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Abstract

The understanding of cosmological dark matter is one of the major challenges in mod-

ern physics. Weakly interacting massive particles (WIMPs) are a popular candidate

for dark matter that have been probed by detectors attempting to measure nuclear

recoils from WIMP interactions.

The PICO experiment aims to use bubble chambers to search for spin-dependent

WIMP-proton dark matter. Acoustic data and optical images of the bubbles are used

to identify the particle interacting with the fluid in the detector. WIMP interactions

with the active fluid will result in a single bubble event that is acoustically similar

to a neutron. Higher resolution between single and multi-bubble events can provide

a secondary method to confirm the multiplicity of neutron events. The Watershed

algorithm was developed as a viable option to better resolve bubbles that formed

closed together.

PICO-40L is a prototype detector that is being used to test the engineering design

that will be used in the next generation PICO-500 detector. The motion of the

bubbles was studied to determine the effects of convection within the active fluid.

The position reconstruction agreed well with to the calculated terminal velocity of

the bubbles. An asymmetry in the vertical velocity was observed within the bulk of

the detector indicating the presence of convection within the active volume, which
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might be related to spurious background events that have been observed in PICO-

40L.
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Chapter 1

Introduction

Understanding the nature of dark massive matter that contributes� 27% of the total

energy budget and 85% of the total matter density of the universe is one of the

open questions in modern physics. The evidence for dark matter is abundant, rooted

in various astronomical observations, yet the actual nature of it is still unknown.

Detectors have been designed to probe candidates over multiple mass scales to search

for a signal, but have failed to produce a convincing detection of dark matter.

The PICO detector is a Freon-�lled bubble chamber that aims to detect Weakly

Interacting Massive Particle (WIMPs) dark matter candidates. Previous PICO detec-

tors have set world limits in the spin-independent proton regime and the collaboration

aims to continue to push the limits into lower cross-sections with the PICO-40L and

PICO-500 detectors.

PICO-40L is the �rst large-scale bubble chamber using the right-side-up design

and will serve as a proof-of-concept for the upcoming larger-scale PICO-500 detector.

PICO utilizes superheated 
uids that will nucleate bubbles from the nuclear recoils

produced by interactions between incoming particles with the nuclei of the active

volume. The detector tracks bubbles optically and records the acoustic energy from
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the formation of the bubbles to determine the identity of the interacting particle.

The contents of this dissertation will focus on the work done on the development

of the optics processing software to achieve better resolution for bubble events and

the analysis of bubble motion within the detector to gauge the conditions of the active


uid.

In Chapter 2, the evidence for dark matter and methods of detection are discussed.

Then Chapter 3 will review the mechanics of bubble chambers more in-depth and in-

troduce the PICO-40L detector. The analytical techniques for analyzing the collected

data are introduced in Chapter 4 which will set the stage for proposed modi�cations

and new techniques with the watershed algorithm in Chapter 5. Chapter 6 will then

discuss the methods in which bubble position data is used to look for signs of con-

vection in the detector and the shape of bubbles can be used to judge the operating

conditions of the detector. Finally, Chapter 7 concludes and outlines further work.
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Chapter 2

Dark Matter Overview

The Standard Model (SM) of particle physics is the current working model that de-

scribes the fundamental particles in the universe and their interactions. The electro-

magnetic force, strong nuclear force and weak nuclear force are the three fundamental

forces of nature that explains the interactions in the SM. The gravitational force is

the �nal fundamental force that explain matter interactions in the universe, but it

currently cannot be explained using quantum �eld theory and hence does not �t into

the Standard Model.

However, the SM is not complete. There are many observations that cannot be

explained with the current model, leading physicists to look for answers beyond the

SM. Such issues include (and are not limited to) incorporating a non-zero neutrino

mass [62], explaining the matter-antimatter asymmetry of the universe [63], and un-

derstanding how gravity can be included in the SM [57].

In particular, one of the big unsolved problems today is understanding the nature

of \dark matter". Observations have provided ample proof to show the existence of a

missing matter that has not been detected on Earth and that does not �t in the current

SM [13]. Dark matter (DM) constitutes � 27% of the total energy-matter density of
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the universe [61], but many of its properties are still unknown. The following section

will discuss the evidence and motivation for understanding this invisible matter.

2.1 Evidence for Dark Matter

There is an abundance of evidence that supports the existence of dark matter. This

evidence includes and is not limited to measurements of rotation curves, models of the

CMB power spectrum, and observations of the Bullet Cluster. The following section

will summarize the observations that motivate the search for dark matter.

2.1.1 Rotation Curves

The �rst indication of the existence of dark matter came from measurements of the

Coma cluster made by Fritz Zwicky in 1933 [77]. His detailed observations on the

dynamics of this cluster along with the Virial theorem showed that the luminous

objects were only able to account for a small fraction of the total mass of the cluster.

In 1936, Sinclair Smith performed the same observations on the Virgo cluster and

observed similar results [71]. These observations provided evidence for the existence

of non-luminous matter within the universe.

In the 1970, Vera Rubin and Kent Ford made the �rst detailed measurements

of the orbital velocities of objects in the Andromeda (M31) galaxy [67]. In classical

Newtonian physics, the rotational velocities of orbiting objects decrease as a function

of v(r ) / r � 1
2 . However, measurements made of M31 showed that the orbital velocity

increased as the radius increased. This was the case for all galaxies observed by Rubin

in the following decade [66]. The fact that measurements di�ered from the rotation

curves that Newtonian gravity predicted suggests the existence of invisible matter



2.1. EVIDENCE FOR DARK MATTER 5

Figure 2.1: The predicted and observed rotation curves of the M33 (NGC598) spiral
galaxy. The dashed line shows the expected rotation curve following New-
tonian mechanics, where the velocity drops o� with increase in distance
from the centre of the galaxy. However, the observed velocities are shown
with the solid line. Plot taken from [76].

that contributed to the total mass of the galaxies.

2.1.2 CMB Power Spectrum

In its earliest moments, the universe was a hot dense quark-gluon plasma and free elec-

trons with high-energy photons scattering between them in thermal equilibrium [17,

44]. As the universe expanded and cooled, the particles fell out of thermal equilib-

rium and formed the �rst protons. When the rate of interaction dropped below the

expansion rate, the particles are said to have decoupled from the thermal bath at

this point. The high temperature of the universe was unfavourable for the formation

of atoms from interactions between protons and free electrons. As such, the photons

were trapped by the large density of free electrons and the universe is believed to
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have been opaque during this period of time [17].

Around 380000 years after the Big Bang, the universe cooled to below� 3000 K,

which provided the conditions where the radiation temperature falls below the ioniza-

tion potential of hydrogen [17]. This period was known as cosmological recombination,

in which free electrons could combine with protons to form neutral atoms without

being reionized by background photons [44]. As the universe became neutral, the pho-

tons were no longer scattered by the electrons and were then able to travel freely. The

sharp drop in electron density marks the point in which photons decoupled and the

universe became transparent. The expansion of the universe redshifted these freely

moving photons to temperatures of� 2.73 K [17, 34] to form the Cosmic Microwave

Background (CMB) that can still be observed today.

The CMB was �rst observed by Arno Penzias and Robert Wilson in 1965 [59].

It was not until 1989, when the Cosmic Background Explorer (COBE) satellite took

the �rst detailed measurements of the CMB [50], that further in-depth studies of the

CMB became possible. COBE was succeeded by the Wilkinson Microwave Anisotropy

Probe (WMAP) that launched in 2001 [18], and the Planck satellite in 2009 [61].

The mean temperature of the CMB was found to be 2:72548� 0:00057 K [34].

Measurements from these small deviations in the mean temperature of the CMB are

known as anisotropies, and can provide further insights into the density 
uctuations

that gave rise to dense, large-scale structures that can be seen today [20]. These

anisotropies can be observed from the heatmap of the CMB, as seen in Figure 2.2.

The anisotropies can be parametrized in terms of a multipole expansion in spher-

ical harmonics [20]. The resulting power spectrum (Figure 2.3) shows a series of

peaks and troughs. This data can be �t to the �CDM (� Cold Dark Matter) model,
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Figure 2.2: CMB anisotropies map around a mean temperature of 2.7255 K [34] as
derived from Planck, WMAP, and 408 MHz observations. [60]

which is a cosmological model that accounts for cold, collision-less dark matter, and

dark energy through a cosmological constant (�), to determine the energy density of

di�erent constituents in the early universe [61]. The amplitudes of these spikes can

provide constraints on the fraction of baryonic matter to dark matter in the universe

and provide constraints on dark energy.

The most recent measurements of the CMB was taken by the Planck satellite

launched in 2009. The �CDM model has been shown to be an excellent �t to the

CMB [61], and the most recent results from the model are shown in Table 2.1. From

this data, the dark matter energy density was determined to be� 27% of the total

energy budget of the universe. This is the most signi�cant indication for the existence

of dark matter.
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Figure 2.3: (top) Power spectrum of the anisotropies of the CMB from the 2015
Planck satellite and (bottom) the resulting residuals from �tting to the
�CDM model [61].

Parameter Meaning Constraint

 m Matter Density 0:3153� 0:0073

 b Baryon Matter Density 0:04932� 0:00033

 c Dark Matter Density 0:2645� 0:0026

 � Dark Energy Density 0:6847� 0:0073

Table 2.1: Constraints on the �CDM model components that make up the total en-
ergy of the universe. Data taken from the Planck 2018 results [61].

2.1.3 Gravitational Lensing

Gravitational lensing is observed as the de
ection of light as it passes by a heavy

cosmic object [16]. This phenomenon provides a way to observe the existence of dark

objects by observing how it distorts the light from distant luminous objects [49]. This

method was useful in con�rming the existence of dark matter through the observation
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of gravitational lensing in colliding clusters.

The composite image of two colliding clusters in the 1E 0657-56 \Bullet Cluster",

is shown in Figure 2.4. Clusters are composed of a combination of stars and gas, with

the gas being the main contributor to the mass of the cluster. When two clusters

collide, the stellar objects pass by each other and continue to move collisionlessly,

while the gas interacts after the collision. This can be seen in Figure 2.4 below.

Figure 2.4: (left) Gravitational potential well of the colliding clusters overlayed on
the image on the visible spectrum.(right) X-Ray image of the visible
matter after the collision. Image from [30].

The bright regions shown on the right image are hot gas detected by the Chandra

X-Ray telescopes and contain most of the baryonic matter in the two galaxies. These

images show that most of the gas was found closer to where the clusters collided, as

the hot gas was slowed down by the drag force from the collision.

The contoured regions in the left image are high-mass areas as observed by gravi-

tational lensing. As expected, the stars were shown to pass through unhindered, but

the majority of the mass was found to extend further out from the core than the gas

mass. This observation would suggest the existences of a non-luminous matter that

did not interact during the collision.
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It was then theorized that dark matter does not \strongly" interact with itself

nor with normal matter, and this lead to theories of weakly interacting dark matter.

Furthermore, as the massive regions within the system were observed only through

gravitational e�ects, this backed up the existence of dark non-visible matter.

2.2 Dark Matter Candidates

There is an abundance of evidence towards the existence of dark matter and data to

show that it is a large contributor to the total mass of the universe. Despite this, the

nature and identity of this invisible matter is still unknown. In order to be considered

a dark matter candidate, it must exhibit the observed properties which include [19]:

ˆ It must be stable on cosmological time scales to still be around today.

ˆ It must be massive to explain observed gravitational e�ects.

ˆ It must be electromagnetically neutral and does not have QCD strong

interactions , otherwise candidates would have been observed already. Thus,

candidates must haveweak interactions or no interactions at all.

ˆ It must be \cold" or non-relativistic to allow for the observed large-scale

structure formation.

None of the particles in the current Standard Model satisfy all the conditions

above. As such, dark matter must be a particle that exists outside of the Standard

Model. In addition, dark matter candidates must be non-baryonic in nature.

There are a plethora of possible candidates in the current dark matter landscape.

These candidates span multiple mass scales, as shown in Figure 2.5, and can vary
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from small subatomic particles to large scale primordial black holes [23]. Of these

models, the most favoured models are ones that are soundly backed in theory and

can be explored experimentally.

Figure 2.5: Mass scales of possible dark matter candidates. Image from [23].

Currently, two of the most popular dark matter candidates are axions and WIMPs.

These models are favoured because they result from well-motivated models that would

solve the dark matter problem and also provide explanations for issues in the current

Standard Model.

Axions were �rst proposed by Peccei-Quinn as a solution to the strong Charge-

Parity (CP) problem present in quantum chromodynamics (QCD) [58]. This problem

presents a shortcoming in the current SM where the coe�cient on the CP violation

term in the SM Lagrangian was experimentally determined to be zero for the strong

force, unlike its electro-weak counterpart [70]. Axions were proposed as a solution

that would explain why the CP violation was not measured while still allowing this

symmetry breaking to exist for interactions with the strong force. Axions are a cold,

non-baryonic matter that possess extremely weak couplings to normal matter and

mainly interacts through the gravitational force, making them a good candidate for

dark matter. The current methods proposed for detecting these particles involve
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accelerating the decay of DM axions with a strong magnetic �eld, and measuring

the signal from the conversion of axions to photons through the inverse Primako�

e�ect [72].

WIMPs (Weakly Interacting Massive Particles) are another candidate for dark

matter. WIMPs were �rst theorized by supersymmetry (SUSY), which is an exten-

sion of the SM that �rst was proposed as a solution to the hierarchy problem. The

hierarchy problem address the unnatural gap between the electroweak and Planck en-

ergy scales that can only be explained by arbitrary �ne-tuning [74]. SUSY introduces

a new R-parity that di�erentiates between the two models. In the SUSY model, all

particles have a supersymmetric counterpart that di�ers by a half integer spin, and

forms a supersymmetric fundamental set of particles that are heavier than their SM

counterparts [54]. As such, it is energetically favourable for SUSY particles to decay

into the SM particles which makes SUSY particles harder to be observed in nature.

Under R-parity symmetry, all SM �elds are known as even (+1), while their

supersymmetric counterparts are odd (-1). The conservation of R-parity implies that

all SUSY partners must be produced in pairs and must decay to states where at

least one must be an R-parity odd particle. This also implies that the lightest SUSY

counterpart must be absolutely stable and will not decay away [54].

The stable SUSY particle also matches the properties required of a dark matter

candidate. These are called standard thermal WIMPs. These particles typically fall

within a mass range of� 2 GeV - 100 TeV, and interact with the SM particles through

the weak force [65]. This theory gained a lot of credibility when it was discovered

that with a coupling of weak strength, the annihilation of WIMPs after the Big Bang

would have resulted in a relic dark matter density that matches the cosmological
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observations seen today. This discovery was known as the \WIMP miracle".

The relic matter density refers to the amount of dark matter that remains in

the universe today. This depends heavily on the environmental conditions and the

subsequent evolution after the Big Bang. In the early stages of the universe, the dark

matter particles existed in thermal equilibrium. This can be represented with

� �� $ l�l; (2.1)

where � represents a WIMP dark matter particle, andl is a standard model lepton,

with the bar indicating the anti-matter counterpart of each particle [42]. As the

temperature of the universe decreased, the channel in which two standard model

particles annihilate to create a WIMP and its antimatter counterpart became less

energetically favourable. This led to an abundance in WIMP annihilation without

being replenished. The total annihilation rate [44] can be expressed as

� � nEQ h� a� i ; (2.2)

where � is the annihilation rate, and h� ai is the average annihilation cross section.

As the universe continued to expand, the dark matter density plateaued. This is

caused by the decrease in the e�ective annihilation rate over the co-moving volume

as WIMPs became more separated from their antiparticle counterpart. At this stage,

dark matter is considered to have reached thermal \freeze-out" [44]. The relic density

from freeze-out is shown to be dependent on the annihilation cross section, as shown

in Figure 2.6. The cross sections predicted by the WIMP mechanism gave a dark

matter density that agrees well with current observations.
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Figure 2.6: Freeze-out of massive dark matter particle species. HereY is the actual
number of� , �� per co-moving volume, andYEQ is the equilibrium number
density. The dashed lines indicate the actual density with varying cross-
sections. Image from [44].

2.3 WIMP Detection Methods

Despite knowing of its existence, the nature of dark matter is still unknown. The

challenge lies in developing methods to measure a particle whose properties are un-

known. Experiments are designed to test speci�c properties of dark matter and make

observations on its interactions with the observable SM particles, and thus set limits

on its properties.

In particular, there has been extensive research on the properties of WIMP-like

dark matter particles. The searches for WIMPs are generally classi�ed under three

types of particle detection: direct detection, indirect detection, and production with

colliders. Feymann diagrams can be used to show the particles and processes that

occur during an particle interaction. Figure 2.7 shows a generic Feymann diagram for
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how WIMPs could interact with SM particles and the corresponding search method.

The follow sections will go more in depth about each type of detection.

Figure 2.7: Feymann diagram of the interacts that could occur between dark matter
(DM) and standard model (SM) particles. The direction of the each arrow
indicates the direction of time for each respective method of detection.

2.3.1 Direct Detection

Direct detection (Figure 2.7, red arrow) involves observing the e�ects from dark

matter scattering o� a SM particle. This will often yield a product that can be

measured and quanti�ed to determine the nature of the particle involved with the

interaction.

The WIMP-nucleon cross section is often taken to fall under one of two categories:

spin-independent and spin-dependent couplings. The zero momentum transfer spin-

independent cross sections are interactions between WIMPs and the nucleus of the

target as a whole. As such, the interaction strength is dependent on the atomic



2.3. WIMP DETECTION METHODS 16

number, A, and scales by a factor ofA2. To increase the rate, these detectors will opt

for heavier elements with higher cross-sections like argon [25, 48], germanium [31],

or xenon [1, 12] for their target. In the spin-dependent case, the zero momentum

transfer cross section depends on the coupling of the WIMP to the e�ective spin of

the target nucleus [42]. The models for the spin-dependent regime is nucleon (proton

or neutron) dependent and does not scale trivially as in the spin-independent case.

Good candidates for WIMP-proton spin-dependent targets include hydrogen, 
uorine,

aluminum, and niobium, and WIMP-neutron targets include isotopes of germanium

and xenon [42]. Detectors looking for evidence of direct detection generally aim to

observe the energy released from the recoiling SM nucleus.

2.3.2 Indirect Detection

The principle of indirect detection (Figure 2.7, orange arrow) involves observations

of the standard model products as a result of two interacting dark matter particles.

This interaction falls out of the requirements for freeze-out, where WIMPs must be

capable of annihilating to SM particles. These annihilation processes are more likely

in areas of high dark matter density. Such regions could include the centre of large

celestial objects, where WIMPs can be gravitationally bound [19]. Hence, indirect

detectors aim to observe a 
ux of SM particles emmanating from the centre of massive

objects in the Universe.

In these cases, a variety of particles could be a result of a dark matter interac-

tion; these include neutrinos [5, 32], gamma rays [2, 3], positrons, antiprotons and

antinuclei [27].
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2.3.3 Collider Production

The �nal method for WIMP searches is through producing dark matter by colliding

two standard model particles (Figure 2.7, blue arrow). The Large Hadron Collider

(LHC) aims to accelerate and collide particles with enough energy that will make

the annihilation of SM particles to create WIMPs energetically favourable. These

detectors look for missing energy and momentum from collisions to infer the presence

of dark matter in the reaction products [43]. Currently, there has been no signal

detected for the production of dark matter.

2.4 Direct Detection Limits

Within the last few decades, many experiments have been built to probe the di�erent

mass ranges of WIMPs. Each detector is di�erent and is conceptualized around

a speci�c mass or particle exchange, but all have the same goal of looking for an

interaction between WIMP dark matter and a SM nuclei. The experimental cross

section gives the probability of interaction between the two particles and de�nes the

detector sensitivity at a given mass range.

The di�erential nuclear recoil rate for zero-spin interactions is

dR
dER

=
R0

E0r
e� ER =Er ; (2.3)

whereR is the event rate per unit mass,ER is the recoil energy,R0 is the total event

rate, E0 is the most probable incident kinetic energy of DM of massMD , and r is the

kinematic factor 4M D M T
(M D + M T )2 for a target of massMT [47]. From this equation, it can

be observed that the recoil rate decays exponentially with recoil energy. As such, in
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order to increase the chance of an interaction, detectors will opt to operate at lower

energy thresholds to enhance the signal rate.

Data will be taken from each detector to produce limits based on the results of the

experiment. The lines of the exclusion plots show that for the mass range that the

detector is sensitive to, there was no indication of a dark matter interaction within

the detector. If the cross section for the interaction were to have been higher than

the more sensitive limits, the detector would have observed something. Since nothing

was observed, then the region above the limit can be excluded.

Over the years, the sensitivity of the experiments has increased thanks to develop-

ments in technology that improved the electronic signal output and allowed for larger

scale experiments to provide longer exposure times. As a result, the experiments have

collectively continued to rule out regions in WIMP parameter space and continue to

push into lower cross sections. As this limit continues to decrease, experiments will

reach what is known as the neutrino fog, which is the region where nuclear recoils from

neutrinos become the dominant background. Figures 2.8 and 2.9 show the current

world-leading limits for spin-dependent and spin-independent couplings respectively.

The shape of the curves on the exclusion plot comes from a few di�erent limiting

factors in the detector. At lower masses, the sensitivity is limited by the recoil energy

of the detector. If the candidate particle does not have su�cient kinetic energy, the

recoiling nucleus will be too low in energy to be observed in the detector. On the other

end of the spectrum, the sensitivity is limited by the 
ux of higher mass candidates

as the mass density is constant.

These exclusion plots show the limit of the cross-sections that have been explored.

New technology and designs allow for increased sensitivity and exposure time continue
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Figure 2.8: The current limits for spin-independent dark matter interactions. The
neutrino fog forXe is indicated by the shaded yellow region at the bottom
of the plot. Figure made with [68].

to push towards lower cross-sections. In the SI-proton regime, it can be observed there

is still interesting phase space before hitting the neutrino fog to explore with the PICO

detector.
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Figure 2.9: The current limits for spin-dependent dark matter for both proton(top)
and neutron(bottom) interactions. The neutrino fog forC3F8 is indicated
by the shaded yellow region at the bottom of the plot. Figure made
with [68].
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Chapter 3

Particle Detection with Bubble Chambers

In 1953, Donald Glaser invented the �rst bubble chambers that would be used to

study cosmic ray showers [38], and for his invention he was awarded the Noble prize

in physics in 1960. His detector consisted of a superheated 
uid that created an

ionization track in the 
uid when an incoming charged particle interacted with the


uid (Figure 3.1) [37]. The energy deposition caused boiling bubbles along the tracks.

In the following decades, this style of bubble chamber was used to study funda-

mental particle interactions at particle accelerators. This includes the Gargamelle

experiment at CERN, which was the �rst to observe the weak neutral current involv-

ing exchange of theZ o boson in 1974 [39]. This would then lead to the discovery of

the Z o and W � bosons by the UA1 and UA2 experiments in 1983[14].

The following sections will discuss the properties and advantages of bubble cham-

bers before diving into the speci�cs of the PICO style detectors.

3.1 Operating Principles of Bubble Chambers

The active volume of a bubble chamber is a 
uid that has been pressurized at a

constant temperature to put the it in a metastable state known as a superheated
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Figure 3.1: One example of a bubble track observed by Glaser in 1954 [37].


uid [37]. At these operating temperatures, the medium is a liquid. However, the

lowest energy state for the medium is now a vapour, as seen in Figure 3.2. When a

ionizing particle interacts with the superheated 
uid, if enough energy is deposited

from the nuclear recoil to allow the transition from liquid to vapour, a bubble will

form at the nucleation site in the active medium. The chances of a WIMP interaction

are extremely rare, and if an interaction were to happen, the deposited energy would

be small, but could still enough to nucleate a single bubble.

The operating conditions of the detector can be changed to explore di�erent en-

ergy thresholds for bubble nucleations produced by recoiling nuclei following particle

interactions in the 
uid. The active medium within the detector can also be changed

to test for di�erent mass ranges (Section 3.3).
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Figure 3.2: Schematic of the Gibbs free energy at a �xed temperature along blue
contours. Note that � v and � l indicate the densities at the lowest vapour
and liquid states respectively. Figure generated by C. Moore [55].

3.2 The Seitz \Hot Spike" Model

Following Donald Glaser's invention of the bubble chamber, Frederick Seitz produced

a predictive model of the physics of bubble formation in superheated 
uids. This is

known as the \hot spike" since it follows the idea that energy depositions create a

locally realized hot region or temperature spike within the 
uid [69]. The condition

for bubble growth requires that the pressure from the vapour of the growing bubble

exceeds the opposing pressure from the surrounding 
uid and the surface tension of

the bubble.

The e�ective pressure,Pe, that causes a bubble to collapse is

Pe =
2�
r

; (3.1)
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where� and r are the surface tension and the radius of a given bubble. For a statically

stable bubble in a 
uid, the e�ective pressure is the di�erence between the outwards

vapour pressure (Pb) and the inwards 
uid pressure (Pl ):

Pe = Pb � Pl : (3.2)

In a superheated 
uid, a critical radius,r c, can be de�ned for the equilibrium point

between these pressures. Substituting equation 3.1 with equation 3.2 and isolatingr c

gives

r c =
2�

Pb � Pl
: (3.3)

The minimum external work needed to form a bubble of critical radius [9] is given

by

Wmin =
Z r c

0
4�r 2

�
2�
r

� (Pb � Pl )
�

dr =
4�
3

�r 2
c : (3.4)

This quantity considers the work done to form a bubble through boiling near the

surface of the bubble. The energy required for the bubble growth is drawn from the

thermal reservoir of the surrounding superheated 
uid, and is used to convert liquid

to vapour at the surface of the bubble [9].

Recall, the \hot spike" model applies when the temperature of the surrounding


uid is strictly greater than the rest of the active volume [69]. However, in this situ-

ation, the nucleation is caused from drawing heat from its surroundings and creating

a localized maximum within the active volume. Thus,Wmin can only provide a lower

bound on the energy required to form a bubble of radiusr c.
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The total energy of the systemQ � Wmin to form a bubble on the length scale of

the critical radius can be better approximated by

QSeitz ' 4�r 2
c

�
� � T

@�
@T

�
+

4�
3

r 3
c � b(hb � hl ) �

4�
3

r 3
c(Pb � Pl ); (3.5)

whereT is the temperature of the superheated 
uid,� b is the density of the vapour

of the expanding bubble, andhb and hl are the enthalpies of the vapour and liquid

respectively [9]. The three terms in the equation relates to the conditions required

for the bubble to continue to grow. The �rst term is the energy required to maintain

the surface tension of the bubble. The second term is the energy from the volume

that underwent a change in state from liquid to gas. The third term is the work done

by the expanding vapour to prevent the bubble from collapsing. The growth and the

terminal velocities of these bubbles will be discussed further in Chapter 6.

The thermodynamic state of PICO-40L is typically set to 30 psia and 13oC. Under

these operating conditions, the superheated Freon (C3F8) has a critical radius of �

25 nm [55].

3.3 Target Fluids

One of the advantages of bubble chambers lies in their ability to operate with a

multitude of di�erent target 
uids. The properties of di�erent 
uids can be compared

to determine the best target that has a favoured cross-section with DM and will

increase the chances of a WIMP interaction. An ideal 
uid would be one that can be

superheated near room-temperature, is not reactive to quartz, and is dense, but still

has a low surface tension term [53].

The PICO style detector uses C3F8 as its main target medium. This 
uid has
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a low boiling point of -19.7 oC at 30 psia, is relatively inactive to most materials,

and has a density of 1367 kg/m3 [53]. In addition, Freon is commercially used and is

relatively cheap in comparison to other materials, costing� $200/kg.

Furthermore, the types of SM-DM interactions the detector is sensitive to is de-

pendent on the properties of the chosen 
uid. A good example of this can be seen

by comparing PICO and the Scintillating Bubble Chamber (SBC). SBC uses argon

which allows for enhanced sensitivity in the spin-independent regime. The spin of the

unpaired proton in 
uorine allows for PICO to be competitive in the spin-dependent

regime.

3.4 Background Rejection

Dark matter detectors are searching for a signal that occurs extremely rarely. On the

surface of the Earth, detectors are constantly bombarded by secondary muons and

neutrons from high-energy cosmic rays that would drown out the faint dark matter

signal. To avoid these interactions, rare search detectors are often built in deep

underground laboratories to use the Earth's crust as a shield from the high-energy

particles. However, the detectors are still subject to other sources of non-dark matter

particles that will frequently interact with the active medium and cause a signal. Rare

event searches require that these be eliminated as best as possible, which requires a

good understanding of how these particles interact with each speci�c detector to

reject these events. In the case of bubble chambers, the detector is operated at a

state where it is above the threshold for electromagnetic interactions, making the

detector very insensitive to electron recoils. This leaves alpha particles and neutrons

that can nucleate bubbles, and these are the main contributors to the particle induced
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background of the detector.

As previously mentioned, the best way to avoid a large background from high-

energy cosmic showers is to go underground. SNOLAB is a scienti�c facility lo-

cated at Vale's Creighton mine near Sudbury, ON. The underground site is at the

6800 ft (2 km) level or with an overburden of 6000 m water equivalent of rock [51].

Nickel and copper are actively mined at site, and so seismic activity needs to be

accounted for during day-to-day operations. The facility itself is a Class 2000 clean

room in which the dust and radioactivity levels are controlled and maintained at a

very low level. The muon rate in the facility is 0.27�= m2=day, thermal neutron


ux is 4144.9 � 49.8 � 105.3 n=m2=day and the fast neutron 
ux is approximately

4000 n=m2=day [53].

3.4.1 Alpha Particles

Uranium-238 (238U) and Thorium-232 (232Th) are naturally occurring solid radioiso-

topes in all materials including the rocky crust of the Earth and have a half-life of

4:5 � 109 years and 1:4 � 1010 years respectively. For detectors located in SNOLAB,

the main source of the alpha particle background comes from the decay of238U and

232Th. However, research with PICO acoustic data has shown that the alpha inter-

action rate of the 232Th chain in PICO-40L is negligible compared to events from

the 238U chain [4]. The reason for this is because gaseous222Rn in the 238U series

has a longer half-life (3.8 days) which will allow it to exist long enough to seep into

the hydraulic seals of the detector. However, gaseous220Rn in the 232Th series has a

much shorter half-life of 55 seconds, which is too short to have any signi�cant impact

on the data. As such, the main source of the alpha particle background that will be
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discussed is from the decay of238U.

The products produced from the decay of238U and their daughter isotopes are

known as the uranium chain (Figure 3.3). When these isotopes decay, the parent

nuclide will emit a secondary particle (alpha, beta, gamma) that can interact with

the detector.

Figure 3.3: Uranium-238 decay chain. The key alpha particle emitters observed in
PICO detectors are highlighted in red.

The �rst few daughter isotopes in the uranium chain are in a solid state like238U.

Radon-222 (222Rn) is the �rst and only gaseous secondary radioisotope and has a

half-life of 3.8 days. 222Rn decays to Polonium-218 (218Po), through alpha emission

with a decay energy of 5.6 MeV, with a half-life of 3.1 min.218Po will then decay to

Lead-214 (214Pb) through a second alpha emission with an energy of 6.11 MeV. This
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is followed by two� � emissions that ends with a214Po with a half-life of 164� s. This

will release an alpha particle at 7.8 MeV before decaying into210Pb. 210Pb will then

beta decay into 210Bi, and subsequently210Po, before a �nal alpha decay to stable

206Pb.

222Rn is a problem in many underground experiments. Due to its gaseous na-

ture and relatively long half-life, 222Rn can emanate from or di�use into detector

components. Detector components must be made from low-radioactive materials and

thoroughly cleaned to ensure that no222 Rn is trapped inside. Furthermore, stud-

ies within the collaboration have been done to determine the radon activity from

emanation and permeation from the elastomer seals of the detector [52].

The high stopping power of an alpha particle produced within the detector will

result in the nucleation of a single bubble within the active volume of the bubble

chamber. This means from an optical standpoint, an alpha event would look like

a candidate WIMP event. To reject these alpha events, the PICO detectors have

piezoelectric acoustic transducers installed on the detector to determine the acoustic

energy of the bubble. It has been found that the acoustic signal is a reliable method for

particle identi�cation which will reject essentially all alpha interactions from possible

dark matter interactions. From PICO-60, the e�ciency of the acoustic quality cuts

was 99:6 � 0:2 % [7].

3.4.2 Neutrons

Similar to alphas, neutrons can be a large source of background events in underground

rare search experiments. The main sources of neutrons at SNOLAB, in order of

abundance, are from spontaneous �ssion (SF), (� , n) reactions, and spallation from
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cosmogenic muons [55].

SF is the processes in which unstable heavy nuclei can spontaneously split, and

in the process emit neutrons into their surroundings. The neutron background is

heavily dominated by the SF of238U and 232Th, which is abundant in the norite rock

underground at SNOLAB.

Alpha particles have the capability of producing neutrons through an (� , n) reac-

tion. This is when an alpha is captured by the nucleus of certain elements, and then

emits a neutron. As discussed previously, alpha particles are common underground,

especially from the decay of238U and 232Th.

In addition, cosmogenic muons can produce neutrons through spallation of the

materials they pass through. These events can be potentially vetoed with a system

independent of the detector to tag coincidence measurements at the top and bottom

of the active medium.

A conventional WIMP candidate is predicted to behave like a neutron in the

detector. The observed signal of a WIMP interaction would appear very similar to

fast neutrons. As such, the neutron events that occur within the detector need to be

well studied and minimized.

In general, when a neutron interacts with the detector, it can deposit energy when

it collides with the target nuclei, resulting in the formation of a bubble. Unlike alphas

that are stopped quickly and deposit all their energy over a localized area, neutrons are

capable of scattering o� multiple target nuclei over large distances resulting in a multi-

bubble signal. Any multi-bubble neutron events can be immediately vetoed from

being DM as WIMPs can only produce single bubble events. In terms of distinguishing

between single neutrons and single WIMP events, simulations have been performed
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to determine the expected ratio of single- to multi-bubble neutron events. For all the

events that land in the single-bubble WIMP search region, the number of observed

multi-bubble events will provide a statistical argument on how likely it was for one

of the events in the search region to be a WIMP.

Neutron sources (like252Cf) are often used for calibration purposes to better un-

derstand the neutron interaction with the target 
uid. Materials are also speci�cally

chosen to reduce the amount of neutron activity within the detector. Furthermore, to

reduce the external neutron 
ux, the PICO-40L detector is encased in a water tank

during normal operations. Water has a high cross-section which will thermalize fast

neutrons from outside the detector.

3.4.3 Gamma Rays and Electron Recoils

One of the advantages of bubbles chambers, over other detector technologies, is its

inherent insensitivity to electron recoils [9]. An incoming particles need to pass a

minimum energy density threshold within a localized critical radius to nucleate a

bubble in the detector (Figure 3.4). Gamma rays are strongly suppressed as the energy

deposited is not within a localized volume and thus falling short of the threshold

energy density requirement.

However, it is important to note that although this process is extremely unlikely,

there is still a chance for interaction given the operating pressure and temperature of

the detector. Simulations from PICO-60 estimated a nucleation e�ciency for electron

recoil events above 3.3 keV to be (1:80� 0:38)� 10� 10, which equates to� 0:026� 0:007

events over a 1167-kg-day exposure [7]. When a gamma ray induced event occurs, a

single bubble will nucleate with an AP that is similar to that of a neutron recoil [9, 55].
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Thus, these events need to be well studied to prevent mistaking these events as WIMP

events.

Figure 3.4: The stopping power vs the energy for C3F8 at the 2.4 keV (\Ex-
tended" [53] - 14:05oC, 30 psia) and 3.3 keV (\PRL" [7] - 16oC, 30 psia)
Seitz thresholds, which were the operating conditions of PICO-60 Run 1
and Run 2 respectively. Only events that pass both thresholds (top right
region) can nucleate a bubble. Electrons can be seen to occupy the energy
space in the bottom left, indicating the detector's insensitivity to electron
recoils. Figure taken from thesis of P. Mitra [53].
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3.5 The PICO Experiment

The PICO experiment consists of a series of bubble chamber detectors that use Freon

as their target 
uid for the active volume. The general principle of a PICO style

bubble chamber involves using the superheated Freon to probe dark matter in the

spin-dependent proton regime while using the acoustic signal to di�erentiate and veto

background events.

Currently, PICO has operated three detectors (PICO-2L, PICO-60, and PICO-

40L), of which PICO-2L [11] and PICO-60 [7] have produced world leading limits for

spin-dependent WIMP-proton interactions. PICO-500 is the next generation tonne-

scale bubble chamber that is currently under development and will be located in

SNOLAB [36].

The following section will summarize the key design components and operations

of the PICO-40L detector.

3.6 The Right-Side-Up Design

PICO-40L is the successor to the PICO-60 detector. All PICO detectors consisted of

utilizing corrugated metal bellows to adjust the pressure of the inner vessel where the

active volume was contained. In previous detectors, the bellows were located above

the target 
uid with an Ultra-Pure Water bu�er to separate these regions. The entire

volume was set to a predetermined temperature. This design would led to many

leading limits from COUPP [35], PICO-2L [11, 10] and PICO-60 [7].

However, it was observed in PICO-60 that the water bu�er would mix with the

Freon, resulting in spurious nucleation near the wall of the detector. Additionally, it

was hypothesized that the compression cycle of the bellows above the active volume
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Figure 3.5: (left) Schematic of the PICO-60 detector [8]. The bellows (purple) move
above the active volume (dark blue) with a water bu�er (cyan) between
the two regions. (right) The event distribution from PICO-60 [7]. Anal-
ysis showed that there was a increase in wall activity near the interface
between water and Freon. This provide motivation to remove the water
bu�er for PICO-40.

could result in particulates being deposited in the detector and accumulates at the

bottom of the quartz jar.

In order to address these issues, the PICO-40L detector uses what is known as the

Right-Side-Up (RSU) design in which the orientation of the detector is rotated such

that the bellows are located below the jars. With this change, any particulates no

longer accumulate within the active volume of detector if convection can be controlled.

In addition, the water bu�er was removed and replaced with a second quartz jar that

is nested in the original quartz jar. The bellows region is then cooled to suppress

nucleations in this region.

The RSU design was conceptualized and tested by Drexel University with the

Drexel Bubble Chamber [24]. PICO-40L is the �rst large scale version of the RSU
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