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Abstract

Bubble chambers filled with fluorocarbons are a world-leading technology to
search for nuclear recoils produced by spin-dependent WIMP dark matter
particles. In this work, a novel bubble chamber using 28 + 1 ml of the flu-
orocarbon C5Fi, as target material is investigated. This superheated liquid
detector nucleates bubbles as the result of elastic scattering off nuclei with
neutral particles for example dark matter or neutrons.

As the chamber produces small eruptions at the top, when a nuclear recoil
happens inside the superheated liquid, it was named Geyser, like the geother-
mal phenomenon. The C5Fi5 Geyser bubble chamber does not require to be
pressurized after every event to restore the active liquid. Instead, it uses a
combination of gravity and temperature gradient to achieve an almost contin-
uously superheated state.

The whole apparatus, also referred to as a compressionless bubble cham-
ber, was exposed to neutrons coming from an AmBe source. In a live-time
of 2.45 £+ 0.03 hours, the detector demonstrated evidence of AmBe neutron
recoil events. A comparison of a Geant4 Monte Carlo simulation of the same
detector, allowed for the calculation of dead time (7 = 27.9 £ 3.0 seconds) and

detector efficiency (¢€) of 56.5 + 5.0 %.
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Preface

The C5Fj5 Geyser or compressionless bubble chamber apparatus was con-
structed by Pitam Mitra and operated by several summer students at the
University of Alberta in 2014, 2016 and 2018.

My main contribution to the C5Fi5 Geyser experiment regarding the work
of this thesis consisted of performing the data analysis of the neutron calibra-
tion and background runs for this apparatus. I also built and coded entirely
the Cs 5 Geyser Geant4d Monte Carlo simulation.

The following software and packages were used for data processing and fig-
ure creation: Python ( with Numpy, Scipy, Matplotlib, Glob, Pandas, Statis-
tics, Root Pandas).

The extraction of thermodynamical parameters was done using PICOcode.
This software was developed by members of the PICO Collaboration that uses
bubble chambers for WIMP dark matter searches.

I built and designed the algorithm for event definition as a result of pressure
increases in the superheated C5Fis. 1 ensured data quality and helped to
improve and update the C5Fjo Geyser DAQ software (Arduino code).

I also worked alongside with Dr. Sumantal Pal in the construction of the
hydraulic system. David Biaré participated and fully developed the LabVIEW
VI program to operate this system. Ben Broerman from Queen’s University
provided the bellows transfer accumulator that was connected between the
hydraulic system and the C5Fi5 Geyser.

I certify that this thesis was composed by myself, that the work contained
here is my own except where explicitly stated otherwise in the text.

I declare that this work has not been submitted for any other degree or

professional qualification except as specified.
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Dedicated to my friend Jose Parra who passed away,

neutrinos are getting closer ...
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Chapter 1

Introduction

1.1 Dark Matter

For the last century many cosmological observations, have concluded that more
than 80 % of the matter in the Universe is non-luminous or dark.

The only observable effect of its existence is its gravitational influence
on stars, galaxies, large-scale structures of the Universe, and the Cosmic
Microwave Background (CMB). Based on these observations, the so-called
A — CDM (Lambda cold dark matter model) establishes the following: Our
Universe is flat ! and is composed of (4.56 + 0.16) % baryonic matter, (22.7
+ 1.4) % dark matter and (72.8 713) % dark energy [1].

The properties of dark matter are well understood in the Cosmological \ —
C' DM model but there are no particles with those properties in the Standard
Model of Particle Physics. What could dark matter be made of?

Discovering the nature of dark matter is synonymous with getting access
to physics beyond the Standard Model of Particle Physics. It has become one

of the greatest scientific puzzles to solve in the XXI century.

1.2 Astrophysical evidence of dark matter

In astrophysics, there is plenty of evidence that supports the existence of dark
matter. For instance, the dark matter density calculated from the cosmic

microwave background requires it to be stable to explain the flatness of the

'In that geometry of space, a drawn triangle’s angles add up to 180° and the Pythagorean
theorem holds.



current Universe [1], and the abundance of light elements in the early Universe
requires dark matter to be non baryonic [2]. Additional pieces of astrophysical
evidence and how constraints to dark matter properties are presented in the

following sections.

1.2.1 Rotation curves

One of the most convincing probes of dark matter comes from rotation curves
spiral galaxies. The visible part of spiral galaxies consists of a spherical pro-
tuberance in the centre and a thin elongated disc at their extremes [3]. The
tangential velocity v, of a star with a mass m that orbits a galaxy with mass
M, to a distance r from the galactic centre is obtained by matching the grav-

itational and centripetal forces.

L (1.1)

leading to a tangential velocity around the galactic center:

GM,

r

v, = (1.2)

Equation 1.2, predicts that stars move slower the further they are away
from the center of their galaxy. The first test of this model was made by Fritz
Zwicky in 1930 [4]. He used the Virial theorem to estimate the mass of the
Coma galaxy cluster. He found that the mass was 400 times more than the
mass obtained from the luminosity of the galaxies contained in the cluster.
Fritz Zwicky named the invisible matter dark matter.

40 years later, in the 1970s, the American Astronomer Vera Rubin mea-
sured v, in the Milky Way and other galaxies, she measured the speed of stars
at the periphery of the galaxy by Doppler shift (21 em Hydrogen line) and she
estimated its mass. This mass was compared to the visible mass. She found
that additional mass must be providing a gravitational pull to account for the
dynamics of the cluster (see figure 1.1).

The observations made, suggest that the rotation speeds are constant until

large radii from the centre of the galaxies instead of decreasing according to
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Figure 1.1: Rotation curves of spiral galaxies as measured by Vera Rubin [3].
Most of the galaxies show a flattening at a large distance from the center.

equation 1.2. The only way to explain these discrepancies is that the visible
part of the galaxy is immersed in a spherical Dark Matter halo (DM halo) that
contributes to 80-90% of the total mass [5].

1.2.2 Weak field lensing of colliding galaxy clusters

Based on the studies of stellar object dynamics through gravitational lens-
ing [5], it has been concluded that dark matter interacts with normal matter
through gravity.

On the other hand, galaxy dynamic collisions allow inferring that dark mat-
ter cannot be explained by modifications to gravity [6]. The most compelling
evidence of this comes from the Bullet Cluster [7] and MACS J0025.4-1222
[8]. The aforementioned clusters, were created each one by the collision in the
past of two galaxy clusters.

Studies with gravitational lensing and X-ray images revealed that the ma-
jority of the hydrogen is within the region near the centre of the clusters while
most of the mass is distributed near the edges. This phenomenon can not be

explained by theories that modify the general theory of relativity.



1.2.3 Cosmic large structure of the Universe

The cosmic large structure of the Universe from simulations of the structures
formation, is in agreement with the astronomical observations if the dark mat-
ter is not relativistic.

To survey the distribution of dark matter, the experiments 2DFGRS (2-
degree Field Redshift Survey) and SDSS (Sloan Digital Sky Survey) mapped
the spatial distribution of galaxy clusters and the physical properties of galax-
ies with low redshift [9].

Both experiments concluded that the distribution of distant galaxies is not
scattered randomly. But instead, there is a network of filaments surrounding
wide regions of empty space. This structure, cannot be explained by the
gravitational clumping of ordinary matter [10]. Under the hypothesis of the
abundance of dark matter weakly interacting particles before baryogenesis, it
can be asserted that their coupling occurred before thermal equilibrium [5].

Computational simulations strongly suggest that dark matter is needed for
explaining the cosmic large structure of the Universe. The Virgo Consortium,
for Cosmological Supercomputer Simulations, performed an N-body simulation
with N = 2160% x 10'°. Each particle simulated represented a dark matter of
approximately a billion solar masses.

The results obtained imitate the cosmic structure observed by 2DFGRS
and SDSS if the dark matter in the model is considered non-relativistic or

cold [11].

1.3 Beyond the Standard Model

Dark matter is an unknown type of matter composed of particles beyond
the Standard Model of particle physics. Candidate particles for dark matter
naturally arise in a lot of theories beyond the Standard Model of particle
physics and from strong astrophysical constraints. Figure 1.2 summarizes the
candidates over a large range of masses.

A generic weakly interacting massive particle (WIMP) is one of the most
attractive candidates to account for the cold dark matter in our Universe since

4
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Figure 1.2: Candidates for dark matter particles can be found in a range from
10731 GeV until 10" GeV [18].

it would be thermally produced with the correct abundance to account for the
observed dark matter density [12].

Axions are also preferred dark matter candidates since they solve the strong
CP problem in the Standard Model [13]. Together with the ALP (Axions Like
Particle) and dark photons, they receive the name WISP (Weakly Interacting
Sub-eV Particles) [14]. Experiments, such as PVLAS [15], CAST [16] and
ADMX [17] use resonating cavities of adjustable resonance frequency to search

for WISPs.

1.4 WIMP

The WIMP is a well motivated candidate for dark matter [19]. It is a particle
that interacts weakly, and its expected mass range is from GeV to TeV. These
particles are assumed to be in thermal equilibrium with quarks and leptons
in the hot early universe and decoupled when they were non-relativistic. As a
result, they annihilate giving rise to a relic density that is consistent with the
observed dark matter density [19].

Theoretical particle physics models contain particles that naturally satisfy
the requirements for a WIMP. Specifically, in supersymmetric models (SUSY)
the lightest supersymmetric particle in theories with R-parity conservation is

a good dark matter candidate. However, supersymmetric particles have not



yet been observed.

1.4.1 WIMP elastic scattering off nuclei

If the Milky Way’s DM halo is composed of WIMPs, then the WIMP flux on
the Earth is of the order of 10° cm™2s™! for a WIMP mass of 100 GeV [20].
This flux could be detected via nuclear recoils in Earth-based detectors, caused
by WIMP elastic scattering. More specifically, direct dark matter search ex-
periments aim to measure the rate R, and energy of the nuclear recoils Er. For
incoming WIMPs of number density n (astrophysical WIMP distribution) and
uniform velocity v, the scatter rate off a single nuclei target can be described

as:

R =onv (1.3)

where o is the interaction cross-section for a particular target material.
Lewin and Smith [21], outlined a standard procedure for which the expected
WIMP recoil spectrum can be calculated. They provided calculations for
coherent scattering and assume o has spin-dependent and spin-independent
components.

The spin-independent cross-section is given by:

o5 = LA (Zf, + (A= 2)f)? (1.4

where Z is the number of protons, p4 is the WIMP-nucleus reduced mass,
and f, and f, are the coupling of the proton and neutron respectively [22].
The cross-section for experiments searching for spin-dependent coupling to

dark matter, is given by:

32 J(J+1
™ = ?G%‘/Li [ap(Sp) + an<Sn>]2 %

where a, and a, are the proton and neutron coupling strengths and, (S,)

(1.5)

& (S,) the spin expectation values for proton and neutron spin in the target

nucleus. Finally, J is the total nuclear spin.



Nucleus Z  Odd Nucleon J (Sp) (S

19 9 p 1/2 0477 -0.004
BNg 11 p 3/2 0.248 0.020
27 Al 13 p 5/2 -0.343 0.030
264 14 n 1/2 -0.002 0.130
350 17 p 3/2 -0.083 0.004
39| 19 p 3/2 -0.180 0.050
BGe 32 n 9/2 0.030 0.378
BNL 41 p 9/2 0.460 0.080
15T¢ 52 n 1/2 0.001 0.287
1277 53 p 5/2 0309 0.075
129Xe 54 n 1/2 0.028 0.359
BlXe 54 n 3/2 -0.009 -0.227

Table 1.1: Table of proton and neutron spin expectation values of selected
stable isotopes with non-zero spin. Notice the large value of (5,) for targets
with fluorine (1 F) [18].

The WIMP nuclear recoil spectrum depends on the target material and the
mass of the WIMP candidate. Therefore, the WIMP nuclear recoil depends on
the energy deposition in the target nuclei used (see table 1.1). Additionally,
the WIMP event rate is modulated as a result of the Earth’s motion and
position through the Milky Way’s DM halo [23].

The WIMP could also be detected indirectly by observing the annihilation
products at locations where the WIMPs should be abundant (centre of the
Sun, the Milky Way’s core and dwarf galaxies). The experiments will look for
a surplus of standard model particles such as neutrinos, gammas rays, etc [24].

Another channel of detection is via the production of WIMPs in accel-
erators. If the center of mass-energy at proton-proton collisions surpasses
the mass of a WIMP, dark matter particles could be produced, allowing the
study of their fundamental properties (mass, cross-section, spin, decay modes,
etc)[25]. Even if this detection is possible, the unknown dark matter mass
makes it challenging to infer the kinematic distributions of such an interac-

tion.
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1.4.2 Direct WIMP detection

Goodman and Witten were the first to propose that a WIMP can be detected
by elastic scattering off nuclei in a terrestrial detector [26].

Earth-based direct detection experiments benefit from the movement of
the solar system around the galactic center through the DM halo. As a result,
a flux of WIMPs travels through the terrestrial detector (local density = 0.3
GeV/cm? [27]), scattering off an atomic nucleus with an average velocity of
300 km/sec [20].

However, the differential event rate R is difficult to measure as shown in
figure 1.3. The WIMPs scattering off nuclei is investigated using four sep-
arated (or combined) channels of detection: charge, scintillation light, and
heat. The heat can manifest as phonons in cryogenic crystals and as bubbles
in superheated liquids (for a detailed review, see [28]). A brief description of

those technologies is as follows:

e Noble gas detectors (charge and scintillation signals):
Consist of liquid noble gases that scintillate. The noble liquid glows in
the ultraviolet wavelength spectrum allowing for efficient detection by
photomultiplier tubes at the walls of the experiment. PANDA-X [29],
LZ [30], LUX [31], XENONIT [32], DEAP3600 [33] and DarkSide [34]

are examples of experiments using this technology.

Xenon based detectors use double-phase (liquid and gas) TPC (Time
Projection Chamber) to discriminate electron recoils (LZ [30], XENONI1T
[32], XENONNT [35] and DARWIN [36]) against nuclear recoils. Argon-
based experiments use pulse shape discrimination for the same purpose

(DEAP3600 [33] and the double phase argon TPC DarkSide [37]).

e Scintillating crystals
Consist of materials that exhibit scintillation light when excited by ion-
izing radiation. For instance, the DAMA/LIBRA [38] experiment uses
Nal crystals. It has reported an annual modulation consistent with a

WIMP explanation since 1995. However, that signal has been excluded
9



by many other WIMP experiments and is still unexplained.

Scintillation in crystals due to nuclear recoils can be statistically sep-
arated from events caused by electron recoil events using pulse shape

discrimination.

e Cryogenic solid-state detectors
Are detectors at which the active material is maintained at millikelvin
temperatures (< 20 mK). This allows the detection of phonons from the

interaction of a single particle in a crystal lattice.

These detectors discriminate electron recoils from nuclear recoils on an
event-by-event basis by complementary channels (scintillation, phonon,
ionization, etc). Leading experiments of this class are CDMS [39] with Ge
and Si, EDELWEISS with Ge and CRESST [40] with calcium tungstate
(WO,Ca).

e Superheated liquid detectors:
This kind of detector uses moderately superheated liquid as active mass.
A local energy deposition will induce bubble nucleation. The main ad-
vantage is that under specific conditions of temperature and pressure
these detectors are insensitive to electromagnetic backgrounds [41]. Ad-
ditional virtues include easy replacement of target liquid as well as sen-
sitivity to spin-dependent nucleon-WIMP interactions when used with

fluorine enriched target materials.

Event discrimination between alpha recoils and nuclear recoils is done by
acoustic discrimination of the bubble formation. In parallel, nuclear re-
coil events are distinguished visually from events due to neutrons which
often cause multiple scattering. Some examples are the superheated
droplet detectors (SIMPLE [42] and PICASSO [43]) and the PICO bub-
ble chambers with C5Fg and C'F31 targets [44]-[46].

The experimental challenge in WIMP dark matter detectors is to detect

keV nuclear recoil energies due to elastic scattering with atom nuclei. On this

10



scale, there are subatomic phenomena that mimic the nuclear recoil WIMP
signal and are more probable.

Background mitigation involves the elimination of any source of particles
that could produce a similar signal (mainly due to natural radioactivity). Lo-
cating the WIMP dark matter search experiments underground provides a
first protection level since cosmic rays get absorbed in rock [47]. Immersing
the detector in ultra-pure water reduces gamma rays and neutrons from sur-
rounding material. Additional background protection comes from a selection
of radiopure materials.

The PICO bubble chambers (superheated liquid detectors) have established
world-leading limits for WIMP-proton spin-dependent interactions [44][45][46].
Additionally, these detectors provide excellent discrimination against electro-
magnetic backgrounds. To maximize the interaction rate from a potential
WIMP nuclear recoil, the PICO Collaboration is constructing the PICO-500
bubble chamber. The next chapter introduces the fundamentals of this tech-
nology and how the compressionless bubble chamber of this work can help to

improve the sensitivity to WIMP dark matter for chambers beyond PICO-500.

11



Chapter 2

Superheated liquid detection for
WIMP and radiation
interactions

2.1 Superheated liquid radiation detection

The use of visual techniques for exploring and studying elementary particles
and their interactions has been key for the advance of nuclear and subnuclear
physics. Before the invention of bubble chambers or superheated liquid de-
tectors, cloud chambers and photographic nuclear emulsions were the first of
these kinds of detectors.

In 1951, Donald Glaser invented the bubble chamber [48]. The principle
of bubble chamber operation is based on a pressure-controlled fluid and above
its boiling point or below its vapor pressure (superheated state).

When the energy deposited by a particle entering the superheated liquid
breaks the metastable state, a localized macroscopic disturbance triggers a
partial release of stored energy, i.e., it produce bubbles.

The bubble nucleated is recorded by the detector using cameras or acousti-
cal sensor and then the bubble chamber is pressurized for a few seconds. Then,
the detector is slowly expanded before reaching the working pressure and can
detect another event. Due to this limitation on dead time, bubble chambers
were supplanted in the mid-80s by wire chambers, spark chambers, drift cham-

bers, and silicon detectors. Notwithstanding, bubble chambers in the second

!Physics Nobel Prize 1960.
12



half of the last century, successfully enabled the detection of new particles and
discoveries within the Standard Model (evidence of the weak neutral current,

and the discovery of many meson and baryon resonances) [49].

2.2 Detection of the WIMPs

Superheated liquid detectors are advantageous for WIMP dark matter searches
due to their low sensitivity to minimally ionizing particles. This provides low
electromagnetic backgrounds compared to detectors based on charge, scintil-
lation light and phonon direct detection WIMP channels. For instance PICO
bubble chambers for WIMP detection have demonstrated suppression of elec-
tron recoil events of about 10'° [41]. Additionally, superheated liquid detectors
have the advantage of being safe to operate, low-cost, having an optimal target
constitution, and allowing room-temperature operation (no cryogenics).

The idea of using moderately superheated liquids for detecting WIMP nu-
clear recoils dates back to the 1990s [50][51]. At that time, a bubble chamber
as proof-of-principle was built at the University of Chicago [52]. This detector
consisted of using 12 mL. CF3Br as a superheated liquid. The pressure in
the chamber was controlled by a piston operated by compressed air. To avoid
surface nucleation events, the superheated liquid was contained in a small
quartz pressure vessel. To reconstruct the 3D bubble position, CCD cameras
were used. This bubble chamber and features set the basis of the COUPP
[53] (Chicagoland Observatory for Underground Particle Physics) and PICO
projects.

Another type of superheated liquid detector is by using superheated droplet
detectors. They were first explored as WIMP detectors by the SIMPLE [42]
and PICASSO [43] collaborations. The PICASSO (Project in Canada to
Search for Supersymmetric Objects), consisted of superheated micro-droplets
of CyFy, dispersed in a polymerized medium. This project pioneered the idea
of using piezoelectric transducers to record the bubble sound signal. They
discovered acoustic discrimination between alpha events and nuclear recoils

[54).
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2.2.1 PICO bubble chambers

The PICASSO and COUPP superheated liquid experiments merged into the
PICO project in 2012. PICO is an international collaboration from institutions
in Canada, the USA, Mexico, India, and the Czech Republic. The PICO
bubble chambers are operated at the underground laboratory SNOLAB (6800
m.w.e.?) in Greater Sudbury, Ontario, Canada.

The first PICO detector was PICO-2L filled with C5F3 and was initially
limited by particulate background [44]. A second PICO-2L fill was operated
until 2016 showing that the background can be removed. To increase the
sensitivity, a PICO detector with 37 kg of C3F'I was operated until 2014 [45].
In 2016, PICO-60 exchanged the active fluid with C5Fg. PICO-60 published
the world’s best limits to WIMP-proton in spin-dependent interactions [46].

Since the disassembly of PICO-60 in 2017, most of the PICO collabora-
tion effort has been focused on new chamber designs to eliminate the need
for a water buffer directly in contact with the active fluid. By removing the
water buffer, anomalous bubble nucleations due to the interface effects (chem-
ical reactions and particle contamination) with the superheated liquid can be

suppressed.

2.2.2 PICO buffer-free bubble chambers

PICO-40L is a PICO bubble chamber that follows PICO-60. Currently, un-
dergoing commissioning, it benefits from enhanced background control. The
jar that contains the superheated liquid is mounted in an inverted position
("right-side-up” design). This principle has been demonstrated by the Drexel
PICO group and others [55].

In parallel, the PICO-500 bubble chamber is being designed and built for
deployment at SNOLAB in 2022 and 2023. It will follow the same design as
PICO-40L. The physics that can be achieved with this detector include sen-

sitivity to coherent solar neutrino-nucleus scattering and potentially galactic

2Is the abbreviation of meter water equivalent. Is a standard measure of cosmic ray
attenuation in underground laboratories. A laboratory at a depth of 1000 m.w.e. is shielded
from cosmic rays similar to a lab 1000 m below the surface of a body of water.
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supernova neutrinos [56.

PICO has also deployed several bubble chambers above ground for calibra-
tion purposes. All of them are designed with a small active volume as well as
simple operation.

A case for the R&D free-buffer PICO bubble chambers is the Geyser bubble
chamber. This type of bubble chamber operates at atmospheric pressure. The
superheated state is obtained thermally (heat transfer) instead of mechanically
by the action of a piston. Several Geyser prototypes were constructed and
tested at the University of Montreal [57].

In 2010 the University of Alberta (UofA) group tested a Geyser based
bubble chamber using alcohol [58]. The work of the current thesis is related
a similar Geyser at UofA filled with C5F}5 instead. It was operated between
2016 and 2020 (see Chapters 3 and 4 for further details).

A group independent from PICO constructed a prototype Geyser at Milano-
Bicocca with a mass of 0.5 kg C3Fy in 2013 (MOSCAB Collaboration [59]).

2.3 Bubble growth due to nuclear recoils in
superheated liquid detectors

2.3.1 The Seitz Model

Glaser tried to explain bubble formation using electrostatic theory, but he did
not succeed [48].

In 1958, Frederick Seitz explained this thermodynamic phenomenon with
the Hot Spike Model [60]. This model postulates the energy entering the
superheated liquid is converted into heat or "hot spike”. Then the vapor
pressure rises locally. This promotes the formation of a spherical cavity with
radius R, aimed to minimize the surface tension between liquid/gas. The

cavity volume to create a nucleation of radius R should be such that:

20 Pl

Pv = D1 P — Po
where R, is the critical radius, o is the surface tension, p is the pressure,

R<R.=

(2.1)

p the density and the indices v and [ correspond to the vapor and liquid
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property of the fluid respectively. The bubbles of radius R < R, will expand
and grow to macroscopic size, while bubbles with R > R. will collapse due
to surface tension. While equation 2.1 describes the general conditions for
bubble formation, the nucleation mechanism depends on the type of particle
interacting that recoils in the atomic nuclei or electron. The minimum energy
needed E' to form a bubble greater than or equal to R. and equilibrium vapor

pressure is given by:

0 4 4
E> E, = 7R 0~ T70) + — Ropy(hy — h) = = Bdp, —p)  (22)
A oT’ " 3 3 )
surfa;er term volurr:g term reversil‘)Te work

where F, is the critical energy, T is the temperature, and h is the specific
enthalpy. In equation 2.2, the surface term represents the energy required to
balance the surface tension. The latent heat needed to boil a sphere of fluid
within the critical radius R, is described as the volume term. Finally, the
reversible work done in expanding the bubble is the last term. If the energy
deposited is enough (E > E.), the bubble will be able to expand and vaporize
the liquid. Otherwise, the bubble will collapse and the phase transition will
not occur.

Therefore, to generate a complete phase transition, the Seitz Model es-
tablished that the energy supplied Eg., to the superheated liquid must be
deposited inside the critical radius R, and larger than critical energy FE. such
that Egep, > E.

In a superheated liquid detector, E. can be chosen by setting a pressure and
varying the temperature or vice-versa. The F. is also named the Seitz energy
threshold. Then, total energy depositions above the Seitz energy threshold and
within a volume defined by the critical radius of the fluid will nucleate a bub-
ble), assuming a 100 % detector efficiency. The control of the thermodynamic
parameters of the superheated liquid, results in a detector sensitive to WIMP

nuclear recoils but (extremely) insensitive to electromagnetic interactions.
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Chapter 3

The Compressionless Bubble
Chamber

3.1 The Geyser concept

To detect very rare nuclear processes, B. Hahn and H. W. Reist, designed a
variant of the bubble chamber using 20 litres of alcohol as superheated liquid
(1974) [61]. Since the liquid produced small gas eruptions with each event,
similar to the geothermal phenomenon, the detector was named Geyser. This
experiment was successful in detecting the fission products from **U [61].
Geyser bubble chambers or compressionless bubble chambers are insensi-
tive to all radiation except nuclear recoils like those induced by WIMP dark

matter particle interactions. In this chapter, the compressionless bubble cham-

ber filled with C5Fy5 (C5F12 Geyser for short) is described.

3.2 Geyser thermodynamics

The combination of gravity and temperature gradient permits the Geyser bub-
ble chamber to achieve an almost continuously superheated state.

Bubble nucleation in a Geyser bubble chamber occurs when in the active
volume, a particle deposits energy above the Seitz energy threshold (see sec-
tion 2.3). Therefore, when the bubble forms, by the action of the Archimedes
principle it rises through the liquid above (see figure 3.1). A vertical inverse
thermal gradient allows lower temperatures to condense the bubble and the
liquid to flow back to the active volume.
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To suppress convection and thus maintain the inverse thermal gradient the
chamber is divided into small chambers connected with thin capillaries.
Events can be identified by a pressure increase, by photography, or acoustic

inside the superheated liquid.

Gas
(Pg.Vg.Tg) Cold Liquid

_ Superheated Liquid

Pg = Pressure of gas above the liquid surface
Vg = Volume of gas above the liquid surface
Tg = Temperature of gas above the liquid surface

Pg=Pv

Inverse
Thermal
Gradient

Vb = Volume of the bubble formed of critical radius Rc or
beyond.

Pv = Pressure inside the bubble

P = Pressure of the superheated liquid

V = Volume of the superheated liquid

T = Temperature of the superheated liquid

Active Volume

Bubble

Figure 3.1: The pressure of operation of the Geyser bubble chamber is set
by modifying the temperature of gas above the liquid surface (7). 7, is
straightforward to control and measure.
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3.2.1 Bubble formation

When a bubble of critical radius R, is formed inside the Geyser chamber (see
figure 3.1), the pressure inside the bubble (F,), growing in size, is the same
as the equilibrium vapor pressure (F,) over the liquid surface [62]. Therefore,
control over the temperature of the vapor above the liquid surface (7)), sets
the pressure of the Geyser bubble chamber. Together with the temperature of
the superheated liquid (7"), the Seitz threshold in a Geyser bubble chamber is
well defined for each pressure and temperature of detector operation as shown
in the figure 3.2.

In figure 3.1, under the assumption of a fixed amount of substance (n)
in the gas phase above the liquid surface and enclosed in a volume (V}), the
general gas equation shows that P, oc n/Vj.

Then a decrease of (V) increases the pressure of the gas above the liquid
surface ( P;) and vice versa. The value of V should be sufficiently small since
it put limits to the maximum size a bubble can grow to. Furthermore, control
over V; is a requirement to maintain stability in the bubble chamber.

Notwithstanding, gaining direct control over the volume of the vapor pres-
sure (V,) is difficult to achieve, without affecting the self-recovery feature of a

Geyser bubble chamber.

3.2.2 Thermodynamic cycle

Alternatively, the physical states of the thermodynamic cycle of Geyser, can
be graphically represented in a phase diagram (figure 3.3). It consists of the

following steps:

e (I) The liquid is initially at a temperature (7,) and pressure (P,). In-
creasing the temperature in the absence of a phase change, the tem-
perature of vaporization 7, can be reached (black filled triangle 1 at

figure 3.3).

e (II) Increasing the temperature beyond the saturation point along an

isobar (1 — 2), the fluid passes from the saturated state to the super-
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Figure 3.2: Calculated Seitz energy threshold at a given vapor temperature

(and associated pressure), and superheated liquid temperature in a Geyser
type bubble chamber filled with CsF}».

heated state. This state, also called metastable stays until an energy

deposition breaks the equilibrium and leads to a phase change.

e (III) If an energy deposition happens, part of the liquid experiences a
phase change (2 — 3). This depends on the amount of gas volume above

the liquid surface. Otherwise, the phase transition will not happen.

e (IV) The fluid thermalized at a new temperature and pressure (3 —
1). Then, the fluid is ready for a new interaction if the pressure and

temperature values have previously met the conditions of steps (I)-(II).
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Saturation curve

Stable liquid

Metastable liquid

Pressure

Temperature

Figure 3.3: Geyser phase diagram. Initially the Geyser target liquid is at
temperature Ty and pressure Fp.

3.2.3 Limits of superheat

The lower limit of operation for a bubble chamber is the boiling temperature.
On the other hand, the critical temperature T, of the liquid is the theoretical
upper limit where the liquid phase can no longer exist.

However, for a bubble chamber detector, the upper limit is set by the
foam limit. This limit represents a temperature at which the probability of
nucleation is so high, that bubbles immediately form in the liquid even in the
absence of any external ionizing radiation [63]. By using the reduced Van der
Waals equation of state, the foam limit can be estimated with the following
equation:

8T; 3
P S 179 +

where pr = p/pe, vi = v/v. and Tg = T/T.. T is the temperature, p

is the pressure, and v the molar volume. The indices R and ¢, denote the

reduced and critical values respectively. If a saturated liquid at pressure pg
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is superheated, it will remain liquid until the minimum point of instability

(metastable) is reached [64]. This point M can be found by setting
),
aUR Th

8T 6
M- (3.2)

3(1)]\/[ — %)2 0%4

whence

where T); is the metastable temperature, and vy, the metastable vol-
ume. Substituting the equation 3.2 into equation 3.1 and solving for a given

metastable pressure (pas),

o — % (2(31)]\/[ - 1)) (3:3)

Vi vy — 3
combining equations 3.2 and 3.3, T); can be given as function of py;,. When
both equations are solved simultaneously, the reduced temperature Tz can be
computed and the temperature T" associated with this value is interpreted as

the foam limit.

The case for C5Fo

The lower limit of superheat for a bubble chamber filled with C5F}5 is given
by the boiling temperature (Tppiing = 29 °C).

The foam limit can be deduced from the critical thermodynamic parameters
of C5F1y. Those are taken from [65] (p. = 297.04 [psi|, T. = 148.75 °C and v,
= 0.48 m?/(kg - mol)) and are used in the equations 3.1 and 3.3. Assuming
a value of p = 35 [psi] as the bubble chamber operating pressure, the foam

temperature is:

T =96.24 °C (3.4)

The C5F}5 Geyser chamber was operated at temperatures far below this
limit so there should be no thermodynamic limitations of the chamber stability

for the data studied here.
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3.3 (5F)y Geyser

3.3.1 Description

Cooling Water

Peltier Cells

Pressure
Transducer

Thermocouples

~ Superheated CSF12--..._______

Y Water Glass
Container g
_ Piezoelectric _—f7]
s~ | Sensor
-— Water Bath ~——uo_8 | >
-— Winding Copper
Pipes

Figure 3.4: Setup of the C5Fj5 Geyser main parts.

A Geyser bubble chamber filled with C5F}, (i.e. fluorocarbons !) is advan-
tageous for the following reasons: The large fraction of fluorine is excellent for
WIMP detection given its large spin-independent enhancement factor for nu-
clear recoils (see table 1.1). The PICO collaboration has demonstrated the use
of fluorocarbons (Cs5Fg, C'F31) as target fluids by setting world-leading limits
on the spin-dependent WIMP-proton couplings [44]-[46]. Additionally for the
target material (C5F)2) studied here, the detector can be easily scaled and is
easy to superheat. For instance, a C5Fy Geyser bubble chamber sensible to
10 keV nuclear recoils, requires a superheated liquid temperature of 64 °C and
a top gas temperature of -4 °C.

The C5Fy Geyser in figure 3.4 is constructed following the design of an

!Fluorocarbons are compounds with the formula C,F,, i.e., they contain carbon and
fluorine atoms.
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alcohol-based Geyser operated at the University of Alberta in 2013 [58]. The
C5F'5 is contained in a quartz vessel constituting of five bulbs oriented verti-
cally as shown in figure 3.4.

Compared to glass the quartz material of the Geyser vessel reduces the
backgrounds due to smaller traces of radioisotopes. An additional measure
to reduce backgrounds due to particulates or dust 2 is taken by cleaning the
quartz container with distilled water, acetone, and an aqua regia solution.

An inverse temperature profile is kept in the chamber by submerging the
lowest two bulbs in a heated water bath. The lowest bulb is slightly larger
than the others and acts as the volume for particle detection (the lowest bulb
is labeled as superheated CsFis in figure 3.4).

The top three bulbs and the top valve region (labeled cooled C5Fi and top
valve in figure 3.4) are cooled to a constant temperature following an inverse
gradient (see figure 3.11).

Therefore, when a bubble forms in the superheated CsF}5 it rises through
the top chambers (cooled C5Fy5) and top valve where the lower temperatures
will cause it to condense.

Events in the C5 F5 Geyser are registered primarily by the pressure change
in the superheated C5F}, using a pressure transducer. Also, piezoelectric sen-
sors can be used for acoustic discrimination between alphas and nuclear recoils
(not used in this analysis) as in the PICO bubble chambers. A camera allows
counting of bubbles and reconstruction of the location of the nucleation (also

not used here).

3.3.2 Design properties

The main property of the Geyser chamber is its self-regulating operation prin-
ciple of work, which does not require external intervention to return to an
active state. Instead, the system is actively cooled at the top and heated at
the bottom, creating an inverse thermal gradient to sustain the superheated
state. As with any other superheated liquid technology for WIMP and radi-

ation detection, the C5F}5 Geyser can change the active liquid according to

2 An identified source of spontaneous nucleations.
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the physical models of WIMPs to explore as well be scaled without further
complications in the general design.

Unlike a traditional bubble chamber, a Geyser type chamber can be com-
pressionless or not pressure controlled. This fact makes it an affordable solu-
tion in terms of construction, mechanical design (no moving parts) and safe
operation. The absence of a buffer liquid in a Geyser type bubble chamber
leads to a type of detector with no complications from buffer-active liquid
chemistry. If a stable operation at low threshold (O(keV)) can be demon-
strated, this kind of chamber can be considered as an alternative design for
the future PICO bubble chamber program. However, the Geyser bubble cham-
bers that have been constructed did not reach Seitz thresholds at O(10) keV
and stable operation.

Being able to thermally control the superheated region (superheated C;Fa,
figure 3.4) and the vapor region is the main idea of the compressionless bubble
chamber operation.

To improve thermal isolation at the cooled CsF}5 region, a custom styro-
foam housing for the top valve above the Geyser was constructed as shown
in figure 3.5. To avoid heat exchange between the top Geyser bulbs and the
water bath, a circular styrofoam lid was added to the top of the glass water
thermal bath.

Another source of instability and anomalous nucleation is the liquid-glass
interface. Here, it is likely that the liquid boils. Geyser operation in 2018
showed visual evidence of continued bubbles at the glass walls. This came to
overwhelm the cooled C5F}, region contributing to unstable operations and
high energy thresholds.

To stop the nucleation, a manually operated pressure control was con-
nected to the Geyser. Since this device had limitations in controlling the wall

nucleation, alternative ways to control it were investigated.
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Figure 3.5: The pink and blue styrofoam make up an enclosure to the Top valve
region (see figure 3.4). This avoids thermal exchange with the surroundings.

3.3.3 Volume control of the liquid

As the gas volume above the cold liquid C5Fs is sharing a fixed volume with
the whole liquid (see figure 3.6) any change of the liquid phase thermodynamic
properties (pressure, temperature, volume) affect the gas. As a consequence,
the exact control of the gas volume affects the energy threshold of the C5Fi,
Geyser by changing the gas pressure.

A small gas volume above the cold liquid limits the size of any bubble
because there is not enough room in the container for the bubble volume to
grow.

By setting the gas volume (V;), the wall bubble size is affected since they
could no longer grow larger. Then, with an exact amount of Vj set, the con-
tinuous boiling on the walls can be stopped.

To control the bubble growth in the Geyser by the control of V,, a hydraulic
system was constructed. It uses elements from the hydraulic system design of
the PICO-2L [44] experiment.

The hydraulic system (see figure 3.7 and 3.8) uses a pump (Micropump
model GAF-T23-DEMSE), two hydrin diaphragm pressure accumulators (Parker
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The gas volume
above the cold liquid
limits the size of the
bubbles in the
superheated liquid.
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Figure 3.6: Schematics of the Geyser bubble size as a function of the gas
volume above the liquid.

Model AD100A21T9) and a series of valves to control the hydraulic fluid (min-
eral oil) released at the output.

The pressure is monitored by pressure transducers (OMEGA PX319-300A-
5V) at the ends of the two diaphragm accumulators and the hydraulic system
output.

The hydraulic system components are controlled and monitored by a Na-
tional Instruments CompactRIO (NI-cRIO 9066), which communicates with
the data acquisition systems and storage via a LabVIEW VI (Virtual Instru-
ment). This interface allows controlling the amount of active liquid in the
Geyser.

The hydraulic system can also be used as a pressure cycle device as in
PICO-2L experiment. However, the C5F5 Geyser mechanical design is not

optimal for this working condition.
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Figure 3.7: Schematics view of the hydraulic system.

Figure 3.8: Photograph of the hydraulic system
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3.3.4 Cooling Control and Data Acquisition System

The first and the second-lowest Geyser bulb are heated by a water bath. Wind-
ing copper pipes fed with water from a heater/cooler ( Polyscience AD15R-
30-A11B) are in charge of this heating (see figure 3.9).

The case for the cooling of the top three Geyser C5Fi5 bulbs (cooled CsFi2)
and top valve region is as follows. Eight thermoelectric Peltier cells (TECI-
12710HTS), powered by a 12 V DC supply are cooling this region. The volt-
age is controlled with an Arduino DUE board (based on the Atmel SAM3XS8E
microcontroller). The Arduino DUE shown in figure 3.10, has 54 digital in-
put/output pins, of which 12 can be used as PWM (Pulse-Width Modulation)
outputs.

The PWM ports 6, 7, 8 and 9 are connected to solid-state relays which
are connected to the thermoelectric Peltier cells accordingly. Water-cooled
heatsinks are used to cool the Peltier cells as well as to refrigerate the system.
Those are mounted on both sides of the three top Geyser bulbs and in the top
valve region. Temperatures are recorded by 8 J-Type thermocouples located
close to each of the top three bulbs of the Geyser and the Top valve region 3.
Two additional J-Type thermocouples are immersed in the thermal water bath
to monitor the temperature of the superheated CsFi5. The thermocouples are
represented by smalls triangles in figures 3.9 and 3.11.

A pressure transducer (Omega PX319-100AI) detects pressure spikes and
monitors the pressure. The pressure transducer is represented by letters PT
enclosed by a circle in figures 3.9 and 3.11.

The thermocouples and the pressure transducer are connected to the same
Arduino DUE board.

The thermal data acquisition on the Arduino records temperature (sam-
pling rate: 1 Hz) and pressure data (sampling rate: 10 Hz). It is transmitted
from the Arduino using a serial interface protocol to a local computer where it
is decoded using the twisted-Python framework for event-driven programming.

Finally, the data is stored together with a timestamp in a MySQL database

3The thermocouples are glued with epoxy onto an aluminum heat spreader in contact
with the glass.
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Figure 3.9: Schematic of the C5Fi5 Geyser and the hydraulic system.

on the same computer.
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Figure 3.10: Arduino pinout schematics. The diagram was produced using
the software Fritzing. Names around the pins are used for reference in the
Arduino compiled code.

3.3.5 Operating conditions

The Geyser top three bulbs and top valve temperatures are controlled using
the Arduino DUE electronics setup. The range of temperatures that can be
set depends on the Arduino DUE input voltage and the cooling water flow and
temperature.

A PHP local web server communicates with the Arduino DUE through an
HTML page that receives as a human-readable number the temperature value
to be set in degrees Celsius.

Meanwhile, the two bottom bulbs (i.e. the superheated C5F}y) temperature
depends on the heater/cooler circulator set temperature (shown in figure 3.9

at the lower center). The main limitation for reaching a temperature above 57
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°C'is the fast water evaporation of the water bath *.

On the other side, the maximum pressure the Geyser can be operated is
set by the ultra-torr fittings between the glass to the top valve boundary.
According to the fabricator of these fittings, pressures above 30 psi lead to a
leak in the chamber.

Figure 3.11 shows the temperature conditions set for each of the Geyser
bulbs (except the second from the bottom) as well as the range of pressure,

registered by the pressure transducer.
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Figure 3.11: Typical thermodynamic parameters of the C;F}o Geyser opera-
tion. The plain text indicates reference notation for identification purposes for
the MySQL database where temperature and pressure data are saved. Absent
labelling can be cross-checked in figure 3.9 (not included here for clarity).

4The water bath container had to be refilled over periods of 10 min.
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Chapter 4

Data Analysis and Simulation of
the Superheated CrF9

A compressionless bubble chamber filled with C5F}5 is optimized for detecting
nuclear recoils in the keV region. This means neutrons with energies between
keV and MeV.

Because neutrons are electrically neutral, they can reach nuclei without
being repelled by the Coulomb interaction and scatter elastically of the whole
nucleus imitating the coherent nuclear scattering of WIMP dark matter inter-
actions.

When a flux of neutrons passes through a superheated liquid(e.g. Cs5F}2),
a percentage of them interact with the active liquid by elastically scattering on
the nuclei inside the molecules and ejecting these nuclei with various velocities.
The ejected charged nuclei interact with the electrons of the medium and
eject them from their electron orbitals. Depending on the energy, the ejected
electrons lose their energy through lengths of cm. If this process is localized
and energetic enough to meet the conditions explained in section 2.1, the
deposited energy generates a bubble.

An understanding of the neutron scattering in the experimental environ-
ment of the Geyser is important in the interpretation of results and design of
scaled prototypes for WIMP dark matter searches.

In this chapter, the events (bubbles) produced in the superheated C;F}5 due
to an AmBe neutron source are presented (see next section). The pressure and

temperature under which the neutron data were taken are used for calculating
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the number of events (bubbles), Seitz thresholds, live-time, dead time, event
rates and efficiency of the Geyser.

Those results are compared and validated with a Geant4 Monte Carlo [66]
simulation of the neutron scattering under the same conditions at which the

data was taken with superheated C5Fis.

4.1 AmBe Neutron source
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Figure 4.1: The neutron energy spectrum produced by an AmBe neutron
source [67]. The neutron energy ranges up to 11 MeV.

Neutron sources, which consist of a mixture of 2 Am and °Be are referred
to as AmBe sources. The 2! Am produces o particles with an energy of 5.48
MeV and a half-life of 432.2 years.

The « particle emitted by 24! Am can be absorbed by the ? Be target, which

will then decay into ?C through neutron emission, such as:

a+Be — 'n+ 2C Q = 5.701 keV (4.1)

For this study, the documented AmBe spectrum from reference [67] is used.
The source used in the Geyser experiment, it was made by Eckert Ziegler Iso-

tope Products, Inc. (AM241SNAQ2). It consists of a homogeneous mixture of
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americium oxide and beryllium metal within a double stainless steel encapsu-
lation, each layer with a thickness of 0.8 mm [68]. The source strength was
documented to be 305.6 + 4.9 neutrons per second on the 17th of Jun 2015
(68].

4.2 Monte Carlo Neutron Modelling

Neutron scattering information for design purposes and analysis of radiation
detectors can be obtained from Monte Carlo neutron transport calculations.
The two codes used most often are MCNP [69] and Geant4 [66]. These codes
describe the neutron interaction with materials using databases of neutron
scattering cross-sections measured experimentally [70].

Geant4 (GEometry ANd Tracking) [66], is a software toolkit developed
at CERN that performs Monte Carlo simulations and particle tracking. It is
widely used not only in particle physics but also for cosmic-ray, radiation and
medical therapy simulations [66]. Programmed in C++, Geant4 allows users
to define the geometry of the experimental setup. The main components of
the Geant4 simulation of the compressionless bubble chamber are matching
the experiment with a precision of 1 millimeter (measurements were taken in
situ with vernier calipers). The simulation includes all main components: the
quartz water bath container, water, and the superheated liquid (see figure 4.2).
Detector materials are defined using the standard chemical formula for water
(H50), air (80 % nitrogen, and 20 % oxygen), quartz (Si0O2) and perflenapent
(C5F1a).

The AmBe source is modeled as an isotropic neutron point source. The neu-
tron energy spectrum was generated using the Geant4 general particle source
(GPS) package using the weights from the spectrum shown in figure 4.1.

The electromagnetic interactions are modeled in Geant4 using the Low
Energy EM package. On the other hand, the NeutronHP package is invoked
within Geant4 to model the interaction and transport of neutrons within the

detector components.
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Figure 4.2: The Geant4 representation of the Geyser geometry using the Qt
visualization driver. The cold C5Fy is a distinct volume from the active
volume (superheated C5F}s).

4.2.1 AmBe neutron simulation output

The output from the Geant4 simulations is saved in plain text. The plain text

file contains the following information:

e Event identifier.

The amount of energy deposited inside the superheated C'5Fis.

Atomic code of the nucleus that takes part in the interaction. The op-

tions are carbon and fluorine.

The 3D spatial coordinates of the event.

The primary neutron energy from the AmBe source.

The effect of multiple-scattering neutron events is not taken into account

in this analysis. Instead, all events are treated as single scatters without
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distinction of the type of the associated nucleus recoiled in the superheated

CVL"'>’{712'

4.3 Neutron Data Analysis
4.3.1 The Data

Between 2014 and 2018, the Geyser was operated. The first operation was
used to learn how to operate the chamber and improve data taking. After
a second run after an aqua regia cleaning of the Geyser, stable operation
was achieved in 2018. Several runs were taken to assess the response of the
superheated C5Fis to neutrons and background events. Initial runs did suffer
from repeated boiling. Later, even when using a manual compression valve to
control the amount of active liquid, the amount of runaway bubbling was not
properly controlled.

The first step of this analysis was to explore the pressures and temperatures
at which the data were taken. Only complete and well documented runs were
analyzed.

For the pressure and temperature values of all runs, the Seitz energy thresh-
old associated with each corresponding pair of values is calculated using the
PICOcode software framework. PICOcode is used as a basis for parameter cal-
culation of the PICO bubble chamber program for WIMP dark matter searches
[44]-[46].

Only runs with events that have thresholds below 1000 keV are taken into
account. Runs with thresholds consistently above 1000 keV are mostly runs
where the Geyser was not functioning as intended. Overall 13 good runs were
selected for the whole analysis of this work and two dataset categories were

defined (see also table 4.1):

e Background runs, correspond to data taken without a radioactive
source. Runs were taken in three periods of time: 2014, 2016, and 2018.
2014 and 2016 data were discarded due to Seitz energy thresholds above
1000 keV. All 2018 runs were analyzed.
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Feature of the datasets AmBe 45 cm runs Background runs
Date (Runs) 2018-03-21 (471, 472, 473) | 2018-02-22 (138, 139)
2018-03-22 (499) 2018-02-24 (146-153)

Average pressure [psi] 22.69 +4.76 23.53 £4.85
Average temperature [°C| | 56.95 &+ 7.54 53.36 £+ 7.30
Total live-time [hours] 2.45 4+ 0.03 9.42 +0.01
Average Seitz energy
threshold [keV] 248.87 + 15.77 719.41 £ 26.82
Counts [N] 96 + 10 37+6

Table 4.1: Description of the properties of the Geyser datasets considered in

this analysis.

e AmBe 45 cm runs, correspond to data where the AmBe source was
located 45 cm away from the C5 F}5 Geyser water container. The location

of the AmBe source is illustrated in figure 4.2.

4.3.2 Event reconstruction

As a preparatory step in the analysis, the raw data from the experiment is
exported from the C5Fjy Geyser MySQL database. Each run from the raw
data is organized in event records. Every event record has a corresponding set
of all the thermocouple and pressure transducer values at a given timestamp
as indicated in figure 3.11. Furthermore, an analysis is performed using the
JupyROOT environment for each run. JupyROOT is a software layer that
integrates the Jupyter-Python language and the ROOT software framework
[71]. Candidate events that fulfill the data quality conditions of section 4.3.1

are defined as follows.

4.3.3 Event definition

The rise of pressure inside the Geyser is caused by the appearance of a bubble
(see orange points in figure 4.3). These correspond to the pink zones in fig-
ure 4.3. An event is complete once the pressure in the Geyser has reached a
lower value again. The end of a set of typical events can be seen in figure 4.3

where the pink area ends (or green points at the same figure).
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;Aurrrllfe 45 em Backgrounds | Backgrounds
runs runs

Parameter | 2018-03-21 9018.02-22 92018-02-24
(471, 472, 473) | (50 50y (146-153)
2018-03-22 (499) ’

Height 1 0 0

Prominence | 1 0.95 1

Distance 5 100 30

Table 4.2: Values of the peak finder algorithm parameters used for this anal-
ysis.

To identify the highest and lowest pressure value (extreme values) that
defines the start and end of a bubble appearance respectively, a peak finder
algorithm is applied to the pressure data using the open-source scipy-signal-
findpeaks python library. This algorithm finds all extreme values by a simple
comparison of neighboring values. The peak finder algorithm parameters such
as height, prominence and minimum distance are optimized empirically. A
table of the parameters used is shown in table 4.2.

Better identification of the extreme values is achieved when the peak finder
algorithm is applied to the pressure signal that results from applying the
numpy.gradient of 4th order !. The numpy.gradient is computed using central
differences in the interior (equation 4.2) and first differences at the boundaries

(equation 4.3). This means that in the interior it is computed as

lF1() = o+ 3h) — fla — 5h) =10 (42)
and at the boundaries,
An[fl(x) = f(z+h) — f(z) (4.3)

The associated timestamp of the aforementioned 4th derivative helps to
locate the pressure extreme values more cleanly (see figure 4.3).
Once the start of each event is located in the pressure profile (identified

as orange dots in figure 4.3), an average of the ten previous pressures (green

'1st, 2nd and 3rd order derivatives were not enough efficient to identify the peaks
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zones in figure 4.4) is obtained. Likewise, an average of the corresponding ten

temperatures of the superheated-C5Fy5 (green zones in figure 4.5) is made.
These two average values, pressure and temperature, serve as parameters

to the PICOcode for calculating the Seitz energy threshold of that particular

event (see figure 4.6).
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Figure 4.3: Event pressure pattern during run 499 in the C;F}5 Geyser. The
occurrence of an event is marked by the transition from purple to pink. The
purple zones are live-time, while the pink ones are dead time.
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Figure 4.4: Event definition showing a period of run 499. The green zones
correspond to the ten pressure data points (colorful dots inside green zones)
before the dead time zones shown in figure 4.3.
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4.4 Seitz energy threshold, live-time, and dead
time

The Seitz energy threshold is calculated for all identified events in figure 4.6
using the PICOcode. These correspond to the AmBe 45 ¢m and Background
datasets.

In figure 4.7, the Seitz threshold of the AmBe 45 c¢m is histogrammed for
all detected events. Is worthwhile to note the minimum Seitz energy threshold
reached by the detector is 72 keV. Similarly, in figure 4.8 the Seitz energy
thresholds for detected events are shown for the Background dataset. In the
counting of figures 4.7 and 4.8, Poissonian errors are assumed.

The live-time of the C5Fi5 Geyser is the time during which the detector is
superheated, stable and taking data. The accumulated live-time of the runs
contained in the AmBe 45 ¢m and Backgrounds runs datasets are plotted as a
function of the Seitz threshold in figures 4.9 and 4.10 respectively. The same

information is summarized in table 4.1.
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Figure 4.7: Event count vs Seitz thresholds at which the detector was operated
for all the events reconstructed as bubbles in the AmBe dataset. Poissonian
errors are assumed.
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Figure 4.8: Event count vs Seitz thresholds at which the detector was operated
for all the events reconstructed in the Background dataset. Poissonian errors
are assumed.
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The study of the event rate, by looking at the time differences between
events, gives information on the dead time and efficiency of the detector. In
figure 4.11, because periods between runs in the AmBe /5 ¢m runs did not
register data, the time difference At between the end time and the start time
of the runs is not taken into account. Instead, an exponential function, given

by:

N = Nye 2 (4.4)

is fitted to the distribution of time differences between events because they
are expected to be Poisson distributed [72]. In equation 4.4, N represents the
number of events, Ny a constant, and p the mean event rate. In figure 4.11,
fitting of equation 4.4 (green fit) gives a p value of 11.0£3.0 mHz (90.9 +27.3
s).

A second exponential distribution (black fit) with start at the second bin in
figure 4.11 excludes the first with its dead time. The second p value extracted
from this fit is given by: 14.4 + 3.8 mHz (69.4 + 18.1 s). Likewise a third
exponential distribution (purple fit) with start at the third bin in the same
figure, gives a p value of 12.3 + 1.36 mHz (81.1 £ 9.0 s).

In figure 4.12, the Geant4 simulation of the same AmBe data neutron
configuration shows a true exponential behaviour when examining the time
differences between consecutive events. From this graph an event rate constant
of 27.7+ 4.4 mHz (36.1 &+ 6.0 s) is extracted.

An approximation of the dead time effect is indicated by the dark and
light cyan regions in figure 4.11. The sum of these regions corresponds to
the prediction of events lost by taking the difference of the number of events
between the black exponential fit excluding the first bin (61 events) and the
measurement (19 events). This calculation suggests that 42+6 events are lost.
By repeating the same procedure for the purple exponential in figure 4.11, the
prediction of events lost gives 15 +£4. This is indicated as the dark cyan region
in figure 4.11.

Adding the lost events to the observed events allows extracting a corrected
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counting rate (R) for the black and purple exponential fits where the effects

of dead time are more visible. For the black fit, the value of R:

R (96 £ 10) + (42 £6) events 138 & 12 net events 6.3 4 4.0 net events
B 2.45 + 0.03 hours © 24540.03 hours " hours
(4.5)
Likewise for the purple exponential fit,
R (96 £+ 10) + (15 £ 4) events _ 111+ 11 net events 4534 A5 net events
2.45 £ 0.03 hours 2.45 £ 0.03 hours hours
(4.6)

An estimate of the Geyser dead time (7) can be calculated using the fol-

lowing equation:

events measured

(4.7)

~ live-time — (events measured)(7)

where R is the corrected counting rate. The measured events and live-time
for the neutron data taking are 96 + 10 events and 2.45 =+ 0.03 hours,
respectively (see table 4.1). Therefore from equation 4.7 and R from the black
exponential fit (equation 4.5),

7= 27.9 4 3.0 seconds (4.8)

Similarly. after applying equation 4.7 to the purple exponential fit (equa-
tion 4.6),

7=12.44 1.1 seconds (4.9)
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Figure 4.12: Time difference (At) between consecutive events in the Geant4
neutron simulations.
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4.5 Detector response to Neutrons

The number of neutrons detected inside the Geyser active volume due to AmBe
neutrons depends mainly on the neutron path inside the active medium, the
geometry of the experiment (shape, size, distance between Geyser and AmBe
source, etc) as well as precise knowledge of the neutron yield. All this knowl-
edge can be encapsulated in the Seitz threshold (i.e thermodynamic parame-
ters) as a function of the event rate.

Neutrons traversing a medium show an exponential attenuation [73]. Then,
an exponential fit is used to study the Seitz threshold vs event rate (see fig-
ures 4.13, 4.14, and 4.15). The parameters of this model are,

Event rate [mHz| = AeSeitz threshold [keV]A (4.10)

where,

e A: Event rate constant [mHz|

e \: Threshold decay parameter [keV ']

These parameters provide an understanding of the response of the Geyser
to AmBe neutrons. This is shown in figure 4.13, where the response of the
detector decreases with increasing Seitz energy thresholds, as expected. In
figure 4.14, the Geant4 Monte Carlo model of section 4.2 is used to validate
the results from figure 4.13 (neutron data taking).

On the other hand, the event rate as a function of the Seitz threshold in
the Background runs dataset is shown in figure 4.15. These events could be
due to anomalous nucleation at the walls of the detector, fast neutrons from
the environment, and natural radioactivity from detector materials. The main
difficulty in explaining the background and a detailed study is that is sparse.
In figure 4.15, to restrict the degrees of freedom in the fit of equation 4.7 to
the Background runs, the threshold decay parameter of figure 4.14 is used as

a fixed parameter.
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4.6 Detector efficiency

Accurate absolute Geyser neutron measurements rely on the precise knowledge
of their efficiency (€) parameter. The value of € is important for the extrac-
tion of numerical values of nuclear physics quantities (cross-sections, lifetime,
branching ratio, etc).

The simplest method to determine € is using a calibrated source of known
strength [73]. This last statement is applicable to this experiment since the
AmBe source used is well calibrated and studied (see reference [68] for details).

Mathematically € is calculated as the solution of an integral over all possible
final states of a nuclear process weighted with the probability to detect a given
final state. Usually, the integrals cannot be solved analytically. Translated to
Geyser terminology, the expected efficiency of the C5Fs Geyser to neutrons

€, can be calculated as:

(4.11)

where:

e N,s: The number of net events observed within the active volume (su-
perheated C5F15) and that deposits energy above a certain energy thresh-

old in a given unit of time.

e N,,,: The number of neutrons expected, based on the results of the sim-
ulation of the energy deposition within the active volume (superheated

C5F5) above a certain threshold in a given unit of time.

The fact that neutron simulation and data taking have the same live-time
(2.45 hours) and minimum Seitz threshold (72 keV), allows for a direct com-
parison of the events without further normalization.

The value of N, is calculated in 138 +12 events after dead time correction
(equation 4.5). Likewise, Ng;, = 24445 events are extracted from the Geant4
simulation (figure 4.12). Putting those numbers into equation 4.11 gives a

value of €:
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e=565+50% (4.12)

An increase of the detector efficiency could be achieved by taking multiple
scattering of neutrons into the calculations and neutron discrimination tech-
niques (use of photography and sounds to ensure the nature of the bubble
event).

To fully assess the detector efficiency, a careful study of the uncertainties
of the thermodynamic parameters in the detector would be needed. This was

not possible with the historic data used for this analysis.
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Chapter 5

Discussion and conclusions

5.1 Discussion

The low cost of a Geyser or compressionless bubble chamber filled with fluo-
rocarbons, and the ease of commissioning and operation make them suitable
workbenches for R&D for spin-dependent direct dark matter searches [74].
This superheated detector has the advantages of relative simplicity and low
dead time. Additionally, the detector is practically free from manual operation
and can have a fast recovery.

As with any other superheated technology, it is easy to scale to higher
masses both in terms of complexity and cost. Even though, the superheated
CsF15 was not exposed to a gamma radiation field, the Geyser is expected to
have a strong rejection of particles with minimum ionization (electrons and
gamma recoils) as seen in other similar prototypes [75].

Possible items of future inquiry are presented in the next subsections.

5.1.1 High live-time in stable conditions

The detector stability in the 2018 data sets, demonstrated the functionality
of the detector (see Chapter 3). All the data analyzed were taken without
any improvements to the cooling of the top valve and the control of the liquid
volume using the external hydraulic system (see figure 3.9, section 3.3.2, and
section 3.3.3 for details). This extra cooling and volume control of the liquid

was expected to have a large impact on the stability of the system (bubble

growth size) at O(10) keV Seitz thresholds.
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Unfortunately, this could not be explored due to COVID-19 related shut-

downs of the laboratory activities at the University of Alberta.

5.1.2 Background identification and reduction

For achieving a good signal/background ratio, is important to characterize the
backgrounds of all kinds.

There is a high chance that some of the events reconstructed during the
neutron data taking, are not neutrons but instead bubble events associated
with the fluid dynamics of the bubbles rising from the bottom to the top
part of the bubble chamber. Its anecdotally reported that during data taking
the manual pressure valve affected the amount of nucleation inside the CsFi
Geyser. These two sources of bubbles are not taken into account in this study.

Regarding particle sources of nucleation, environmental neutrons represent
the main source of background. For large exposures and stable operation of
the detector, the environmental neutrons become a non-negligible source of
background signals. As shown in Chapter 4, the Geant4 Monte Carlo imple-
mented in this work, is a good representation of the neutron transport in the
CsFyo Geyser. Furthermore, this Monte Carlo could assist in modeling this

background !.

5.1.3 Hardware and software

Obtaining low Seitz energy thresholds rely on the thermodynamic properties
of the gas pressure at the top of the Geyser. The volume control of the
aforementioned region through a hydraulic system was constructed for this
purpose and was part of the work of this thesis project. However, this idea
was not tested.

In a future run of the Geyser, operation with the hydraulic system will
enable bubble size control and enhanced stability. Is not only thought to be a

tool to control the background due to anomalous nucleation but stabilize it in

LA tiny but not negligible source of fast and thermal neutrons are from cosmic rays.
Simulations of this background are encouraged if exposures of the order of one year are
achieved.
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automatic mode.

The C5Fi15 Geyser can also benefit from the camera and piezoelectric tech-
nology developed for the PICO bubble chambers. Those two additional chan-
nels of detection would add the possibility to inherently distinguish a neutron
interaction from a recoil produced by alpha particles (mainly alphas from the

Radon-222 chain).

5.2 Conclusion

As PICO-500 is being designed as the largest bubble chamber with the current
technology, for multi-ton larger future chambers, a system that allows the
operation of a bubble chamber without pressure control should be investigated.

The compressionless bubble chamber studied here has the potential of be-
coming a possible technology beyond PICO-500 chambers. For instance, a
large number of compressionless bubble chambers operated together would
have many of the advantages of a multiton bubble chamber.

In the meantime, this detector by itself can be explored further and im-

proved as a novel approach to fast neutron detection in radiation dosimetry.
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