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Abstract

The PICO-500 dark matter search experiment features the next-generation bubble

chamber detector designed by the PICO collaboration. The sensitivity and live-time

of ultra-low background detectors, such as PICO-500, are crucially dependent on the

radio-pure materials used in the construction. The PICO-500 detector is anticipated

to achieve world-leading sensitivity in the spin-dependent dark matter regime, neces-

sitating radioactive background control during the construction and assembly.

This thesis focuses on strategies and measurements related to mitigating radioac-

tive backgrounds, specifically focusing on Radon-222, a gaseous and radioactive prod-

uct of the Uranium-238 decay chain, and its progeny. The diffusive nature of radon

prompts investigation into radon emanation from detector materials and radon per-

meation through a Parker PTFE Prädifa series NAE, FlexiSeal®, which is to be

used in the PICO-500 inner vessel. The Parker PTFE seal permeation coefficient

was determined using a noble gas extrapolation method and direct measurement us-

ing a radon emanation chamber detector, yielding 5.10+0.92
−1.10 × 10−10 cm3(STP)·cm

s·cm2·cm-Hg
and

5.37±0.49×10−10 cm3(STP)·cm
s·cm2·cm-Hg

, respectively. The radon activity contribution from the

PTFE seals in the PICO-500 detection volume was estimated to be 30.5 Radons/Day.

To prepare for the deployment of PICO-500, studies establishing cleaning strate-

gies for the synthetic quartz vessels were developed. Full-sized PICO-500 natural

quartz vessels were subjected to tests using ultra-pure water soap solutions to re-

move dust and particulates, which can also act as carriers for radon progeny. Using

a 0.05-micron filtration and a customized cleaning system built at the UofA, surfaces

of the vessels were documented to be cleaned to the IEST-STD-CC1246D-25 stan-

dard. Techniques to reach this standard consistently were developed for the synthetic

quartz cleaning of PICO-500, which will be implemented at the SNOLAB facility.
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ṅ Molar Flow Rate

P Pressure

Q Volumetric Flow Rate

R Universal Gas Constant

rperm Permeation Rate Constant

S Active Permeation Surface Area

T Temperature

V Volume

xiii



Chapter 1

Introduction

The mystery of dark matter is one of the longest unsolved problems in physics [1–3].

Astrophysical observations have shown that dark matter outweighs baryonic matter

six to one and comprises 25% [4] of the universe, yet its nature is unresolved. Dark

matter does not emit or absorb light (dark), and has only been measured through

its gravitational effects (matter) on galactic scales. A leading theory, which will be

discussed in more detail in Chapter 2, is that dark matter is a weakly interacting

massive non-standard model particle referred to as a WIMP (Weakly Interacting

Massive Particle) [5].

Addressing the dark matter problem has required considerable effort. Beyond

the theoretical explorations and astronomical observations, there are many ongoing

experiments focused on the direct detection of dark matter (Chapter 3) using ultra-

low background detectors. A potential signal, suggestive of WIMP interactions, could

be identified through a nuclear recoil event where a WIMP undergoes coherent elastic

scattering off the nucleus of a target material atom. In this process, the coherence

refers to the interaction of the WIMP with the entire atomic nucleus. The nuclear

recoil is then the displacement of the target nucleus due to the kinetic energy transfer

from the WIMP during the interaction. The energy deposition can be observed as

heat, vibrations, light emission, radiation, ionization, or through the generation of

secondary particles.

However, direct detection experiments face significant challenges beyond just iden-

tifying potential WIMP interactions. For instance, alpha decay—where an unstable

nucleus emits a helium nucleus composed of two protons and two neutrons—introduces

1



background events as these alpha particles can deposit energy in the detector medium.

Radon, a ubiquitous alpha-decaying radioactive gas, along with its decay products,

represent a dominant source of radioactive backgrounds. Thus, to enhance the re-

liability and precision of ultra-low background detectors, selecting materials with

minimal radon permeation and emanation rates is crucial.

Radon permeation involves the diffusion of radon gas through solid materials, with

the rate of permeation influenced by several factors: the characteristics of radon

gas, material properties such as thickness, surface area, and composition, as well as

environmental conditions like temperature and pressure. Radon emanation, on the

other hand, refers to the emission of radon gas from materials containing traces of

uranium or thorium. Radon arises from the uranium and thorium decay chains, which

end in stable isotopes, Lead-206 and Lead-208, respectively. Radon-222, a byproduct

of the uranium decay chain, is gaseous under standard conditions, facilitating its

diffusion within its surrounding environment. Two subsequent decay products of

Radon-222, Lead-210 and Polonium-210, pose challenges for ultra-low background

detectors for two primary reasons: Lead-210 possesses a half-life of 22.2 years [6], and

Polonium-210 undergoes alpha decay. This alpha decay can produce a signal in ultra-

low background detectors and, because of the 22.2 year half-life of Lead-210, would

provide a steady background rate for the duration of low background experiments.

To achieve competitive detector sensitivity, the next-generation PICO dark matter

detector will utilize a spring-energized seal design, which is a flange seal Prädifa

series NAE, FlexiSeal® [7] manufactured by Parker and will be used within the

inner vessel of the detector. This seal design incorporates a PTFE jacket encasing

a cobalt-chromium-nickel helical spring, which offers two primary advantages: a low

radon emanation rate (Appendix A), and reliable sealing performance in the −216°C

to +350°C temperature range [7]. While this seal exhibits low radon emanation, the

rate of radon permeation through the seal has not been investigated in literature.

In the next two chapters, aspects related to dark matter and direct detection are
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discussed. Chapter 2 provides an overview of the dark matter phenomenon and

presents evidence supporting its existence as a non-standard model particle, while

Chapter 3 introduces direct detection experiments searching for WIMPs.

In Chapter 4, discussions on radon, its progeny, and an introduction to the recom-

missioned Radon Emanation Chamber, designed and constructed at the University

of Alberta are presented.

Chapter 5 is centered on two distinct measurements of the radon permeability

through the PTFE-encased spring-energized seal, which will be referred to as the

Parker PTFE seal in this thesis. The initial method extrapolates the radon per-

meation coefficient using experimentally determined permeation coefficients of the

five lower mass noble gases (Helium, Neon, Argon, Krypton, and Xenon) through a

Parker PTFE seal, as a function of atomic diameter. The subsequent method involves

a direct measurement of the radon permeation rate utilizing the Radon Emanation

Chamber detector, from which the permeation coefficient is calculated. Quantifying

the permeability of radon through the Parker PTFE seal is important for estimating

the expected background rate for the PICO-500 dark matter search experiment.

Chapter 6 outlines the cleaning processes and radon mitigation measures applied to

the PICO-500 replica natural quartz vessels, including an analysis of ultra-pure water

samples to assess cleanliness levels. These steps are to be applied to the cleaning

of the synthetic quartz vessels, which will be used in the PICO-500 detector. By

developing a quantifiable cleaning process, potential background sources, such as dust

(whether radioactive or non-radioactive) particulates and direct radon contamination,

are mitigated.

In this thesis, the evaluation of radon permeation behavior and the development of

cleaning procedures specifically aim to address radioactive background mitigation for

the PICO-500 dark matter search experiment. The goal of this research is to enhance

the reliability and precision of future dark matter detection experiments, particularly

those utilizing synthetic quartz vessels.
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Chapter 2

Evidence for Dark Matter

Evidence of a ‘missing mass’ problem first emerged from astronomical studies in the

early 20th century [2, 3]. The existence of dark matter is primarily inferred from

its gravitational effects observed on galactic scales, with the supporting evidence

coming from studies of cluster and galactic dynamics [2, 8], mass distributions in

galactic collisions [9], and temperature fluctuations within the Cosmic Microwave

Background [4]. Notably, analysis of the Cosmic Microwave Background angular

power spectrum suggests the potential existence of a particle not predicted by the

Standard Model of Particle Physics, thus reinforcing the concept that dark matter is

a yet-to-be-discovered particle.

2.1 Cluster Dynamics and Galactic Rotation Curves

In his seminal 1933 paper, ‘Die Rotverschiebung von extragalaktischen Nebeln,’ Fritz

Zwicky provided evidence of ‘missing mass’ within the Coma Cluster [2]. Using

redshift observations made by Edwin Hubble and Milton Humason from a 1931 pub-

lication titled “The Velocity-Distance Relation among Extra-Galactic Nebulae” [10],

Zwicky found the average dispersion velocity of the cluster. By applying the Virial

Theorem, Zwicky calculated the mass of the cluster. The Virial Theorem relates

the time-averaged kinetic energy of a system in dynamic equilibrium to its poten-

tial energy, in this case, attributed to gravitational forces. Zwicky’s assumption that

the Virial Theorem could extend to applications beyond traditional thermodynamic

systems was controversial at the time [11].
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Zwicky’s approach also involved estimating the total luminous mass within the

Coma Cluster. He counted 800 galaxies, assuming each had a mass of 109 solar masses.

Utilizing the Virial Theorem, he solved for the velocity dispersion, calculated to be

80 km/s [2, 3]. However, Doppler-shift measurements of emission lines from galaxies

revealed an average velocity dispersion exceeding 1000 km/s [2, 3]. This significant

discrepancy between the two methods to calculate the velocity dispersion indicates a

mass density at least 400 times greater than that accounted for by luminous matter

alone.

Zwicky revisited his investigations in a subsequent 1937 paper, refining his calcu-

lations regarding the Coma Cluster. Here, he identified an even larger discrepancy,

with a mass density 500 times greater than what luminous matter could account for

[12]. It is important to note, however, that Zwicky’s calculations utilized a now out-

dated value for the Hubble constant (H0 = 558 km/s/Mpc [12]) for galactic distance

calculations. The currently accepted Hubble Constant is 69.8 ± 0.8 km/s/Mpc [4],

which leads to a reduced mass-to-light ratio. Despite this, the fundamental obser-

vation remains unchanged: a substantial amount of matter exists that neither emits

nor absorbs light. Zwicky referred to this missing mass as “dunkle Materie” (Dark

Matter) [2], and the term has persisted in scientific discourse ever since.

Though Fritz Zwicky’s application of the Virial Theorem applied to galactic clusters

was not taken seriously at the time, more convincing evidence for the existence of dark

matter emerged from gravitational anomalies observed by Vera Rubin and Kent Ford

decades later. In 1970, Rubin and Ford’s work, made possible by the advancement of

a more precise spectrograph, revealed nearly constant orbital velocities of stars at the

outer edges of galaxies, regardless of their distance from the centre (Figure 2.1) [8].

The anticipated radial dependence of the orbital velocity curve has two components:

a linearly increasing relationship for stars within the galactic nucleus (approximated

as a solid body) and a decreasing Keplerian curve beyond this dense region. In other

words, Kepler’s third law predicts that stars farther from the galactic nucleus should
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display decreased orbital velocities proportional to 1√
R
due to reduced mass density

in the outer layer of galaxies. Yet, observations contradict this expectation, implying

the presence of unseen mass at the outer edges of the galaxy [8]. To explain the

anomalous orbital velocities in the outer edges, the unseen mass is hypothesized to

be distributed in a spherical halo-like structure around the galaxy [13].

Figure 2.1: Rotation curve of the spiral galaxy M33. The solid line represents the
best fit to the observational data. The dot-dashed, short-dashed, and long-dashed
lines correspond to contributions from the halo, stellar disc, and gas, respectively [13].

A great example of a spiral galaxy exhibiting a mass discrepancy is Messier33

(M33). The galaxy’s rotation curve is derived from Doppler shifts of the HI (21-cm

line) emission of neutral hydrogen. Corbelli et al determined a dark halo mass of

5 × 1010M⊙ (M⊙ = 1 Solar Mass) and luminous baryonic matter (primarily gas) of

3×109M⊙. Thus, approximately 95% of the mass of M33 is attributed to dark matter

[13].
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2.2 The Bullet Cluster

Another gravitational anomaly arises when examining the collision of clusters of galax-

ies. The study of these types of collisions facilitates mapping gravitational fields

through gravitational lensing, a prediction of Einstein’s general relativity, where light

paths bend within gravitational fields. Strong lensing, caused by dense regions of

mass, may generate multiple images or a ring of a background source (Figure 2.2),

while galactic weak lensing can cause subtle galaxy shape distortions, which is key

for studying large-scale gravitational distributions.

Figure 2.2: Cosmic Horseshoe (lensed galaxy SDSS J1148+1930): an example of
strong gravitational lensing, displaying a distinct arc-like formation of light emitted
from a background galaxy. The galaxy is significantly distorted and intensified by the
gravitational influence of a massive foreground galaxy cluster. Credit: ESA/Hubble
& NASA, CC BY 4.0 [14].

In the Bullet Cluster (1E 0657-56) collision between two galaxy clusters, weak lens-

ing reveals the total mass distribution of the system. Figure 2.3 shows two regions:
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the blue region, which outlines this mass distribution from weak lensing, and the ma-

genta region, which shows the baryonic gas of the colliding galaxy clusters, visualized

through x-ray emissions from the Chandra Observatory. During the collision, the gas

interacted and was heated up to temperatures of 106 K, emitting X-rays. The interac-

tion caused the gas of the two clusters to effectively slow down due to friction-forces.

Consequently, they now trail behind the galaxies. Observations of the post-collision

mass distribution reveal that it is largely separate from the hot galactic gas. This

suggests that the majority of mass in the galaxies only interacts gravitationally as

it passes through unimpeded. Further, the comparison of centre-of-mass calculations

show that the total mass to hot gas is a factor seven times greater [15].

Figure 2.3: Mass distribution of the Bullet Cluster. The blue regions are locations of
strong gravitational fields, while the magenta regions are areas of atomic hydrogen im-
plying there is more mass in the cluster that is not visible. Credit: X-ray: NASA/CX-
C/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe
et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al
[9], CC BY 4.0.
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2.3 The Cosmic Microwave Background

The Cosmic Microwave Background is the residual radiation from the early universe,

appearing about 380,000 years after the Big Bang. Initially, the universe was a

hot, dense plasma consisting of protons, electrons, and photons. As the universe

expanded and cooled, reaching about 3000 K, electrons and protons combined during

the epoch of recombination, forming the first hydrogen atoms. This reduced Thomson

scattering, an elastic scattering process where low-energy photons interact with free,

charged particles. Photons were able to propagate freely, marking the transition

from an opaque universe to a transparent one. The Cosmic Microwave Background

observed today (Figure 2.4) represents this decoupling era, providing insights into the

early universe and dark matter.

Figure 2.4: Cosmic Microwave Background: a map showing temperature variations,
with red areas indicating slightly hotter regions and blue areas representing cooler
regions, illustrating the minute fluctuations in the temperature of the early universe.
Credit: ESA, Planck Collaboration [16], CC BY 4.0.

Cosmic Microwave Background observations confirm a nearly uniform temperature

of 2.7255 ± 0.0004 K [4] with microKelvin-scale anisotropies, which can be partly at-

tributed to dark matter. The Cosmic Microwave Background power spectrum, char-
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acterized by distinct peaks at various multipole moments (ℓ), captures the scale of

these anisotropies. The multipole moment is related to the inverse of the angular

size on the sky, which means large multipole moments are related to smaller angular

sizes. Figure 2.5 shows the power spectrum of the Cosmic Microwave Background,

which has the magnitude of these temperature fluctuations plotted against the scale

at which they occur. The peaks are due to baryon acoustic oscillations, which were

a result of two forces in the early universe: gravity and radiation pressure. The push

and pull between the radiation pressure and gravity created oscillations in the plasma.

The first two peaks, at ℓ ≈ 200 and ℓ ≈ 500, correspond to larger angular scales dom-

inated by baryonic matter interactions, while the third peak, at ℓ ≈ 800, relates to

the gravitational influence dark matter had on the early universe. Planck satellite

data indicates a dark matter density (Ωch
2 = 0.120±0.001) 5 times greater than that

of baryonic matter (Ωbh
2 = 0.0224±0.0001) [4]. The symbol h is the reduced Hubble

constant. Consequently, dark matter accounts for approximately 27%, baryonic mat-

ter for about 5%, and dark energy for roughly 68% of the mass-energy composition of

the universe. These proportions make up the ΛCDM cosmological model, integrating

the cosmological constant (Λ) for dark energy and Cold Dark Matter (CDM). CDM

refers to dark matter that is non-relativistic, allowing dark matter to freeze out of

thermal equilibrium after the big bang. Other theoretical models exist postulating the

existence of Hot dark matter and Warm dark matter, which are beyond the discussion

of this thesis.

2.4 Dark Matter as a Particle

The existence of dark matter is well-supported by astronomical evidence as demon-

strated in this chapter; however, its precise nature is still unknown. One hypothesis

posits the presence of massive astrophysical compact halo objects (MACHOs) — such

as black holes, neutron stars, brown dwarfs, rogue planets, white dwarfs, and faint

red giants — within galactic halos. These objects are massive enough to exert gravi-
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Figure 2.5: Cosmic Microwave Background temperature fluctuations as shown by
Planck satellite data, with the vertical axis representing the power spectrum DTT

ℓ

and the horizontal axis indicating the multipole moment ℓ [4].

tational effects without emitting detectable light. They potentially contribute to the

mass density of the galaxy. However, gravitational microlensing surveys have not

identified a sufficient number of these MACHOs to account for the mass density at-

tributed to dark matter [17]. Moreover, MOND (MOdified Newtonian Dynamics), a

theoretical framework that modifies Newtonian gravity, can adequately explain rota-

tional dynamics in most spiral galaxies but fails to account for the shape of the power

spectrum of the cosmic microwave background and the gravitational lensing observed

in galaxy cluster collisions. An example is the Bullet Cluster, where regions of high

mass density align with the non-interacting components of the collision rather than

with the visible baryonic matter.

The hypothesis that dark matter consists of a non-standard model particle is con-

sistent with the evidence provided in this chapter. Such a particle must possess mass
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to exert gravitational influence and must be non-electromagnetically interacting, as

inferred from the Cosmic Microwave Background power spectrum. Neutrinos, though

fitting these criteria, are too energetic (‘hot’) to align with the ΛCDM model. Fur-

ther, hypotheses like sterile neutrinos also fit the criteria of dark matter well, but

sterile neutrinos are expected to decay into X-rays where astronomical searches have

not obtained definite results [18]. The leading candidate for dark matter are Weakly

Interacting Massive Particles (WIMPs), which are theorized to account for the un-

seen mass in astronomical observations. WIMPs are believed to be ‘cold’, have a

mass in the GeV-TeV range, and can interact via the weak nuclear force. This posits

three strategies for detecting dark matter (Figure 2.6): production in particle collid-

ers such as the Large Hadron Collider (LHC), indirect detection through anomalous

decay modes potentially observable in detectors like IceCube, and direct detection

via ultra-low background detectors, a topic to be discussed in the following chapter.

Figure 2.6: Feynman diagram illustrating potential interactions between dark mat-
ter particles and standard model particles, depicting processes relevant to collider
searches, indirect detection searches, and direct detection experiments. Adapted from
[19], CC BY 4.0.
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Chapter 3

Searching for Dark Matter

3.1 Dark Matter Interactions

Numerous collaborations, each pursuing a unique approach to dark matter detection,

are actively exploring the parameter space of dark matter and pushing the boundaries

of engineering to develop increasingly sensitive detectors. The challenge of direct de-

tection of dark matter lies in the weak force interaction, with WIMP-nucleon cross

sections, a measure of the probability of an interaction with protons and neutrons, an-

ticipated to be in the range of 10−40 to 10−50 cm2 [20]. Exclusion curves, such as those

in Figure 3.1, map the parameter space investigated by these dark matter searches,

establishing upper limits on the WIMP-nucleon cross section and WIMP mass. More-

over, dark matter interactions are further categorized into spin-independent (SI) and

spin-dependent (SD) interactions, which lead to different detector sensitivities.

Spin-independent interactions involve the coupling of a WIMP to the entire nu-

cleus, leading to coherent elastic scattering where the cross section scales with the

square of the number of nucleons [21]. Thus, detectors with larger nuclei are more

sensitive to WIMP interactions. Beyond the parameter space excluded by dark mat-

ter experiments for SI-WIMP interactions, Figure 3.1 also outlines the neutrino fog

highlighted by the yellow shaded region. As dark matter experiments approach the

neutrino fog, neutrinos will become a background and resemble a WIMP signature.

To differentiate these signals, researchers are developing methods such as directional

detection to distinguish neutrinos from WIMPs [22].

Spin-dependent interactions are the coupling of WIMPs to the nuclear spin of the
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Figure 3.1: Spin-independent dark matter exclusion plot showing the cross section
versus WIMP mass with overlaid results from various experiments [23]. The upper
shaded regions and curves represent excluded parameter spaces and detector limits.
The yellow shaded region highlights the neutrino background. In this region, dark
matter and neutrinos are indistinguishable.

atomic nuclei. These interactions are weaker, especially for lighter WIMPs [21]. Tar-

gets possessing an unpaired nucleon, such as Fluorine-19 (j=1/2 [24]), are recognized

as a good choice for dark matter experiments investigating the SD-WIMP parameter

space. This preference is due to the strong spin-dependent coupling resulting from

the large nuclear form factor of Fluorine-19.

The signature of a spin-independent or spin-dependent interaction is a nuclear

recoil that is measurable by ionization, scintillation, or heat, depending on the de-

sign of the detector. Sensitivity to WIMP interactions is affected by cosmic rays

and radioactivity-induced backgrounds. To mitigate these effects, placement of dark

matter detectors is crucial. SNOLAB, a particle physics research facility located in

an active nickel mine two kilometers underground near Sudbury, Ontario, provides a
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deep-earth shield equivalent to six kilometers of water against cosmic rays [25]. It is

a clean room environment, which further reduces ambient radioactivity, offering an

ideal setting for the assembly and operation of dark matter detectors [25].

3.2 Techniques and Experiments in Dark Matter

Searches

3.2.1 Solid State Cryogenic Detectors

Solid State Cryogenic Detectors, such as those used in Super Cryogenic Dark Matter

Search (SuperCDMS), use semiconductors like silicon and germanium to detect par-

ticle interactions through produced electron-hole pairs and thermal signatures. By

super-cooling these detectors, thermal noise can be reduced, enhancing the sensitiv-

ity to ionization signals and low-intensity phonons that could be the product of a

WIMP-nucleon nuclear recoil. SuperCDMS, in particular, utilizes this technology to

detect nuclear recoils with masses as low as 5GeV/c2. Discrimination against beta

and gamma backgrounds can be achieved by comparing the phonon signal to the am-

plitude of the electrical signal. This sensitivity is important to achieve an expected

WIMP cross section of 1×10−43 cm2 [26]. SuperCDMS is set to operate in SNOLAB.

3.2.2 Liquid Noble Gas TPC Detectors

Time Projection Chambers (TPCs) are among the leading technologies in the search

for spin independent dark matter. These detectors use a dual-phase noble gas tar-

get to capture the initial scintillation of light (S1) and subsequent scintillation (S2)

from a coherent elastic scattering event. Silicon photomultipliers or PMTs detect S1

from the liquid phase, while ionized electrons, a product of the nuclear recoil, drift

upward in a strong electric field to the gas phase, inducing S2 scintillations. Pho-

tomultipliers activated by S2 reconstruct the X/Y coordinates, and the S1-S2 time

difference enables Z-coordinate determination, allowing for 3D reconstruction of the

event [27]. DarkSide-20k, set to be constructed at the Gran Sasso National Laboratory
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(LNGS) in Italy, will contain 20 tonnes of argon in a low-background acrylic vessel

and will use ‘underground’ argon to mitigate Argon-39 background events [27]. Simi-

larly, XENONnT at LNGS, which operates a xenon-based TPC, adheres to the same

detection principles as DarkSide-20k. In 2023, XENONnT and the LZ experiment

(another liquid Xenon TPC experiment) published results excluding cross sections

above 2.58× 10−47 cm2 at 28GeV/c2 and 9.2× 10−48 cm2 at 36GeV/c2, respectively,

with 90% confidence [28, 29].

3.2.3 Bubble Chamber Detectors

Bubble chamber detectors operate on the principle of superheated liquids, which are

sensitive to energy deposits from particle interactions. When energy is deposited

during a nuclear recoil event, it induces a phase transition in the meta-stable super-

heated liquid at the interaction site, forming a bubble. By controlling the temperature

and pressure of the target liquid, the detector can be fine-tuned to a specific energy

threshold, making it sensitive to nuclear recoils while remaining insensitive to electron

recoils and gamma rays [30].

PICASSO (Project In CAnada to Search for Supersymmetric Objects) and

COUPP (Chicagoland Observatory for Underground Particle Physics) were early

adopters of bubble chamber technology for dark matter searches. The merging of

the two collaborations formed PICO, a name derived by combining the first two

letters of their acronyms. Recent PICO experiments have utilized freon, C3F8, as the

superheated target liquid, chosen for its sensitivity to spin-dependent WIMP-proton

coupling. Upon a nuclear recoil, the target fluid undergoes nucleation observed as a

visible and audible bubble. This offers a method for direct detection of dark matter.

Concurrently, the SBC (Scintillating Bubble Chamber) collaboration is investigating

the use of liquid argon and xenon as a superheated target, enabling detection of

scintillation signals alongside optical and acoustic data. Set to operate at SNOLAB,

the SBC experiment is proposed to be sensitive to lower mass WIMPs [31].
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Figure 3.2: CAD model of the PICO-40L dark matter detector, highlighting key
components of the pressure vessel and inner vessel including the C3F8 superheated
target, piezoelectric transducers, cameras, bellows, cooling system, and heating plate
which is crucial for maintaining operational temperatures.

PICO-40L

PICO-40L, the current experiment by the PICO collaboration located at SNOLAB,

uses approximately 50 kg of C3F8 as the target liquid. Improving on the previous

detector design of PICO-60, this iteration features a ‘right-side-up’ geometry, incor-

porating a secondary inner quartz vessel. This vessel serves a dual purpose: it is

used as a piston to regulate the freon pressure and acts as a barrier between the

hydraulic liquid and freon, eliminating the need for a water buffer. As depicted in

Figure 3.2, the bellows region is kept cold to prevent spurious nucleations at the seals.
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This inactive volume also helps in preventing settled particulates from entering the

active volume, which is a known source of backgrounds [32]. PICO-40L is equipped

with four cameras for optical data collection and multiple piezoelectric transducers

for acoustic data collection. Temperature and pressure sensors in the detector are

used to monitor the detector conditions and maintain the necessary parameters to

keep the detector active. When a nucleation is detected by the camera systems, the

high-pressure accumulator is triggered, increasing the pressure in the active volume,

which resets the detector to a pure liquid state. Following a brief pause, the pressure

is slowly lowered, returning the detector back to a meta-stable superheated state.

(a) (b)

Figure 3.3: Neutron calibration run in PICO-40L: The left image (a) captures a
multi-bubble event. The right image (b) shows a single bubble event, which would
be indistinguishable from a dark matter candidate.
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In PICO detectors, the number of bubbles in an event and the acoustic parameter

are key to identifying the source of nucleation. WIMP interactions are expected to

produce single-bubble events due to the rarity of interaction, but these events are

not unique to WIMPs; alpha particles can also produce single-bubble events. How-

ever, these can be distinguished through acoustic discrimination, as alpha particle

recoils produce a louder signal. Neutrons are capable of producing both multi and

single bubble events (Figure 3.3). Such single-bubble events from neutrons are indis-

tinguishable from WIMP candidates. Therefore, neutrons can be used to calibrate

the detector and to identify detector backgrounds. Before calibration, and during

the assembly phase, effective measures are necessary to mitigate contamination that

contributes to the detector background. This topic is further discussed in Chapter 6.

Figure 3.4: PICO-40L assembly during the fall of 2022.
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Figure 3.5: Cross-sectional CAD illustration of PICO-500, the next-generation bubble
chamber detector compared to PICO-40L.

PICO-500

Building on the experience from PICO-40L, the PICO collaboration is developing

PICO-500, a tonne-scale bubble chamber, for operation in the Cube Hall at SNOLAB.

While the stainless steel pressure vessel is designed to hold a 1000 L inner detector,

the actual inner detector is constrained to a volume of 260 L (420 kg of C3F8) due

to current quartz forming limitations [33]. PICO-500 will adopt the ‘right-side-up’

design, featuring two synthetic quartz vessels in the same manner as PICO-40L. A

bellows system, using the inner jar as a piston, will regulate the pressure of the
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C3F8 target. For data acquisition, PICO-500 will be equipped with four cameras and

piezoelectric transducers, mirroring the setup of PICO-40L.

The projected spin-dependent WIMP-proton sensitivity of PICO-500, along with

other PICO detectors, is illustrated in Figure 3.6. In the parameter space of WIMP-

proton interactions, PICO detectors are highly competitive with PICO-500 projected

to achieve world leading sensitivities.

Figure 3.6: Spin-dependent dark matter exclusion plot depicting WIMP-proton cross-
section versus WIMP mass, with exclusion curves from various PICO detectors [33].
The regions above the curves represent excluded parameter spaces, with the blue
shaded area indicating the C3F8 neutrino fog.
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Chapter 4

Radioactive Backgrounds

4.1 Radon

Radon is a radioactive element that possesses no stable isotopes and is an intermediate

in the uranium and thorium decay chains. The discovery of radon is attributed to

the observations of a radioactive gas emanating from radium by Friedrich Ernst Dorn

(1900) and Ernest Rutherford (1901) [34]. With an atomic number of 86, radon is the

heaviest of the six noble gases. Given that radon has a boiling point of −61.7◦C at

atmospheric pressures, it is gaseous at room temperature [24]. Of particular interest

is Radon-222, the most stable isotope of radon, with a half-life of 3.82 days [6] and

the potential to accumulate in the environment. On average, the radon concentration

in external environments ranges from 5− 15 Bq/m3 [35] where Bq (Becquerel) is the

unit of radioactivity defined as one nuclear disintegration per second. Due to the

radioactive characteristics of radon and its inert nature, dedicated detection devices

have been devised to aid in the implementation of mitigation strategies [36]. A

discussion of a particular detection method using an electric drift field to collect

charged radon daughters onto a PIN photodiode can be found in Section 4.2. In

general, detecting radon is important because inhalation of radon gas is associated

with health implications. Radon accounts for nearly half of all human exposure

to radiation and is responsible for an increased likelihood of lung cancer [37], and,

consequently, Canadian building codes incorporate radon accumulation prevention

techniques [38].
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However, the implications of radon extend beyond health concerns. In astroparti-

cle research, the necessity for radio-pure materials in ultra-low background detectors

emerges to increase detector sensitivity. Since radon has the potential to emanate

from construction materials containing natural traces of uranium and thorium, radon

daughters can electrostatically attach to other detector components, and dust par-

ticulates. Radon gas can also dissolve into liquids and permeate through barriers.

Radon gas permeation can be mitigated by selecting impermeable materials were

possible. When radon decays are within a detection volume, the continuation of the

decay chain leads to background events. To minimize radon contamination in ultra-

low background detector construction and operation, the decay chain of uranium and

thorium must be understood.

4.1.1 Decay Chain of Uranium and Thorium

Uranium and thorium are observed to undergo extensive decay chains, ending in

stable isotopes of lead, as shown in Figure 4.1. These chains are characterized by a

sequence of radioactive decay, with each event resulting in the emission of an alpha,

beta, or gamma particle. In the case of alpha decay, a helium nucleus is emitted

from the parent nucleus. Such decays are monoenergetic, enabling the identification

of alpha decaying isotopes based on measured energies. The ejection of an alpha

particle results in the decrease of the atomic number by two due to the loss of two

protons.

A
ZX →A−4

Z−2 Y +4
2 α (4.1)

Where A
ZX is the parent nucleus, A−4

Z−2Y is the daughter nucleus, and 4
2α is the

alpha particle (helium nucleus). A and Z denote the mass number (total number of

nucleons) and the atomic number (total number of protons), respectively.

On the other hand, beta decay (specifically β− decay) involves the transformation

of a neutron into a proton, emitting an electron (often referred to as a β− particle)
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Figure 4.1: The decay series of Uranium-238 and Thorium-232 demonstrating the
most probable decay path. Adapted from [39].

and an electron antineutrino in the process. As a consequence, the atomic number of

the atom increases by one. The emitted neutrino can take away a varying amount of

kinetic energy, resulting in the electron displaying a spectrum of kinetic energies due

to the three-body decay involving the neutrino, electron, and nucleus.

A
ZX →A

Z+1 Y + β− + ν̄e (4.2)

Where A
Z+1Y is the daughter nucleus, β− is the emitted electron, and ν̄e is the

emitted electron antineutrino.

Gamma decay is the emission of a highly energetic photon and occurs when an

excited nucleus releases excess energy to transition to a lower energy or ground state,

without altering its proton or neutron count. This process can follow alpha or beta

decay, or result from other excitations, including nuclear reactions.

A
ZX

∗ → A
ZX + γ (4.3)

Where A
ZX

∗ is the nucleus in an excited state, A
ZX is the same nucleus in a lower
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energy or ground state, and γ is the emitted gamma photon.

The thorium decay chain includes the isotope Radon-220, historically referred to

as “thoron”. Following the alpha decay of Radon-220, isotopes including Polonium-

216, Bismuth-212 (alpha decays 35.94% [6]), and Polonium-212 are formed, each

undergoing alpha decay with energies observed to range between 6 and 9 MeV [6].

Despite these high-energy emissions, the relatively short half-lives of these isotopes

(Bismuth-212 has the longest half-life of 60.55 minutes [6]) result in their rapid decay.

Consequently, these short-lived isotopes are not problematic for ultra-low background

experiments if there is no source of Radon-220.

Uranium-238 is the most common uranium isotope, with a natural abundance at

99% and a long half-life of 4.5 × 109 years [24]. As a result, the decay chain of

Uranium-238 is the most prominent among the decay sequences for naturally occur-

ring uranium. Radium-226 and Radon-222 are among the significant radionuclides

(radioactive isotopes) present in this sequence. The presence of uranium and radium

in construction materials has been identified as a source of radon contamination. The

most probable decay sequence originating from Radon-222 is described below:

222
86 Rn →218

84 Po +4
2 α

218
84 Po →214

82 Pb +4
2 α

214
82 Pb →214

83 Bi + β− + ν̄e

214
83 Bi →214

84 Po + β− + ν̄e

214
84 Po →210

82 Pb +4
2 α

210
82 Pb →210

83 Bi + β− + ν̄e

210
83 Bi →210

84 Po + β− + ν̄e

210
84 Po →206

82 Pb +4
2 α

(4.4)

Both Polonium-218 and Polonium-214, possessing decay energies of 6.11 MeV and

7.83 MeV [6], respectively, have relatively short half-lives in comparison to Radon-
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222. This characteristic enables these isotopes to achieve secular equilibrium in a

short duration. In a state of secular equilibrium, the activity of a short-lived daughter

nuclide becomes equal to that of its longer-lived parent nuclide. Once Polonium-218

and Polonium-214 reach secular equilibrium with Radon-222, the decays detected

serve as an effective method to determine the activity of Radon-222. Following the

decay of Polonium-214, Lead-210 and subsequently Polonium-210 are produced. With

Lead-210 having a half-life of 22.2 years and Polonium-210 of 138 days [6], the gradual

accumulation of Polonium-210 and its alpha decay (5.40 MeV [6]) highlights the need

for radon mitigation in ultra-low background experiments.

4.1.2 Importance of Radon and Progeny in Ultra-low Back-
ground Detectors

Ultra-low background detectors are precision instruments for experiments requiring

minimal background radiation levels to measure rare events. This is not limited to

dark matter search experiment detectors; ultra-low backgrounds are also crucial for

neutrinoless double beta decay experiments and neutrino detectors where rare low

energy neutrino interactions are the primary focus. In these scenarios, Radon-222

emerges as a significant concern due to its ubiquity. Radon-222 contamination, em-

anating from uranium and radium-bearing materials from the Earth’s crust, is a

major concern. The emanation process from materials is constant, prompting inves-

tigations into radon emanation from samples to determine the suitability in ultra-low

background detectors. As shown in Figure 4.1, Radon-222 and several of its progeny

(daughters) undergo alpha decay. Within ultra-low background detectors, these alpha

decays introduce background signals. Short-lived progenies, including Polonium-218,

Lead-214, Bismuth-214, and Polonium-214, can be detected. Among these decay

products, isotopes of polonium, particularly the long-lived Polonium-210, are notable

for the potential to disrupt sensitive measurements. This is due to the plate-out ef-

fect, a phenomenon where radon progeny adhere to surfaces (plate-out), as illustrated
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in Figure 4.2. Charged radon progeny can also electrostatically attach to airborne

dust particles. Polonium-218 was found to carry a positive electrical charge in 87%

of the cases under standard conditions [40]. Consequently, decaying radioactive dust

particles can mimic the signature of a WIMP-nuclear recoil event in PICO detectors,

producing an indistinguishable acoustic signal [41].

Figure 4.2: A process in which radon progeny can embed into materials. Graphic
adapted from [42].

Strategies to mitigate radon in ultra-low background experiments are crucial for

the sensitivity of the experiment. These mitigation strategies include the utilization

of radon-reduced air or dry nitrogen gas to reduce exposure, the design of detectors

using materials characterized by low radon emanation, and the application of both

active and passive mitigation approaches. An illustration of mitigation strategies

is documented in the design of the NEWS-G (New Experiments With Spheres –

Gas) detector [43]. This dark matter search experiment utilizes a spherical propor-

tional counter made out of a 135 cm diameter spherical vessel that was constructed

by fusing two hemispheres made from 99.99% pure C10100 Oxygen-Free Electronic

Copper [43]. To alleviate the background interference posed by Lead-210, a layer of

pure copper, 500 µm in thickness, was electroplated onto the inner surfaces of these

hemispheres. Notably, the experiment has incorporated radio-pure lead sourced from
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ancient Roman artifacts. Over millennia, the radioactivity present in the lead due to

isotopes such as lead-210 has decayed away, making it extremely low in background

radiation. Within the NEWS-G detector, this Roman lead forms a 3 cm thick inner

shell, effectively insulating against background radiation from the Lead-210 decays in

the subsequent 22 cm thick modern lead outer shell [43]. This lead shield is designed

to insulate the experimental apparatus from gamma radiation. Collectively, radon

mitigation strategies like those applied in the NEWS-G detector are imperative for

ultra-sensitive detection capabilities. Similarly, the SNO+ experiment and the Radon

Clean Room at the University of Alberta (UofA) adopted a strategy of selecting mate-

rials with low radon emanation, measured using the UofA radon emanation chamber

detector [42].

Nuclide Half-life Decay Type Decay Energy Parent Nuclide

226Ra 1,600 years α 4.87 MeV 230Th

222Rn 3.8235 days α 5.59 MeV 226Ra

218Po 3.10 minutes α 6.11 MeV 222Rn

214Pb 27.06 minutes β− 1.02 MeV 218Po

214Bi 19.9 minutes β− 3.26 MeV 214Pb

214Po 163.3 µs α 7.83 MeV 214Bi

210Pb 22.2 years β− 0.0634 MeV 214Po

210Bi 5.012 days β− 1.16 MeV 210Pb

210Po 138.376 days α 5.40 MeV 210Bi

206Pb Stable - - 210Po

Table 4.1: Common decay path of the Radon-222 decay series. Data sourced from
the National Nuclear Data Center [6].
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4.2 The Radon Emanation Chamber Detector

The UofA high-sensitivity radon emanation detector was first commissioned circa

2012. The emanation chamber detector incorporates a Hamamatsu S3204-09 silicon

PIN photodiode [44], which is accessed through a delrin feed-through positioned at

the centre of the lid. The diode has an active area of 18 mm by 18 mm [44]. In

March 2023, the PIN photodiode was replaced due to the accumulation of Polonium-

210 activity on the original diode. The chamber is a stainless steel cylindrical vessel

with a diameter of 0.598 m and had a detection volume of 0.171 m3 [42]. The

initial design incorporated a face seal from the lid to the tank body using a butyl

O-ring. A leak was detected at the weld joint of the flange to the tank body, which

impacted the sensitivity of the detector. To address this issue, the lid was redesigned

to radially seal against the inner diameter of the tank body and positioned below

the weld joint. This updated lid design is comprised of four main components: an

O-ring spacer, the primary lid, an O-ring compression ring, and a top support ring

(Figure 4.3). Embedded within the tank lid are all necessary electronics, accessed

via a feed-through as before, as well as ports for gas circulation. The purpose of the

O-ring spacer is to account for the non-uniform shape of the tank body, ensuring the

O-ring adequately contacts both the tank body and lid for effective compression and

sealing. The compression ring, when bolted to the tank lid, exerts pressure on the

O-ring, forcing it outward to contact the tank body. This design modification led to

a decrease in height by 5.5 cm, yielding a detection volume of 0.157 m3 (an 8.19%

reduction with respect to the original tank). Helium leak check tests performed on

the emanation chamber did not find any detectable leaks with the new seal design.

A high voltage of −2.0 kV is applied to the PIN photodiode, establishing an electric

drift field between the grounded vessel and the diode to direct positively charged

radon progeny toward it. Two batteries, connected in series, supply the diode with

a reverse bias voltage of 12 V. Radon progeny accumulate on the surface of the
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Figure 4.3: A schematic of the re-commissioned radon emanation chamber. The
main hardware components are depicted in the left schematic, while a cross-section
highlighting electronic components, the O-ring, and the O-ring spacer is shown in the
right schematic.

photodiode, enabling the subsequent measurement of alpha decay as the alpha particle

traverses the depletion region. The radon daughters Polonium-218 and Polonium-

214 are particularly significant. A spectrometric measurement conducted with the

emanation chamber reveals an energy spectrum and, given that Polonium-218 and

Polonium-214 reach secular equilibrium with Radon-222 in a short duration, the radon

activity of any source material can be inferred from these two decay channels.

The data acquisition for the emanation system is managed through LabVIEW,

interfacing with a custom 8-channel MCA (multi-channel analyzer) featuring a 0-2

V range, 50 MS/s rate, and 12-bit resolution [42]. Additionally, twelve auxiliary

channels record voltage, pressure, and temperature in a range of 0-5 V and 0-10 V

at 10 kS/s with 10-bit resolution and are referred to as the Slow-ADC. Data are

transferred from the MCA to the computer via USB. A custom C++ library is used

to write the data into a ROOT file, which is then analyzed in Python using the Uproot

library.
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4.2.1 The Radon Emanation Equation

The emanation of radon gas from the surface of a material containing traces of ura-

nium or radium can be expressed by the following differential equation:

dNRn

dt
= −λRnNRn + ERn [42] (4.5)

Where NRn denotes the number of radon atoms, λRn is the radon decay constant,

and ERn is the radon emanation rate from a source. The negative sign in front of

λRnNRn represents a decrease (decay) in radon atoms over time, whereas the emana-

tion rate indicates a continuous source of radon atoms.

Upon integrating both sides of the differential equation with respect to t, the

following general solution is obtained:

NRn(t) =
ERn

λRn

+

(
NRn,0 −

ERn

λRn

)
e−λRnt (4.6)

Where ERn

λRn
is the equilibrium number of radon atoms in the system and NRn,0 is

the number of radon atoms in the system at t = 0. As t grows large, the number of

atoms approaches equilibrium ERn

λRn
. In the scenario where the initial condition of the

system begins with no radon atoms (i.e., NRn,0 = 0), the equation becomes:

NRn(t) =
ERn

λRn

(
1− e−λRnt

)
(4.7)

A more useful quantity is the activity of radon, and for any given time t it is

denoted by:

ARn(t) = λRnNRn(t) (4.8)

Multiplying λRn to both sides of the equation 4.7 then yields the activity of radon

in a radon emanation system at any time t:

ARn(t) = ERn

(
1− e−λRnt

)
(4.9)
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The decay counts of radon progeny detected in the radon emanation chamber can

be converted into radon activity, provided the count efficiency factor of the detector

is known. Given that equation 4.9 models radon emanation sources, it can be applied

both to data from radon emanating samples and to background measurements of the

detector.

4.3 Recommissioning the Radon Emanation Cham-

ber Detector

Following the upgrades to the emanation chamber, a reassessment of the detector

parameters was performed. The emanation chamber is a component of the emanation

system consisting of a vacuum holding tank for sample placement, 3/8” tubing for

connecting the two chambers, and a diaphragm pump for gas circulation. A detailed

Piping and Instrumentation Diagram (P&ID) of this setup is shown in Figure 4.4.

The following subsections detail the methodologies and results of peak modelling,

ADC-energy calibration, detector efficiency, and the detector background emanation

rate. Additionally, the maximum count rate of the DAQ system was assessed with a

pulse generator to investigate observed software limitations.

4.3.1 Radon Spectrum and Peak Modelling

Event data from detector runs, which use analog signals converted into digital data

through ADC (Analog-to-Digital Converter) channels, allow for the construction of a

radon spectrum. This raw data spectrum is divided into bins corresponding to 4096

ADC channels, reflecting the energy levels of detected events. Figure 4.5 illustrates

an uncalibrated energy spectrum obtained from the radon calibration run, exclusively

featuring the peaks of Polonium-218 and Polonium-214. These isotopes, in secular

equilibrium with Radon-222, are crucial for the accurate analysis of radon emanation

rates and permeation rates (Chapter 5). Polonium-210 (not visible in Figure 4.5),

appearing at ADC channels below Polonium-218, also emerges from the Radon-222
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Figure 4.4: Piping and Instrumentation Diagram of the radon emanation system.

decay chain. Its long half-life prevents secular equilibrium with Radon-222, rendering

it unsuitable for direct radon activity measurements. However, its presence on the

diode surface serves as an indicator of historic radon exposure and provides a useful

additional point for the ADC-energy calibration. Since the diode was replaced in

March 2023 and has only been minimally exposed to radon, the count rate for long-

lived Polonium-210 has been low. In a background run of the emanation system, the

corrected count rate in the Polonium-210 Region of Interest (ROI) was calculated to

be 109± 10 counts/day.

The photodiode used in the emanation chamber detector is a windowless diode

designed to detect optical light [44]. To optimize the diode to detect alpha particles,

the diode is placed in reverse bias so that all free charges are removed and a full

depletion region is formed. This process results in a signal directly proportional to
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Figure 4.5: Spectra from the radon calibration run 3123-3227.

the kinetic energy of the alpha particle. However, a thin, inactive layer on the surface

of the diode, known as the dead layer, attenuates the energy of the alpha particles,

a process described by the Landau distribution [45, 46]. This attenuation, influenced

by the path length of the particle and angle of incidence, introduces characteristic

skewness to the low-energy tail of the alpha peaks, typically modelled by convolv-

ing an exponential tail with a Gaussian distribution [47]. Sophisticated peak fitting

models have been explored previously for the UofA radon emanation detector [42].

However, due to electronic changes that reduced the energy resolution of the detec-

tor by approximately a factor of 5, adopting a simplified peak fitting model using a

Gaussian distribution has become necessary.

f(x) = A exp

(
−(x− µ)2

2σ2

)
(4.10)

where A represents the peak amplitude, µ denotes the peak position, and σ is the

standard deviation, characterizing the width of the peak.

This model effectively identifies peak positions and defines the ROIs. An inte-
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gration boundary of 2.5 standard deviations is applied to distinguish between the

Polonium-218 and Polonium-214 peaks within their respective ROIs without bound-

ary overlap.

A summary of the polonium peak positions and integration bounds can be found

in Table 4.2. Figures 4.6, 4.7, and 4.8 show the fitted Polonium-218, Polonium-214,

and Polonium-210 peaks, respectively.

Isotope Peak Position [ADC] Lower Bound [ADC] Upper Bound [ADC]

Po-210 1264 1155 1373

Po-218 1413 1282 1542

Po-214 1783 1648 1917

Table 4.2: ADC channel peaks and 2.5 standard deviation ROI limits for polonium
isotopes in the radon emanation detector.

Figure 4.6: Polonium-218 peak in the ROI. Subset of the calibration data.
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Figure 4.7: Polonium-214 peak in the ROI. Subset of the calibration data.

Figure 4.8: Polonium-210 peak in the ROI. From the full emanation system back-
ground run.
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4.3.2 ADC-Energy Calibration

Since the amount of ionization produced by an alpha particle in the depletion region of

the photodiode is directly proportional to its kinetic energy, it is possible to calibrate

the ADC channels if the ADC peak and the alpha particle energy are known. A 3-

point fit, utilizing the peak positions of Polonium-210, Polonium-218, and Polonium-

214, as found in Section 4.3.1, and decay energies sourced from NuDat [6], enables

this calibration. The process transforms ADC channels using a linear energy scale

(Equation 4.11). This calibration allows for the identification of isotopes based on

observed peak energies alone.

ADC = E[MeV] · Scale + Offset (4.11)

A table showing the peak positions and integration bounds in units of MeV can

be found in Table 4.3. Figure 4.9 shows the ADC-Energy calibration fit, which was

used to determine the values in Table 4.3.

Isotope Peak Position [MeV] Lower Bound [MeV] Upper Bound [MeV]

Po-210 5.4 4.9 5.9

Po-218 6.1 5.5 6.7

Po-214 7.8 7.2 8.5

Table 4.3: Polonium peak positions and the 2.5 standard deviation limits expressed
in energy [MeV].

4.3.3 Detector Efficiency

To calibrate the emanation chamber detector, a radon source (Pylon RN-1025 [48])

containing Radium-226, with an activity of 0.93 kBq, was used. The volume of the

source was measured to be 0.314 ± 0.001 litres. The activity of Radon-222 at any

time in the source can be calculated using Equation 4.12. As an example, it takes 26

days for Radon-222 after a full depletion to reach 99% of the Radium-226 activity.
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Figure 4.9: Energy calibration using the Polonium-210, Polonium-214 and Polonium-
218 peak positions. The Polonium-210 peak position was obtained from the back-
ground run 3252-3279 while the Polonium-214 and Polonium-218 peak positions were
obtained in the calibration run 3123-3227. Error bars are too small to be discernible
at the scale shown.

ARn(t) = ARa

(
1− e−λRntelapsed

)
(4.12)

Where ARn(t) is the activity of Radon-222 at time t in the source, ARa is the source

activity of Radium-226, λRn is the Radon-222 decay constant in minutes (1.259 ×

10−4 min−1) [42], and telapsed is the elapsed time since the last purge of the source.

The detection efficiency depends on the geometric design of the emanation system,

the characteristics of the electric drift field, the geometry of the diode, and the decay

time of the isotope. Determining this efficiency accurately requires empirical methods.

It is anticipated that the efficiency in the Polonium-214 and Polonium-218 decay

channels grow in over time due to initial radon mixing within the system, progeny

accumulation on the diode, and the time required to achieve secular equilibrium,

eventually stabilizing at a constant value. Polonium-214 is expected to show a higher
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Figure 4.10: Time dependent Radon-222 activity in the Pylon RN-1025 source, high-
lighting the time taken to reach 50% activity and the moment of purging for cali-
bration (17 Days, 887 Bq). The dashed line represents the theoretical equilibrium
curve for radon activity levels above 50%, while the solid line indicates the growth
of activity below 50%. The source reaches 50% activity within 4 days after a full
depletion of the source.

detection efficiency than Polonium-218, as the longer total decay time from Radon-222

increases the likelihood of electrostatic attraction and detection at the photodiode.

Additionally, it has been demonstrated that the efficiency of the system is influenced

by the operating pressure due to ion mobility, with the standard operating pressure

defined to be 850 mBar. This limitation is primarily due to the operational constraints

of the diaphragm circulation pump [42].

The efficiency is also influenced by the electric field strength within the drift field.

Previous research has identified a potential difference of 2.0 kV in the emanation

chamber as a nearly optimal setting [42]. Therefore, for all measurements presented

in this thesis, a standard high voltage setting of -2.0 kV was applied to the diode.

Since it is known how much radon is purged into the emanation system by Equation

4.12, the expected time dependent radon activity can be calculated by Equation 4.13,
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which is the radioactive decay law of Radon-222.

A(t) = A0e
−λRn t (4.13)

Where A(t) is the activity of Radon-222 at time t, A0 represents the activity of

radon at the time the source was purged, and t is the elapsed time after the source

has been purged.

The detection efficiency is determined by comparing the activity detected during

the calibration run to the theoretical activity. This comparison involves taking the

ratio of the measured activity (in counts per second) to the theoretical radon activity

over time.

ϵ(t) =
AMeasured(t)

Atheoretical(t)
=

cps(t)

A0e−λRnt
(4.14)

Where ϵ(t) is the efficiency of the emanation system at time t, AMeasured(t) is the

counts per second in the radon progeny decay channel at time t, and Atheoretical(t) is

the expected radon activity at time t.

The count rate, (cps), is determined by integrating counts over a given time interval

within the energy ranges listed in Table 4.3. The efficiency factor is then used to

correct the observed count rates, R, by:

RCorrected =
RMeasured

ϵEfficiency

(4.15)

Run Preparation

Preparation for a calibration run involves evacuating the emanation system to a few

hundredths of a mBar and then filling it with nitrogen gas to 850 mBar. This process

is repeated three times to ensure the removal of ambient radon. In the final stage, the

pressure of the system is increased to 400 mBar before closing valve V3 (Figure 4.4).

Before this run preparation, the source was left to recharge for 17 days, resulting in
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a radon activity of 887 Bq at the time of purging. Nitrogen gas, at a flow rate of

10 litres per minute (the maximum flow rate of the source [48]), was used to flow

through the radon source by opening valves V4 and V6, raising the pressure from 400

mBar to the standard operating pressure of 850 mBar. The complete alpha spectrum

from the 8-day calibration run (in energy scale) is shown in Figure 4.11.

Figure 4.11: Energy-calibrated spectra from the radon calibration run 3123-3227.
Radon activity was 426 Bq at the start of data collection, which spanned over 9 days.

Results

At the beginning of the calibration run, persistent LabVIEW crashes affected data

collection, prompting both software and hardware inspections of the emanation de-

tector electronics. A break in the high voltage circuit was identified and rectified four

days after purging the source into the system and during the first software crash.

The data from the first four days of the calibration run were deemed unusable due

to the lack of an electric drift field. As a result, the radon activity for the calibra-

tion run was extrapolated to be 426 Bq, based on the elapsed time from the purging
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of the radon source to the first dataset after repairing the high voltage circuit. Al-

though the efficiencies in the Polonium-214 and Polonium-218 decay channels are

anticipated to follow an exponential approach towards a steady state, represented by

ε(t) = ε0
(
1− e−t/τ

)
, where ε0 and τ are fitting parameters, the absence of an electric

drift field during the initial four days hinders a reliable determination of the time

constant τ from this calibration dataset.

Figure 4.12: Detection efficiency for the Polonium-218 decay channel, over a run-
time of approximately 9 days, highlighting regions excluded from the fit and periods
of software crashes.

The LabVIEW Radon DAQ program encountered three additional errors sugges-

tive of a memory leak, all of which led to system shutdowns. Figure 4.12 highlights

the system downtime and the data regions excluded from the fitting process for ε0, the

steady-state efficiency, determined using a weighted average fit. During the system

downtime resulting from the first LabVIEW crash, investigations into the emana-

tion system included assessing the dependency of detection efficiency on applied high

voltage and conducting experiments with a pulse generator to identify the count rate

threshold causing the crashes, as detailed in Section 4.3.5. These efforts aimed to

troubleshoot and understand the underlying issues causing the program to error and
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crash. In response to the software issues, and to minimize the risk of significant data

loss from further crashes, the data-saving frequency of the LabVIEW program was

modified during the second system shutdown. Instead of every 24 hours, data were

saved every 6 hours. This adjustment was a crucial mitigation step to continue data

collection amidst ongoing software reliability issues.

Software failures disrupted dataset continuity throughout this measurement. It

was observed that the act of shutting down and re-initiating data collection, notable

at the 3-day mark, revealed an unexpected time-dependent efficiency. Initially, this

efficiency was higher than the weighted average but subsequently decreased steadily,

a phenomenon that remains not fully understood. It is hypothesized that this ob-

servation may be related to the temporary accumulation of counts in the readout

system’s buffer, leading to an apparent higher efficiency rate before the system re-

turns to a state of equilibrium. Similar patterns of increased initial count rates were

observed following restarts after two subsequent LabVIEW crashes. To mitigate the

impact of these transient, time-dependent efficiencies on the overall analysis, data

collected immediately after the first LabVIEW crash and within two hours of restarts

from subsequent crashes were excluded from the weighted average calculation. This

approach was taken to ensure the analysis focused on the steady-state efficiency.

Due to time constraints, this measurement could not be re-evaluated, leaving the

time constant τ undefined for both decay channels. However, the steady-state effi-

ciency was determined by applying a weighted average fit to the dataset that intermit-

tently ran over a 9-day period. Figure 4.13 presents the consolidated datasets, using

vertical lines as separation markers between each dataset, along with the efficiency

fits for the Polonium-214 and Polonium-218 decay channels. The variation in the size

of the error bars reflects the decreasing count rate over time due to radon decay. The

weighted average efficiency values were found to be (2.343±0.003)% for the Polonium-

214 decay channel and (2.259±0.002)% for the Polonium-218 decay channel, which,

in contrast, is significantly lower than the first commissioning of the radon emana-
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Figure 4.13: Detection efficiency across the Polonium-214 and Polonium-218 decay
channels throughout a consolidated run-time. The green line and band represent the
steady-state efficiency and 1σ error, respectively, derived using a weighted average fit.
The black vertical lines denote separation markers between disconnected datasets.

tion detector using a similar setup with published values of (5.536±0.002)% for the

Polonium-214 decay channel and (4.782±0.002)% for the Polonium-218 decay channel

[42].

Efficiency Dependence on the High Voltage

With the observance of lower than expected efficiencies, the relationship between

detection efficiency and high voltage was examined following the radon calibration

run. Utilizing the remaining 82 Bq of radon activity within the emanation system,
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extrapolated using Equation 4.13, the detection efficiency of the system was evaluated

across a range of high voltages from 0 to -3.5 kV, in -0.5 kV increments, over 4-

hour periods due to time limitations. Although a linear relationship was assumed in

the fitting of the data presented in Figure 4.14, this may be a consequence of the

brief duration of each measurement. Moreover, observations indicated that voltages

beyond -2 kV led to broader peak widths and shifted peak positions with negligible

efficiency improvement. Consequently, the standard operational voltage of -2.0 kV

was maintained for all subsequent runs.

Figure 4.14: Detection efficiency as a function of applied high voltage for Polonium-
214 and Polonium-218 decay channels. A linear fit model was applied to the data.
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4.3.4 Detector Background

Accurate measurements of radon rates from samples require the quantification and

mitigation of ambient radon from the emanation system. Low ambient radon levels

require the removal of all dust, particulates, and leaks. To mitigate the dust and

particulates, the emanation chamber was cleaned with Alconox, an industrial de-

tergent, and ultra-pure water using the PICO-500 cleaning cart and a Revojet 360°

spray nozzle inside the chamber. The vacuum holding tank was thoroughly wiped

down with acetone and 70%IPA/30%DI water-saturated polypropylene wipes to man-

ually remove surface contamination. Double gloved procedures were used during the

cleaning process and anytime the vacuum holding was accessed. Since the emana-

tion system operates below atmospheric pressure, the system is susceptible to ambient

radon entry through potential leaks. A helium leak check identified a small leak at the

main door gasket of the vacuum holding tank, which was replaced, eliminating radon

ingress as confirmed by subsequent helium leak tests. Moreover, constant average

pressure readings over long term radon measurements verified no ambient air leak-

age into the system. Therefore, any detected radon progeny during the background

measurement is attributed to intrinsic sources, including the gas permeation chamber

(Chapter 5), which was installed inside the vacuum holding tank for preparation of

the permeation tests. The background rate of the emanation system is necessary to

correct the radon rate measurements in order to isolate the sample radon rate. This

procedure is required for any radon permeation or radon emanation sample:

RCorrected = RSample − EBackground (4.16)

Figure 4.15 shows the detector background rate for the Polonium-214 and Polonium-

218 decay channels, corrected for efficiency and fitted using Equation 4.9, which rep-

resents the radon emanation rate.

The detector sensitivity is statistically assessed by setting a detection threshold at
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Figure 4.15: Emanation system background in the Polonium-214 and Polonium-218
decay channels.

one standard deviation above the background rate. This approach ensures that any

activity exceeding this limit is reliably attributed to the sample and not to background

variations. The background radon emanation rate for the system was found to be

37±4 Rn/h within the Polonium-214 ROI and 50±4 Rn/h within the Polonium-218

ROI. Consequently, the sensitivity of the detector is 4±2 Rn/h.
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4.3.5 Maximum Count Rate of the Radon DAQ

Software crashes occurred during a radon calibration run with a radon activity of 887

Bq, suggesting that the DAQ system became overloaded at high count rates. This

led to an investigation of the maximum count rate capability of the system using a

pulse generator.

A pulse generator was connected to the preamplifier to simulate event frequencies

from 10 Hz to 5000 Hz. The output frequency, measured by an oscilloscope, was

compared to the count rate recorded over 10-minute intervals (Figure 4.16). The

system consistently crashed at 130 Hz during data saves. Intermittent crashes starting

at 80 Hz prompted a review of the effects of saving Slow-ADC data to a CSV file

at a 1 Hz frequency. Each pulse frequency setting underwent two tests: one with

Slow-ADC CSV file generation enabled and one with it disabled. A notable deviation

from the expected count rate occurred at 70 Hz when Slow-ADC CSV file generation

was enabled.

The tests determined that the maximum count rate of the detector capacity was

approximately 167 Hz with the Slow-ADC disabled and 147 Hz with it enabled. This

was found by manually adjusting the pulse generator until the system crashed. The

count rate before saturation onset was identified as 140 Hz without the Slow-ADC

and 120 Hz with it, beyond which the system began to saturate gradually. These

results highlight limitations in the data acquisition and system processing capacity.

The exact cause of the DAQ crashes remains unclear. Previous full-source calibra-

tion runs were completed without data loss or corruption issues. However, intermit-

tent DAQ crashes were observed at event rates as low as 15 Hz and again during a

radon background run well below 1 Hz, which crashed after 5 days. The intermit-

tent DAQ crashes and LabVIEW error messages suggest a potential memory leak.

To mitigate data loss and file corruption risks, the LabVIEW program data-saving

interval was adjusted to 6 hours from the previous 24-hour period, and the system
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was manually restarted every 4 days.

Figure 4.16: Detector response to controlled pulse inputs for both Slow-ADC file
generation on and off.
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Chapter 5

Radon Permeability of the
PICO-500 Inner Vessel Seal

This chapter focuses on quantifying the permeability of radon through the Parker

PTFE spring-energized seal, which is an important parameter that will influence the

background rate in the PICO-500 detector. Section 5.1 introduces the foundations

of gas permeation theory. Section 5.2 provides an experimental setup overview and

geometrical analysis of a compressed Parker PTFE seal using numerical methods

based on the CAD model. The chapter is then divided into two main sections, each

detailing a different method of measuring permeation. In Section 5.3, lower mass

noble gases are used as proxies to extrapolate the permeation coefficient of radon.

This section applies a linear model correlating the logarithm of the permeation co-

efficients Kp with the square of the atomic diameters (log(Kp) ∝ d2). Section 5.4

describes a direct method for determining the permeation rate of radon, utilizing the

radon emanation chamber detailed in Section 4.2. The permeation coefficient is then

calculated from the the permeation rate and experimentally determined parameters.

The chapter concludes with Section 5.5, which compares and summarizes the results

obtained from both methods, and Section 5.6, estimating the radon activity in the

detection volume for the PICO-500 dark matter search experiment.

5.1 Gas Permeation Theory

Thomas Graham, a 19th-century Scottish physical chemist, is widely recognized as a

pioneer in the fields of gas mobility and diffusion [49]. His early publications included

observations of volume loss in a CO2-inflated wet pig bladder [50], which, along with
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subsequent studies, resulted in the formulation of Graham’s Law of Effusion. This

law, which compares gas effusion rates through a pinhole based on their molar mass,

became instrumental in the early 20th century for developing methods of isotopic

separation, a process crucial to the construction of the atomic bomb [51].

Thomas Graham’s research laid the groundwork for studies in gas diffusion and

gas permeation both through porous and non-porous materials. Graham, in 1866,

observed gases were capable of permeating through non-porous rubber films and noted

that this phenomenon was a two-stage process in which the gas dissolves into the

material and diffuses across it [52]. The mechanism of gas permeation is commonly

accepted by the solution-diffusion model. This model integrates aspects of Fick’s

laws of mass diffusion, which are analogous to Fourier’s Law of Heat Conduction, and

sorption models like Henry’s Law [53].

In the solution-diffusion model, gas molecules first dissolve into a membrane barrier

material on the higher pressure side. The molecules then undergo a ‘random walk’

diffusion through the membrane, driven by a concentration gradient, before finally

desorbing on the low-pressure side. This phenomenon is illustrated in Figure 5.1.

While permeation refers to the overall process, diffusion specifically describes the

mass transport within the membrane. In cases where there is no chemical interaction

between the gas and the membrane, diffusion typically becomes the rate-limiting step

[53]. As per Fick’s First Law, at a steady state, the gas flux within the membrane is

directly proportional to the concentration gradient [49].

J = −D
dC

dx
(5.1)

Where J is the flux of gas through the membrane, D is the diffusion coefficient,

and dC
dx

denotes the concentration gradient with respect to position, x, within the

membrane. The negative sign indicates that flux proceeds from regions of higher to

lower concentration. The diffusion coefficient is specific to the interaction between

the gas and the membrane material.
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Figure 5.1: A diagram illustrating the solution-diffusion model of gas permeation:
red dots represent gas atoms diffusing through a non-porous membrane from a region
of higher pressure to lower pressure.

Fick’s Second Law is applicable for non-steady-state diffusion processes. The sec-

ond law provides a detailed description of how the concentration of a diffusing sub-

stance evolves over time [49].

∂C

∂t
= D

∂2C

∂x2
(5.2)

Where ∂C
∂t

denotes the rate of change of concentration C with respect to time t, and

the second order spatial derivative ∂2C
∂x2 represents the curvature of the concentration

profile within the membrane.

The permeation rate through a membrane can be determined when the system

reaches a steady-state regime, requiring constant surface concentrations. This state

can be achieved by exposing the membrane to a permeant gas under constant or sus-

tained high differential pressure. Under steady-state conditions, the concentrations
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of the permeant at all points on each side of the membrane remain constant. This

approach effectively determines permeation rates, provided that the diffusion coeffi-

cient of the permeant within the membrane system remains constant throughout the

experiment.

Assuming a diffusion coefficient independent of concentration and a system in the

steady-state limit, Fick’s Second Law simplifies to:

d2C

dx2
= 0 (5.3)

Integrating Equation 5.3 twice, and applying concentration boundary conditions

at x = 0 and x = l, a linear equation of the concentration profile as a function of x is

derived.

C(x) = C1 +
x

l
(C2 − C1) (5.4)

Substituting this profile into Fick’s First Law yields:

J = −D
dC

dx
=

D(C1 − C2)

l
(5.5)

Henry’s Law states that the concentration of a gas dissolved in a liquid is directly

proportional to the gas pressure above the liquid at a constant temperature. This

principle also applies to gas-polymer systems, explaining the sorption and desorption

mechanism within the solution-diffusion model [53]. The mathematical expression of

Henry’s Law is:

∆C = Ks ·∆P (5.6)

In the context of gas solution into a polymer membrane, ∆C is the concentration

gradient within in the membrane, Ks is the Henry’s Law constant (or solubility co-

efficient) specific to the gas-polymer membrane system, and ∆P is the differential

pressure of the gas across the membrane, as illustrated in Figure 5.1.
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It has also been shown that at equilibrium and constant temperature, the prod-

uct of the diffusion coefficient and solubility coefficient are equal to the permeation

coefficient [53].

Kp = Ks ·D (5.7)

In literature, P and S typically represent the permeation and solubility coefficients,

respectively. However, to avoid confusion with pressure and surface area, Kp for the

permeation coefficient and Ks for the solubility coefficient will be used instead.

The flux through the membrane can be written in terms of the permeation coeffi-

cient. Substituting Equations 5.6 and 5.7 into Equation 5.5 yields:

J = D ·Ks ·
(
∆P

l

)
= Kp

(
∆P

l

)
(5.8)

Rearranging Equation 5.8 to solve for Kp and in terms of the volumetric flow rate

of the permeating gas:

Kp =
Jl

∆P
=

Ql

S∆P
(5.9)

Where Q is the volumetric flow rate through the membrane barrier, l is the thick-

ness of the barrier, S is the active surface area for permeation, and ∆P is the differ-

ential pressure across the barrier. The standard unit of the permeation coefficient is

Kp = [1Barrer] = 10−10
[
cm3(STP) cm
s cm2 cm-Hg

]
. Figure 5.2 shows the permeation coefficients

for various permeants through a TFE/BDD87 membrane over a range of differential

pressures [54].1

The permeation coefficient standardizes permeation rates (Q) by considering fac-

tors such as membrane thickness, active surface area and pressure differential. This

standardization facilitates the comparison of permeability across different materials

1Reprinted with permission from T.C. Merkel et al, “Gas Sorption, Diffusion, and Permeation in
Poly(2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole-co-tetrafluoroethylene)”, Macromolecules 32,
8435 (1999), Copyright (1999) American Chemical Society.
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Figure 5.2: Permeability coefficients in TFE/BDD87 at 35°C as a function of differ-
ential pressure [54].

or permeants under varied conditions. Larger permeation coefficients relates to higher

permeability. As with the diffusion coefficient, the permeation coefficient (and sol-

ubility coefficient) is specific to the interaction between the gas and the membrane

material.

In gas-polymer systems, the permeation coefficient is derived from both a kinetic

factor (Ks) and a thermodynamic factor (D). This leads to a temperature dependence

of the permeation coefficient described by the Arrhenius equation [49]:

Kp(T ) = K0
p exp

(
− Ep

RT

)
(5.10)

WhereK0
p is a pre-exponential constant, Ep is the activation energy for permeation,

R is the universal gas constant, and T is the absolute temperature. Figure 5.3 shows

the application of the Arrhenius equation to the permeation coefficients of various

noble gases over a range of temperatures, as detailed in [55].2

2Reprinted from “Permeability of noble gases through Kapton, butyl, nylon, and ‘Silver Shield’”,
S.J. Schowalter, C.B. Connolly, and J.M. Doyle, 267-271, Copyright (2010), with permission from
Elsevier
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Figure 5.3: Temperature dependence of the permeation coefficients for Argon, Kryp-
ton, and Xenon through Kapton films of 2 mm and 5 mm thicknesses [55].

5.2 Experimental Setup

The experiment utilizes the radon emanation system described in Chapter 4, with

slight modifications. A 3/8” coaxial line is fed through the primary 1” KF-25 vacuum

connection of the vacuum holding tank, connecting to a custom-designed Gas Perme-

ation Chamber (GPC) shown in Figure 5.4. This line features an Omega PX119-030AI

pressure transducer [56] for internal GPC pressure monitoring and a ball valve for

system isolation post-filling. An INFICON PCG550 pressure sensor [57] is used to

obtain pressure readings of the vacuum holding tank. Two IST TSic 501F tempera-

ture sensors [58] are installed for gas temperature monitoring: one near the pressure

transducer on the fill line, and one on the outside of the aluminum body of the GPC.

Additionally, two more IST TSic 501F temperature sensors are placed on the exterior

of the vacuum holding tank to further track ambient temperature changes.

For sealing reliability, Swagelok tube compression and VCR fittings are used through-

out the fill line, with the exception of the 4-20 mA Omega pressure transducer, which

features a 1/4” NPT connection. Epoxy was used to ensure a leak-tight seal at this
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Figure 5.4: Left: The Gas Permeation Chamber fully assembled. Right: The PTFE
spring-energized seal, cleaned and installed in the flange.

connection. The system underwent extensive helium leak testing, both with and

without the GPC installed, using a VCR cap on the fill line. The GPC assembly

(comprising of the chamber, PTFE seal, and stainless steel flange) was independently

leak-tested prior to system integration. Post-installation, the system was rechecked

for leaks using a helium leak detector, which is necessary to distinguish between leak

rates and permeation rates. No leaks were detected within the range of the helium

leak detector. Figure 5.5 shows the experimental setup for measuring permeating

gases through the Parker PTFE seal.

Figure 5.5: Experimental setup used to measure the permeation rates of lower mass
noble gases and radon. The setup includes a vacuum holding tank, a permeation
chamber, pressure transducers, and temperature sensors. A radon detector (not pic-
tured) is used for the radon permeation rate measurement.
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5.2.1 The Gas Permeation Chamber

The apparatus designed to contain the permeating gases consists of an aluminum

main body, mated with a custom 9.5” stainless steel flange. A VCR fitting is welded

at the centre of the flange to allow connection to the gas fill line. The central cavity

of the aluminum body has been bored out to a volume of (1.218±0.001) litres. The

diameter and bore height were measured with vernier calipers, with a measurement

uncertainty of ±0.05 mm. To ensure adequate compression of the Parker PTFE seal,

a feeler gauge was used to achieve a uniform gap of 0.05 mm between the aluminum

body and the stainless steel flange. In anticipation of potential material deformation

or relaxation that could compromise seal integrity, the system was subjected to a

24-hour stabilization period and a helium leak check prior to the integration of the

GPC into the vacuum holding tank system. The placement of the GPC within the

vacuum holding tank is shown in Figure 5.5 and a labelled CAD schematic is shown

in Figure 5.6.

Figure 5.6: Labelled schematic of the Gas Permeation Chamber.
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5.2.2 Geometrical Analysis of the Parker PTFE Seal

The Parker PTFE seal used in the GPC is a scaled-down version of ones that will be

used in the PICO-500 inner vessel. The GPC seal has an inner diameter of 159.66

mm and an outer diameter of 165.6 mm, while the PICO-500 seals have an inner

diameter of 477.00 mm and an outer diameter of 482.94 mm. This makes the PICO-

500 seals approximately 2.98 times larger in diameter than the GPC seals. Apart from

the difference in diameter, both seals use the same material, design, and thickness.

The geometry of a compressed seal was determined by a finite element analysis using

Autodesk Fusion 360. Figure 5.7 demonstrates the simulation in three steps were the

seal is compressed from a gap a 1.07 mm to 0.05 mm.

Figure 5.7: Autodesk Fusion 360 simulation of the Parker PTFE seal compression to
a 0.05 mm gap during flange displacement, used to estimate the active permeation
area and effective thickness of the seal.

Active Permeation Surface Area

The active surface area of a compressed PTFE seal for permeation to occur was

determined using the CAD modelling program, Autodesk Fusion 360. The surface

area can be calculated by selecting the ‘measure’ tool and applying it to each face

in the active region of the 3D model as highlighted in Figure 5.8. Upon calculating

the surface area of each face, these values were summed to determine the total active

surface area and are individually provided in Table 5.1. The total active surface

area was calculated to be 52.62 ± 2.79 cm2. Applying the same procedure to a
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PICO-500 scale model of a compressed PTFE seal produced an active surface area of

155.69± 8.32 cm2.

Figure 5.8: Active surface area regions for permeation to occur highlighted using
the compressed PTFE seal CAD model. Regions are defined by different planar and
curved segments. The total active surface area is the sum of all four regions and was
found to be 52.62 cm2 for the GPC seal.

Region
GPC Seal

Surface Area [cm2]
GPC Seal

Surface Area [cm2]
(Compressed)

PICO-500 Seal
Surface Area [cm2]

PICO-500 Seal
Surface Area [cm2]

(Compressed)

I 22.87 22.26 66.99 65.22

II 11.61 11.6 34.46 34.42

III 3.21 3.18 9.59 9.50

IV 20.51 15.58 61.29 46.55

Total Active

Surface Area 58.20 52.62 172.33 155.69

Table 5.1: Surface areas of regions I through IV for the GPC and PICO-500 seals,
along with the total combined surface area of a single PTFE seal, were determined.
These results were obtained from CAD models of the Parker PTFE seal, analyzed in
both uncompressed and compressed states. Definitions of the regions can be found
in Figure 5.8.

60



Effective Seal Thickness

To determine the effective thickness of the Parker PTFE seal, a DXF file, derived from

the CAD model of a 2D representation of a compressed PTFE seal, was used. This

file was imported into a Python script, designed to generate lines from starting points

along the high-pressure side (active permeation boundary) to the nearest termination

point on the low-pressure side (non-active boundary). The sealing contact point was

determined to be a distance of 3.572 mm beyond the inner diameter of the seal, based

on the apex position within the CAD program, marking the division between the two

boundaries.

The actual contact area, rather than a singular point, exhibited a thickness mea-

sured at 1.3 mm based on the ring indentation observed on an acrylic testing chamber

from the seal. Consequently, a condition was added to the script to exclude paths

that started near the contact point and traversed horizontally.

The script also included a correction to account for the increased surface area

at larger radii of the seal. Given the diversity of permeation paths, the effective

thickness was approximated by averaging both the arithmetic and harmonic means.

This method, formulated below, offers a conservative estimate, aiming to account for

an unweighted relationship between path lengths and a weighted average derived from

the harmonic mean. This approach broadly addresses the dependencies between seal

thickness and permeation rates.

l =
⟨l⟩Arithmetic + ⟨l⟩Harmonic

2
(5.11)

Error Estimate = |⟨l⟩Arithmetic − ⟨l⟩Harmonic| (5.12)

with the harmonic mean defined as:

⟨l⟩Harmonic =
N∑

1
Xi

(5.13)
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Here, l represents the effective seal thickness, N the number of paths simulated,

and Xi the ith path lengh simulated. From Equations 5.11 and 5.12 the effective

thickness was calculated to be 0.9± 0.1 mm. The variance in thickness is attributed

to the geometric complexity rather than a statistical variability. Figure 5.9 illustrates

the distribution of all path lengths across the seal.

Figure 5.9: Trajectory lines traversing the 2D profile of the compressed PTFE seal.
Shown are diverse path lengths from the active permeation boundary to the non-
active permeation boundary. The effective thickness of the seal was calculated to be
(0.9±0.1) mm.

5.3 Radon Permeability Estimate via Noble Gas

Proxies

Empirical research has shown that the logarithm of noble gas permeation coefficients,

along with diffusion and solubility coefficients, tends to exhibit a linear relationship

with the square of the kinetic atomic diameter [49], which is a description of the

effective size of colliding atoms. Figure 5.10 demonstrates the dependence of the log
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of the permeation coefficient to the atomic diameter squared of noble gases through

a variety of sealing materials [55].3 While this trend is not exclusive to noble gases,

their inert nature and spherical symmetry make it a particularly common observation.

Figure 5.10: Permeability of noble gases through different sealing materials as a
function of the square of atomic diameter [55].

5.3.1 Noble Gas Permeation Model

The dynamics of a gas in a closed constant-volume system are defined by the pressure

and temperature of the gas. The ideal gas law provides a straightforward model for

these dynamics, describing the gas as a collection of small, non-interacting particles

that undergo elastic collisions with the chamber walls, thereby generating pressure

within the chamber. The temperature of the gas correlates with the kinetic energy

of the particles and can be influenced by ambient temperature fluctuations if the

system is not thermally isolated. Gas pressure and temperature are directly related

and influence each other.

3Reprinted from “Permeability of noble gases through Kapton, butyl, nylon, and ‘Silver Shield’”,
S.J. Schowalter, C.B. Connolly, and J.M. Doyle, 267-271, Copyright (2010), with permission from
Elsevier
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The ideal gas law accurately describes the behavior of real, non-interacting gases,

particularly at pressures where the volume occupied by gas molecules is significantly

smaller than that of the chamber. The ideal gas law is given by [59]:

PV = nRT (5.14)

Where P is the pressure of the gas, V is the volume of the chamber, n is the

number of moles, R is the universal gas constant, and T is the absolute temperature

of the gas. The universal gas constant is defined as R = 8.3145 J ·mol−1 ·K−1 [59].

In the dynamics of an ideal gas permeating through a barrier, the number of

moles on the upstream pressure side decreases over time, affecting the pressure and

temperature of the system. Upon reaching steady-state permeation, the molar flow

rate remains constant. Denoted as ṅ, this rate can be determined by the pressure

loss rate (dP
dt
) obtained by differentiating the ideal gas law. A higher-order effect can

arise when ambient temperature fluctuations influence the gas pressure. A complete

description of the molar flow rate that includes changes in temperature over time

(dT
dt
), is as follows:

dn

dt
= ṅ =

dP

dt

V

RT
− PV

RT 2

dT

dt
(5.15)

Using the ideal gas molar volume conversion, the molar flow rate can be converted

directly into the volumetric flow rate at standard temperature and pressure (STP),

defined as PSTP = 101, 325 Pa and TSTP = 273.15 K. This ensures consistency in mea-

surements across different experimental conditions and setups. The STP corrected

volumetric flow rate is calculated as follows:

QSTP =

(
R
TSTP

PSTP

)
· ṅ = (22, 414

cm3

mol
) · ṅ (5.16)

If pressure and temperature data of an ideal permeating gas are recorded over time,

the permeation coefficient can be calculated using this corrected volumetric flow rate,
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along with the experimental parameters such as the thickness of the barrier (l), the

surface area for permeation (S), and the differential pressure across the barrier (∆P ):

Kp =
QSTPl

S∆P
(5.17)

5.3.2 Procedure

To estimate the radon permeability through the Parker PTFE seal, the permeation

coefficients for the five lower mass noble gases were determined. This experimental

approach is a modified version of the ISO 15105-1 standard procedure for measuring

permeability, which involves maintaining a constant upstream pressure while moni-

toring the rise in downstream pressure over time [60]. This pressure rise is directly

related to the volumetric flow rate of the gas through the membrane barrier. However,

due to the significant volume difference between the vacuum holding tank (213 litres)

and the GPC (1.2 litres), the pressure increase in the downstream volume is too small

to detect with the available sensor resolution and duration of the experiment.

The experiment was adapted to measure the drop in the upstream pressure only.

The adapted procedure is outlined below where all valve numbers referenced are

shown in the Piping and Instrumentation Diagram (Figure 5.11):

• Isolate the vacuum holding tank from the radon emanation chamber and main-

tain a constant vacuum on the system using an ACP-15 vacuum pump.

• Evacuate the permeation chamber and fill lines with a second ACP-15 pump.

A tee connection enables parallel connections to the gas cylinder and vacuum

pump, ensuring complete system evacuation to prevent contamination.

• Start the Radon DAQ LabVIEW program for Slow-ADC data collection and

pressure monitoring during the filling process.

• Isolate the permeation chamber (V6) and isolate the vacuum pump from the

fill line to maintain a vacuum in the system before turning the pump off.
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• Open the gas cylinder to pressurize the lines, and then gradually open the

isolation valve (V6) of the permeation chamber to control the pressure increase

and fill.

• Close all valves after filling.

The purity of the upstream gas is critical for the accurate results in this method as

pressure drops in the upstream pressure are the sum of partial pressure drops if more

than one gas is present. The upstream pressure drop is then used to determine the

volumetric gas flow rate as opposed to the downstream pressure rise as outlined in the

ISO 15105-1 standard procedure. Additionally, it is recommenced that a gas regulator

is to be set prior to filling the permeation chamber to prevent exceeding a threshold

pressure value. In this particular setup, the pressure transducer had a maximum

readout of 28 psia (1930 mBar). By keeping the vacuum holding tank pressure in

vacuum conditions, this effectively makes the GPC pressure the differential pressure

value in the experiment. The vacuum holding tank was held at a constant pressure

of 0.03 mBar.

Over a period of 3.5 days, pressures were recorded along with temperature read-

ings. Since the pressure differential is large the entire run, the permeation rate stays

approximately constant for the duration of the measurement. After each measure-

ment, the gas was evacuated using a vacuum pump and the system was continually

pumped down for 1-2 hours to ensure maximum gas dissolution and removal from the

permeation chamber.

5.3.3 Data Collection

The pressure and temperature data were collected using an updated version of the

UofA Radon DAQ (V3.0) LabVIEW program. One significant addition is the ca-

pability to save Slow-ADC data into a CSV file at a frequency of 1 Hz. A Python

library, specifically developed for this project, offers various functions for data analy-
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Figure 5.11: Piping and Instrumentation Diagram for the noble gas permeation setup.

sis. These functions include extracting data from CSV files, applying simple moving

averages, and modelling the data to determine the permeation coefficient.

The moving average function, which requires a user-specified window size, was

necessary to enhance the precision of measurements. This function was applied to all

Slow-ADC data. Due to the limitations of the 10-bit ADC, pressure measurements

had a resolution of ±2 mBar, and temperature measurements had a resolution of

±0.07°C.

All the datasets analyzed in this section use a window size of 10 minutes, which

gives N=600 data points for every interval. This value was manually chosen to balance

averaging out bit noise in the data, while maintaining ambient temperature influences

for improved data modelling.

67



5.3.4 Results and Discussion

The combined datasets showing the pressures and temperatures throughout the du-

ration of the measurement are presented in Figures 5.12 and 5.13, respectively. To

understand the behavior of the gas system, two pressure transducers (PT18 for the

vacuum holding tank and PT19 for the GPC fill line - Figure 5.11) were used along

with indirect measurements of gas temperature obtained from the strategically placed

temperature sensors. It was found that averaging the temperature readings from sen-

sors TT23 (located on the fill line) and TT21 (located on the GPC body) with weights

of 0.8 and 0.2, respectively, yielded consistent results among the datasets, except for

Helium, which was externally heated. In this case, only temperature sensor TT21

accurately reflected the gas temperature, as the heating process eliminated ambient

temperature influences.

Figure 5.12: Pressure changes of the five tested noble gases—He, Ne, Ar, Kr, and
Xe—permeating through the Parker PTFE seal over the measurement run-time.
Lighter gases show higher pressure loss rates as expected.
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Figure 5.13: Temperature fluctuations during permeation testing of the five noble
gases—He, Ne, Ar, Kr, and Xe—permeating through the Parker PTFE seal over the
measurement run-time. These variations primarily reflect the lab’s ambient condi-
tions. Helium underwent external heating to mitigate ambient temperature effects.

To accurately determine the pressure loss rate, a data cut was applied to all

datasets, excluding the first 20 hours of each measurement, with exceptions. This

exclusion accounts for the adiabatic compression experienced by the gas during the

filling process of the initially evacuated GPC. Typically, it took 10 to 15 hours for

the gas to reach thermal equilibrium with the surroundings, although the equilib-

rium time varied among datasets. In the case of the second run helium dataset (the

first was removed from analysis), the initial 35 hours were excluded due to the time

needed to achieve thermal equilibrium while heating the system. Additionally, the ar-

gon data were analyzed from the 50-hour to the 87-hour mark, focusing on a region of

temperature stability, as cyclic lab temperature fluctuations during the measurement

affected data quality.

The observation of the argon dataset influenced the decision to heat the second
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helium measurement run to maintain a controlled constant temperature during gas

permeation. The first helium run was removed from the analysis due to a faulty

connection on the temperature sensor TT21, and a second argon dataset was excluded

due to significant ambient temperature fluctuations. The high-quality data from the

second helium run suggests a new procedural step: adding an external heat source to

mitigate ambient temperature fluctuations for all future permeation measurements

using this method.

Figure 5.14 illustrates the fitting process used to determine the pressure loss rate

for neon over the 80-hour run-time. A least-squares fit was applied, returning a result

of 9.21±0.09×10−5 mBar/s with a reduced chi-squared of 0.26. The poor chi-squared

is a reflection of the large uncertainties in the pressure due to the quantization error

from the Slow-ADC. The change in temperature, dT/dt, was determined by taking a

numerical derivative of the temperature at each time step to properly calculate the

volumetric flow rate using Equation 5.17.

Figure 5.14: Pressure and temperature changes of neon gas permeating through the
Parker PTFE seal over the 80 hour run-time. The top panel shows pressure data.
The bottom panel displays the weighted gas temperature measurements.
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A summary table of the experiment conditions and fit parameters can be found in

Table 5.2. The calculated permeation coefficients for each noble gas along with the

extrapolated radon permeation coefficient of the Parker PTFE seal can be found in

Table 5.3.

Gas
Pinitial

(mBar)
TWeighted

(◦C)
dP/dt

(×10−5mBar/s)
χ2
red

(dP/dt)
dT/dt

(×10−6K/s)

Q

(×10−5 cm3(STP)
s

)

He* 1647 31.4 −14.7± 0.32 0.05 -5.54 19.2± 0.4

Ne 1866 23.9 −9.21± 0.85 0.27 -0.64 9.7± 0.1

Ar 1915 23.8 −7.33± 0.18 0.52 -2.76 6.2± 0.4

Kr 1824 23.8 −4.00± 0.09 0.05 -0.10 4.4± 0.2

Xe 1770 23.8 −4.34± 0.09 0.13 -1.27 4.0± 0.2

Table 5.2: Summary table of experimental conditions, fit parameters, and goodness
of fit measures from the noble gas experiments. Temperature sensor TT23 and TT21
were weighted by 0.8 and 0.2, respectively.
*Denotes the gas was heated with an external constant heat source. Only TT21 was
used for this analysis.

Gas Kinetic Diameter
(Å)

Kp

(×10−10 cm
3(STP)·cm

s·cm2·cm-Hg
)

He* 2.6 26.13± 3.44

Ne 2.75 12.44± 1.71

Ar 3.4 14.22± 3.06

Kr 3.6 8.92± 1.72

Xe 3.96 7.90± 1.30

Rn 4.57 5.10+0.92
−1.10 (Extrapolated)

Table 5.3: Summary table of the kinetic atomic diameters and calculated permeation
coefficients for each noble gas. The kinetic atomic diameters for the noble gases are
sourced from [54, 61]. The radon kinetic atomic diameter was sourced from [62].
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Using the logarithm of the five experimentally determined permeation coefficients

plotted against the square of their kinetic diameters, the radon permeation coefficient

was extrapolated to be Kp = 5.10+0.92
−1.10 × 10−10 cm3(STP) cm

s cm2 cm-Hg
, as depicted in Figure 5.15.

The permeation coefficient is known to be temperature dependent, suggesting that the

calculated permeation coefficient of helium is not in line with the trend of the other

four gases as it is on a different isotherm. However, this temperature dependency

was not considered during the extrapolation of the radon permeation coefficient. It is

assumed that the value calculated for helium is not significantly different from what it

would be if derived under the same isotherm as the other gases. The uncertainty in the

extrapolated radon permeation coefficient was assessed by determining the maximum

best-fit using the values of helium and argon in one limit, and the minimum best-fit of

neon and krypton in the second limit. The overall best-fit was determined by fitting

the least squares fit of all the data points.

The calculation of Kp values at each time step allows for obtaining the overall

time-averaged Kp by integrating these values across the duration of the experiment,

symbolized by tf :

Kp =
1

tf

∫ tf

0

Kp(t)dt (5.18)

The uncertainty in the permeation coefficient at any point in time, δKp, arises from

the uncertainties in flow rate Q, seal thickness l, active surface area S, and differential

pressure ∆P , calculated as follows:

δKp = Kp

√(
δQ

Q

)2

+

(
δl

l

)2

+

(
δS

S

)2

+

(
δ∆P

∆P

)2

(5.19)

To determine the error for the time-averaged permeation coefficient, δKp, the

square root of the average of the squared individual errors over all N measurements

is computed:
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δKp =

√√√√ 1

N

N∑
i=1

(δKp,i)
2 (5.20)

Figure 5.15: Semi-log plot of the permeation coefficient against the atomic diameter
squared for the five lower mass noble gases, extrapolated to radon. The green band
represents the fit uncertainty, with the upper limit derived from the maximum best
fit of helium and argon, and the lower limit derived from the minimum best fit of
neon and krypton.

5.4 Direct Radon Permeability Measurement

5.4.1 Radon Permeation Model

The transport and decay dynamics of radon permeating from a gas permeation cham-

ber and into an outer detection volume are governed by two coupled ordinary differ-

ential equations:

dAGPC

dt
= −rperm(AGPC − ADetector)− λRnAGPC

dADetector

dt
= +rperm(AGPC − ADetector)− λRnADetector

(5.21)
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Where AGPC is the radon activity within the GPC, ADetector is the radon activity

within the detection volume, λRn is the decay constant of Radon-222, and rperm is the

permeation rate constant.

By performing a numerical integration of this model using radon activity data

collected by a radon detector, it is possible to extract the permeation rate constant,

rperm, as a single fitting parameter.

By applying appropriate initial conditions for a radon permeation measurement,

and assuming that the radon activity in the Gas Permeation Chamber is much greater

than that in the detection volume (AGPC ≫ ADetector) at any time t during a mea-

surement, the equations in 5.21 can be simplified as follows:

dAGPC

dt
= −rpermAGPC − λRnAGPC

dADetector

dt
= +rpermAGPC − λRnADetector


AGPC(t = 0) = A0

ADetector(t = 0) = 0
(5.22)

With this simple coupled differential equation and this set of initial conditions

where A0 is the initial radon activity, the analytic solution then takes the form:

AGPC(t) = A0e
−(λRn+rperm)t,

ADetector(t) = A0

[
1− e−rpermt

]
e−λRnt

(5.23)

In the first equation, the addition of the permeation rate constant (rperm) to the

decay constant (λRn) acts as an effective decay constant, accelerating the loss of ac-

tivity inside the chamber as expected. The second equation describes radon activity

within the detector, comprising of two exponential terms: 1− e−rpermt, which models

the accumulation of radon over time as it permeates into the detection volume; and

e−λRnt, the exponential decay term. The overall effect is an increase in radon activ-

ity due to permeation in the detection volume, modulated by the ongoing decay of

radon. Together, these equations provide a comprehensive model for determining the

evolution of radon gas within both the GPC and the detection volume at any given

time.
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Once the permeation rate constant is determined by numerical integration tech-

niques, Equation 5.23 can be combined with the ideal gas law (Equation 5.14) to

calculate the radon gas differential pressure ∆P (t) across the seal at any time t dur-

ing the measurement:

∆P (t) =
RT

λRnNA

[
AGPC(t)

VGPC

− ADetector(t)

VDetector

]
(5.24)

Where T is the average absolute temperature of the system, NA is Avogadro’s

constant, VGPC is the inner volume of the GPC, and VDetector is the volume of the

detection system (Vacuum holding tank and the radon emanation chamber).

The fit parameter rperm quantifies the fraction of radon activity expected to per-

meate through the seal per unit time. The product rperm · A(t)Total then represents

the total rate of radon activity permeating across the seal, Ȧperm. Evaluating the

permeating activity allows for conversion into a volumetric flow rate through the

seal:

QSTP =

(
R
TSTP

PSTP

)
· Ȧperm

λRnNA

= (22, 414
cm3

mol
) · Ȧperm

λRnNA

(5.25)

Where the ratio Ȧperm

λRn
represents the number of permeating radon atoms per unit

time.

Calculating ∆P and Q enables the determination of the permeation coefficient in

units compatible with the noble gas measurements, facilitating direct methodologi-

cal comparison. Substituting Equation 5.24 and Equation 5.25 into the permeation

coefficient Equation 5.9 yields:

Kp(t) =
l

S

Ȧperm

T

(
TSTP

PSTP

)[
AGPC(t)

VGPC

− ADetector(t)

VDetector

]−1

(5.26)
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5.4.2 Procedure

The measurement of radon permeability through the Parker PTFE seal utilizes the

setup described in Section 5.3, with the addition of the radon emanation chamber

described in Sections 4.2 to 4.4. The configuration changes are detailed in the Piping

and Instrumentation Diagram shown in Figure 5.16. Temperature monitoring during

the experiment is conducted with the sensor located on the coaxial fill line (TT23).

This sensor provides the average temperature of the system throughout the duration

of the experiment.

Figure 5.16: Piping and Instrumentation Diagram of the radon permeation measure-
ment.

Prior to the permeation measurement, the system was subjected to a background

run equal to one half-life of Radon-222 to allow any residual radon in the system to

decay to intrinsic background levels adhering to the procedure outlined in Section

4.3.3. Subsequently, the system was prepared for a radon permeation measurement
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following the steps detailed below:

• Evacuate and then fill the GPC with nitrogen gas to 850 mBar.

• Isolate the GPC (by closing valve V6) and the gas cylinder, then evacuate both

the fill line and the GPC.

• Repeat this purging process 2-3 more times to effectively remove any ambient

radon.

• After the last purge, the GPC is left under vacuum and isolated by closing V6.

• Start a new run on the Radon DAQ labVIEW program to monitor the radon

fill. Ensure the high voltage supply is set to the operational value.

• Connect the radon source to the GPC fill line as shown in Figure 5.16.

• Open valves V5, V6, and the radon source output valve (gradually) to equalize

the radon concentration between the radon source and GPC volume.

• Flow nitrogen gas through the radon source at a rate not exceeding 10 litres per

minute, as recommended by the manufacturer [48], to transport the remaining

radon from the source to the GPC. Lower flow rates are preferred.

• Fill the GPC up to the maximum readout of PT19 (28 psia) to maximize radon

transfer into the GPC.

• Isolate the GPC and close all valves in reverse order: V6, V5, radon source

output and input valves, and V4.

• Restart a new run in the Radon DAQ LabVIEW program to begin the data

collection.

A critical value to determine, following these procedures, is the radon activity in the

GPC after purging the source. The source was allowed to recharge for 21 days prior
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to this measurement, yielding a total activity of 909 Bq, as calculated using Equation

4.12. Upon opening the source outlet valve, equilibrium between the radon source

and the GPC was assumed, resulting in the dilution of the total radon concentration

to 593 Bq per litre across the combined volume. Subsequent purging with nitrogen

gas transported the remaining 186 Bq of activity into the GPC. After filling the GPC

and initiating data collection with LabVIEW, a final purge of the radon source into

an evacuated 10-litre tank, monitored using a RadonEYE detector, was performed.

Initial readings revealed a residual activity of 6 Bq, confirming the source depletion

and validating the initial activity estimate within the GPC to be within less than one

percent of the expected activity, thus confirming the overall procedural methodology.

5.4.3 Data Collection

Data collection is conducted using the RadonDAQ (V3.0) LabVIEW program, which

utilizes the custom 8-channel MCA (multi-channel analyzer) for processing event and

Slow-ADC data, as detailed in Section 4.2. A Python script was developed to convert

ROOT files into CSV files using the Uproot library.

Readings from the Slow-ADC, including pressure, temperature, and high voltage,

were analyzed in Python. Python functions detailed in Section 5.3 were adapted and

generalized to handle both types of measurements.

5.4.4 Results and Discussion

The experimental data collected from the radon detector system were analyzed to

determine the radon permeation rate constant through the Parker PTFE seal. The

permeation rate constant was determined through numerical integration of the exper-

imental data using the model described by Equation 5.22. The best fit was obtained

using a non-linear least squares method, with the resulting permeation rate constant

found to be rperm = (206 ± 1) × 10−10 s−1 in the Polonium-214 decay channel and

rperm = (209± 1)× 10−10 s−1 in the Polonium-218 decay channel. Figure 5.17 shows
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the corrected activity count rates (Bq) binned every 4 hours throughout the 25-day

measurement. The resulting reduced chi-squared values of 1.33 for Polonium-214 and

1.70 for Polonium-218 channel confirm that the model fits the data well enough for

both decay channels.

Using the permeation rate constant parameters obtained from fitting the data

of both decay channels, the radon permeation coefficient, Kp, of the Parker PTFE

seal was calculated using Equation 5.26. The radon activity model of the system

(black), GPC (red), and the detection volume (green) are shown in Figure 5.18 for

the experiment run-time and were used to calculate the volumetric flow rate and

differential pressure across the seal. The average temperature during the experiment

was determined to be 296 K, and the volume of the detection system was calculated

as 0.370 m3. Given that Kp values are derived at every time step, the overall time-

averaged Kp was determined by integrating these values over the entire duration of

the experiment, as presented in the noble gas measurements Section 5.3.4 (Equations

5.19-5.21).

The Radon-222 time-averaged permeation coefficients, calculated using the Polonium-

214 and Polonium-218 decay channels, were found to be (5.33±0.69)×10−10 cm3(STP) cm
s cm2 cm-Hg

and (5.40± 0.70)× 10−10 cm3(STP) cm
s cm2 cm-Hg

, respectively. The weighted time-average Radon-

222 permeation coefficient is then (5.37± 0.49)× 10−10 cm3(STP) cm
s cm2 cm-Hg

.
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Figure 5.17: Measured radon activity over time for the Polonium-214 (top panel) and
Polonium-218 (bottom panel) decay channels as radon permeates through the Parker
PTFE seal. Error bars represent Poissonian uncertainties. The red curve (top panel)
and blue curve (bottom panel) depict the best fit to the experimental data.
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Figure 5.18: Modelled radon activity over time of the total activity, GPC, and the
detection volume using the calculated permeation rate constant from the Polonium-
214 decay channel and Equation 5.23.

5.5 Summary of Results

A complete summary table of the permeation coefficients calculated in Sections 5.3

and 5.4 can be found in Table 5.4 below. The results obtained from both methods

are consistent, falling within the error margins of each measurement.

This study presents two independent determinations of the radon permeation co-

efficient Kp through a Parker PTFE seal, a parameter not previously reported in the

literature. The absence of similar studies on radon permeation through modern, vir-

gin PTFE materials highlights the importance of these two experiments. Consistent

results from these measurements strengthen the reliability of the Kp value, which

is essential for estimating the radon background resulting from permeation into the

PICO-500 active volume. To provide a comprehensive view, Figure 5.19 includes

the radon permeation coefficient alongside the coefficients for the lighter mass noble

gases, expanding upon the previous Figure 5.15.
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Gas Atomic Diameter
(Å)

Kp

(×10−10 cm
3(STP)·cm

s·cm2·cm-Hg
)

He* 2.6 26.13± 3.44

Ne 2.75 12.44± 1.71

Ar 3.4 14.22± 3.06

Kr 3.6 8.92± 1.72

Xe 3.96 7.90± 1.30

Rn 4.57 5.10+0.92
−1.10 (Extrapolated)

5.37± 0.49 (Measured)

Table 5.4: Complete summary table of the kinetic atomic diameters and the calculated
permeation coefficients for all measured noble gases. Kinetic atomic diameters of the
noble gases are sourced from [54, 61]. The radon kinetic atomic diameter was sourced
from [62].

Figure 5.19: Semi-log plot showing the permeation coefficient against the atomic
diameter squared for six noble gases, with the best fit line based on the five lower
mass gases. The green band represents the fit uncertainty, with the upper limit
derived from the maximum best fit of helium and argon, and the lower limit derived
from the minimum best fit of neon and krypton.
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The noble gas extrapolation method yielded a radon permeation coefficient of Kp =

5.10+0.92
−1.10 × 10−10 cm3(STP) cm

s cm2 cm-Hg
, while the direct method resulted in a weighted average

radon permeation coefficient of Kp = 5.37 ± 0.49 × 10−10 cm3(STP) cm
s cm2 cm-Hg

. Combining

both values by taking another weighted average, a radon permeation coefficient of

Kp = 5.32±0.41×10−10 cm3(STP) cm
s cm2 cm-Hg

was derived by assuming an averaged error of the

upper and lower bounds of the first measurement.

5.6 Estimated PICO-500 Background Rate due to

Radon Permeation

Minimizing radioactive backgrounds is essential for PICO-500, which is designed to

measure ultra-rare events. With the radon permeation coefficient experimentally

determined, this value can be applied to estimate the radon activity in the PICO-

500 active volume due to permeation. This calculation utilizes the radon permeation

coefficient found in Section 5.4 and considers the contribution of the four Parker

PTFE seals isolating the active volume of the inner vessel from the pressure vessel.

5.6.1 Calculating the PICO-500 Radon Permeation Rate Con-
stant

The Crystal Plus CP70F mineral oil, selected as the hydraulic fluid for the PICO-

500 pressure vessel, was assessed to have an upper bound radon specific activity of

0.4 mBq/kg, determined through gamma emission analysis of Radium-226 in a 450.2

g sample performed at SNOLAB [63]. Based on this upper limit, the total radon

emanation rate is estimated to be 3.27 Bq, considering the 18,000 lbs of mineral oil

to be used to fill the PICO-500 pressure vessel [64].

The set of coupled differential equations describing the change in radon atoms

within the pressure vessel and the active volume of the inner vessel, considering a

constant source of radon activity, decay, and permeation, is as follows:
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dNPV

dt
= −rpermNPV − λNPV + E (5.27)

dNIV

dt
= rpermNPV − λNIV (5.28)

Where NPV is the number of radon atoms in the pressure vessel, NIV is the number

of radon atoms in the active volume of the inner vessel, λ is the Radon-222 decay

constant, E is the total radon emanation rate of the mineral oil, and rperm is the radon

permeation rate constant. Equation 5.27 is solved assuming zero radon activity as an

initial condition, yielding the following expression for NPV (t):

NPV (t) =
E
(
1− e−(λ+rperm)t

)
(λ+ rperm)

(5.29)

To determine the steady-state limit of the radon activity in the pressure vessel,

Equation 5.29 is taken to the limit t → ∞, and both sides are multiplied by λ to

obtain the radon activity. The result is an expression in terms of rate constants as

follows:

APV, Steady State =
E · λ

(λ+ rperm)
(5.30)

Equation 5.28 can be solved by substituting the steady-state limit of NPV obtained

from Equation 5.29 into Equation 5.28:

NIV (t) =
E · rperm

(
1− e−λt

)
λ(λ+ rperm)

(5.31)

Taking the limit as t → ∞ of Equation 5.31 and multiplying both sides by λ to

obtain the radon activity yields another expression in terms of rate constants:

AIV, Steady State =
E · rperm

(λ+ rperm)
(5.32)

In the steady-state limit, when the system reaches dynamic equilibrium, the radon

activity in the inner vessel due to permeation can be determined using Equation
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5.32, provided that the permeation rate constant rperm is known. Since the rperm is

a experimental parameter it must be determined numerically in the context of the

system being investigated. Equation 5.26 can be explicitly expressed as a function of

rperm within the context of PICO-500 in the steady-state limit:

Kp(rperm) =
l

S

rperm · E
T

(
TSTP

PSTP

)[
E · λ

(λ+ rperm)

1

VPV

− E · rperm
(λ+ rperm

)
1

VIV

]−1

(5.33)

Four physical parameters differ between the UofA experimental setup and PICO-

500: the temperature of the radon gas T (-40°C), the radon origin volume VPV (8830

litres [64]), the radon permeation volume VIV (500 litres [64]), and the active perme-

ation surface area S of the seal (155.62 cm2). Since the only unknown in this equation

is rperm, a numerical root-finding algorithm can be applied to Equation 5.33 to solve

for rperm when Equation 5.33 takes the following form:

f(rperm) =
l

S

rperm · E
T

(
TSTP

PSTP

)[
E · λ

(λ+ rperm)

1

VPV

− E · rperm
(λ+ rperm

)
1

VIV

]−1

−Kp

(5.34)

Using the fsolve function from the scipy library in Python, the permeation rate

constant rperm was found to be 6.8 × 10−12 s−1. Substituting this value into Equa-

tion 5.32, the radon activity is calculated to be 0.9 Radons/Day for one PTFE seal.

Accounting for all four PTFE seals, the total radon activity due to permeation is

estimated to be 3.7 Radons/Day. It’s important to note that the parameters for all

seals were considered constant, despite a minor geometric difference in one of the

seals.

As a comparison, the radon emanation rate from eight elastomer seals tested in

PICO-40L was reported to be 134.55± 4.91 Radons/day [65]. In contrast, the radon

emanation rate for a single Parker PTFE seal, measured at Queen’s University (see

Appendix A), was found to be 6.39±12.16 Radons/day. This results in a total radon

rate contribution of approximately 7.6 Radons/day for one PTFE seal in PICO-
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500, representing a 55% reduction compared to one PICO-40L elastomer seal. By

accounting for the emanation rate and permeation rate of all four PTFE seals, a

total radon rate was calculated to be 30.5 Radons/Day. This results highlights the

effectiveness of the Parker PTFE seals as low radon background contributors in this

type of environment.

5.6.2 Implications for PICO-500 and Beyond

Determining the permeation coefficient Kp and the permeation rate constant rperm

for the Parker PTFE seal is crucial for the success of future dark matter search

experiments and ultra-low background detectors that incorporate or will incorporate

PTFE seals within their detection volumes. This research not only addresses a gap

in the existing literature but also lays the groundwork for future studies, particularly

those exploring the temperature dependency of the permeation coefficient, an aspect

not investigated in this thesis. Given that the temperature-dependent permeation

coefficient is expected to follow the Arrhenius equation, it is anticipated that at

the operational temperatures of −40◦C to −50◦C in PICO-500, the true permeation

coefficient—and thus the true radon permeation rate—will be lower than what has

been reported here. Moreover, it’s known that radon transport through liquids has

significantly lower diffusion coefficients compared to transport in gases [66]. If the

diffusion time is on the order of the Radon-222 half-life, it could potentially reduce

the amount of radon activity in the inner volume. Consequently, the values presented

here represent an upper limit for the radon permeation coefficient and permeation

rate with respect to PICO-500.

The assessment of the radon permeation coefficient through the Parker PTFE seal,

conducted via two independent methods, provides insights into the performance of

the seal against radon transport. The evident lack of comprehensive studies on this

subject as a whole highlights an area in need of further exploration and the creation

of standardized methods for testing radon permeation rates.
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Chapter 6

PICO-500 Quartz Vessel Cleaning

6.1 Introduction

The first run of PICO-60, which used a CF3I target, demonstrated the need for the

implementation of cleaning procedures for the quartz vessels prior to detector assem-

bly. Anomalous events were observed, which mimicked a WIMP signal in the acoustic

detection system [67]. However, these anomalous events consistently occurred after

an expansion of the detector, which goes against the expectation of a constant WIMP

signal in time, and had higher event rates near the walls and the Freon-water buffer

[67]. An investigation into particulate contamination within the inner vessel of the

PICO-60 detector revealed significant levels of dust and other particulates [67]. This

led to the adoption of specialized cleaning procedures aimed at comprehensively re-

moving all types of particulates. The implementation of these procedures, coupled

with detailed sample analysis, was essential in achieving an anomaly-free background

in the second run of PICO-60 [67]. This chapter outlines effective strategies for the

removal of particulates and dust from quartz vessel surfaces. Building upon and refin-

ing methods previously used in PICO-60 and PICO-40L, a cleaning protocol for both

the inner and outer surfaces of the PICO-500 quartz vessels was developed. This pro-

tocol aims to meet the IEST-STD-CC1246D-25 standard, which specifies cleanliness

levels for various particulate size bins [68].
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6.2 Cleaning Cart

The PICO-500 cleaning cart, referred to as the PICO-500 Dishwasher [69], is engi-

neered to circulate, filter, and heat cleaning fluid and is equipped with two Sand-

piper air-operated double diaphragm (AODD) pumps, a Blacoh pulsation dampener

to dampen fluid pressure oscillations, and dual 20” filter housings with 0.05-micron

TefTec PTFE membrane cartridges [70]. It also features two Omega heater tapes

wrapped around a stainless steel PTFE lined flex hose to increase fluid temperature

to improve soap activation, along with pressure and temperature sensors, and a pH

sensor to verify the rinsing process. Inline water temperatures were found to stabilize

at 30°C from the external heating. Control and data acquisition are facilitated by

a National Instruments Compact Fieldpoint I/O, which interfaces with a LabVIEW

program. The plumbing utilizes Chlorinated-PVC (CPVC) for its high temperature

tolerance and vast chemical compatibility, ensuring that all wetted components are

plastic to prevent the possibility of metallic deposition on the quartz surfaces. This

allows the ability to use 20% nitric acid, which is a strong oxidizing acid that can dis-

solve metals, making it effective for removing metal ion deposits from quartz surfaces

if necessary.

Additionally, for operator safety, the cleaning cart is fully enclosed with acrylic

panels utilizing the 8020 aluminum extrusion frame slots, and all hand-operated valves

can be actuated from the top of the cart. The inside of the cart can be accessed from

two panel doors for maintenance and sample taking.

A Piping and Instrumentation Diagram, along with a labelled CAD model of the

PICO-500 dishwasher, are shown in Figures 6.1 and 6.2, respectively.

6.2.1 Cleaning DAQ Software Overview

A LabVIEW program developed for the cleaning procedures provides user control over

the cleaning cart via a graphical interface (Figures 6.3 and 6.4). It manages the com-
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Figure 6.1: Piping and Instrumentation Diagram of the cleaning cart (Dishwasher)
used for cleaning the PICO-500 quartz vessels.

pressed air input to operate the diaphragm pumps, which are regulated by normally

closed solenoid valves, and also controls the heater tapes via two relay switches. The

program includes fail-safes for unsupervised operations, such as automatic shutdown

for detected leaks by monitoring average pressures, and thermal runaway protection

to prevent heater tape temperatures from exceeding 180°C. Users can choose between

two modes: ‘manual’ for tasks that involve filling, draining, sample taking, and gen-

eral testing; and ‘circulation’ for automatic operation of the pump and heater tapes

with the aforementioned built-in fail-safes.

The program also saves the data of the pressure, temperature, and pH readings

into an Excel file for further analysis. Remote viewing is possible through a webcam

feed, allowing oversight of difficult to access areas. User inputs and switch activations

are logged into a separate Excel file, providing detailed documentation of operations.
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Figure 6.2: Labelled CAD model of the PICO-500 Dishwasher.
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Figure 6.3: PICO-500 Dishwasher DAQ V2.0 interface (Part 1): Users log in by
selecting their name and the surface to be cleaned.

Figure 6.4: PICO-500 Dishwasher DAQ V2.0 Interface (Part 2): This tab enables
users to control system components, including pumps and heaters, and to monitor
sensor data through the ‘Plots’ tab menu.
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6.3 Standard Cleaning Procedures

To establish a baseline for cleanliness, the cleaning system, defined as the PICO-

500 Dishwasher and the surface cleaning setup, circulates UPW for a 24-hour period

before the introduction of Alconox. This baseline assessment allowed for monitoring

the level of cleanliness and the reduction of particulates over time. For uniform

cleaning of all surfaces, a solution of 0.08-0.1 grams of Alconox per liter of UPW was

used, which represents the highest concentration that avoids excessive foaming and

has a typical pH range of 8.0-8.9. The quartz vessels were cleaned with this solution

for 1-2 days. Following this cleaning cycle, the system was thoroughly flushed with

UPW until the pH sensor readings aligned with the UofA’s UPW water supply line,

which has a pH range of 6.0-6.5, and until no visual signs of detergent residue were

present. Figure 6.5 shows the soap flushing process from a cleaning test run. The

flushing involved intermittent 10 minute circulations to ensure thorough mixing and

dilution of the UPW and Alconox solution. After the detergent was removed, the

system circulated UPW for an additional 1-2 hours before a sample was collected,

with a second sample taken after another 1-2 hours of circulation.

To address potential radon contamination during cleaning, mitigation strategies are

implemented for each surface, typically by maintaining a slight positive pressure of

nitrogen gas at 8 psi to flush the lab air from the cleaning setup volume or employing a

vacuum where possible. Detailed mitigation techniques for each surface are provided

in their respective sections.

Nitrogen gas drying procedures follow the cleaning steps and is a continuation of

the nitrogen gas purging. Typically, drying periods with nitrogen last up to 24 hours,

as determined by visual inspection of the drying progress.

92



Figure 6.5: Change in pH levels during a UPW flushing after a soap cleaning cycle
using Alconox. The black horizontal line indicates the pH stabilization point.

6.3.1 Outer Quartz Vessel

Outside Surface

The outer quartz vessel cleaning setup for the outer surface includes two 120° and

two 60° fulljet spray nozzles for comprehensive coverage of one quadrant of the outer

quartz vessel. A Piping and Instrumentation Diagram, along with a labelled CAD

model of the cleaning setup are shown in Figures 6.6 and 6.7. The vessel is sealed

against an HDPE base plate using an HDPE split flange, M10 bolts torqued to 96

in-oz, and a 1/4” Viton O-ring. The nozzles are strategically placed along two adja-

cent corners to optimize spray reach and pressure. For complete vessel cleaning, the

enclosure must be manually lifted and rotated to cover all quadrants sequentially. Ad-

ditional plumbing at the base of the enclosure enables supply line connection points

on each side. The two spray nozzle lines can operate both together and indepen-

dently, a feature adapted from observing varied pressure levels during tests: dual-line

operation reaches up to 34 psi, while a single line achieves 48 psi. The manufacturer

recommends maintaining a target pressure between 20-80 psi per nozzle to achieve

the specified spray angle [71].
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Figure 6.6: Piping and Instrumentation Diagram of the cleaning setup for the outside
surface of the outer quartz vessel.

A 1/4” PTFE tube functions as the nitrogen gas inlet and includes a flow indicator.

The top of the enclosure features a 1/2” diameter opening designated as the nitrogen

gas outlet, fitted with a 15 psi pressure relief valve and a flow indicator. The larger

size of this opening is critical to prevent internal pressurization.
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Figure 6.7: CAD model showing the outer surface cleaning setup of the outer quartz
vessel, demonstrating the spray pattern and flow processes.

Inside Surface

The cleaning process for the inner surface of the outer quartz vessel uses the same

cleaning setup as that of the outer surface. However, the supply line from the dish-

washer connects to the inlet of the inner cleaning connection, and the orientation of

valve V-8 (Figure 6.8) is changed to pump from the drain used for inside cleaning.

The system features a self-propelling PTFE 360° Tankjet spray nozzle [72], which is

centrally positioned inside the quartz vessel and capable of reaching 35 psi during

normal operations.

This system uses positive nitrogen gas pressure to displace ambient lab air, utilizing

a coaxial line configuration that combines a 1/4” PTFE hose within a 1/2” CPVC

pipe inside the cleaning setup. This configuration adapts to a KF-25 vacuum line on

the outer connection. A modified KF-25-to-1/4” compression fitting adapter allows

the PTFE hose to be coaxial while ensuring a seal through the compression of the

Swagelok fitting ferrules. Nitrogen gas exits through a KF-25 tee port, with a 15 psi

pressure relief valve attached to prevent system overpressurization. A labelled CAD
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model of this cleaning setup is shown in Figure 6.9.

Figure 6.8: Piping and Instrumentation Diagram of the inside surface cleaning of the
outer quartz vessel.

6.3.2 Inner Quartz Vessel

Outside Surface

The cleaning setup for the outer surface of the inner quartz vessel includes three

PVDF nozzles, each with a 120° spray angle, arranged in a circular formation above

the vessel. To minimize unnecessary contact with this active target surface, flange

connections were omitted. Instead, the inner volume of the quartz vessel is subjected

to a vacuum, compressing a 1/4” Viton O-ring between the vessel and the HDPE

base plate. This effect is achieved with an acrylic vacuum plate that seals against the

bottom of the base plate also using a 1/4” Viton O-ring. Equipped with a vacuum

gauge and valve, the vacuum plate allows for monitoring and maintaining the vacuum

seal without the continuous operation of the vacuum pump. The evacuation of the

inner volume also serves as a radon mitigation step by preventing ambient radon
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Figure 6.9: Labelled CAD model of the outer quartz vessel cleaning setup.

exposure. Additionally, the system is enclosed using a standard HDPE tank modified

with a custom hot-gas-welded HDPE flange to act as an enclosure. A 4-way split

aluminum top flange is placed on top of the HDPE flange to prevent deformation

during the sealing phase. This enclosure is sealed against the HDPE base plate with

an in-house-made 871 mm diameter Viton O-ring and fastened to an aluminum base

flange with twenty-four 1/2” bolts. Empirical testing determined that the minimum

required torque to seal the enclosure effectively is 50 in-lbs.

Initial tests revealed that activating all three spray nozzles simultaneously failed

to achieve the necessary pressure for effective cleaning. The pressure of the system

averaged only 7 psi, which was deemed poor in terms of performance [71]. Further-

more, a nitrogen flush system was necessary to facilitate proper radon mitigation. To

address these concerns, a manifold was designed with six 3-way valves and incorpo-

rated into the setup, allowing one nozzle to be operated at a time for cleaning, while

repurposing the remaining two nozzle lines for nitrogen gas inflow and outflow. Oper-
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ating one nozzle increased the system pressure to an average of 35 psi. Both nitrogen

gas lines are outfitted with flow indicators, and a 15 psi pressure relief valve was

installed on the outflow line. Figure 6.10 illustrates the Piping and Instrumentation

Diagram for each operational mode. Alternating among these configurations ensures

both comprehensive cleaning of the inner quartz vessel and effective radon mitigation.

Figures 6.11 and 6.12 both display labelled CAD models illustrating spray angles and

referenced components.

Figure 6.10: Piping and Instrumentation Diagram of the outer surface cleaning of the
inner quartz vessel (Orientation 1).
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Figure 6.10: Piping and Instrumentation Diagram of the outer surface cleaning of the
inner quartz vessel (Orientations 2 and 3).
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Figure 6.11: CAD model of the inner quartz vessel cleaning setup of the outer surface
showing spray angles and flow processes.

Figure 6.12: Labelled CAD model of the outer surface cleaning setup for the inner
quartz vessel, highlighting the cleaning system components.
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Inside Surface

The inner surface of the inner quartz vessel is set to be cleaned during the inner

vessel (IV) assembly, utilizing a custom HDPE flange that interfaces with an acrylic

cleaning plate, originally designed for PICO-40L cleaning procedures. A Piping and

Instrumentation Diagram is shown in Figure 6.13. A centrally positioned inlet line to

the 360° spray nozzle is coaxial to the drain line as shown in Figure 6.14. Additionally,

the design incorporates a coaxial nitrogen gas feed and outlet system, featuring a

15 psi pressure relief valve on the outlet, mirroring the technique used for radon

mitigation on the inner surface of the outer vessel.

Figure 6.13: Piping and Instrumentation Diagram of the inner quartz vessel cleaning
setup on the inner vessel assembly table.

Although only limited testing was performed at the University of Alberta of this

setup, the implementation of a 360° PTFE Tankjet spray nozzle is expected to achieve

pressure levels sufficient for comprehensive cleaning based on the results from the

inner surface of the outer quartz vessel.
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Figure 6.14: Labelled CAD model illustrating the cleaning setup for the inner surface
of the inner quartz vessel during the detector assembly.

6.4 Sampling Procedure

The initial step in the sampling procedure involves disconnecting and removing the

primary filter housing from the PICO-500 Dishwasher at the CPVC threaded unions.

Additionally, there is a provision for the removal and cleaning of the secondary fil-

ter housing after every other sample. To avoid contamination from external sources,

double-gloving procedures and measures to minimize exposure to lab air are imple-

mented. Threaded union caps are installed on the main lines and the filter housing

lines during disassembly as a first step to maintain minimal exposure. The filter

housing is only opened at a UPW source to allow for thorough rinsing of both the

housing and the filter cartridge, specifically targeting settled particulates that could

inaccurately indicate a lower water cleanliness level, thereby potentially skewing the

results. After reinstalling the filter housing, the system is set to circulate UPW, with

1-2 litres of water purged through the sample port to eliminate any remaining settled

particulates. Water sampling for particulates is conducted using an Advantec filter

102



housing, equipped with a 0.2-micron, 25 mm diameter PTFE hydrophilic membrane

filter. The subsequent installation of the Advantec housing and the passage of one

liter of UPW through the sample filter, while circulating, ensures that the filtered wa-

ter accurately represents the true suspended particulate size and count distribution

(Figure 6.15).

Figure 6.15: Sampling the UPW after a cleaning cycle of the outer quartz vessel.

For sample retrieval, the Advantec housing must be completely dismantled within

a clean room while following clean room protocols (Figure 6.16). The sample is then

carefully placed in a petri dish using clean, sterile tweezers, and sealed in a plastic

sealable bag for a 24-hour drying period. The procedure also includes rinsing the

Advantec housing and components with UPW before installing a new filter sample

and storing it in a protective bag when not in use.

6.5 Sample Analysis and Results

Sample Analysis

The analysis of the sample is conducted using a microscope to image the hydrophilic

PTFE membrane filter. Figure 6.17 displays an optical image of a filter used during

the testing phase for cleaning the outer surface of the outer quartz vessel, captured

at 10x magnification. The image reveals small particulates, the origins and compo-
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Figure 6.16: Dismantled Advantec filter housing.

sition of which remain unidentified. To ensure a comprehensive analysis, 45-50 non-

overlapping images are captured, covering ≥ 10% of the filter area. Overlaps between

images are avoided by shifting each subsequent image 1.2 mm in the x-axis and 0.8

mm in the y-axis when near the edge of the filter. The set of images is analyzed using

a image processing script in Matlab, which quantifies the particulate size (measured

along the longest axis) and count through image analysis techniques. The analysis

aims to compare the particulate concentration distribution against three IEST stan-

dards: IEST-STD-CC1246D-25, IEST-STD-CC1246D-50, and IEST-STD-CC1246D-

100, with the goal of meeting the requirements set by the IEST-STD-CC1246D-25

standard, as illustrated in Figures 6.18, 6.19, and 6.20. Due to time constraints, a

complete cleaning operation and sampling of the inner surface of the inner quartz

vessel was not conducted.

Results

Particulate concentration within the IEST-STD-CC1246D-25 standard range was typ-

ically achieved within a 5 to 7 day continuous cleaning run. It is noted that the ab-

sence of nitrogen purging systems, inconsistent heating periods, supplied UPW that

was of sub-optimal quality, and operations performed in a non-clean room environ-
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Figure 6.17: Microscopic image at 10x magnification of a section from sample EP-
280823-OJOS-1, revealing particulates of unknown composition and origin.

ment during these runs were factors that directly impacted the results. These issues,

along with variations in sample-taking techniques, led to differences in the particulate

concentration distributions. However, meeting the IEST-STD-CC1246D-25 standard

was still achieved through the application of proper sampling techniques.

As a demonstration of particulate reduction over time, the sample filter area-

corrected total particulate concentration was calculated for each sample. The data of

the outer vessel inside surface and outside surface were modelled with a generalized

exponential decay function:

C(t) = CR + (C0 − CR) e
− t

τ (6.1)

Where C(t) represents the total particulate concentration at time t, CR is the

residual particulate concentration, C0 is the initial particulate concentration, and τ

is the time constant.

Figure 6.21 shows the results for the inner surface of the outer quartz vessel after

operating the cleaning system for 21 days, with intermittent stops for sample col-
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lection. The variability in the results is attributed to experimentation with different

sample collection techniques. Notably, implementing stringent and consistent sam-

ple collection measures (Section 6.4) for the outer surface of the outer quartz vessel

led to significant improvements in the results, as shown in Figure 6.22. The outlier

observed on day 3, was a result from a leak in the Advantec filter housing due to

a warped O-ring. For the second measurement that day, the O-ring was replaced,

proper sampling procedures were followed, and the results remained consistent with

particulate reduction over time.

Figure 6.18: Particulate concentration on the inner surface of the outer quartz vessel
after 15 days of continuous cleaning. Results agree with the IEST-STD-CC1246D-25
standard. Error bars of each bin represent the 90% confidence interval.
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Figure 6.19: Particulate concentration on the outer surface of the inner quartz vessel
after a 7 day period of continuous cleaning. Results agree within error of the IEST-
STD-CC1246D-25 standard. Error bars of each bin represent the 90% confidence
interval.

Figure 6.20: After a continuous 5 day cleaning period, the particulate concentration
on the outer surface of the outer quartz vessel still exceeded the IEST-STD-CC1246D-
25 standard in the 15 µm size bin. Additional cleaning time is necessary to effectively
reduce particulates in this bin. Error bars of each bin represent the 90% confidence
interval.
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Figure 6.21: Particulate reduction of the inner surface of the outer quartz vessel
during a 21 day cleaning test. Error bars represent the 90% confidence intervals for
the total particulate counts.

Figure 6.22: Particulate reduction of the inner surface of the outer quartz vessel
during a 5 day cleaning test. Error bars represent the 90% confidence intervals for
the total particulate counts.
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6.6 Summary

In order to achieve anomalous-free backgrounds in PICO-500, proper cleaning pro-

cedures must be implemented. Meeting the IEST-STD-CC1246D-25 standard neces-

sitated the development and testing of custom cleaning systems, focusing on suffi-

cient cleaning fluid pressure for particulate removal, as well as system isolation and

radon mitigation to avoid airborne contamination during extended cleaning sessions

in SNOLAB. Additionally, sampling techniques were refined to ensure minimal con-

tamination from settled particulates in the sampling line by removing and cleaning

the filter housings before each sample. While the cleanliness levels of the labs at the

University of Alberta prevented consistently reaching IEST-STD-CC1246D-25, it was

demonstrated that reaching this standard is attainable with the existing setup.
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Chapter 7

Conclusion and Future Work

The PICO-500 dark matter search experiment, which is the next-generation, tonne-

scale bubble chamber detector designed by the PICO collaboration, is expected to

achieve world-leading sensitivities in WIMP-proton spin-dependent interactions. This

world-leading sensitivity is dependent on minimizing backgrounds through various

mitigation methods. Past PICO detectors, such as PICO-60, have demonstrated the

importance of proper cleaning protocols to eliminate unexpected events resembling

WIMP interactions caused by particulates within the active volume of the detec-

tor. These events, termed “anomalous,” were effectively addressed by implementing

cleaning procedures for the synthetic quartz vessels designed to meet the IEST-STD-

CC1246D-25 standard.

In anticipation of ensuring anomaly-free backgrounds in the PICO-500 experiment,

customized cleaning systems were developed and tested at the University of Alberta

using natural quartz vessels. These systems focused on optimizing cleaning fluid

pressure to efficiently remove particulates from the quartz surfaces, preventing con-

tamination through proper system isolation and sealing, mitigating radon exposure

using positive-pressure nitrogen gas systems and evacuated volumes, and implement-

ing effective sample collection methods. Despite challenges in consistently meeting

the IEST-STD-CC1246D-25 standard in a non-cleanroom environment at the Univer-

sity of Alberta, it was proven that achieving this standard is attainable when robust

sample-taking strategies are in place.

The recommissioning of the University of Alberta’s radon emanation chamber

detector was essential for measuring the radon permeation rate through a Parker

spring-energized PTFE seal. This seal is a scaled-down version of those to be used
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in the PICO-500 inner vessel. Two independent methods were used to determine

the radon permeation coefficient: one using an extrapolation from measurements of

the five lower mass noble gases, relating the log of the permeation coefficients to the

square of their atomic diameter; the other directly measured radon activity permeat-

ing through the seal. The extrapolated radon permeation coefficient was calculated

to be Kp = 5.10+0.92
−1.10×10−10 cm3(STP) cm

s cm2 cm-Hg
, while the direct method provided a coefficient

of Kp = 5.37 ± 0.49 × 10−10 cm3(STP) cm
s cm2 cm-Hg

. These results are in agreement within their

respective errors. Furthermore, this study opens up future research areas, including

investigating the temperature dependence of the radon permeation coefficient of the

Parker PTFE seal. Such research would provide a more accurate estimate of the

radon permeation rate under the sub-zero (◦C) operating temperatures of PICO-500.

Based on the experimentally determined radon permeation coefficient at room tem-

perature, an upper limit for the radon activity in the detection volume of PICO-500

due to the emanation and permeation of radon through the Parker PTFE seals was

calculated to be 30.5 Radons/day.

The limited research on radon permeation through various sealing materials high-

lights a significant gap in the scientific literature. There is a growing need for more

thorough investigations and standardized methods to accurately determine radon

permeation coefficients and rates as low background detectors look to achieve in-

creasingly lower backgrounds. Developing these standardized testing protocols could

significantly improve the sensitivity and reliability of future ultra-low background

detectors. Additionally, it could lead to a comprehensive catalog of materials with

documented radon permeation and emanation rates.

While this thesis focuses on studies tailored for the PICO-500 detector, the ultimate

goal would be to guide future research in radon permeation experiments. It aims to

serve as a foundation to standardize radon permeation tests, and to contribute to

the advancement of radon permeation research, particularly within the context of

ultra-low background detectors.
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Appendix A: Radon Emanation
Rate of the Parker PTFE Seals

A PICO-500 scale Parker PTFE seal was provided to Queen’s University for radon

emanation rate measurements during a time when the UofA radon emanation detector

was temporarily out of service. Consecutive evaluations of the emanation rate were

conducted utilizing the Lucas cell method. The first measurement indicated a radon

emanation rate of -5.00 ± 15.84 Radons/day, and the second measurement showed

a rate of 22.73 ± 18.97 Radons/day. The negative emanation rate observed in the

first measurement, with error margins that include zero, is interpreted as a statistical

artifact. The weighted average of these two measurements yields a radon emanation

rate of 6.39 ± 12.16 Radons/day. Detailed summaries and background rates of each

measurement are provided in the following two pages for further reference.
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PICO 1st Extraction  O-Ring
Inputs

Date Mar 30,2022 uncertainty
Chamber 3

Lucas cell # 4
Source material

Weight (kg) 0.000 n/a
Surface area (m^2) 0.000 n/a

Emanation time (days) 5.000 n/a
Counting time (days) 2.927 n/a

Number of counts 76 12.99
Lucas cell background (counts/day) 16.11 4

Chamber background emitter rate (atoms/day) 25 10

Constants
Rn-222 half-life 3.8235 n/a
Rn-222 decay constant (day^-1) 0.1813 n/a
Lucas cell single-alpha efficiency (SNO) 0.74 0.04
Efficiency from concentrator trap to cell (SNO) 0.64 0.03
Efficiency from primary to concentrator trap 0.75 0.04
Efficiency from chamber to primary trap (SNO) 1.00 0.05

Output
Counts less Lucas cell background 28.85 17.49
Decayed radon atoms  in cell 12.99 7.90
Decayed radon atoms in concentrator trap 20.30 12.39
Decayed radon atoms in primary trap 27.07 16.58
Decayed radon atoms in chamber 27.07 16.63

Radon atoms in chamber when counting started 65.74 40.39

Emission rate (atoms/day) 20.00 12.29

Source emitter rate (atoms/day) = -5.00 15.84
Source emitter rate (atoms/(m^2*h)) = #DIV/0! #DIV/0!
Source emitter rate (atoms/(kg*day)) = #DIV/0! #DIV/0!
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PICO 2nd Extraction O-Ring
Inputs

Date Ap 8, 2022 uncertainty
Chamber 3

Lucas cell # 4
Source material

Weight (kg) 0.000 n/a
Surface area (m^2) 0.000 n/a

Emanation time (days) 4.000 n/a
Counting time (days) 3.095 n/a

Number of counts 112 15.77
Lucas cell background (counts/day) 16.11 4

Chamber background emitter rate (atoms/day) 25 10

Constants
Rn-222 half-life 3.8235 n/a
Rn-222 decay constant (day^-1) 0.1813 n/a
Lucas cell single-alpha efficiency (SNO) 0.74 0.04
Efficiency from concentrator trap to cell (SNO) 0.64 0.03
Efficiency from primary to concentrator trap 0.75 0.04
Efficiency from chamber to primary trap (SNO) 1.00 0.05

Output
Counts less Lucas cell background 62.14 20.05
Decayed radon atoms  in cell 27.99 9.14
Decayed radon atoms in concentrator trap 43.74 14.44
Decayed radon atoms in primary trap 58.31 19.48
Decayed radon atoms in chamber 58.31 19.70

Radon atoms in chamber when counting started 135.80 45.87

Emission rate (atoms/day) 47.73 16.12

Source emitter rate (atoms/day) = 22.73 18.97
Source emitter rate (atoms/(m^2*h)) = #DIV/0! #DIV/0!
Source emitter rate (atoms/(kg*day)) = #DIV/0! #DIV/0!
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Appendix B: Radon DAQ Runs list

Refer to the tables on the next pages for more details.
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Appendix C: Instrumentation List
and Electrical Schematics

Refer to the tables on the next pages for more details.
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Figure C.1: Electrical schematic of the 120 V circuit for the PICO-500 Dishwasher
with a panel switch, terminal block TB120, a relay, and a receptacle for the two heat
traces.
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Figure C.2: Electrical schematic diagram of the 24 V circuit for the PICO-500 Dish-
washer.
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Appendix D: Permeation
Coefficient Conversion Table

The table on the following page presents experimentally determined permeation co-

efficients for each noble gas, expressed in various units.
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