A¢, using
the electric potential distribution inside a hemispherical PMT. The calculated transit time

assumes a quadratic potential such that,

4 [2m
ot=—4/—1L 4.2

where Vj is the electric potential at the first dynode, ¢ and m are the ion charge and mass,
respectively, and L is the distance to the photocathode. Table shows the observed
afterpulse and the associated ions. This produces an interesting metric for comparison to
DEAP-3600 data because the R7081 has a similar dynode structure, physical dimension and

operating voltage as the R5912.
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Mean (t) Possible Ton

(ps)

0.52 0t
2.10 CH,
4.90 Nyt
6.30 Cst
7.90 CO»

Table 4.1: Table of potential sources of afterpulse ions calculated for the Hamamatsu R7081
[63].

4.4 Characterizing the noise spectrum from DEAP-3600

This section describes how the charge and timing information for a typical DEAP-3600
pulse is characterized by the Derivative Single Pulse (DSPE) processor and how the data are
written into the Reactor Acquisition Tool (RAT) data structure. This section also covers
how SPE-like pulses are found using the Polya fit method [65] and how the late pulsing
spectra is constructed using a 2D histogram containing the late pulse charge and time.
Results are presented comparing the late pulsing response from an external photoelectron
and a dark noise photon. Also presented is an analysis of the afterpulsing charges observed

in DEAP-3600.

4.4.1 Derivative Single Photoelectron Processor

The physical quantities required to characterize the afterpulsing and dark noise are the
charge and time of a triggered pulse. A typical DEAP data stream is shown in Fig. A
pulse is identified here by a Pulsefinder algorithm called the DSPE processor [66]. When
a hit is triggered, if the pulse derivative crosses a certain threshold the start of the event
is set to 8 ns prior. The end of the pulse is defined as the point where the voltage drops
below the baseline and the derivative is small. Fig. shows how DSPE separates pulses
in time. The pulse is then fit for the number of single photoelectrons using a maximum
likelihood. A number of observables can then computed for each pulse including the charge
information, found by integrating the voltage in each time window and converting to pC. For

each waveform block, several times are computed: the time when the derivative threshold is
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passed, the peak of the time distribution (which should align with the pulse trigger time),

and the left and right edge of the triggered pulse distribution [66].
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Figure 4.5: Example of raw data pulses that the DSPE processor is designed to identify.
Each of the identified pulses in a given timing window are highlighted [66].

4.4.2 RAT data structure

The observables calculated by the DSPE processor are populated inside the RAT data
structure [55]. RAT is a data analysis framework that was developed for the Braidwood col-
laboration for modeling the behavior of a liquid scintillator volume surrounded by PMTs.
The data written from the experiment are also populated in the RAT data structure in-
cluding the calibrated data and raw event data. The calibrated data object contains PMT
hit information for up to 255 PMTs with the charge and time observables calculated by
the pulse data populated by the DSPE processor. The data structure is easily accessed by
ROOT macros [55].
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4.4.3 Single photoelectron selection
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Figure 4.6: TOP: Example of a charge histogram from a DEAP-3600 dark run with sample
photoelectron identification by fitting the charge distribution for a particular PMT. The
charge threshold for the primary pulse is built using the fit parameters from these histograms
[65].

The method to evaluate the afterpulsing and dark noise presented here utilizes single pho-
toelectron (SPE)-like hits. This is done by looking at the charge histogram for a single
PMT. In a typical charge distribution, near 0 pC there is a pedestal that is automatically
subtracted in DEAP data sets. To ensure accurate SPE selection, a charge threshold is set
for single pulses. The threshold is determined by extracting the SPE limits from a multiple
PE event, as shown in Fig. [£.6] A SPE fit function model, based on a Polya distribution
[65], and the full fit function, based on a convolution of the SPE fit function and a pedestal
fit function are employed. The number of photoelectrons in an event can be estimated from

this method and it is used to build the SPE threshold condition [65].

4.4.4 At spectrum and fit function

To quantify the afterpulsing and dark noise, a fit of the noise (At) spectrum from a SPE-like

hit is performed. The first two pulses in the timing window are counted to mitigate the
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effects of follow-up afterpulsing. There are several steps to making the At spectrum. For
a pulse to be identified as having physical afterpulses it has to pass a number of tests. To
ensure that a seed SPE pulse can produce distinguishable afterpulses it has to occur at a time
where a second pulse would not be missed. For dark data runs this means that if the data
were taken with a 200 us timing window then the first pulse must occur in the first 100 us. If
the data set is taken with a (445 nm) laser source injecting light into the detector, then the
first pulse must occur after the laser pulse to be a physical afterpulse. If these conditions are
met, and there is a secondary pulse, then the time difference, At = teecondary pulse — tspe pulse
can be calculated.

A 2D histogram is produced for each PMT containing the charge of the secondary pulse
versus At, which may be projected in At to obtain a 1D At spectrum as shown in Fig. [£.7]
There are several interesting features in this histogram. There are a strong correlation of
SPE-like hits before 100 ns as shown in Box 1. These hits are likely to be due to Coulomb
backscattering [64]. There are a number of highly correlated hits between 100 ns and 9 us
that are physical afterpulses. In Box 2 there is a line of multiple PE hits at approximately
350 ns. In Box 3 there are a number of sub-SPE hits. Box 5 contains a number of correlated
SPE hits and a sub-SPE tail. Boxes 4 and 6 contain a number of correlated hits in time and
charge. The hits in Box 7 occur at At beyond 10 us and are just dark noise hits. There are
also randomly distributed multiple PE charged dark noise hits throughout the plot.

This spectrum may be normalized by scaling the 1D At distribution with the number
of single pulses. The distribution is then fit so that the physical parameters, such as dark
noise rate and afterpulsing probability, can be calculated. The dark noise tail observed in
Fig. [£7)is fit to an exponential decay since its process is measured to be dictated by Poisson
statistics, where the probability for finding a dark noise pulse at time ¢(ns) is ppy and the

probability of finding no dark noise pulse is ppy, given by

pon =R (4.3)

pon =e (4.4)
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Figure 4.7: TOP: charge versus At response of PMT 100 from a dark noise run. The main
afterpulsing features are segmented into 7 regions. BOTTOM: A fit of the 1D projection
of the charge versus At histogram. There are four distinct features: The earliest afterpulse
represented by a large pulse peaked at 60 ns, a group of transient afterpulses between 200
ns and 3 ps and a prominent afterpulse at 6.2 us. For At > 10 us the pulses are dark noise.
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Here R is the dark noise rate in units of 1/ns. The afterpulses are fit with a Gaussian
distribution and the probability per ns to obtain an afterpulse pap and the probability of

finding no afterpulse pap are given by,

1 1 t(ns)—7\2

— [ 7( )
=V e 2 o 4.5
pap AP ﬁ ( )

2
Pap=1-— %I/Ap (1 + Exf (t(nsi_T) ) . (4.6)

Here vap is the afterpulse rate, 7 is the afterpulse time and o is the afterpulse variance. The
full fit function is completed by calculating the probability of producing a single afterpulsing

psp and multiple afterpulses pror,

Psp = DDN PAP (PDN + PaP) (4.7)
i<n i<n

pror = H pon Papli] (pon + ZPAP []) (4.8)
i=0 i=0

Equation 4.7 is based on the assumption that if there is a pulse at some time it must either
be a dark noise pulse and not an afterpulse or vice versa. Fig. shows the fitted 1D At
distribution and the corresponding fit parameters that provide the afterpulsing probabilities
and times and the dark noise rate.

Using this fit function the physical parameters can be estimated for a single PMT.
Table shows the fit values such as dark noise rate and the afterpulsing times and prob-
abilities. The fitted dark noise rate of 7.52 kHz £ 0.19 kHz is slightly higher than the
normal operating dark rate of 6 kHz as stated by the Hamamatsu data sheet [59]. However,
the value is well below the maximum observed rate of 12 kHz. Between 100 ns to 10 us
there were four afterpulses fitted at 0.48 us + 0.05us, 1.54 us + 0.11 us, 5.91 us + 0.37 us
and 6.64 ps £+ 0.18 us, with 2.2 %, 3.8 % , 1.2 % and 0.2 % incidence respectively. This
means that there is a total afterpulsing probability of 7.5 % predicted for this particular
PMT. This value is higher than the typical afterpulsing rate of 2 % measured by Hama-

matsu but is lower than the measured 10 % maximum. This rate is consistent with previous
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measurements performed by the DEAP-3600 collaboration.

There are some differences between our afterpulsing spectrum and that measured by
Double Chooz (discussed in the previous section). There are some broad features that agree
such as the afterpulsing peaks at 6 us to 9 us and the afterpulsing peak at 2 pus. The Double
Chooz early afterpulsing measurements measured a high number of counts at 0 us to 1 us

whereas we see a distinct peak at 50 ns and transient afterpulsing between 200 ns and 1 pus.

Fit Parameter Fit value

Dark Noise rate (kHz) 7.52 £ 0.19
Afterpulse 1 probability (%) 2.24 £ 0.15
Afterpulse 1 7 (us) 6.64 + 0.18
Afterpulse 1 o (us) 0.93 + 0.23
Afterpulse 2 probability (%) 3.79 + 1.43
Afterpulse 2 7 (us) 5.91 + 0.37
Afterpulse 2 o (us) 1.78 £ 0.35
Afterpulse 3 probability (%) 1.24 + 0.16
Afterpulse 3 7 (us) 1.54 £ 0.11
Afterpulse 3 o (ps) 0.70 £ 0.10
Afterpulse 4 probability (%) 0.20 £ 0.11
Afterpulse 4 7 (us) 0.48 + 0.05
Afterpulse 4 o (us) 0.15 + 0.08

Table 4.2: Afterpulsing and dark noise fit output of PMT 100.

4.5 Dark datasets versus AARF datasets comparison

To test whether the afterpulsing and dark noise spectra from a photoelectron and from a
dark noise photon are the same, a comparison between an Aluminum and Acrylic Reflector
and Fiber optic system (AARF) dataset and a dark run dataset was performed. The AARF
is a non-invasive optical calibration system physically constituting of 20 optical fibres con-
nected to an aluminum coated acrylic stud. These fibres are bonded to the acrylic light
guides such that 80 % of the light is directly incident to the corresponding PMT and about

20 % is reflected from the PMT face into the rest of the detector, providing a source of
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photoelectrons.

Fig. shows the charge versus At histogram and the corresponding 1D At projection
for an AARF and dark data run. Both 2D histograms retain the same major afterpulsing
features, albeit with different statistics. The fitted At projections also share the same major

features, with a large initial pulse below 100 ns, three prominent afterpulses and a dark noise

tail.
Fit Parameter AARF run fit value Dark run fit
Dark Noise rate (kHz) 5.99 + 0.29 5.57 £ 0.54
Afterpulse 1 probability (%) 0.59 £ 0.31 0.36 + 0.19
Afterpulse 1 7 (us) 6.76 + 0.11 6.87 £ 0.13
Afterpulse 1 o (us) 0.40 + 0.17 0. 28 £ 0.11
Afterpulse 2 probability (%) 5.36 + 0.35 4.68 + 0.29
Afterpulse 2 7 (us) 6.00 + 0.09 6.20 £ 0.08
Afterpulse 2 o (us) 1.42 + 0.08 1.32 £ 0.07
Afterpulse 3 probability (%) 1.35 + 0.15 1.03 + 0.12
Afterpulse 3 7 (us) 1.66 + 0.09 1.85 + 0.07
Afterpulse 3 o (us) 0.68 + 0.09 0.53 + 0.07
Afterpulse 4 probability (%) 0.12 + 0.06 0.11 =+ 0.04
Afterpulse 4 7 (us) 0.52 + 0.05 0.45 + 0.03
Afterpulse 4 o (us) 0.10 + 0.05 0.07 + 0.028

Table 4.3: AARF versus Dark run afterpulsing and dark noise fit output of PMT 200.

The overlay of the AARF and Dark At distributions, as shown in Fig. have a good
qualitative agreement. To quantify the agreement, the fit parameters from the At fits are
shown in Table The dark rates for the two datasets agree to within 1o and were

computed to be about 6 kHz. Afterpulse 1 and 2 peak times agree for both data sets to

within 1o. The peak times for afterpulse 3 and 4 agree within 20.

4.6 Afterpulse Charges

To understand the types of charge distributions contributed to by each afterpulsing region,

the charge versus At plot was segmented into 5 different regions, as shown in Fig. The
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Figure 4.8: TOP LEFT and CENTER LEFT: Charge versus At histogram from an dark data
run and the corresponding 1D At projection. TOP RIGHT and CENTER RIGHT: Charge
versus At histogram from an AARF data run and the corresponding 1D At projection.
BOTTOM: Overlay of At histogram from dark (blue) and AARF (red) data runs.
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color axis represents the number of pulses in that particular bin. Region 1 (R1) contains the
Coulomb backscattered events. Region 2 (R2), Region 3 (R3) and Region 4 (R4) contain the
pulses responsible for the possible ion induced afterpulses. Region 5 (R5) contain the dark
noise pulses. The 1D charge histograms were produced by projecting the charge distributions
within the given range of time bins. There are high charge dark noise pulses in Region 4.
It is necessary to subtract the high charge dark noise contribution from Region 3 since it

contains a large number of high charge pulses that may be due to afterpulsing of dark noise.
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Figure 4.9: 2D charge versus At histogram segmented into 5 regions. The afterpulsing from
Region 2 is referred to as ‘Short’ afterpulsing, Region 3 as ‘Med’ afterpulsing and Region 4
as ‘Long’ afterpulsing.

Fig. shows the charges from each region individually and overlaid. The overlay
histograms demonstrate that the charge distributions in each region contain a prominent
SPE peak at 10 pC. Region 1, 2 and 3 have a low-charge pedestal that has a physical origin
because there are a number of low charge hits shown in the charge versus At histogram. The
charge distributions in Region 1 are mostly SPE and there are a small fraction of hits up to
3 PE. Since this distribution of hits occur within 50 ns of the triggered pulse, it is necessary
to check if they have a physical origin. Fig. [£.12] shows an example Zero Length Encoded
(ZLE) pulse of a Region 1 hit, demonstrating that they have a physical origin and are not

caused by the Pulsefinder. There is a distinct distribution of high charge hits in Region 2
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Figure 4.10: SubFig. shows the overlay for each charge region with Region 1 (red),
Region 2 (green), Region 3 (blue), Region 4 (black) and Region 5 (pink). The individual
histograms for each region are also shown.
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that also have a physical origin as shown in Fig. Region 3 contains a prominent 2 PE
and 3 PE high charge tail. Region 4 has a distinct collection of high charge hits between 2
PE to 4 PE. The multiple PE hits in the dark noise region are randomly distributed in At.

To understand the implications for event selection and filtering due to the above features,
the charge versus At distribution for multiple PE hits is shown in Fig. and Fig. 77. It
is important to identify methods of rejecting these pulses because they are potentially the
source of anomalous physics triggers. The high charge hits in Region 1 occur between 35
ns to 100 ns. There are also two distinct peaks at 2 us and 6 ps. The multiple PE pulses
in Region 2 can possibly be identified because of their time correlation. The high charge

pulses in Region 3, 4 and 5 may have to be rejected via pulse shape discrimination.
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Figure 4.11: TOP LEFT: Example of a raw ZLE waveform of a hit in Region 1. TOP
RIGHT: Example of a raw ZLE waveform of a hit in Region 2.
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Figure 4.12: Charge versus At histogram for pulses in Region 2, 3 and 4 with charges greater
than 1 PE.
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Chapter 5

Dark noise and afterpulsing

uniformity studies for all

DEAP-3600 PMTs

5.1 Overview

Each PMT is not identical, meaning that the afterpulsing behavior and dark noise rate
varies between each PMT. To understand this variation, a study of the detectors global
afterpulsing and dark noise behavior is presented. The operating voltage, shown in Chapter
4, is a global setting that will be applied to all PMTs and can have a significant effect on
the dark noise rate. It is therefore important to understand how it affects all the PMTs and

is discussed in this chapter.

5.2 PMT uniformity

Using the method described in Chapter 3, the afterpulsing and dark noise uniformity for all

PMTs can be checked. It would be incorrect to assume that all the PMTs are identical, so the
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Figure 5.1: TOP LEFT: At vs PMT id plot for a dark run. The color axis represents the
number of pulses in that particular bin. The blue stripe means that one PMT was not
active during this run. The behavior for a typical PMT is shown in the BOTTOM LEFT
figure. The TOP RIGHT and BOTTOM RIGHT figures show the 6t distribution for PMT
128 and PMT 237 that have atypical late pulsing behavior. The dark blue color represents
the 1D Y axis projection of the TOP LEFT figure. The light blue color is a color fill of the
area below the data.

charge vs At plots cannot be integrated over PMT id. The At projection can be compared
for each PMT as shown for a dark run in Fig.[5.1] A dark run was used for this study because
each PMT is then subjected to the same conditions. There are several common features that
are consistent for the vast majority of PMTs. Thus, each working PMT exhibits the sharp
Coulomb backscattering peak between 70 ns to 90 ns. The afterpulsing between 400 ns to
3 us exhibits a great degree of variation from PMT to PMT. PMT 237 is an example that
exhibits a lower afterpulsing compared to other PMTs. The 1D time projection shows that
there is pulsing in this region, however the number of pulses aren’t vastly greater than the
expected number of dark noise pulses. With the exception of PMT 237, each PMT exhibits

a secondary distinct afterpulse between 7 us to 9 us.
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Figure 5.2: SubFig. shows the dark noise fit output for all PMTs during a dark run.
SubFig. shows the total afterpulsing fit output for all PMTs. SubFig. [5.2d shows
the short window (region 2) afterpulsing fit output for all PMTs. SubFig. [5.2d| shows the
medium window (region 3) afterpulsing fit output for all PMTs. SubFig. [5.2¢| shows the
long window (region 4) afterpulsing fit output for all PMTs.

The global behavior of the fit parameters for all PMTs are shown in Fig.[5.2l The mean
dark noise rate is 6823 Hz £+ 4 Hz. There are no PMTs that have a fit dark noise rate
above 12 kHz, which is the upper limit of the measured Hamamatsu value [59]. The fitted
afterpulsing probabilities have a greater degree of variation where the total mean is 9.62%

+ 0.87% . This is based on the sum of afterpulsing probabilities between 200 ns to 750 ns
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(Short window), 750 ns to 5 us (Medium window) and 5 ps to 10 us (Long window). There
are two distinct behaviors where approximately half of the PMTs have a short window
afterpulsing probability of 5% and the other half have a probability of 0.5%. The mean
medium window afterpulsing probability is 1.11% =+ 0.02%. The long window probability is
found to be 7.36% =+ 0.18%.

5.3 Global AARF vs dark run study
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Probability density function (1/ns)
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10° 10° 10* “me(ns\ff 10° 10

Figure 5.3: The color axis represents the number of pulses in that particular bin. TOP
LEFT: At vs PMT id plot for an AARF run. There are several vertical red stripes which
are the distributions for the PMTs that receive the most AARF light. TOP RIGHT: At vs
PMT id plot for an AARF run. BOTTOM LEFT and BOTTOM RIGHT: At distributions
for PMT 234 and 237, respectively, which seem to exhibit slightly different late pulsing
spectra compared to other PMTs. The dark blue color represents the 1D Y axis projection
of the top figures. The light blue color is a color fill of the area below the data.

The global behavior for afterpulsing induced from an AARF and dark run was also investi-
gated, as shown in Fig. [5.3] Both run types exhibit similar characteristics for the groups of
afterpulses between 70 ns to 90 ns, 400 ns to 3 us and 7 us to 9 us. However there appears

to be a slight variation in the number of pulses between 90 ns to 400 ns and between 3 us
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to 7 us. There are also a set of PMTs between PMT 230 to 240 that show lower numbers of
late pulses compared to other PMTs. The At spectrum for two of these PMTs are shown
in Fig. They still retain the same major afterpulsing features as the other PMTs albeit

with lower incidences.
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Figure 5.4: SubFig. shows the overlay for the dark rate fit parameters of dark (blue)
and AARF (red) runs for all PMTs. SubFig. shows the overlay for the short window
afterpulse fit parameters of dark (blue) and AARF (red) runs for all PMTs. SubFig.
shows the overlay for the medium window afterpulse fit parameters of dark (blue) and AARF
(red) runs for all PMTs. SubFig. shows the overlay for the long window afterpulse fit
parameters of dark (blue) and AARF (red) runs for all PMTs.

Fig. shows an overlay of the fit output for the AARF and dark runs. The mean
AARF dark noise rate is 6823 Hz + 4 Hz and the mean dark noise rate for the dark run
is 6631 Hz 4+ 4 Hz. These agree within 1o but the fit precision may be improved using
increased statistics in future studies. For the short window afterpulsing, the fit probability
is an order of magnitude larger for approximately half of all PMTs. The mean medium
afterpulsing probability for the AARF and dark dataset are 0.90 % + 0.04 % and 1.10 %
+ 0.02 %, respectively. The mean long afterpulsing probability for the AARF and dark
dataset are 4.33 % + 0.21 % and 4.22 % + 0.14 %. The mean total afterpulsing probability

for the AARF and dark dataset are 6.82 % + 0.28 % and 7.36 % + 0.18 %.

5.4 Charge Uniformity for all PMTs

Using the same method as described in the previous chapter the charge distributions for all
PMTs are plotted in Fig. [5.5] For each charge region there is a distinct SPE peak for all
PMTs. There also is a distinct sub SPE peak in Regions 1, 2 and 3. Regions 1 and 3 have

a multiple PE tail and Regions 2 and 4 have a distinct multiple PE band of hits. Region
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3 has possible dark noise hits subtracted from it and there is a random distribution of hits
between the SPE band and multiple PE band in Regions 2 and 4. This implies that there

are likely to be randomly distributed afterpulses between the two bands.
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Figure 5.5: The color axis represents the number of pulses in that particular bin. Sub-
Fig. shows the charge segmented regions. SubFig. [5.5b] shows the charge distribution
in Region 1 for all PMTs. SubFig. [5.5¢| shows the charge distribution in Region 2 for all
PMTs. SubFig. shows the charge distribution in Region 3 for all PMTs. SubFig. [5.5¢
shows the charge distribution in Region 4 for all PMTs. SubFig. shows the charge
distribution in Region 5 for all PMTs.
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5.5 Voltage scan study of PMT uniformity

As discussed in Chapter 3, another factor that can affect the dark noise rates and afterpulsing
for all PMTs is the operating voltage for each PMT. Fig. shows the fit results for all
PMTs taken between 50 V above the nominal voltage and 150 V below the nominal voltage.
The dark noise rate is not expected to have a significant variation in this range so this study
provides an indication of the ideal operating voltage for DEAP-3600. The fit of the mean

dark noise rate is given by

DNR = 0.85(Hz/ V)V + 6580.92 Hz, (5.1)

where DNR is the dark noise rate and Vj is applied voltage. There is an increase in the
mean dark noise rates by a factor of 2.57 as a function of voltage. The short afterpulsing
behavior seems to be non linear and the short afterpulsing probability decreases by a factor
of 3 between -150 V to -100 V. Between -100 V to 450 V the mean short window afterpulsing

probability increases linearly and the fit is given by

PAPyor, = 3.38 x 107°(Hz/ V)V, + 0.59%. (5.2)

Between these two voltage ranges there is a factor of 1.42 increase in mean afterpulsing
probability. The variation of the mean short window afterpulsing is less significant over this

voltage range and the linear fits are given by

PAPyedium = 6.07 x 1075(Hz/V) Vy + 1.07% 5.3
5.3

PAPiong = 5.17 x 107(Hz/V) Vp + 5.15%,

where PAPedium and PAPy,, are the mean medium and long window afterpulsing prob-
abilities. The mean medium and long afterpulsing probabilities increase by a factor of 0.12

and 0.11, respectively.
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Figure 5.6: SubFig. shows the fitted dark noise rate for all PMTs at different operating
voltages. SubFig. shows the fitted short window afterpulsing probability for all PMTs
at different operating voltages. SubFig. shows the fitted medium window afterpulsing
probability for all PMTs at different operating voltages. SubFig. [5.6d] shows the fitted long

Operating Voltage (V)

window afterpulsing probability for all PMTs at different operating voltages.

65



Chapter 6

Conclusion

We have discussed a methodology that can be used to characterize the extent of dark noise
and afterpulsing in the DEAP-3600 detector. By counting the charge and time distributions
of the triggered and first late pulse, an analytic PDF can be built for each PMT. Using this
PDF we can potentially improve the discrimination efforts remove afterpulse induced triggers
and set a low energy threshold to filter out dark noise events at the Eventbuilder level.
Through the preliminary studies presented here, we have shown that there are a number
of distinct late pulsing behaviors that all the PMTs exhibit, including that 10 us after
the triggered pulse there are only dark noise pulses remaining. There are 4 fitted main
afterpulses at about 70 ns, 0.7 ns to 0.75 s, 0.75 us to 3 us and between 3 us to 7 us. The
afterpulses at 70 ns and between 3 us to 7 us appear very consistently from PMT to PMT.
The afterpulses 0.7 us to 3 us exhibit transitory behavior and a shape that varies from PMT
to PMT. By comparing AARF run data to dark run data, it is found the afterpulsing from
an external single photoelectron produces the same afterpulsing behavior as a dark noise
photon. By applying the presented fit method we were able to show that the dark rates of
the PMTs peak around 6 kHz at nominal voltage and the total afterpulsing probability is
between 1 % to 4 %. We were able to show that changing the operating voltage from -150
V to 50 V around the nominal value did not significantly change the dark noise rates, but

did cause a slight increase in the afterpulsing probabilities.
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Figure 6.1: Example workflow of how the RAT simulation could be implemented using the
fitted At and charge versus At distribution for each PMT.

6.1 Applications in the simulation workflow

This afterpulsing analysis can be implemented into the DEAP collaboration’s RAT simula-
tion. This would enable the low energy threshold contribution from dark noise to be defined.
Additionally, afterpulsing simulations would help mitigate the chances of triggering on af-
terpulses. The implementation in the simulation workflow would involve generating a PDF
using the fit parameters. Two objects for each PMT would be written in the simulation
workflow, a charge versus At plot and a fitted At 1D projection. For each simulated trig-
gered pulse a random number could then determine which afterpulsing time to generate. By
generating another random number, the charge can be simulated using the tabulated charge

versus At plot, and using the At projection the number of late pulses can be simulated.

6.2 Effects on Fprompt and trigger settings

There are a number of ways the trigger level filter and Fprompt filtering can be used to

mitigate the effects of afterpulsing and dark noise. There are two stages in which the late
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Figure 6.2: Example workflow of how the RAT simulation could be implemented using the
fitted At and charge versus At distribution for each PMT.

pulse triggering can lead to an anomalous dark matter signal, if an afterpulsing is triggered
and passes the Eventbuilder level of the experiment. As shown in Fig. pulses after 1.5
pus will not be used in the calculation of Fprompt. This should mitigate the effects of the
dominant source of afterpulsing and dark noise affecting the Fprompt calculation. This still
leaves a number of afterpulses that can be incorrectly triggered on. The multiple PE hits
can be mitigated by setting the Event Builder filter to exclude hits greater than 1 PE and
less than 50 PE that occur between 100 ns to 1.5 us after the triggered pulse. This reduces
the afterpulsing triggering to a level of about 2%.

This leaves two sources of SPE afterpulsing triggers: the Coulomb backscattering hits
between 30 ns to 100 ns and a potential ion induced afterpulse between 400 ns to 1.2 us.
These afterpulsing hits can be mitigated by evaluating the Fprompt versus energy parameter
as shown in Fig. [6.2] which shows a Fprompt-Energy plot produced from a Monte Carlo
simulation of hits induced from afterpulsing and dark noise sources. Therefore, based on
this distribution it seems that the remaining two afterpulsing sources can be mitigated at
the Event Builder filter because they do not have Fprompt values large enough to occur in

the WIMP region of interest.
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