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Abstract

The PICO dark matter search experiments using bubble chambers have been suc-

cessful in probing the potential WIMP-proton scattering cross section. The largest

of these experiments (PICO-60 and PICO-40) contain approximately 50 kg of the su-

perheated liquid Freon C3F8 in a quartz vessel. Future larger-scale bubble chambers

will face technical challenges in their construction and operation. To overcome the

construction challenges, the feasibility of alternative chamber materials to quartz in

the form of acrylic and stainless steel, which are easier to construct in large sizes,

is investigated in small-scale test chambers. The first C3F8 and C4F10 mixture in a

bubble chamber, which could alleviate the demands on the thermal performance in

large detectors, is further demonstrated confirming acoustic discrimination between

nuclear recoils and alpha particles. The gamma rejection in this mixture and pure

C4F10 is additionally measured for the first time. The acoustic response of bulk nu-

cleations is found to decrease exponentially with increasing pressure while increasing

exponentially with increasing temperature. This model will inform the future operat-

ing conditions of large bubble chambers which need to reach nuclear recoil thresholds

above 10 keV to avoid backgrounds from the coherent elastic neutrino nucleus scat-

tering of solar neutrinos. Finally, existing PICO-60 data is reanalyzed in a search for

superheavy dark matter through its unique multi-scatter signature producing novel
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limits on carbon and fluorine. For fluorine, spin dependent scattering is probed up

to 4� 1016 GeV=c2.
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Chapter 1

Introduction

The nature of dark matter remains one of the enigmatic problems in physics. Al-

though approximately 85% of the mass of the Universe is attributed to dark matter

and a broad range of potential particle masses and interaction cross sections can

be inferred from cosmological data [1], the unambiguous detection of dark matter

continues to be the goal of many experimental searches.

1.1 Observational evidence for dark matter

The �rst indications to the existence of dark matter came from the observations of

galactic clusters where the velocity of individual stellar objects were measured to be

too fast for the system to be gravitationally bound based on the available luminous

mass [2, 3]. Within single galaxies, the velocities of objects in orbit with radiusr

were also observed to become approximately constant at larger instead of falling o�

as r � 1=2 [4], as shown in Figure 1.1 for the M33 galaxy [5]. For this to occur, either

standard Newtonian gravity breaks down at large scales [6], or a non-luminous matter

component is present contributing to the overall mass of the system.

Further evidence of this non-luminous matter came from the observation of the

1



Figure 1.1: Measured velocity of stellar objects (stars, gas) from M33 as a function
of orbital radius along with best �t line (solid) and expected velocity
distribution based on visible mass only (dashed line) [5].

Bullet cluster [7]. In this system where two galaxy clusters collided, baryonic matter

dominantly in the form of hot gas from each cluster interacted, heated, and decel-

erated emitting X-rays (right side in colored regions in Figure 1.2). However, weak

gravitational lensing measurements from stellar objects behind the Bullet cluster re-

vealed the bulk of the mass of each cluster passing through unaltered, like the visible

galaxies, shown with the contours in the Figure 1.2. The spatial di�erence between

the X-ray emission and gravitationally-inferred mass density can only be explained

by the presence of a gravitationally in
uential but non-baryonic mass.

The most compelling evidence for the existence of particle dark matter continues to

come from precision measurements of the cosmic microwave background (CMB) [8],

2



Figure 1.2: The Bullet cluster [7]. Left: Optical data with mass density contours
(green) from a weak gravitational lensing measurement. Right: X-ray
signature from baryonic matter collisions along with the same mass den-
sity contours (green).

most precisely measured by the Planck collaboration. This faint glow of photons

from after recombination exhibits anisotropy only at the level of 10� 6 across the

entire sky. However, when contributions from dark energy and luminous matter are

correctly balanced with an additional, and substantial, contribution from dark matter,

the Lambda Cold Dark Matter (�CDM) model reproduces with high precision the

observed power spectrum of the CMB anisotropy as a function of angular scale, shown

in Figure 1.3. The power spectrum exhibits 
uctuations as a result of the balance

between outward radiation pressure and gravitational infall from baryonic and dark

matter.

These cosmological indicators provide guidance as to the potential particle char-

acteristics of dark matter: massive and electrically-neutral/non-luminous (from ro-

tation curves); weakly interacting1 (from gravitational lensing in the Bullet cluster);

1The self interaction must be weak to explain the Bullet cluster, but stronger interactions could
be allowed with lower superheavy dark matter number densities.
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Figure 1.3: The CMB temperature power spectrum (upper panel) as a function of
multipole moment l (inverse angular scale) and residuals of �t to the
�CDM model (bottom panel). The vertical dotted line indicates the
change from log to linear scaling of the abscissa [8].

and have a mass density (from the CMB). Additionally, a potential dark matter par-

ticle should be non-relativistic. As the energy distribution in the early Universe is

controlled by the mean free streaming path, the CMB shows small-scale density per-

turbations at early stages, and not large scale 
uctuations. N-body simulations of

relativistic dark matter [9] show formation of large-scale structures �rst, in contra-

diction with observation. A �nal pragmatic constraint can be placed by requiring the

dark matter be stable, at least at cosmological time scales, so as to prevent it from

decaying away by the present day.

A particle with these characteristics is beyond the Standard Model (SM) of particle
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physics. Neutrinos, initially thought to be a good candidate, are highly relativistic and

the density of neutrinos alone cannot account for the observed dark matter density

measured by Planck. Further, a heavy, keV-scale sterile neutrino can evade the strict

limits on extra light neutrino species set from LEP [10] however, its abundance is

constrained [11] by the non-observation of the additional X-ray signature from their

decay to standard model neutrinos [12].

Two popular dark matter candidates that are actively pursued experimentally are

the axion (an ultralight boson originally postulated to solve the strong charge-parity

problem in quantum chromodynamics [13, 14]), and the weakly interacting massive

particle (WIMP).

1.2 WIMPs

If WIMPs ( � ) are produced in thermal equilibrium with the early Universe, their

number density would become exponentially suppressed as the Universe expanded

and cooled (solid line in Figure 1.4)[15, 16].

WIMPs can fall out of thermal equilibrium stabilizing their number density (dashed

lines in Figure 1.4), if their interaction rate becomes less than the rate of Hubble

expansion. This \freeze out" allows for a relic abundance that is measured to be


 DM h2 = 0:1205� 0:0021 [8], whereh is the dimensionless Hubble constant. The

relic density can be written approximately as [15, 17, 1]


 DM h2 �
3 � 10� 27cm3s� 1

h�v i
�

0:1 pb � c
h�v i

; (1.1)

where� is the self-annihilation cross section for WIMPs to standard model products

and v is the relative velocity between the two WIMPs in the center of mass frame.
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Figure 1.4: Normalized WIMP abundanceY as a function of inverse temperature
T [15, 16]. Yeq is the abundance while in thermal equilibrium, which
becomes suppressed as the Universe cools. Decoupling of the WIMP
from the thermal bath, or \freeze out," for di�erent self-annihilation cross
sections stabilizesY until late times (dashed lines).

This approximation is satis�ed when the cross section isO(1 picobarn2 [pb]), which is

the scale for interactions moderated by the weak nuclear force. From this, a natural

scale for WIMP masses is approximatelyO(10) GeV/c2 to O(100) TeV/ c2, known as

the so-called \unitarity limit" [17].

The current leading candidate for a WIMP is the lightest supersymmetric particle

21 barn = 10� 24 cm2

6



(LSP), e� 0
1, which arises in models of supersymmetry (SUSY)3. Stability of the LSP is

achieved though conservation of R-parity in most SUSY models [18, 19], allowing the

LSP to survive to today. In addition to providing a new stable, weakly interacting

particle, SUSY models also explain the lightness of the Higgs mass which is related

to the hierarchy problem [18, 20].

The Minimal Supersymmetric Standard Model (MSSM) is the SUSY model with

the fewest extensions from the SM. The phenomological MSSM (pMSSM) is a compro-

mise between the full MSSM model and the constrained MSSM (cMSSM) [18], both of

which use data to constrain the large number of free parameters in the full MSSM. To

date, there have been no indications of supersymmetry at the Large Hadron Collider

(LHC), constraining large portions of the available MSSM parameter space. However,

pMSSM and cMSSM still allow fore� 0
1 with O(100) GeV masses [18].

1.3 Evading the unitarity limit

Weak scale masses and cross sections are not the only potential parameter space dark

matter. As the early Universe went through the period of exponential expansion, the

energy density was dominated by the expanding in
ation �eld. The decay of this �eld

repopulated the Universe with radiation during the period of \reheating" where the

products follow in thermal equilibrium with the in
ation �eld. Non-thermal produc-

tion of dark matter, for example from rapid decay of the in
ation �eld (\preheating")

or gravitational production at the end of in
ation [21, 22, 23], can push the allow-

able dark matter mass up through the Planck massmp � 1 � 1019 GeV=c2 greatly

exceeding theO(100) TeV mass bound from the unitarity limit.

3Supersymmetric models posit heavy fermion(boson) partners to the existing boson(fermions) in
the standard model.
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These conditions lead to viable superheavy dark matter (SHDM) candidates that

can have comparably higher cross sections to WIMPs [24, 25]. Historically these

SHDM candidates were known as a strongly interacting massive particles (SIMP) or

WIMPzilla [26] with cross sections more typical of strong interactions in order to

satisfy the same relic abundance constraints as the WIMP. Such superheavy, strongly

interacting dark matter candidates arise in some models of supersymmetry [27].

This superheavy dark matter is expected to have similar properties to the WIMP

and induce recoils after scattering with nuclei, as described in Section 1.4. However,

using the the standard local dark matter density (0.3 GeV/c2 cm3 [28]), the number

density of these superheavy dark matter particles becomes greatly suppressed.

1.4 Means of detection

WIMPs may be directly detected from their scattering o� a target nucleus in a de-

tector [29, 30]. The spin-independent (SI) and spin-dependent (SD) elastic scattering

cross sections per nucleon can be written, respectively, as

� SI
0 =

4� 2
A

�
[Zf p + ( A � Z )f n ]2 and � SD

0 =
32G2

F � 2
A

�
J + 1

J

h
aphSpi + a nhSni

i 2
; (1.2)

where � A is the WIMP-nucleus reduced mass,Z the proton number, A the atomic

mass of the target nucleus,f p(f n ) the spin-independent WIMP-proton(neutron) cou-

pling strengths,GF the Fermi constant,J total nuclear spin,ap(an ) the spin-dependent

WIMP-proton(neutron) coupling strength, and hSpi (hSn i ) the expectation value of

the proton(neutron) spin within the nucleus [31, 32].

The di�erential rate of WIMP interactions per recoil energy Er imparted to the

8



nucleus can be written as

dR
dER

=
� �

m�

Z vmax

vesc

f (v)
v

dv
� 0

2m2
r
F 2(Er )� (Er ); (1.3)

where� � is the local dark matter density,m� the dark matter mass,f (v) the velocity

distribution of the incident dark matter taken to follow a Maxwell-Boltzmann distri-

bution, � 0 the SI or SD cross section in the zero momentum limit,mr � 4m � M A

(m � + M A )2 , F

a nuclear structure form factor typically taken in the model described by Helm [33],

and � the detection e�ciency at recoil energyEr [28].

The velocity distribution is integrated from the minimum velocity vmin to produce

a recoil to the escape velocityvesc. Velocities are typically taken from the standard

halo model [28] asvesc = 544 km/s (the galactic escape velocity),vEarth = 232 km/s

(the velocity of the Earth relative to the galaxy), andv0 = 220 km/s (the local WIMP

velocity). The total rate R is then calculated by integrating Equation 1.3 over all recoil

energies. A comparison of the di�erential rate for SI scattering (� = 1 � 10� 45 cm2)

of a 100 GeV/c2 WIMP on Xe, Ar, Ge, and F is shown in Figure 1.5.

The expected signal from WIMP interactions would lead to an exponential increase

in the low nuclear recoil energy spectrum. Owing to the rotation of the Earth around

the Sun in the galactic plane, an annual modulation in the low energy recoil rate may

also be expected at the 7% level [31].

While the SI and SD cross sections are the most well explored, other interaction

mechanisms do potentially exist. Non-relativistic e�ective �eld theory (EFT) models

expand the traditional SI and SD interactions to include angular-momentum and

spin + angular momentum dependent interactions [34]. In EFT the six main nuclear

responses areM , the standard SI coupling, �0 and � 00the transverse and longitudinal

9



Figure 1.5: Di�erential rate, Equation 1.3, as a function of recoil energy plotted for SI
scattering at 10� 45 cm2 of a 100 GeV/c2 WIMP on Xe (black), Ar (red),
Ge (blue), and F (green).

components of nuclear spin which, as a linear combination, form the standard SD

coupling, � the net angular momentum of the nucleon at zero momentum transfer,

and � 0 and � 00which depend on the product of nucleon spin and angular momentum.

A comparison of the e�ective strength of each response on proton(neutrons) for targets

frequently used in dark matter searches is shown in the left(right) of Figure 1.6. Only
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the leading responses forming the SI and SD interactions will be considered in this

work.

Figure 1.6: The strength of the leading EFT nuclear responses for typical targets
used in direct detection searches for scattering on protons(left) and neu-
trons(right) [35]. Notably, � 0 and � 00on 19F used by the PICO collabo-
ration dominates over other targets.

1.5 Current status

Current WIMP-nucleon SI limits are dominated by liquid noble experiments, namely

the XENON1T collaboration [36] using time projection chambers (TPCs), shown

in Figure 1.7. SD scattering limits are comparatively less stringent, and must be

delineated by the unpaired nucleon used for scattering. For SD-neutron the leading

limits come from XENON1T on 129Xe and 131Xe [37]. SD-proton cross section limits

are lead by the PICO collaboration on19F using bubble chambers (explained in

Chapter 2) [38]. The largehSpi and abundance of19F, given in Table 1.1, coupled
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Table 1.1: Comparison of leading SD target abundances and spin expectation values.

Isotope Abundance hSpi hSn i
129Xe [37] 26.4% 0.010 0.329
131Xe [37] 21.2% -0.009 -0.272
19F [39] 100% 0.477 -0.004

with its high nuclear form factor make it competitive to XENON1T for the SD-

proton cross section even with much less exposure. SD-neutron and SD-proton limits

are shown in Figure 1.8.

To date, no de�nitive detection of WIMP dark matter has been achieved4. The

next generation of these experiments will start to reach the so-called \neutrino 
oor"

in which coherent elastic neutrino nucleus scattering (CE� NS) from atmospheric (at

high mass) and solar neutrinos (mainly8B and 7Be at low mass) will start to become

a background. Similar to the case for SI WIMP-nucleon scattering, when the product

of the momentum transfer and nuclear radius is very small (qR � 1), the neutrino

can scatter coherently o� the weak charge of the entire nucleus, greatly increasing the

scattering cross section [41]. The di�erential cross section per recoil kinetic energyT

for this process is given by

d�
dT

(E � ; T) =
G2

F

4�
Q2

wM
�

1 �
MT
2E 2

�

�
F 2(Q2); (1.4)

for GF the Fermi constant, Qw = N � (1 � 4 sin2 � w)Z the weak nuclear charge of a

nucleus with N neutrons andZ protons, M the target mass, and� w the Weinberg

angle, E � the incident neutrino energy, andF (Q) the nuclear form factor [42]. The

4There is disputed evidence from the DAMA collaboration which observes a 13:7� annual modu-
lation in the low energy nuclear recoil spectrum [40]. This result is in disagreement with other dark
matter searches.
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expected rate is then calculated by integrating over Equation 1.4 with the expected

neutrino 
ux, detection e�ciency, and target density.

Above the neutrino 
oor experiments are expected to operate neutrino-background-

free in the search for dark matter. This 
oor can be de�ned as the boundary where the

cross section sensitivity stops scaling as the number of background eventsN � 1=2 [43].

Below this is a region called the \neutrino fog", when the cross section sensitivity

quickly stagnates as the small potential dark matter signal from these cross sections

becomes lost in the large uncertainties on the background neutrino 
ux, illustrated in

the upper right side of Figure 1.7 for the pro�le going from point A to B. While not

the end of dark matter direct detection searches, the neutrino 
oor presents the need

for more sophisticated analyses and precision neutrino 
ux measurements. Notably

in the left side of Figure 1.8, the neutrino 
oor for 19F is approximately 5 orders of

magnitude lower than for xenon allowing for deeper exploration of potential WIMP

cross sections before the end of background-free running. This is due not only to the

di�erence in A2 scaling between 
uorine and xenon which greatly e�ects the cross

section, but also the largeness ofhSP i and 100% abundance for19F compared to the

xenon isotopes.

Recently, the apparent discrepancy in the anomalous magnetic moment of the

muon5 and the measured dark matter relic density have been explained simultaneously

through pMSSM with minimal �ne tuning 6 (� EW ) while providing O(100 GeV=c2)

5At the time of publishing, a 4.2� di�erence between experiment and the SM prediction from the
Muon g-2 Theory Initiative exists. It should be noted predictions from the BMW theory group are
in better agreement with experiment at 1:3� [45].

6In this context, �ne tuning is evaluated as the sensitivity to the Z boson mass with respect
to small changes in input model parameters. If small changes result in a large di�erence from
M Z = 91:2 GeV/ c2, then the model is considered �ne-tuned [46].
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Figure 1.7: Left panel: Leading exclusion limits for SI WIMP-nucleon scattering
from [43] along with the expected neutrino 
oor for xenon. Highlighted
are the di�erent atmospheric and solar neutrino contributions to the neu-
trino 
oor. Top right panel: Sensitivity along A{B through the 8B neu-
trino background. The cross section sensitivity stagnates when the ex-
pected number of WIMP interactions falls below the large uncertainty in
the neutrino 
ux. Bottom right panel: Number of neutrino events from
A{B before possible di�erence in recoil spectra may allow for distinction
between8B and WIMPs. The top color band indicates the gradient of
discovery metric.

e� 0
1 masses [46]. In this model, the LSP (e� 0

1) and smuon could be involved in a one-

loop correction contributing to the muon g-2 [47]. Of particular interest with this

prediction is the parameter space for the SD WIMP-proton cross section, which can

be nearly fully probed in the future PICO-500 experiment, shown in Figure 1.9 for
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Figure 1.8: SD WIMP-proton (left) and SD WIMP-neutron (right) along with neu-
trino 
oors for typical targets from [43]. PICO-60 results are from �rst
C3F8 data set [44]. Limits from the complete exposure of PICO-60 can
be found in Figure 2.6 [38].

250 L running for one year.

Figure 1.9: Parameter space fore� 0
1 in pMSSM which reconciles the g-2 anomaly and

dark matter relic density for SI scattering (left) and SD scattering (right).
Projected exclusion limits for PICO-40 and PICO-500 largely cover the
compact parameter space [46].
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1.6 Next-generation searches

Liquid noble experiment will continue to lead the SI WIMP search in the next gener-

ation of dark matter searches above 10 GeV/c2 with large monolithic target volumes.

The two-phase TPCs like Xenon1T use the di�erence in charge/ionization to scintil-

lation yield as a method of pulse shape discrimination (PSD) between nuclear and

electronic recoils. Xenon is expensive but can be highly puri�ed [48], and owing

to its high Z, provides a degree of self-shielding allowing for �ducialization in large

volumes. TPCs have have much better position reconstruction than in single phase

experiments based solely on scintillation. Future large-scale xenon experiments are

planned: XENONnT [49], LUX/ZEPLIN [50], and beyond DARWIN [51].

As an alternative, argon is inexpensive, but is accompanied by cosmogenically-

created39Ar at the level of approximately 1 Bq/kg [52]. Backgrounds from39Ar can

be largely identi�ed with through PSD [53], but for future experiments, sources of se-

questered underground-argon which is depleted in39Ar have been identi�ed [54]. This

puri�cation, though, is expensive. Future large-scale argon experiments are planned:

DarkSide-20k [55] and beyond ARGO/Global Argon Dark Matter Collaboration [56].

Both DARWIN and ARGO are designed to reach the neutrino 
oor.

The large-scale semiconductor experiment SuperCDMS [57] is planned for con-

struction at SNOLAB, which will aim at low-mass WIMPS below 10 GeV/c2. Mea-

suring ionization and phonon signals, this technology has excellent energy resolution

but is expensive and large crystals cannot be grown, requiring arrays of many de-

tectors to achieve large target masses all which must be maintained at cryogenic

temperatures.

Bubble chambers remain a proven technology with relatively simple design and
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operation. The response to nuclear recoils in bubble chambers is unity down to nearly

the Seitz threshold of several keV, shown for PICO-60 in Figure 5.5. Importantly,

the e�ciency turns on to 100% quickly within several keV. By comparison, Xenon1T

has a detection e�ciency of approximately 90% only over a range of nuclear recoil

energies (10-50 keV) [37], where the response in liquid noble scintillators must account

for models of nuclear recoil quenching (Lindhard-Birks [58]) which are di�cult to

measure at low energies. PICO is unique with its highly abundant spin-dependent


uorine target, ful�lling a useful purpose in the future large-scale detectors.

There are still some di�culties in scaling up bubble chambers, the operation of

which will be described in Chapter 2. Overcoming these technical challenges of scaling

up bubble chambers will be the focus of Chapter 3. Understanding how the e�ect of

the high threshold running in PICO-500 and beyond on the acoustic emission from

bulk nucleations is described in Chapter 4. Additionally, new physics searches beyond

the standard WIMP can be probed in existing and future bubble chambers. A search

for superheavy dark matter in PICO-60 data will be presented in Chapter 5.
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Chapter 2

Bubble chambers

Bubble chambers, developed by Glaser [59, 60], �rst found success in high energy

particle physics experiments for tracking charged particles1. Their use in dark mat-

ter searches originally came from fast neutron dosimetry badges in the form of solid

state droplet detectors [63, 64] but have evolved through the PICO (COUPP + PI-

CASSO) [65, 66, 44, 38] and MOSCAB collaborations [67]. This detection technique

has a low energy threshold and high e�ciency for nucleating bubbles, the ability to

identify nuclear recoils from alpha particles using the visible bubble position, mul-

tiplicity, and correlated acoustic emission, and intrinsically low backgrounds with

electromagnetic recoils not nucleating when the detector is moderately superheated.

2.1 Bubble nucleation

Decreasing the pressure of a 
uid while maintaining constant temperature can leave

the liquid in a metastable superheated state, as shown in Figure 2.1. The local

addition of any extra energy from ionizing radiation or surface tension e�ects can give

enough energy to overcome the Gibbs potential and induce a local phase transition,

1Notably, the Gargamelle experiment detected the weak neutral current at CERN [61, 62].

18



known as a \heterogeneous nucleation," (right panel of Figure 2.1) where the density

drops from a liquid to a vapour.

Figure 2.1: Left: Phase diagram along the transition of a liquid (light blue dot) to
a superheated state (red dot). Right: The Gibbs potential for each step
through pressure in the left panel. A metastable liquid state is reached
in the red curve, where any extra local energy deposition can overcome
the Gibbs barrier and initiate a phase transition. Figure from [68].

A vapour bubble will be in static equilibrium with the surrounding 
uid with a

critical radius when the pressure inside the bubble,Pb, balances the external 
uid

pressurePl and surface tension� b. The critical radius r c for a stable bubble is then

r c =
2� b

Pb � Pl
: (2.1)

The energy required to nucleate a visible-sized bubble was �rst calculated by Seitz [69]

to be

QSeitz = 4�r 2
c

�
� b � T

@�b
@T

�
+

4�
3

r 3
c � b (Hb � H l ) �

4�
3

r 3
c(Pb � Pl ); (2.2)
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whereT is the temperature of the liquid,� b the density of the vapour in the bubble,

Hb(l ) the speci�c enthalpy of the gas(liquid). The �rst term in Equation 2.2 is the heat

necessary to create the surface of the bubble, the second term the heat required to

vaporize the 
uid to make the bubble interior, and the third the reversible work done

in expanding the bubble to the critical size (work done by the boiling superheated


uid as the bubble grows) which is subtracted to avoid double counting work done in

the �rst 2 terms. This threshold energy must be deposited within the critical radius

in order for the bubble to form. It is because of this that the acoustic signal from

incident neutrons, electrons, and alpha particles is manifested in di�erent ways in

bubble chambers.

Nuclear recoils induced from neutrons, or potentially WIMPs, deposit their energy

in a dense location, ranging out after a few 10s of nm, illustrated in Figure 2.2. Alpha

particles from the decay of radon and progeny have longer ranges of order 10s of� m,

creating a larger pressure wave and louder acoustic emission than nuclear recoils.

This allows for di�erentiation between nucleations induced from nuclear recoils and

alphas based on the acoustic power (AP), as well as alpha spectroscopy [66], shown

in Figure 2.3.

Recently, a new model of nucleation from electron recoils was described based

on the total energy deposited and production of secondary delta (� ) electrons [72].

Rather than the traditional Seitz model, nucleation from electron recoils are more

accurately described with this new model. This energy threshold is written as

E ion � 4�r 2
c

�
� � T

@�
@T

�
+

4�
3

r 3
cPl ; (2.3)

whereE ion is referred to as the ionization energy threshold. This is equivalent to the
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Figure 2.2: Comparative cartoon of pathlengths of a recoiling 
uorine nucleus (top)
and helium nucleus (bottom) resulting in greater acoustic emission from
alphas than neutrons [70].

surface energy and work done by the expanding liquid. The probability of nucleation

P, is calculated as

P = Ae� B �f (P;T ) ; (2.4)

where A and B are constants to be determined. In the new electron recoil model,

f (P; T) is no longer equal toQSeitz, but as

f (P; T) �
E ion

r l � l
; (2.5)

for r l = r c(� b=� l )1=3, and whereB � 1 has units of MeV cm2 g� 1.

2.2 Acoustic generation

Bubble growth can be described as proceeding through three distinct phases: 1)

nucleation; 2) inertial growth with r > r c, where the growing bubble is pushing out

against the surrounding 
uid; and 3) thermal-di�usion where the bubble growth is
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Figure 2.3: Simulated AP distribution for nuclear recoils (black) and alpha decays
(red). The 3 alphas in the decay chain of222Rn are indicated at 5.6 MeV,
6.1 MeV, and 6.7 MeV [71].

limited by the dissipation of heat. Due to the limited energy available in the initial

nucleation, the �rst phase contributes negligibly to the overall emission of acoustic

energy.

A description of the bubble radius as a function of time from the early stage

of nucleation through the inertial growth phase can be used to describe the emit-

ted acoustic power. Combining the Rayleigh-Plesset [73] equation describing bubble

growth in the inertial growth phase with the Plesset-Zwick [74] describing the thermal

growth phase leads to the expression for the rate of change of the bubble radiusr ,
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dr
dt

= �
hA2p

t � ts

B
+

2� 1

r

i
+

s

A2 �
2

� l r

+
� 2� 1

r
+

A2
p

t � ts

B

� 2
; (2.6)

where the parameters are given in Table 2.1 [71].

Table 2.1: Values and descriptions used as inputs to solve for the bubble radius as a
function of time. Reproduced from [71].

Variable Description

A =
q

2
3

h� v � T
� l Tsat

Speed of expansion

h Enthalpy of vaporization
� v Vapour density
� l Liquid density
� T Liquid superheat aboveTsat

Tsat Saturation temperature

B =
q

12
� a1Ja -

a1 Liquid thermal di�usivity
Ja = � T c1 � l

h� l
Jakob number

c1 Liquid heat capacity
� 1 Kinematic viscosity

 Surface tension

The emitted acoustic power can be calculated directly from this through

P(t) =
� l ( •V)2

4�c
; (2.7)

where (•V)2 is the square of the second time derivative of the bubble volume, andc is

the speed of sound in the liquid [75]. From Figure 2.4 it can be seen that most of the

acoustic energy is emitted in the �rst 10s of� s after nucleation.
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Figure 2.4: Acoustic power emitted for simulated 
uorine recoils in C3F8 at 30 psia
and 14� C for recoil energies of 5.5 keV, 50.5 keV, and 500.5 keV [71].

2.3 Operation

The PICO bubble chambers use liquid Freons—(CF3I, C3F8, C4F10) contained in a

quartz vessel surrounded by an outer pressure vessel. An illustration of PICO-60

is shown in the left of Figure 2.5. The pressure in the vessel is controlled through

a bellows system isolating the Freon volume from a hydraulic 
uid which can be

compressed (increasing pressure) and expanded (decreasing pressure) through a series

of external accumulators.

In PICO-60, the Freon volume was topped with a water bu�er layer to prevent

the superheated liquid from contacting the rough surfaces of the bellows which would
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Figure 2.5: Left: The PICO-60 detector, annotated, with a C3F8 target volume below
a water bu�er. Right: The PICO-40 RSU detector with the C3F8 volume
above the cold region contained between an inner and outer quartz vessel.

lead to nucleations outside of the target volume (rough surfaces modify the surface

tension term in Equation 2.2). When compressing or expanding the chamber, the

pressure is transferred from the surrounding optically-clear hydraulic 
uid through

the bellows and water bu�er to the Freon reducing the overall pressure gradient across

the wall of the quartz vessel.

The active Freon volume is viewed with sets of stereo cameras to record the bub-

ble nucleation positions. Digitized images are monitored for changes in pixel entropy;
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when enough pixels have changed in a su�ciently dense location, a trigger is sent to

recompress the chamber. In small test chambers, the recompression trigger can be

generated simply from the pressure rise from a nucleated bubble. A di�erential pres-

sure gauge is used to measure the pressure rise as the bubble grows, and piezoelectric

transducers a�xed to the quartz vessel record the acoustic emission after propagation

from the nucleation site through the 
uid to resonate the quartz vessel. Using the

bubble position and acoustic emission, the acoustic power of an event can be derived

and used to distinguish nuclear recoils and alpha particles.

The PICO bubble chambers are operated underground at SNOLAB at a depth of

6800 feet to reduce the muon rate to< 0:27 per m2 per day [76], and are surrounded

by a water tank to thermalize fast neutrons produced from (� ,n) and spontaneous

�ssion reactions in the rock walls. The hydraulic 
uid surrounding the quartz jars

helps to moderate neutrons generated in the steel pressure vessel.

2.3.1 PICO-60 and PICO-40

PICO-60 operated from 2015 to 2017 underground at SNOLAB producing leading

limits on the SD WIMP-proton cross section using C3F8. Ultimately, PICO-60 was

limited in sensitivity by the fast neutron background generated from the stainless steel

pressure vessel and possible anomalous backgrounds from the water bu�er. To resolve

this issue, PICO-40 was designed as a Right-Side-Up (RSU) detector, illustrated in

the right panel of Figure 2.5, with a larger pressure vessel and a similar target volume

and surface area to PICO-60. In this orientation, with the temperature in the vessel

held warm, the transfer lines and moving bellows are kept cold. A thin annular

region between an inner and outer quartz vessel prevents convective circulation from
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the lower cold to upper hot regions. When the pressure in the system is dropped,

the Freon in the warmer vessel region becomes superheated, while the cold regions

remain in a non-superheated state to prevent spurious nucleations outside the target

volume.

Additionally, in the RSU design potential particulates that may make their way

into the detector will naturally settle in the lower cold region preventing spontaneous

nucleations in the active Freon. RSU detectors, while new to the PICO collaboration,

were initially used in some early tritium and14C counting experiments [77].

PICO-40 is currently under construction at SNOLAB. After initial �lling with

C3F8 and testing, issues with the thermal design were identi�ed along with a high

rate of nucleations on the quartz vessel wall. The vessel was emptied and the detector

is currently disassembled while these issues are resolved. As a demonstrator of RSU

detectors, PICO-40 is already informing the design of the future PICO-500 experi-

ment. SD-proton exclusion limits from the complete exposure of PICO-60 along with

projections for PICO-40 and PICO-500 are shown in Figure 2.6.

2.3.2 Next PICO generations

PICO-60 was limited in sensitivity by the measured neutron rate leading to short-

exposure running at low thresholds. However, to probe deeper into the SI and SD cross

sections, longer exposures will be necessary while maintaining minimal backgrounds.

The neutron background is generated mainly from (�; n ) reactions in the pressure

vessel stainless steel. As neutrons tend to scatter more than once while traversing the

detector, the expected rate of single-scatter neutron events can estimated based on

the multi-scatter rate. Fast neutrons can be moderated with su�cient a depth of the
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Figure 2.6: Projected SD-proton sensitivity for PICO-40 (40 L for 1 year) and PICO-
500 (250 L for 1 year) along with the complete exposure limits from
PICO-60.

hydrogenated hydraulic 
uid between the pressure vessel and Freon volume. Alpha

backgrounds from the emanation of222Rn into the bulk 
uid can be largely dealt with

by material assay and the AP discrimination. The new background that potentially

arises in long-exposures comes from CE� NS, as described in Section 1.5. Even this

rate, though, can be reduced by increasing the nucleation threshold to greater than

10 keV, pushing the WIMP mass sensitivity to above approximately 10 GeV/c2.
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Chapter 3

Research and development toward next-generation

PICO dark matter searches

Future large-scale bubble chambers like PICO-500 will need to operate with thresholds

&10 keV to evade CE� NS backgrounds generated from8B solar neutrinos. The size

of PICO-500 was designed to allow for 500 L of active Freon, but due to limitations

in the creation of large radiopure synthetic quartz vessels, is currently limited to

250 L. New detector materials and 
uids may help overcome some of these technical

challenges and allow for deeper exploration into the SD-proton parameter space.

The Queen's test chamber (QTC), shown schematically in Figure 3.1, was greatly

modi�ed and upgraded for use in small scale testing, calibration, and development

of new materials and 
uids. The 14 mL quartz vessel (1) can be swapped for other

small-volume chambers made of di�erent materials. The active Freon volume is kept

warm (red dotted line) with a water bath (2) and VWR circulating chiller/heater.

A Jubalo 600F chiller runs cooling 
uid through copper tubing that is thermally

linked to the base of the vessel, Freon transfer lines, and the bellows assembly. All

cold regions (blue dotted line) are additionally wrapped in foam insulation. When
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Figure 3.1: Schematic of the Queen's test chamber setup (not to scale). 1) Freon
chamber (quartz or metal), 2) Water bath, 3) Bellows accumulator, 4)
Stereo cameras (for quartz vessel), 5) PZT sensor, 6) Dytran fast dif-
ferential pressure gauge, 7) Simpli�ed hydraulic cart: 7a) High pressure
bladder accumulator, 7b) Low pressure bladder accumulator, 7c) Nitro-
gen bottle. The warm (superheated) region is outlined in red, while cold
transfer lines and accumulator outlined in blue.

cold the transfer lines and bellows are encased in ice, providing additional thermal

isolation and stability.

Labview [78] software, the same as used in PICO-2L, controls a hydraulic cart

(7) to compress the chamber. This software also serves as the data acquisition (DAQ)

system recording pressure and temperature data as well as producing real-time plots

for monitoring. Bottle nitrogen (7c) is supplied to an auto-pressure regulator and
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