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Résumé

L’expérience PICO fait partie des chefs de file mondiaux dans la tentative de détection
directe de la matière sombre. Cette expérience se spécialise dans l’utilisation des détecteurs à
liquide surchauffé pour y parvenir. Le futur détecteur de la collaboration, PICO-500, tentera
de détecter les WIMPs (Weakly Interacting Massive Particle) une fois construit dans le
laboratoire sous-terrain SNOLAB. Ce détecteur utilisera un mélange de perfluorocarbone
comme fluide actif, une nouveauté pour les chambres à bulles. L’utilisation d’un mélange
présente des avantages importants dans la conception du détecteur. Celle-ci permettra de
diminuer les contraintes d’ingénierie tout en offrant une sensibilité de détection importante.

La chambre à bulles PICO-0.1 est utilisée principalement pour la calibration de perfluoro-
carbone. À l’aide du tandem situé à l’Université de Montréal et d’une cible de vanadium-51,
j’ai pu envoyer des neutrons monoénergétiques afin d’évaluer l’énergie de seuil de la forma-
tion de bulles dans ce mélange. Le modèle de Seitz décrivant la formation des bulles a été
bien étudié dans le cadre de fluide pur, mais pas dans le cas de mélange de perfluorocarbone.
Ce type de calibration effectuée avec le détecteur PICO-0.1 nous a permis de confirmer
la validité du modèle de Seitz et que les effets du transport de masse peut être négligés
pour ce mélange. La vérification de cette hypothèse était cruciale à la compréhension de la
dynamique impliquée dans la formation des bulles et nécessaire pour l’utilisation du futur
détecteur PICO-500.

Mots-clés : matière sombre, WIMP, PICO, chambre à bulles, modèle de Seitz,
mélange de perfluorocarbone, recul nucléaire
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Abstract

The PICO experiment is one of the world’s leading experiments in the effort to directly
detect dark matter. This experiment specializes in the use of superheated liquid detectors
for that end. The future PICO detector, PICO-500, will attempt to detect WIMPs (Weakly
Interacting Massive Particle) once it will be built at the underground laboratory SNOLAB.
This detector will use a mixture of perfluorocarbon as an active fluid, a novelty for bubble
chambers in dark matter searches. The use of mixture presents important advantages in the
design of this detector. This will allow to lessen some of the engineering constraints while
still offering a high sensitivity.

The PICO-0.1 bubble chamber is mainly used for the calibration of perfluorocarbon.
With the help of the Université de Montréal’s tandem and a target of vanadium-51, I was
able to send monoenergetic neutrons to evaluate the threshold energy of bubble nucleation
of this mixture. The Seitz model describing bubble formation has been widely studied in
the context of pure fluid, but not in the case of perfluorocarbon mixture. This type of
calibration with PICO-0.1 has allowed us to confirm that the Seitz model still apply and
that the effects of mass transport can be neglected for this mixture. The verification of this
hypothesis was crucial to the understanding of the dynamics implicated in bubble formation
and was necessary for the future use of PICO-500.

Keywords: dark matter, WIMP, PICO, bubble chamber, Seitz model, per-
fluorocarbon mixture, nuclear recoil
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Preface - Effects of Mental Health on
Learning and Productivity

This preface will help to contextualize the situation in which the research in this memoir,
and more broadly how every research student in Quebec universities, takes place. Un-
derstanding the effects of mental health on learning and productivity can help depart-
ment/faculty to improve the work environment and the quality of their programs. This
in turn can lead to a better reputation, improve the research output and increase recruit.
This preface will give a broad overview of some literature concerning mental well-being of
university students.

The World Health Organization defines health as "a state of complete physical, mental
and social well-being and not merely the absence of disease or infirmity". Mental health is
an important part of our health and poor mental well-being have a lot of impact on our
lives. In 2011, MacKean released her report [1] on mental health and well-being of post-
secondary students and it showed a stronger prevalence of mental health problems among
those students than the rest of the population. In this preface, we will take a look at various
studies on post-secondary students’ mental well-being to have a better understanding of the
current situation, see the impact that mental health can have on different aspects of society
and research and what are the various factors that can affect mental well-being.

0.1. Studies on post-secondary mental health
In this section, we will look at the problematic through various mental health studies

that looked specifically at mental well-being for post-secondary students. This overview will
help us have a general understanding of the current situation. The results of these studies
will be compared to see similarity and differences with the general population.

0.1.1. "Ça va?"

In 2016, The Federation of students’ association on the University of Montreal Campus
(Faécum) made a study called "Ça va?" on the mental well-being of its members. More than



10 000 students both undergraduate and graduate responded to the survey, amounting to
nearly a quarter of the students at the University of Montreal (UdeM) at the time. This
study looked at 4 different aspects of mental health: depression symptoms, psychological
distress, burnout, and suicidal thoughts.

Depression

Depression is defined by the American Psychological Association (APA) dictionary as "a
negative affective state, ranging from unhappiness and discontent to an extreme feeling of
sadness, pessimism, and despondency that interferes with daily life." In the Faécum study,
they measured the symptoms of depression with a PHQ-9 test [2]. This test measures the
intensity of the symptoms attributed to depression. The table 0.1 shows the score obtained,
the severity associated with that score and the action proposed to treat the symptoms.

Score Severity measured Proposed action (when used as a personalized test-
ing)

1 to 4 None None.

5 to 9 Light Administer the test again at the next visit.

10 to 14 Moderate Discuss possible treatments with the patient in
case the symptoms worsen.

15 to 19 Moderately severe Begin a treatment through psychotherapy or phar-
maceutical immediately.

20 to 27 Severe Begin a treatment through psychotherapy or phar-
maceutical immediately and if judged too severe,
refer to a multidisciplinary team.

Table 0.1. Table categorizing the score of testing on the PHQ-9 [translated from French,
3, tab. 2].

In Figure 0.1, we can see the proportion of people according to their level of symptoms
and their level of study (undergraduate, master degree, doctoral study and medical resi-
dency). Twenty-two percent of students present symptoms that are high enough to warrant
an immediate treatment through either psychotherapy or pharmaceutics. We can observe
that depression symptoms seem to affect undergraduate students to a higher level than other
students with a percentage of 24.6% of them having a score moderately severe to severe.

Psychological Distress

Psychological Distress is described by the APA dictionary as "a set of painful mental and
physical symptoms that are associated with normal fluctuations of mood in most people".
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Figure 0.1. Percentage of people presenting symptoms of depression according to their level
of study (all cycle, undergraduate, master degree, doctoral study and medical residency). The
lighter green is no symptoms, darker green is light symptoms, gray is moderate symptoms,
cyan is moderately severe and blue is severe symptoms [translated from French, 3, fig. 1].

Figure 0.2 shows the score on the K6 quiz [4] measuring the psychological distress. The K6,
contrary to the PHQ-9, is not a measurement of the intensity of a symptom, but of the total
number of different symptoms. 20% of the general population has a score of 7 or higher.
For the students, 64% achieved a score that high. This demonstrates that students present
significantly more symptoms of psychological distress than the general population.

Burnout

Burnout is defined in the APA dictionary as "a physical, emotional, or mental exhaustion
accompanied by decreased motivation, lowered performance, and negative attitudes toward
oneself and others." The study measured the symptoms of burnout with a scale called the
Maslach Burnout Inventory [5]. In this scale, a person is considered to have symptoms of
burnout if they have a high score on three sub-scales: emotional exhaustion, depersonal-
ization and feeling of lack of accomplishment. We can also have an idea of the number of
students that are more inclined to experience a burnout by looking for the ones with a high
score on two sub-scales. No study was found to have used this scale on the general population
of Quebec. Therefore, it would not be adequate to compare the burnout scores of students
to the general population since no similar test was conducted on both.

The results showed that about 3.4% of students had a high score on all 3 sub-scale and
another 5.8% had a high score on 2 sub-scales. The study also showed that it affected
primarily undergraduates with more than 10% having a high score on at least 2 sub-scales
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Figure 0.2. Percentage of people with each score on the K6 measuring psychological dis-
tress. In light green is the general population and in darker green is the student population
[translated from French, 3, fig. 2].

(see Figure 0.3), indicating that they either can be categorized as having a burnout or at
risk of developing one. In a later section, we will discuss about various studies measuring
the impact of overwork and burnout.

Figure 0.3. Percentage of people with each score on the Maslach, Jackson and Leiter [5].
In light green is a high score on 2 sub-scales and in darker green is a high score on all three
sub-scales [translated from French, 3, fig. 3].
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Suicidal Ideation

Suicidal ideation is described by the APA dictionary as "thoughts about or a preoc-
cupation with killing oneself, often as a symptom of a major depressive episode." It is an
extremely worrisome issue. In Quebec, it is the leading cause of death for people aged less
than 35 [6]. It is especially worrisome since some universities often lack the data to indicate
how problematic the situation currently is [7]. In 2019, University of Ottawa experienced
a mental health crisis with the suicide of 5 students in the span of 10 months [8], and this
just prior to the COVID-19 pandemic. This issue launched a series of reports assessing the
current mental state of students.

In the "Ça va?" study, they looked whether a person had suicidal thoughts in the past
12 months to measure mainly the situation when the person was at the university. They
measured it with two questions, one for having serious suicidal thoughts and another about
failed suicide attempts. For all cycle, 7.8% of the students reported having seriously thought
of ending their lives and 1.2% had attempted to commit suicide in the past 12 months. In
comparison, only 2.6% of the general population of the same age reported having seriously
thought about ending their life and 0.6% having attempted to end it [3]. We can remark that
the student population is more at risk of suicidal thoughts and of suicide attempts. Again,
we can see in the figure that a higher proportion of undergraduate students have reported
having suicidal thoughts and having attempted to end their lives.

Figure 0.4. Percentage of people having serious suicidal thoughts (dark green) and failed
suicide attempts (light green) for all cycle, undergraduates, master degree, doctoral degree
and medicinal residency [translated from French, 3, fig. 4].
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0.1.2. "Sous ta façade"

In 2018, the Quebec Student Union (UEQ) made a study of the mental well-being of
its participating members (Bishop’s University, ETS, HEC Montréal, ENAP, Polytechnique,
UdeS, UQAC, UQAM, UQAR, UQTR, UQAT, ULaval and TÉLUQ) with 23 881 students
representing 16.1% of the total student population of these schools [9]. The results were
weighted to represent the entirety of the participating schools’ members. This study was
conducted using the same tests as in the "Ça va?" study and looked at the same four factors.
Therefore, the study will help us see how the same factors affect mental health in students
at other universities and we will also compare it to the general population of the same age.

Depression

In the UEQ study, they used the same PHQ-9 test as in the Faécum study. Comparing
the results from those two, we see that 19% of respondents from UEQ study that presented
symptoms severe enough to warrant an immediate treatment compared to 22% for Faécum
study. Comparing Figures 0.1 and 0.5, we observe similar results from both studies for each
cycle. We can also see that undergraduates are more likely to present symptoms of depression
than graduate students. The UEQ study presents a very alarming case for the severity of
depression symptoms for post-doctoral candidate with 25% of respondents showing severe
symptoms.

Figure 0.5. Percentage of people presenting symptoms of depression according to their
level of study (all cycle, undergraduate, master level, doctoral study, medical residency and
postdoctoral). The bars from left to right are no symptoms, light, moderate, moderately
severe and severe symptoms [translated from French, 9, fig. 4].
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Psychological Distress

For psychological distress, 58% of students from UEQ presented a score of 7 or higher
compared to 64% of students from Faécum. In contrast, 20% of the general population had
such a score [10].

The table 0.2 shows the results divided by age group on two different studies measuring
psychological distress. We can observe that a higher percentage of students present high
enough symptoms of psychological distress compared to the general population. We also see
that younger age groups have a higher percentage than older ones.

Population Province of Quebec University students in Quebec
Year 2014-2015 2018

Age group Proportions of population with a high level of psychological distress
15-24 36.1 55.1
25-44 30.8 48.4
45-64 26.3 33.1

Table 0.2. Table comparing percentage of people from two studies having a high score on
psychological distress test per age group [translated from French, 9, tab. 6].

Burnout

The third factor, burnout, was also measured with the same test as in the Faécum study.
Contrary to the latter study, the UEQ study did not divide the results into 3 categories. They
instead scaled the results from 0 to 30 with 30 representing the highest level of emotional
burnout. This test does not have a threshold to indicate when someone is having severe
symptoms of burnout or not. However, we can compare the average score of different groups
among the total students sampled.

Figure 0.6 shows the average score on the burnout test per level of study. We can see that
like previous factors, undergraduates are reporting having more symptoms than graduates.

Suicidal Ideation

In the Faécum study, we saw that the student population was more at risk of having
suicidal thoughts or to report having attempted to take their life in the past 12 months.
In the UEQ study, we see similar results with 7.7% of students reporting having serious
suicidal thoughts during the last year of the study. To contrast, the proportion of the
general population is 2.8%.

In table 0.3, we see the proportion of students having suicidal thoughts and that reported
having attempted to end their life in the past 12 months divided by their level of study. Yet
again we see an alarming number with 30.5% of post-doctoral candidates reporting having
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Figure 0.6. Mean score of each level of study (left to right: undergraduate, master, PhD,
medical residency and postdoctoral) [translated from French, 9, fig. 6].

serious suicidal thoughts. We again see a bigger proportion of undergraduates showing signs
of suicidal thoughts.

Level of study Suicidal thoughts Attempted suicide
Undergraduate 9.8% 1.1%
Master level 7.2% 0.6%
PhD level 5.8% 0.5%

Medical residency 12.4% 0.0%
Post-doctoral 30.5% 0.0%

Table 0.3. Table categorizing the proportion of students having suicidal thoughts and hav-
ing attempted to end their life in the past 12 months per level of study [translated from
French, 9, tab. 8].

In table 0.4, we see a comparison of the proportion of people per age group having suicidal
thoughts and having attempted suicide from the general population, the Faécum study and
the UEQ study. We can see that the younger the group age, the bigger proportion have had
suicidal thoughts or had attempted suicide in the past 12 months.

Throughout those two studies, we saw that younger people are more at risk of showing
symptoms of mental health problem relating to those four factors. When we look at the level
of study, we see that undergraduates are also more likely to experience symptoms. That is
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Province of Quebec "Ça va?" "Sous ta façade"
Year 2014-2015 2016 2018

Age group Proportion having suicidal thoughts in the past 12 months
Total 2.8% 7.8% 7.7%
15-24 3.7% 7.8% 8.2%
25-44 3% 7.2% 7.7%
45-64 3.2% 5.3% 4.3%
65+ 1.3% 0.0% 0.0%

Age group Proportion having attempted suicide in the past 12 months
Total 0.4% 1.2% 0.9%
15-24 1.0% 1.2% 1.3%
25-44 0.4% 1.1% 0.7%
45-64 0.3% 1.5% 0.1%
65+ 0.2% 0.0% 0.0%

Table 0.4. Table categorizing the proportion of students having suicidal thoughts and hav-
ing attempted to end their life in the past 12 months per age group [translated from French,
9, tab. 9].

likely due to their younger age with a mean age per cycle of 21.54 years old (undergraduate),
30.56 years old (master level) and 32.76 years old (PhD level) [11].

0.2. Impacts of mental health issues
Mental health problems are not a subject often talked about. Only recently did it begin

to gain acceptance when athletes and other public figures shared their battle with mental
illness. There is still a taboo about discussing mental health issues and a stigma even though
its effects on our lives are very real. In this section, we will look at the impact of mental
well-being on various aspects of our work and of our health.

0.2.1. Impacts on work

Mental health has a lot of effects on our work, whether it is on our productivity, perfor-
mance or learning process. It is estimated that in 2010 the total cost of poor mental health
on the world economy is approximately 2.5 trillion US dollars each year from sick leave and
reduced productivity. That number is projected to reach 5 trillion in 2030 [12].

It is important to look deeper at how our productivity is affected by mental health.
Studies show that our productivity slows down after a few hours of work [13, 14]. In other
words, we only have a few hours of optimal productivity, after that it takes us more time to
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accomplish our various tasks. There is a common belief that the output is linear as a function
of hours worked, meaning that the more you work the more tasks you will accomplish.
Contrary to that belief, studies have shown that this is not the case [13, 14]. Instead, they
suggest that there is a maximum number of hours that we can work after which point there
is a diminishing return in productivity. It is reduced by so much that we accomplish fewer
tasks in total by working more hours. The Health of Munition Workers Committee even
recommended in 1916 that the hours worked per week for men be limited to 65-67.

Figure 0.7 shows the maximum output of munition workers during the First World War.
It was observed that the longer they worked the longer it took them to complete their tasks
[14]. This observation is not only present in blue collared jobs but in white collared too. For
white collared jobs, it also has the effect of reducing the performance of their work because
of exhaustion [15, 16]. Stress and health levels (fatigue or health problem) can explain this
reduction in performance. Overwork can often lead to burnout especially for chronic overtime
(>60 hours a week). Burnout has been shown to negatively impact workers performance [17].

Figure 0.7. Output of munition workers during the First World War as a function of the
number of hours worked per week. The two curves are fitted to all 122 weekly observations
with the X(L-QS) having the first 49 hours fitted by a linear function and above 49 hours to
a quadratic function. X(QS) being only fitted by a quadratic function [14, fig. 4].

There is a study that looked at the effect of working overtime and on weekends. They
found that working at night and on weekends tends to deteriorate mental well-being of white
and blue collared workers [18]. It can then be recommended for research group to limit,
when possible, work during weekends and late at night. The same study also made a case
that taking full holiday entitlement has a positive effect on mental stress. On a similar note,
Iceland made trials to investigate a 4-day week workload. The preliminary results show
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that it has a positive impact on the quality of life, work-life balance, on productivity and
sometimes on total output per week [19]. The quality of service was also unaffected by this
change.

Poor mental health is present in a good proportion of students as we saw in the previous
section. Just like the impact on our works, it will also impact our concentration and the
retention of information [20]. Studies have shown that stress has a negative impact on our
cognitive capabilities [21, 22]. Stress can contribute to poor processing efficiency (mean-
ing performance divided by effort) during exam because the high-anxiety individuals will
have to use more processing resources than low-anxiety individuals. Other mental problems
like depression can impair performance because depressed individuals will use some process-
ing resources to their own concerns and therefore have less available for task performance.
Therefore, a more stressful environment might lead to lower grades and be an obstacle to
learning. Test anxiety is quite common with around 40% of students having moderate to
high test anxiety [23]. Many causes for this anxiety are mental causes like fear of poor
grades, using grades as a measurement of self-worth and placing too much importance on
single test or work. An article from the University of Minnesota [24] showed that mixed
assessment methods of evaluation closed the gap in gender overall performance in STEM. It
can be recommended to use mixed assessment methods to reduce women attrition in STEM,
which is already greater than men attrition. The same article also showed that exam perfor-
mance gap was itself reduced when the weight of the exam was reduced in the overall grade.
Consequently, students with test anxiety usually obtain half a letter grade below their peers
in tests which corroborate the negative impact on cognitive capabilities.

Those capabilities can also be affected by the time of day the exam takes place. There
is an article that looked at the average grade on an exam depending on the time of day it
took place. We saw that the earlier it was during the day, the better the average grade was
because students were not mentally drained by previous tasks earlier in the day [25]. This
is inline with the optimal productivity in a day and how we only have a few hours to work
to the best of capabilities that were previously mentioned.

Stress is only one element that affects the way students learn. The environment in which
we study contributes significantly to the GPA of students. In fact, a study published in
2004 [26] showed that the amount of study of students is not a good predictor of their GPA.
It only becomes significant when we consider the quality of study and previously attained
performance. The quality of study can be affected by factors outside of the control of the
students. For instance, the number of interruptions was negatively correlated with GPA
[27]. A factor exacerbated by the COVID-19 pandemic for certain students who did not
have access to quiet study place. Some also work to pay for their tuition. Studies [28, 29,
30] have shown that students who work less than 15 hours a week tend to have a higher
GPA than students who don’t work or work more than 15 hours. No study has been found
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to look at the differences for different programs. An argument can be made that this result
could differ for each program because of the difference in time spent studying. If a program
requires more hours of study, then it is possible that working 10 hours a week might become
the threshold. which would be logical following the maximum output per hours worked that
were previously mentioned.

0.2.2. Impacts on physical health

There is a complicated relation between physical health and mental health. Physical
injuries can negatively impact one’s mental well-being and, conversely, mental illness can
increase the risks of developing diseases. People with mental health issues are more at risk
of being sleep deprived. Mental health issues have an impact on the quality of sleep and
its duration [31]. This can lead to sleep deprivation in the long-term which in turn leads
to difficulties concentrating, remembering information and learning [32]. This is another
example of how poor mental well-being can negatively impact students and their grades or
how the performance of workers is reduced after long-hour week. Mental health also increases
the risks of developing various illnesses for examples diabetes, stroke and cardiovascular
diseases [33]. It is because of many of those reasons that the study from Iceland saw that
the four-day week workload leads to a better quality of life and reduced health risks. Such
workload can also help gender equality because it allows a more equal share of family duties
between both parents.

Mental health and overwork can have big impacts on our health. Looking at overwork is
important because there are higher risks of developing mental health issues when we work
long week workload [18]. An article from Japan [16] showed that people working more than 11
hours a day and those working more than 50 hours a week have increased risks of developing
cerebra-cardiovascular diseases and myocardial infarction. They have also increased risks of
developing hypertension, diabetes mellitus, depression, anxiety, and fatigue.

When we compare the developed countries where the number of hours worked is the lowest
to the countries with the highest scores of happiness from the World Happiness Report of
2020 [34], we notice that 7 out of 10 are in both lists (Denmark, Iceland, Norway, Netherlands,
Sweden, Luxembourg, and Austria). Many other factors can have an impact on the general
happiness of a country. It is still interesting to see that there is a coincidence between the
two. Why is happiness important from a business or a competitive research standpoint?
Because we see that workers that are more motivated to go to work experience less stress
and less fatigue than non-motivated workers [15], which in turn gives a boost in productivity.
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0.3. Factors affecting mental well-being
When the situation of students’ mental health is in this state and the lack of access to

mental health resources is very difficult for students who can’t afford it, it can become a crisis
as it did in the University of Ottawa back in 2019. As a departmental unit, a research group
or as a teacher, we can wonder what our options are to favor a better mental well-being for
the students. In this section, we will look at the risk factors and the protection factor of
mental well-being.

0.3.1. Risk factors

When measuring what factors contribute to mental health issues, studies do inferential
analysis to determine whether there is a correlation between certain factors and a psycholog-
ical issue. They look at the predictive power of a factor to determine a psychological issue.
There are multiple factors that have been identified in the Faécum and UEQ studies: feeling
of loneliness, financial insecurity, competition between peer, stress relating to redaction of
memoirs or thesis, pressure to work over time during research, contribution in the projects
of the research group, consumption of alcohol or drugs, ethnic minorities and sexual orien-
tation [3]. Those factors have been ranked in the Faécum study from the most associated to
negative mental health to the least shown in Table 0.5.

Ranking Factors
1 Feeling of loneliness
2 Eating habits
3 Sleeping habits
4 Financial insecurity
5 Support by our peers
6 Possibility to fully express themselves
7 Competition between peers
8 Stress related to redaction
9 Too much difficulties in the research project or studies
10 Feeling of pressure to work late and/or during weekend
11 Contribution to research group projects

Table 0.5. Factors that are associated with negative mental health amongst students [3].

The feeling of loneliness is when you have this sense of solitude regardless of whether
or not you spend a lot of time with other people. It can often stem from the perceived
hostility of our environment and bring a feeling of seclusion from others. It is the factor most
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related to negative mental health according to the Faécum study. The feeling of loneliness
is the only factor that is associated with depression, burnout, psychological distress, and
suicidal ideation amongst the student population [35]. Other factors such as the perception
of financial insecurity can induce stress and are responsible for the variance of different mental
illness symptoms. Financial insecurity is the 5th variable most associated to negative mental
health. Its predictive factor is 73.8% and 60.0% for undergraduate and graduate students
respectively. Meaning that those percentages of people having serious suicidal ideation could
have been identified if we knew that they perceived to be in financial insecurity [3].

Competition between peers generally happens when students want to stand out because
of their grade or inside their research group. It has been shown to have an inverse reaction
to mental well-being. The more competition is present, the poorer the mental well-being is
reported [36]. It can lead students to impostor syndrome, which the APA defines as "the
situation in which highly accomplished, successful individuals paradoxically believe they are
frauds who ultimately will fail and be unmasked as incompetent". Competition is the 7th
variable most associated with the negative mental health indicators. Its predictive factors
of suicide attempts are 58.6% and 28.4% for undergraduate and graduate students. Those
factors for suicidal ideation are even higher than for financial insecurity. It goes to 74.2%
and 64.2% for undergraduates and graduates respectively [3]. Stress related to redaction of
memoirs or thesis, pressure to work overtime during research and the overall contribution
in the projects of our research group are respectively the 8th, 10th and 11th variable most
related to negative mental health. They are factors that are specific to graduate students
and can be alleviated through support from the research group and adapted supervision. We
will discuss more on that in the next section.

Consumption of alcohol or drugs are factors that are associated with a higher risk of poor
mental well-being. Alcohol is often used as a self-medication. It helps alleviate stress and can
have a positive impact. However, regular use of those substances can have a negative impact
and heavy use is tightly tied to depression and suicidal ideation. The use of psychostimulants
without ordinance is not well documented in research in Quebec. They can have serious side
effects like hypertension, arrhythmia and even psychosis in case of an overdose. Being part
of an ethnic minority or sexual orientation can also be a risk factor that can isolate an
individual and cause a feeling of hostility from their environment. More inclusive measures
should be taken to favor better mental well-being.

0.3.2. Protection factors

There are factors that have a tendency to aggravate mental health issues but others to
prevent them. The protection factors will help prevent people from developing more severe
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symptoms of mental health problems. Protection factors will help individuals to have more
resilience when facing different issues.

Support by our peer is a strong factor both for undergraduate and graduate students that
heavily influences the risk of an individual to develop symptoms of depression, psychologi-
cal distress and suicidal ideation. It has a negative relation with mental illness symptoms.
This support helps the individual’s resilience when facing harder times. It can come from
the support from other students in the research group or from the supervisor. Specifically,
the supervision and the supervisor/student relation during the redaction of the thesis has a
significant impact on the duration of a PhD [37]. Support by our peers is the fifth strongest
factor explaining the variance of poor mental well-being. It explains 10.2% and 11.1% of
variance for symptoms of depression for the undergraduate and graduate students respec-
tively. Its potential to detect suicidal ideation is almost 60% for both levels of study [3]. The
support by peers helps create a safe environment, especially for ethnic minorities and people
with different sexual orientation. When the environment is safer, it allows the individual to
fully express themselves. We call this the possibility of being authentic. It has a positive
relation with mental well-being. This factor was only measured for the graduate students
in the Faécum survey. It explains for 12.0% of the variance of symptoms of depression and
can predict 67.7% of suicidal ideation [3]. Support by our peer and the possibility of being
authentic are strong protection factors against depression and suicidal ideation.

We mentioned before the importance of sleep on the cognitive capabilities and our learn-
ing. It will not come as a surprise that long and good sleep is associated with better mental
well-being. It is the third-strongest factor explaining the variance of symptoms according
to the Faécum survey. It explains for 17.5% and 17.9% of variance among depression symp-
toms and it can predict 70.3% and 56.4% of suicidal ideation for undergraduate and graduate
students respectively [3]. Having healthy eating habits is another healthy lifestyle that pos-
itively influences mental well-being. It is important to note that external factors for having
healthy eating habits such as wishing to follow a perceived society’s standard or even family
dinner will instead have a negative impact on our mental well-being [38]. They will feel
pressure to adjust to others’ standard in fear of their judgment or their comments. Internal
factors like wishing to live a healthier lifestyle will have a positive impact on their mental
well-being. Nonetheless, healthier food has been found to help individual struggling with
depression [39]. Combined with physical activities, they also have a positive impact of the
management of stress.
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Conclusion
In conclusion, we saw the current academic context and current research context nega-

tively impact the students’ well-being. These impacts in turn contribute to lower produc-
tivity, more difficulties in learning and can link to dangerous health issues. It is undeniable
that a link exists between good mental well-being and the quality and quantity of work. It
is now easier to talk about mental health struggle with our peers. Hopefully, this will lead
academic institutions, departments or even professors to see more of the benefits of taking
care of their students’ mental well-being and they can have a constructive discussion about
what can be done to do better. Mental struggle is a complex issue and there is so much
more aspects that wasn’t covered. It would be interesting to do a review of the impacts
of various mental health services and their accessibility. Hopefully, one day things will get
better. Until then, we need to keep our efforts to produce a better day.
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Introduction

The Standard Model of particle physics has long been known to be incomplete. Many
different theoretical problems cannot be explained solely by it. One such problem is the
existence of dark matter. Even after almost 90 years since it was first proposed, dark matter
has never been observed conclusively. Many collaborations have tried for decades to simply
get a glimpse at what it could be and how it would interact with the particles of the Standard
Model.

At a time when dark matter detectors are starting to have enormous sizes, many questions
surrounding their use and functionality are still unanswered. Among the ton-scale generation
of dark matter detectors, PICO-500 will have unparalleled sensitivity to spin-dependent dark
matter interactions.

In this work, we will try to answer a pressing question regarding the sensitivity of PICO-
500. To aid the thermal design of PICO-500, a mixture of perfluorocarbons may be used.
Existing calculations to predict the sensitivity of bubble chambers filled with pure liquids
may not apply to such a mixture. We will test whether the Seitz nucleation model works for
mixtures.

Chapter 1 will focus on some evidence of dark matter and some of the popular particle
models to describe dark matter. The theory of bubble nucleation will be described which will
lay the foundation for the use of a bubble chamber for dark matter detection. In Chapter
2, a more detailed explanation of a PICO bubble chamber will be presented. In Chapter 3
will present the acquired data, followed by results and comparisons to the Seitz model in
Chapter 4.





Chapter 1

Dark Matter Detection with Bubble
Chambers

This chapter will present evidence for the existence of dark matter. These measures
constrain dark matter models. The most promising such models will be presented. These
motivate the direct detection of dark matter in the PICO experiment using bubble chambers.
Finally, the Seitz Model, which describes how a bubble chamber can search dark matter, will
be presented.

1.1. Dark Matter
It has been proposed that dark matter composes approximately 85% of matter in our

universe, but it has not yet been conclusively observed. It would be normal to ask ourselves
why we think it exists and what form it would take. It is called dark because it does not
interact or very weakly interact with light and by extension the electromagnetic force. This
means that we couldn’t see it by conventional means. However, we can see its gravitational
impact on regular matter which shows that there is something beyond our current knowledge.

1.1.1. Evidence of Dark Matter

The existence of dark matter allows us to explain a number of astrophysics phenomena like
galaxy rotation curves, the shape of the bullet cluster and the baryon acoustic oscillations.
Scientists have used those phenomena to constraint dark matter candidates.

Galaxy Rotation Curves

In 1933, Fritz Zwicky studied the velocity distribution in the Coma cluster [1]. Using
the virial theorem, he estimated that the cluster needed to be 400 times more massive than
it was in order to explain the velocities measured. He suggested that an invisible matter
(or dark matter) could justify this discrepancy. In took until the 1970s for his proposal to



gain support. Vera Rubin studied the rotational velocities of stars around the center of their
galaxy using the Doppler effect [2]. From Newtonian mechanics, the velocity of a star, v,
should follow equation 1.1.1,

v =
√
GM(r)

r
, (1.1.1)

where G is the gravitational constant, M(r) is the sum of the mass of the stars from the
galactic center to a radius r. If the star is far from the galactic center, thenM(r) ≈ Mgal, the
mass of the galaxy. Thus, the velocities should be proportional to

√
1/r. Figure 1.1 shows

the experimental data from the galaxy NGC 6503 and the theoretical curve from Newtonian
mechanics. We can see that at low radius, there is a good accordance between data and
the theory including only the star disk. However, at large radius from the galactic center,
we would expect the velocities to fall off as seen in the star disk curve, but instead it stays
constant. This is what Rubin noticed. It was proposed that a spherically symmetrical halo of
dark matter was surrounding the galactic center, gravitationally affecting the furthest stars
to produce this velocity distribution. This gives us two criteria for a dark matter candidate.
It doesn’t interact with light and it has a mass.

Figure 1.1. Velocity distribution of stars around the galactic center of NGC 6503 (data
points) and the velocity distribution from Newtonian mechanics based on the total contri-
bution of gas, star disk and dark matter halo (solid lines) [3]. The other curves are fits of
the mass contribution from the star disk, the baryon gas and the dark matter halo to fit the
data.
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Bullet Cluster

The bullet cluster also known as 1E 0657-56 is a collision of two galaxy clusters situated
at a comoving distance of 1.141 Gpc [4]. In Figure 1.2, we can see its luminous mass by
looking at the X-ray spectrum and the mass distribution measured through gravitational
lensing. The vast majority of the luminous mass is made of gas. The mass distribution
measured through gravitational lensing is the real mass distribution of the cluster. We can
observe a significant difference between the two. What we can see is that the luminous mass
is situated at the center because of the collision, and the majority of the mass of the cluster
is spread out away from the center similar to a collision-less galaxy. This suggests that the
dark matter which composes most of the total mass has not really interacted with the other
particles. This provides another criterion for a dark matter candidate that it should weakly
interact with other particles from the Standard Model and with itself.

Figure 1.2. Composite image of the Bullet cluster [5, 6]. In pink is the Chandra X-ray
Observatory picture and in blue is the matter distribution calculated through gravitational
lensing.

Baryon Acoustic Oscillations

Ever since the Big Bang, the Universe has been expanding, cooling and reducing in
density. During the period where the charged particles and the photons were still of equal
density, a pressure coming from the thermal coupling was exerting an outward force from
regions of overdensity that moved the particles. At some point, the particles were so sparse
that baryons, electrons and photons decoupled. The baryons then were attracted because of
gravity while the photons continued outward leading to the cosmic microwave background
radiation. The pressure from the thermal coupling and the force from gravity created a wave
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within the baryon density called baryon acoustic oscillation. In Figure 1.3, we can see a
visual representation of the rapid expansion around the initial clumps shortly after the Big
Bang. The remnants of this acoustic wave can still be found today as shown by Eisenstein
et al. in Figure 1.3 [7]. The bump at around 100 Mpc represents a deviation from the
uniform density of the universe. This anisotropy would be caused by the baryonic acoustic
oscillations. If we try to simulate the baryon acoustic oscillation assuming a model of only
baryons and photons, we cannot explain their results if we take into account the age of the
Universe and the measured densities of charged particles and photons. There would need to
be a lot more mass that rapidly decoupled from the baryons and photons. It was proposed
that dark matter is this missing mass that was produced during or after the Big Bang and
helped shape the galaxies that we now see. Since we can also see the effect of dark matter
today, this adds another criterion that the candidate should be stable.

Figure 1.3. Correlation function from Eisenstein et al. [7, fig. 2] describing the deviation
from uniform density. The data points were made using the Sloan Digital Sky Survey data.
The various curves represent different levels of baryon density in the Universe.

1.1.2. Dark Matter Model

Many theorists have tried for decades to find a model to explain dark matter. They
made simulations to attempt to fit their model with the experimental data and reject some
of them. A widely circulated drawing amongst the dark matter physicists can be found in
Figure 1.4 that presents some of the models that theorists proposed in order to explain the
dark sector. We will focus on the two most popular candidates: the WIMPs and the axion.
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Figure 1.4. Venn diagram of the dark sector and its many dark matter models [8].

WIMPs

Weakly interacting massive particles are a category of particles that interact solely with
gravity and either the Standard Model weak force or another force yet to be known. The mass
of WIMPs should be between 2 GeV/c2 and 100 TeV/c2 [9]. Many dark matter candidates
can be put in this category, but there is one that really stands out, the neutralino.

Many theories predict the existence of WIMPs. One class of such theories is the Super-
symmetric Standard Model. In these, each known fermion is associated with a new boson
with 1/2 spin difference and, vice versa, each known boson is associated with a new fermion.
This association is called superpartner. It would effectively double the number of particles in
the Standard Model. The lightest particle from the minimal SUSY would be the neutralino,
a neutral spin 1/2 particle. It would be a linear combination of two higgsinos, a photino and
a zino, the superpartners of the Higgs boson, the photon and the Z boson respectively. If we
assume a conservation of R-parity, the neutralino would be a stable particle since it cannot
decay into lighter particles without violating this conservation. This particle checks out two
of the criteria previously mentioned for a dark matter candidate. The fact that a particle
fitting the necessary criteria for dark matter naturally comes from the SUSY model is often
called the WIMP miracle.

Dozens if not hundreds of experiments like PICO, SuperCDMS and LUX are trying to
directly detect the WIMPs. While the exact nature of the dark matter interaction is yet
to be known, we know two types of interaction: spin-dependent and spin-independent. The
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neutralino having a 1/2 spin can have a spin-spin interaction with a nucleus. Therefore, Su-
perCDMS detectors made of germanium or silicon are only sensitive to the spin-independent
interaction while PICO detectors containing carbon and fluorine atoms are sensitive to both.
Another mechanism for the discovery of dark matter would be through its production at col-
liders such as the LHC. Since dark matter should only weakly interact with Standard Model
particles, we would see a large amount of missing momentum. The LHC has observed neither
any supersymmetric particle nor any notable excess of jets or leptons with missing energy
[10]. Some experiments like Fermi LAT and IceCube are instead looking for indirect detec-
tion through the annihilation of neutralino. This annihilation could produce an excess of
photons or neutrinos at the mass energy of the neutralino or any particle below that energy.
Since this annihilation has not been observed conclusively combined with the total amount
of dark matter, we can assume that the annihilation cross section must be very low.

Figure 1.5. Feynman diagram representing the direct, indirect and production of dark mat-
ter depending on the time direction and how they all relate to the same effective interaction
[11].

Axion

Charge-parity (CP) violation was first observed for the weak nuclear force through kaon
decay. The electromagnetic force conserves this symmetry. Experimentally, the strong nu-
clear force also conserves this symmetry but the Standard Model doesn’t explicitly prevent
CP violation. In 1977, Roberto Peccei and Helen Quinn [12] proposed a new symmetry for
the strong force, now named after them. This Peccei-Quinn symmetry would spontaneously
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break, creating a boson with a very low mass, solving the CP violation problem. This par-
ticle was called axion. It doesn’t have a charge and its spin is 0. Its mass would range from
1 µeV/c2 to 1 eV/c2.

The axion has different interacting processes than the neutralino. Instead, axions could
interact via the Primakoff effect [13], where the axions are transformed into photons in a
strong magnetic field. Since its mass is so low, it would prevent the axion from decaying
into other particles. Many experiments like ADMX and CAST are looking for axions. Other
experiments like SuperCDMS and EDELWEISS are also sensitive to axion, however, to a
lesser extent since their main goal is the detection of WIMPs.

1.2. Seitz Model
In 1952, Donald Glaser invented a superheated liquid detector called a bubble chamber

to measure charged particles. The idea was to heat a liquid just below its boiling point and
become superheated. When a charged particle passes through the chamber, it would vaporize
the superheated liquid and create microscopic bubbles along its track. Glaser won the Nobel
Prize for Physics in 1960 for his invention. In the pursuing years after his invention, he tried
to explain bubble formation in bubble chambers with an electrostatic theory, but ultimately
failed. Following discussions with Glaser, Frederick Seitz published a paper in 1958 called
On the Theory of the Bubble Chamber [14] where he first laid out an explanation of the
bubble nucleation inside bubble chamber, that we use today to describe PICO.

1.2.1. Hot spike model

The original view of the production of a bubble in a bubble chamber was that it was
associated with the production of free electrons from the ionization. Seitz in his paper
proposed that it was due to the production of "highly localized hot regions" paving the way
for the hot spike model. In this model, a particle deposits a fraction of its energy through
elastic scattering with a nucleus. This creates a short-range recoil that produces this hot
spike. This also means that it does not require that the particle have a charge. Neutral
particles like neutrons or even neutrinos can elastically interact with a nucleus and create
a hot spike. However, certain criteria are needed to be met for an interaction to induce a
bubble nucleation.

1.2.2. Critical radius

Consider a bubble of radius r produced by a point-like energy deposition. This bubble
will have three main forces applied on it: the force associated with the gas pressure (pres-
sure inside), the force associated with the liquid pressure (pressure outside) and the surface
tension. In Figure 1.6, we can see that the gas pressure (blue arrow) has an outward force
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while the liquid pressure (red arrow) and the surface tension (green arrow) have an inward
pressure.

Figure 1.6. Forces on a bubble. In red is the liquid pressure, in blue is the gas pressure
and in green is the surface tension.

We can write an equation of the sum of those forces seen in equation 1.2.1,

pgdV − pldV = σdA, (1.2.1)

where pgdV and pldV are the work done by the gas pressure, pg, the liquid pressure, pl,
pressure respectively and σ is the surface. The work done by the surface tension is σdA. By
replacing dV = 4πR2dR and dA = 8πRdR, it is possible to find a critical radius, Rc, where
the bubble will be at an unstable equilibrium given by the equation 1.2.2.

Rc = 2σ
(pg − pl)

. (1.2.2)

The instability of this equilibrium means that a bubble of smaller radius will collapse
while a bubble of larger radius will expand. It also provides us with a first criterion for a
complete phase transition. The work done by the gas pressure must to be more than the
work of the liquid pressure and the surface tension for bubbles to be created.

1.2.3. Critical energy and Seitz criteria

It is more convenient to put the critical radius in terms of the energy necessary to
induce an irreversible phase transition. We call it the critical energy, Ec. With the previous
equations, the critical energy becomes:
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Ec = 4π
3 R3

c(pl − pg) + 4π
3 R3

c(hv(T ) − hl(T )) + 4πR2
c

(
σ − T

dσ

dT

)
+Wirr, (1.2.3)

where hv(T ) and hl(T ) are the latent heat of the gas and the liquid respectively. The first
term represents the work needed to form the critical bubble. The second term represents the
work needed for a phase transition from liquid to gas. The third term represents the work
done to compensate the surface tension. The fourth term, Wirr, is the irreversible work from
the acoustic emission.

The critical energy is dependent on the liquid temperature, T, through the latent heat
and the surface tension terms. It is also dependent on the liquid pressure, pl, through the
first term. By changing the temperature and the pressure of the liquid, it is possible to set
a particular threshold energy required to form a bubble.

The critical energy provides us with a second criterion for the complete phase transition.
It is not enough that the energy deposited be above the critical energy. It also needs to be
deposited on a small enough distance that it will induce a complete phase transition (eq.
1.2.4).

dE

dx
Lc > Ec, (1.2.4)

where Lc = bRc is the critical length, b is the Harper parameter that is found experimentally
and dE

dx
is the stopping power. If the stopping power deposited over a certain distance is

higher than the critical energy, than a bubble will form. Molecular dynamics simulations
can be used to model this stopping power threshold [15], but historically, the case of an
infinitely long track was considered.

In bubble chamber, there is a response from the detector which is described as a proba-
bility of nucleation. This probability will be described by a 5-point function. This function
will be explained in more details in section 2.3. The recoil energy needs to be higher than the
threshold energy (Er > Eth) in order for a bubble nucleation. We can use this probability
to calculate the observed count rate, Robs.

Robs =
∫ Er,max

0
P (Eth, Er)

dR

dEr
dEr, (1.2.5)

where we integrate over every recoil energy. This observed count rate can help us find
the cross section for a particular interaction. The total rate observed is the sum of the rate
on all carbon and fluorine atoms.

1.2.4. Seitz Model for mixture

The Seitz model for mixture has some differences with the model for pure fluid. For
instance, the diffusion of each fluid through the surface of a bubble may not be equal,
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meaning that the critical radius may shift as a function of time. Two limiting cases for our
study are the mass transport across the phase surface and proportion of each fluid in the
bubble compared to their proportion in the liquid. It was assumed in the Seitz threshold
calculation that the proportion was the same in both liquid and the bubble. We also assume
that the gas composition is at equilibrium and that the entire neutron energy is given to
the gas so there is no thermal exchange between the gas and the liquid during the bubble
growth. As previously mentioned, the Seitz threshold for a superheated liquid depends on
its pressure and its temperature. The threshold will also vary from one liquid to another at
fixed temperature and pressure. Using a mixture of liquid, we can vary the Seitz threshold
depending solely on the ratio of each liquid. An application of this can be seen in Figure 1.7
where we see a curve of the temperature required to obtain a Seitz threshold of 3 keV at 30
psi of pressure as a function of the fraction of C3F8 in a mix of C3F8 and C4F10.

Figure 1.7. Curve of the temperature to obtain a 3 keV Seitz threshold at 30 psi as a
function of the fraction of C3F8 in a mix of C3F8 and C4F10 [16].

1.3. Context of this Work
Bubble chambers have been used in various particle physics experiments such as

Gargamelle, PICASSO, COUPP and PICO. The latter three use perfluorocarbon refrigerant
as a working medium. The work presented in this thesis was done in collaboration with
the PICO experiment. The latest prototypes of PICO detectors are designed with a cold
inactive and a hot active region. The temperature at which either region will be set depends
on the perfluorocarbon used, as described in section 1.2.4. It was proposed that by using a
mixture of two perfluorocarbons, the operating temperature of the detector could be set by
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choosing the ratio of the perfluorocarbons. This ability to choose the operating temperature
relaxes the thermal design requirements for large bubble chambers by having one of the
regions being controlled at ambient temperature while the other region could be warmed
up. The results presented will help the collaboration in their design.

This thesis will focus on the calibration of a perfluorocarbon mixture of C3F8 and C4F10.
Many others have done similar experiments using the PICO-0.1 detector, but only with pure
perfluorocarbon. Guillaume Giroux [17] measured the bubble count rate as a function of
threshold energy with neutrons in C3F8, Simon Chen [18] measured the nucleation from a
gamma source on C3F8 and Frederic Tardif [19] characterized the Seitz threshold for the
pure C2ClF5 and pure C2H2F4. The goals of our analysis are similar to those Tardif, but
will use newer analysis techniques developed by other PICO collaboration members.
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Chapter 2

The PICO Experiment

In this chapter, we are going to explain how a bubble chamber operates. We will then
explain how the various systems of the PICO-0.1 detector works, specifically how a neutron
can be used to simulate a dark matter signal and how it will interact in a bubble chamber
to produce a bubble. A description of the particle accelerator used will be made and the
target used to produce the monoenergetic neutron through resonant reactions. The mixing
procedure to obtain the perfluorocarbon mixture will be detailed.

2.1. Bubble chambers
Bubble chamber detectors were instrumental in the discovery of the weak neutral current

at the Gargamelle experiment and ultimately set the stage for the discovery of the W and
Z bosons. They use a smooth-surfaced container which is filled with an active fluid. The
pressure and the temperature of this fluid are controlled in order to achieve a superheated
liquid state. Usually, only one of the two is used as a free parameter while the other is
maintained constant. When a bubble is formed, sensors like a camera or piezoelectric sensor
are used to detect it. The detector changes the free parameter to return in a completely
liquid state to crush the bubble. After returning to equilibrium, the system is returned to
the superheated state ready for another event.

The PICO detectors use the expertise with acoustic signals developed by the PICASSO
experiment combined with the detection techniques from the COUPP experiment. Their
combined design used an entire jar filled with superheated perfluorocarbon as its active
element which was a major improvement from PICASSO detectors who could only use ∼2%
of the total volume as active element. The expertise of the PICASSO experiment on the
acoustic signals from the bubble was further developed to better discriminate between the
various particles interacting with the chamber. In this work, the PICO-0.1 detector was used
and a detailed description will be made.



Figure 2.1. Phase state diagram. The blue line represents the saturation line where the
fluid is supposed to be a gas but instead stays a liquid until enough energy can induce a
phase transition following the Seitz model [20].

2.2. PICO-0.1
PICO-0.1 is a calibration prototype mainly used to test different refrigerant fluids and

their Seitz threshold. Its inner vessel has a form similar to a test tube with a volume of 75
mL made of XQ-80, a high purity quartz reaction vessel made by Cole-Parmer. The inner
vessel was filled with a mixture of C3F8 and C4F10. The electronic and the data acquisition
system (DAQ) was designed by members of the COUPP collaboration. We can see in Figure
2.2 the various systems of the PICO-0.1 detector: the temperature system (not shown), the
hydraulic pressure system and the cameras.

2.2.1. Temperature system

The temperature of the detector was controlled by a recycling chiller connected to a
bath as seen in Figure 2.3. This chiller was able to control the temperature to a precision
of 0.1◦C, verified by 3 resistance temperature detectors (RTD) measurements. The cooled
distilled water is pushed through a tube connected in the middle of the base of the water
bath. The detector was cooled by this water from the bottom up. The water was brought
back to the chiller through an overflow tube located at the top of the bath. This tube is
connected back to the chiller where the water is cooled once again before starting a new cycle
through the chilling system. The speed of the cycle is mainly determined by the diameter of
the overflow tube since there is a maximum flow that it can take otherwise the water would
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Figure 2.2. Photo of the PICO-0.1 detector. 1: A Basler A602f camera. 2: Hydraulic
pressure system. 3: PICO-0.1 inner vessel.

spill out of the bath. The cooling system contains around 19.79 L of water that needs to
be cooled by about 3◦C starting from ambient temperature. The cooling cycle is slow and
cannot be used to rapidly change the temperature of the system and at the same time change
the Seitz threshold. Instead, PICO detectors use a pressure system to do so.

The temperature of the water is cooler near the inlet at the bottom of the bath. The
difference between the temperature at the bottom of the inner vessel and the top of the
inner vessel is less than 0.2◦C, the temperature of the jar is assumed to be the same as the
temperature measured at the bottom of the bath.

2.2.2. Hydraulic pressure system

The hydraulic pressure system consists of the various valves, pumps and accumulators
all filled with mineral oil that controls the pressure of the detector. Figure 2.4 shows the
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Figure 2.3. Photos of the chiller (on the left) and the water bath (on the right). The water
in the chiller is pumped following the tube (blue arrow) and enters the water bath through
the bottom (blue arrow). The water circles back to the chiller via an overflow tube in the
water bath (red arrow) and enters the chiller via a tube (red arrow)

schematic of the hydraulic system and its different pressure regions. The hydraulic pressure
system is not directly connected to the inner vessel to avoid exchanging contaminants. It is
separated by two bellows that allow the pressure in the hydraulic system to apply a force on
the fluid in the inner vessel, controlling the pressure of the active fluid in the jar.

The hydraulic pressure system uses two accumulators in order to control the pressure
during expansion and compression. The accumulator, AC-002, is the low-pressure accumu-
lator. It is regulated by the air regulator that opens when the pressure is above 15 psi. The
accumulator, AC-001, is the high-pressure accumulator. They are connected by a pump,
PU-001, that will bring mineral oil from AC-002 towards AC-001 setting the pressure at
around 210 psi. In the Compress state, the compression valves in the high-pressure side
shown in blue, EV-001 and EV-004, are open and the detector is inactive. This means that
the perfluorocarbon is in a pure liquid phase and no bubble can form inside the inner vessel.
In the Expanded state, the compression valves, EV-001 and EV-004, are closed and the
expanding valve on the low pressure side shown in green, EV-005, opens to release some
amount of pressure for the inner vessel. The pressure system can control the pressure to a
precision of around 0.5 psi. Once the set pressure has been reached, the detector is active
and bubbles can be formed following the Seitz model.

Once a bubble has been formed and a camera detects it, it sends a trigger to activate
the pump and compress the bellows at pressure between 180 psi and 210 psi. This in turn
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Figure 2.4. Diagram of the pressure system of PICO-0.1. In green is the low pressure
region and in blue is the high pressure region of the hydraulic system.

pressurizes the jar and has the bubble collapse. At this point the detector is inactive and no
bubble can form. After a few seconds, the system is ready to do another cycle.

2.2.3. Cameras

The bubbles are captured by two Basler A602f cameras running at 120 frames per second.
The cameras are positioned at a distance of around 26 cm from the jar, one is positioned
behind the jar on the beam line path and the other at 90◦ angle as can be seen in Figure
2.5. Sixteen LEDs illuminate the jar for the cameras to be able to see it.

The bubbles are detected by comparing consecutive frames. If the intensity of a pixel
varies enough between two consecutive frames, the pixel will be flagged as a hitpix. If the
number of hitpix is above a certain threshold between two subsequent images, then a trigger
will activate the compression system. Otherwise, the number of hitpix is reset. The trigger
can be generated by either camera.

While testing the detector in the preparation for the data acquisition, it was noticed that
a signal of around 60 Hz was affecting both cameras. This signal due to an unavoidable
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Figure 2.5. Photo of the camera setup. The blue arrows indicate the two cameras and the
red arrow indicates the target of the beam.

ground loop, was augmenting the mean intensity of all the pixels for a single frame, causing
spurious triggers. To circumvent this issue, the frame rate of the cameras was changed to
120 frames per second and the data acquisition software was modified so that the number of
hitpix threshold needed to be met during three consecutive frames to trigger a compression.
As bubbles grow in between the frames, this did not affect trigger efficiency. When a bubble
is detected, the camera triggers the compression system and registers the last 10 frames on
an event.

The PICO collaboration is known for its use of acoustic signals to discriminate between
different particles. Piezoelectric sensors were not used in this experiment since the back-
ground is significantly lower than the neutrons produced from the vanadium target. It was
therefore assumed that every excess event was produced by neutrons.

2.3. Calibration
In order to calibrate the detector, we can use particles that would mimic a theoretical

dark matter signal. Neutrons are a good candidate since they are neutral particles and will
elastically interact with a nucleus. Mono energetic neutrons between 34 keV and 104 keV
were created by the resonant production on vanadium-51.
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At those energies, we can approximate the neutron to be non-relativistic. We can derive
an equation for the energy recoil of the nucleus depending on the incident neutron shown in
eq. 2.3.1,

Er = 2En
MAMn

(MA +Mn)2 (1 − cos θ) (2.3.1)

where, En is the energy of the neutron, MA is the mass of the nucleus, Mn is the mass of
the neutron and θ is the scattering angle of the neutron. We can calculate the Er,max by
imposing θ = π and using the target mass as either a carbon or a fluorine nucleus composing
the perfluorocarbon targets (C3F8 or C4F10). The maximum recoil energies as a function of
neutron energy are,

Er,Cmax = 0.28 · En, (2.3.2)

Er,Fmax = 0.19 · En, (2.3.3)

If we assume that the neutron elastic scattering is isotropic than the rate of events
per recoil energy will have a box shape function for the recoil energy has seen in Figure
2.6. We can see in the same figure that the contribution of the fluorine is bigger than the
contribution of the carbon because of the higher number of fluorine atoms in both C3F8 and
C4F10. Following the Seitz model, a bubble can only be formed if the recoil energy is higher
than a threshold energy. The detector response will be a linear function of to the threshold
energy because of the box shape energy and equations 2.3.2 and 2.3.3 seen in Figure 2.6.
The total response of the detector will be the sum of the contribution of every atom in both
C3F8 and C4F10.

As the scattering is not completely isotropic, due to p-wave scattering, simulations used
to calculate the neutron scattering use the r-matrix calculated differential cross sections [21].

The fluid also has a bubble nucleation efficiency; energy deposited above the critical
energy will not always form a bubble. The PICO collaboration tried different functions
to model it: exponential or error function [19]. It was found that none of those functions
could accurately model the efficiency. It was instead proposed to use a 5-point function. In
this function, we define 5 efficiency nodes at 0.0, 0.2, 0.5, 0.8 and 1.0. We then assume a
linear relation with the recoil energy in between those points. Figure 2.7 shows a fit of this
5-point function at two different thresholds. Each node is fitted by the two recoil species
(fluorine and carbon) and by two energy thresholds (2.45 keV and 3.2 keV). The latter two
energy thresholds were used because of the extensive data taken by the PICO-60 at those
Seitz thresholds. This creates a model with 20 free parameters that we can use to fit the
simulation to our experimental data.
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Figure 2.6. Box shape of the recoil spectrum of mono-energetic neutrons. The top figure
is the recoil spectrum assuming an isotropic elastic scattering. The bottom figure is the
nucleation rate assuming a linear response from the detector.

Figure 2.7. Fit of the recoil energy on a fluorine atom (blue) and a carbon atom (pink)
compared to the Seitz threshold (green) made using the 5-point function and the PICO-60
detector data with C3F8 [22].

The bubble nucleation efficiency of fluorine and carbon recoils are expected to be different
because of their charge and mass differences. Fluorine will have a shorter mean range which
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implies that more of its energy remains in a critical radius and it should have a higher bubble
efficiency than carbon.

For a dark matter interaction, we substitute the energy and mass of the neutron with
that of dark matter in equation 2.3.1. With the mass of WIMPs between 2 GeV/c2 and 100
TeV/c2 and a constraint on their velocity of ∼ 0.001c, we would expect to have a maximum
nuclear recoil on fluorine of around 0.07 keV to 36.5 keV, depending on the mass of the
WIMPs. We would then need neutron energies of around 0.36 keV to 192 keV to simulate
similar recoil energy.

2.4. Tandem
The Tandem at the Université de Montréal is an ion pelletron accelerator. It was built

in 1966, supervised by René-J. A.-Lévesque and is now in a building that bears his name.
The acceleration tube comes from the Chalk River laboratories. The tandem has a ter-
minal voltage of 6 MV and it is the first Tandem accelerator prototype in the world [23].
The Tandem accelerator possesses four important components: the injector, the pelletron
acceleration tube, the energy analyzing magnet and the target as can be seen in Figure 2.8.

Figure 2.8. Diagram of the Tandem at Université de Montréal [translated from French, 24,
fig. 8.9].
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2.4.1. Injector

The tandem has two ion sources from HV Engineering Europa: 360 duoplasmotron and
860 sputtering. Those sources create the ion beam that can later be accelerated. The
duoplasmotron was used to produce the proton beam. It contains hydrogen gas that can
be used to produce a plasma. The duoplasmotron creates this plasma in two steps. First,
a coated filament is heated up to eject thermal electrons which will sustain an initial gas
discharge of hydrogen into the chamber. Then, the ions are extracted by a strong local
magnetic field which produces a high density plasma between the intermediate anode, where
the first discharge happens, and the main anode. At the end of the anode is an extraction
cone kept at 20 kV. It is placed off-center in order to extract negative hydrogen (H−), which
has two electrons. Those negative ions are focused by Einzel lenses to concentrate the beam
towards the first analyzing magnet that deviates it at a 90◦ angle towards the Q-snout. The
magnet will also reduce the energy spread of the beam. If the ion has too high kinetic energy,
it won’t be deviated enough to stay and if the ion has too low energy, it will be deviated
too much to keep in the beam. The ions with the right energies will be able to reach the
Q-snout. The Q-snout is used to prepare the beam before entering the pelletron accelerator.

2.4.2. Pelletron accelerator

The Pelletron accelerator is made of a large tube containing stainless steel ring, pelletron
chains and an electron stripper. The tube contains multiple stainless steel rings which are
used to create an electric field and accelerate the ions. The tube is filled with an SF6 gas to
avoid spark. To produce the high-voltage current, two pelletron chains are used to collect
positive charges from an electron gun and transport them towards a terminal at the center of
the tube which can withstand a maximum voltage of 6 MV. This voltage is then transferred
to the stainless steel ring through a series of resistors of multiple values to ensure a uniform
acceleration across the tube which helps avoid sparking. This acceleration is also independent
of the radial distribution of the ions.

In the middle of the tube, there is an electron stripper made of a stream of oxygen gas
that removes the two electrons from the H− to obtain positive charged protons. Without
the stripper, the negative hydrogen would oscillate from one side of the tube to the other
indefinitely. By removing the two electrons, the now-positive hydrogen is accelerated a second
time in the other half of the tube. The ions are accelerated twice through the terminal.

2.4.3. Energy analyzing magnet

Not all protons exit the accelerator tube with the same energy. It is necessary to use
a second energy analyzing magnet to constraints the proton beam energy to a narrower
spectrum. To achieve this, the proton beam is deviated again at a 90◦ arc and passed through
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a slit. The beam becomes nearly monoenergetic since protons with different energies than
the one desired would be deviated off of the collider by having either a wider arc for larger
energies and smaller arc for lower energies. Those protons would ultimately hit the slit which
sends a retroactive loop in the tandem to correct the proton energy and maximize the beam
intensity for a given magnetic field. The uncertainty in the proton energy is 0.2 keV for a
magnetic field resolution of 0.1 Gauss. For the neutron calibration, the proton energies used
were around 1.5 MeV to 1.7 MeV.

After the second energy analyzing magnet, the beam is sent towards the beam selector
magnet. This latter magnet is used to deviate the beam in the x- and y-axis (with z being
the direction of the beam) into one of seven beamlines where various experiments can take
place. The tandem can only supply one beamline at a time. The PICO-0.1 detector was
set up on the 0◦ line. After this selector beam, quadrupole magnet helps focus the beam
towards the target of the experiment.

2.4.4. Target

In this experiment a vanadium-51 target was used because of its production of monoen-
ergetic neutrons through the Breit-Wigner resonance of the 51V(p,n)51Cr reaction in the
desired range. The target was mounted on a carousel (shown in Figure 2.9) that allows to
change the target and conserve the vacuum. Table 2.1 shows the different neutrons energies
used and the corresponding peak found by J.H. Gibbons which can be seen in Figure 2.10
[25] as a function of the incoming proton energy.

Proton energy (MeV) Neutron energy (keV) Peak
1.592 34 IV
1.607 50 VII
1.629 74 IX
1.651 97 XI
1.658 104 XII

Table 2.1. Identified peaks of resonant production of neutron on a 51V [25].

We measure the neutron flux production at each energy. The neutron energy is not com-
pletely monoenergetic since there is a certain width of the resonances for the various peaks
coming from the elastic recoil of protons unto the nuclei of the target. In those collisions, the
electrons will collect a part of that recoil inducing some uncertainty in the neutron kinetic
energy of the same order as the uncertainty from the energy analyzing magnet.
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Figure 2.9. Photo of the carousel with various targets: vanadium, lithium and tantalum
[24].

The cooling bath used water to shield the perfluorocarbons from thermal neutrons. A
beam tube was added to the bath to avoid neutron scattering of the neutron beam. The neu-
tron propagation was simulated by Alan Robinson with a detailed geometry of the detector
set up of both PICO-0.1 and the He3 proportional chamber.

Since the carbon and fluorine nucleus have neutron elastic scattering resonances with
neutron interaction close to the 51V resonances, we need to take into account the neutron-
carbon and neutron-fluorine cross section presented in Figure 2.11.

2.5. Mixing procedure
In previous experiments with PICO detectors, pure perfluorocarbon was used. In this

thesis, we used a mixture of C3F8 and C4F10. Multiple techniques can be used to create a
fixed mix of both perfluorocarbons like pre-mixing before the fill. To avoid mass partitioning
in the filling line of the C3F8 and C4F10, it was decided to directly mix the perfluorocarbons
inside the PICO-0.1 jar. The full step-by-step procedure can be found in the appendix A.
The perfluorocarbon masses are presented in table 2.2.

The PICO-0.1 detector is a right side down detector, meaning that the jar opening is
pointing upwards. If any perfluorocarbon gas were to go upwards and lodged itself in the
bellows, it could cause a problem in the compression cycle of the detector. The detector would
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Figure 2.10. 51V(p,n)51Cr resonance as function of the incoming proton energy [25].

fail to return to an active volume and it could boil during expansion. In order to avoid this
issue, the jar was first completely filled with degassed LAB (Linear Alkyl Benzene) completely
isolated and under pressure. Since both liquid perfluorocarbons have a higher density than
the LAB the perfluorocarbon droplets would fall down. To condense the perfluorocarbon,
the water bath surrounding was cooled down to ∼3◦C before opening the valve and letting
the perfluorocarbon in through the middle valve in Figure 2.12. The flow was regulated in
order for the perfluorocarbon to have enough time to condense. Since the jar is completely
isolated apart from the perfluorocarbon inlet, the droplets cannot enter because of the fixed
volume filled with incompressible fluid. It was then necessary to partially open the jar to air
in order for some LAB to come out (through the left valve in Figure 2.12) and make room
for the perfluorocarbon droplets.

The first perfluorocarbon filled was the C4F10 because it has a higher boiling point. If
the C3F8 was filled first, its higher vapour pressure would have prevented the C4F10 from
entering the chamber. To measure the amount of each perfluorocarbon and therefore their
ratio, the bottle containing each perfluorocarbon was weighted. During the fill, the mass
of the bottle was also measured to have a sense of the amount of perfluorocarbon dropped
inside the jar. After the fill, the bottle was cooled down in order for the perfluorocarbon gas
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Figure 2.11. Neutron-fluorine and neutron-carbon cross section weighted for C3F8 on top
[26] and for C4F10 below [24] as a function of neutron energy.

inside the connecting tube to condense back into the bottle. The bottles were again weighted
to have an accurate measurement of the total perfluorocarbon used.

This procedure has the advantage of accurately measuring the total perfluorocarbon
after the fill is completed. It is, however, incapable of accurately measuring it during the
fill making it difficult to set a particular ratio. This procedure has the obvious disadvantage
of being very sensitive to small error. The flow of the perfluorocarbon entering the jar is
dependent on the pressure inside the jar, but the act of pushing perfluorocarbon inside has in
itself an impact on the pressure. If the perfluorocarbon doesn’t completely condense before
entering the jar, it can cause an issue with the compression. Lastly, if after the fill, the
perfluorocarbon doesn’t fully condense back into the bottle then the mass measured will lose
in accuracy. For the last possible issue, we can know that it fully condenses back into the
bottle if we have trouble pulling the connecting tube out since it was initially in a vacuum.
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Figure 2.12. Design of PICO-0.1 and the valves used for the mixing procedure, made by
Mathieu Laurin SVG: A-01-A01-A - Detector.

Perfluorocarbon Mass (g) Volume (mL)
C3F8 66.41 ± 0.01 95.63 ± 0.01
C4F10 11.67 ± 0.01 18.44 ± 0.01

Table 2.2. Mass of the perfluorocarbons used.
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Chapter 3

Data and Analysis

In this chapter, the data and its acquisition setups will be presented. Data acquisition
was made of background sources to take them into account. The detector stability and data
cuts will be presented. Finally, the analysis will be presented. In the analysis, we can expect
to see an explanation of the bubble multiplicity identifying algorithm that I made specifically
for this work and a simulation of the expected nuclear recoil distribution was made by Alan
Robinson. The consistency of the event rates were double checked using the absolute neutron
rates emitted by the vanadium-51 target.

3.1. Data
The data were taken using two detector setup. The main part was taken using the PICO-

0.1 detector to acquire the data necessary to calibrate the perfluorocarbon mixture. In the
second part, an absolute neutron flux measurement was made using two He-3 proportional
chambers. Background measurements were made of both setups. Finally data temperature
and pressure stability measurements were done in order to choose quality cuts to be made.

3.1.1. PICO-0.1 data

PICO-0.1 data were taken during two periods: the first one between November 2021 and
December 2021 and the second one between February 2022 and March 2022. The periods
will be later described as the 2021 data/periods and the 2022 data/periods respectively.
In both runs, the temperature was set at 17.5◦C and the pressure for an event was set to
randomly alternate between a pressure of 30 psi, 49.44 psi and 53.5 psi between each event. A
description of data from these periods is given in table 3.1 with details described below. The
neutron energies used were previously given in table 2.1. For the 34 keV and 50 keV neutrons,
only the 30 psi pressure was used as the maximum energy deposition would have been similar
to the theoretical bubble nucleation threshold and the expected number of events would be



comparable to the background. Table 3.1 presents the daily data acquisition, the neutron
energies used and some additional details concerning the run.

Day Neutron energy (keV) Details
2021-10-27 97
2021-11-05 97 Inability to obtain 30 psi
2021-11-09 74
2021-11-10 74
2021-11-11 74
2021-11-12 50, background
2021-11-13 background
2021-11-14 background
2021-11-15 background
2021-11-16 background
2021-11-17 background
2021-11-18 background
2021-11-19 background Tandem broke
2022-02-14 74, 97, background Only 30 psi data
2022-02-15 50, 74, background Only 30 psi data
2022-02-16 background Only 30 psi data
2022-02-17 background Only 30 psi data
2022-02-18 background Only 30 psi data
2022-02-19 background Only 30 psi data
2022-02-28 34, 50 Only 30 psi data
2022-03-01 34 Only 30 psi data
2022-03-03 104, background
2022-03-04 104, background
2022-03-05 background
2022-03-06 background
2022-03-07 background PICO-0.1 broke

Table 3.1. Daily data acquisition and neutron energy for the PICO-0.1 detector.

Early in the 2021 runs, it was noticed that the inner vessel pressure was not able to
reach the set pressure of 30 psi. This issue only happened for this set pressure. It was found
that the valve (MV-003 in Figure 2.4) was tightened to a point where the hydraulic system
couldn’t release its pressure in the required time allowed by the control system. The issue
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was fixed when the valve was opened. The 2021 runs ended because of a mechanical issue
with the tandem which took nearly 2 months to fix. At the beginning of the 2022 runs,
it was decided that we would focus on retaking the 30 psi data before using new neutron
energies.

It was intended to take data using a LiF target with a neutron energy of around 150
keV. However, an issue with the PICO-0.1 hydraulic pump made it impossible to continue
the data acquisition. It was decided that the repair would be delayed awaiting results from
another PICO-related project.

Table 3.2 presents the expected bubble nucleation threshold from the Seitz model hot
spike and at the equilibrium of mass transport. In the hot spike regime, the bubble forms
faster than the rate of transport of molecules from the gas region into the interface in-between
the gas and liquid and the transport of the molecules from the interface towards the liquid
region. This creates a discontinuity of the chemical potential at the interface between the
gas an liquid region. At the equilibrium of mass transport, the bubble forms more slowly
allowing the molecules to travel through the gas into the interface at the same rate as the
molecules travelling from the interface towards the liquid phase. This allows the chemical
potential to be equal on both sides of the interface and effectively reduces the required energy
for bubble nucleation.

Pressure (psi) ESeitz [keV] (hot spike) ESeitz [keV] (at equilib-
rium of mass transport)

30 3.6 3.0

49.44 10.2 8.3

53.5 13.6 10.6
Table 3.2. Theoretical Seitz thresholds of the hot spike and of the equilibrium of mass
transport for the set pressure and the perfluorocarbon used in the PICO-0.1 data.

Table 3.3 presents the different run conditions for every neutron energy, En at each
pressure. We can also see the total live time, bubble multiplicity events (1, 2, 3+), number
of neutron measured by the He-3 source and the total current measured.

3.1.2. Neutron flux

In order to measure the neutron flux emitted from the vanadium-51, two He-3 propor-
tional chambers were used. The first one was placed underneath the target during all the
data taking and the second one was suspended at approximately the position previously
occupied by the jar of PICO-0.1. These He-3 counters will be referred to as He-3 source
and He-3 hanging respectively. The He-3 source was also present during the PICO-0.1 data
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En (keV) Pressure (psi) Live time (s) Events (1, 2, 3+) He-3 counts Charge (a.u.)
34 30 27163.24 (193, 9, 2) 273 24783
50 30 16169.76 (478, 54, 3) 1102 58608

74
30 8245.29 (410, 32, 3) 1018 50197

49.44 14360.49 (230, 3, 3) 2546 29512
53.5 14389.24 (86, 6, 0) 2772 11883

97
30 6402.24 (359, 67, 7) 293 49123

49.44 4215.49 (171, 8, 0) 251 22915
53.5 4629.78 (125, 1, 0) 386 14948

104
30 6213.98 (197, 28, 7) 220 26348

49.44 5927.04 (150, 15, 2) 212 21025
53.5 4801.67 (137, 13, 4) 147 20233

Table 3.3. Run conditions for the neutron energies and the pressures used in the PICO-0.1
data.

acquisition in order to monitor the neutron flux during all the data taking. The data with
the second He-3 counter and PICO-0.1 removed was taken between May 2022 and July 2022.
The He-3 source was in a moderator of paraffin wax and the He-3 hanging was in a mod-
erator of ultra-high-molecular-weight polyethylene of known composition and shape as an
absolute neutron flux calibration. The He-3 source had a custom preamplifier combined with
a single-channel analyzer (SCA) that automatically filtered background noise. The signal
was then sent to a counter. The He-3 hanging was connected to an Ortec 142PC preampli-
fier, a separate SCA and a counter. Calibration of this SCA was made using a multi-channel
analyzer and an Ac-Be neutron source.

Day Neutron energy (keV)
2022-05-13 34, background
2022-06-03 50, background
2022-06-08 74
2022-07-26 34, 74, background
2022-07-27 97, background
2022-07-28 34, 104

Table 3.4. Daily data acquisition and neutron energy for the neutron flux measurements.
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3.1.3. Background

Both PICO-0.1 and the He-3 counters are sensitive to environmental neutrons and in-
ternal α particles. The water bath was used to shield against environmental neutrons and
a beam tube was added for the neutrons emitted from the vanadium-51. Both the environ-
mental neutron rate and the internal α particle rate were measured together. In other PICO
detectors, α contamination is a big source of background. This contamination can come from
the trapping of radon gas or impure material with thorium or uranium chains. This back-
ground is less important for this work because of its low event rate, compared to the event
rate of the beam. To mitigate the α background, PICO-0.1 was disassembled and cleaned
using Radiacwash to reduce radon contamination. The detector was then reassembled in a
clean room.

3.1.4. Detector temperature and pressure stability

The stability of the detector ensures that the Seitz threshold for bubble nucleation re-
mains constant. Figure 3.1 shows the pressure of the inner vessel for every event. The data
was separated into the 2021 data and the 2022 data. At first, we can notice the relative
instability of the early events of the 2021 data which was fixed when the valve MV-003 was
adjusted. We can see that a major part of the 2022 runs were set at 30 psi since most of
the 30-psi runs made in 2021 did not achieve the set pressure as can be seen by the absence
of data in the 30-psi line. This is because the detector failed to reach within 1 psi of the
set pressure in the allocated time. Figures 3.2 and 3.3 respectively show histograms of the
pressure of the inner vessel and temperature T1 of each beam time event weighted by the
total live time of the event. In the pressure histogram, we can observe a peak at each of the
set pressure (30, 49.44 and 53.5). We can also observe that the pressure system is stable to
around 0.5 psi considering the width of the peaks. In the temperature histogram, the vast
majority of the events are contained in an interval of 0.25 ◦C with a mean of 17.6 ◦C.

PICO-0.1 has three temperature sensors labeled T1, T2 and T4. The number of the
temperature sensor is in order of height meaning T1 is the lowest point closest to the water
inlet and T4 is the furthest which is closer to the water outlet. The inner vessel is positioned
at a height between T1 and T2 with T1 being closest to the inner vessel. All further
reference to the inner vessel temperature will refer to the T1 temperature. Figure 3.4 shows
the temperature at various points in the bath at each event. At first, we can notice a
difference in the temperature of T4 between the 2021 data and 2022. This is because the
valve controlling the inlet flow of the water was adjusted to cycle the water at a faster rate.
Some of the instability in the water temperature can be explained by a low water level in the
chiller causing the water to cycle at a slower rate. The step in the 2022 data can be explained
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Figure 3.1. Inner vessel pressure separated into the 2021 data and 2022 data for each set
pressure.

Figure 3.2. Histogram of the inner vessel pressure during beam data weighted by live time.
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Figure 3.3. Histogram of the temperature T1 weighted by live time.

Figure 3.4. Temperature of the water bath at every event separated into the 2021 data
and 2022 data.

by a change in the chiller set temperature to 17.3◦C to compensate for the apparent offset
in the T1 temperature due to the increased inlet flow.

3.1.5. Data quality cuts

Following the stability analysis, data cuts were made for data quality assurances and
data were grouped in order to calculate a common threshold value. No acoustic cut was
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made since there was no acoustic sensor used in this work. A pressure cut was applied to
remove event where the pressure inside the inner vessel was within 0.5 psi of the set pressure
in order to ensure that the desired threshold was obtained. For the 30 psi set pressure, this
cut was at 1 psi within the set pressure. A temperature cut was applied for temperature
(T1) above 18◦C. The interval of pressure was within 0.2◦C of the set temperature, 17.5◦C.
This removed the early events where the chiller was not properly running. The data were
grouped into three Seitz thresholds, one for each set pressure: 3.6 keV (30 psi), 10.0 keV
(49.44 psi) and 13.3 keV (53.5 psi).

3.2. Analysis
In the data analysis, I created an algorithm to find discriminate between events with zero

bubble and events with a single bubble. A geometric simulation of the detector setup for
both data acquisition (PICO-0.1 and neutron flux) based on previous calibrations [27] was
adapted to the new detector position. From the simulation results, a maximum likelihood
estimation was made to find the expected Seitz thresholds for the three set pressures.

3.2.1. Bubble multiplicity

In order to identify the number of bubbles in an event, the PICO collaboration has
developed an algorithm called Autobub [28]. It uses the entropy from each camera angles
to determine the number of bubbles and their position in the image. However, during our
experiment, one of our cameras was partially blocked by a recently installed copper mesh
intended for future tests of the detector as can be seen in Figure 3.5. The Autobub algorithm
could not work properly. For this reason, I developed a prototype algorithm to reduce the
number of events that would need to be manually scanned. Since Autobub was not working
properly, it was not possible to do a 3D reconstruction of the event and discriminate the
bubbles forming on the surface of the jar.

The idea behind the prototype algorithm is similar to how the cameras detect a bubble
in the first place: by looking at the intensity variation. It works by calculating the average
and the variance of the intensity of every pixel across the 10 frames of an event. The average
over the 10 images should effectively remove the bubble and the variance should instead
show only the bubble as can be seen in Figure 3.6 a)-b). A threshold is then applied to the
variance image so that only the pixels where the intensity varies enough (i.e. when there
is a bubble) are flagged. This third image is called the hitpix image seen in 3.6 c). It was
noticed that events without bubble had very few flagged pixels. There is a condition that if
the number of flagged pixels is too low, the event is considered a zero bubble event.

If the previous condition is met, the algorithm then determines the center of the bubble
by calculating the average position of the flagged pixel weighted by the variance of the
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Figure 3.5. Images from both camera angles with a bubble visible on the left camera, but
not in the right camera 1.

Figure 3.6. Images of the mean pixel intensity (left), the pixel intensity variance (center)
and the hitpix (right).

intensity. It is possible that some random pixel will vary enough to be flagged, especially
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considering the 120 Hz signal previously observed. Those random flags tend to have a lower
variance than the flagged pixel from an actual bubble. Once the center of the bubble has
been determined, there is a condition that rejects events that are too close to the surface
between the perfluorocarbon and the LAB. The algorithm creates a square of side r1 (instead
of a circle for simplicity of coding) around the center of the bubble. It is then measured the
ratio of the number of flagged pixels inside the square on the number of flagged pixels in
total.

pixel containment ratio = # of flagged pixels inside the square

# of flagged pixels in total
(3.2.1)

If the pixel containment ratio is above 0.97, then it passes the first test, otherwise it is
considered as an event to be manually reviewed. This condition is followed by an almost
identical condition, but the square has a side r2, where r1 > r2 and a much higher threshold
for a flagged pixel. The idea behind this condition is to discriminate between single bubble
event and 2+ bubbles event. The center of the bubble has a much higher variance than the
edge because the bubble expands across the various frames. If the center calculated is not at
the center of a bubble, it is very much likely that the second square will not contain the entire
bubble which will be the case for 2+ events. If the event fails this condition, it is flagged
for manual review. After the manual scan, the bubble multiplicity was categorized into 3
groups: single bubble events, two bubble events and 3+ bubble events. The last category
was made inclusive due to the low number of events with three bubbles or more.

The algorithm was tested on a sample of 984 events that were manually scanned. It was
able to successfully identify every faulty event (e.g. events where the LEDs are not turned
on). It was capable of having an identification rate of 56.1% over the total amounts of event
with an error rate of 1.1% of the events being incorrectly labelled. The algorithm was then
applied to the full data set. The identification rate dropped to 38.8%. It is possible that the
significant drop in identification rate is due to differences in the camera aperture and LED
intensity in between the different measurements.

The accuracy of the algorithm was not further pushed since the goal was mainly to
reduce the number of events that needed to be manually scanned. OpenCV is a Python
image processing package and many of its modules could be used to further developed this
prototype. It is unlikely that it will be needed since the present algorithm is used only in
the limited case of the PICO-0.1 detector.

3.2.2. Simulation

Simulations provide an expected number and energy of nuclear recoils against which I
am calibrating PICO-0.1. The neutron flux simulation was done using MCNPX-Polimi [29].
The simulation calculated the path and scattering of neutrons from the vanadium-51 target
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to various objects in the detector setup. It also calculated the amount of energy deposited
at each interaction site. The simulation recreated some key elements of the geometry of the
whole detector assembly including its support as can be seen in Figures 3.7 and 3.8. Simu-
lations were made for all neutron energies with both the PICO-0.1 setup and the absolute
neutron flux setup.

In Figure 3.7, we can see in the simulation picture the beam line in gray and to the right,
we see the water bath with its beam tube. Inside the bath is the PICO-0.1 inner vessel and
the hydraulic system on top of it. The supports and instruments have also been accounted
for in the geometry. The black moderator seen in the SolidWorks image was removed from
the simulation geometry as it was not present during the data acquisition. In Figure 3.8,
we can observe in the simulation picture, again, the beam line to the left and suspended to
the right are a moderator, which contains a He-3 counter and on top of it is its preamplifier.
In the real photo, we can see the two He-3 counters in red, the preamplifier in blue and the
beam line in green. The distances and size of the water bath, the suspended He-3 counter
was updated to reflected changes to their position. The distance between the vanadium-51
target and the jar was measured with an uncertainty of 2 mm. Most of this comes from the
uncertainty of the compression in the copper mesh which hindered our ability to accurately
measure the distance. The total volume of the perfluorocarbon fill is 53.5 ± 0.5 mL. The
uncertainty comes in part from the measurement but also from the uncertainty in the amount
of perfluorocarbon gas stuck in the fill line.

Figure 3.7. Image of a slice seen from the side of the simulated PICO-0.1 detector (left)
compared to a SolidWorks photo (right)[22]. See text for a detailed description.

Using the energy deposition of neutrons in the mixture, we were able to determine the
proportion of neutrons which would have deposited enough energy to produce a bubble
event. The efficiency parameters determined by the PICO2L runs (Figure 2.7) allowed us to
find the proportion of neutrons that produced one bubble, two bubbles and three or more
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Figure 3.8. Image of a slice seen from the side of the simulated He-3 counter (left) compared
to a real setup (right). See text for a detailed description.

bubbles. These efficiency parameters were only used in the 30 psi case because it is expected
that the bubble nucleation efficiency would follow a similar curve for similar threshold (3.6
keV expected for the mixture and 3.29 keV for the PICO2L runs). For the higher pressure,
it would be expected that the bubble nucleation efficiency would look like a step function.
Therefore, the step function was used for the probability function at 49.44 psi and 53.5 psi.

The simulation results also allows us to obtain an absolute bubble rate. Considering
the uncertainty in the normalization of this rate from both helium-3 measurements and the
geometrical uncertainty, it is more fruitful to use the ratio of the bubble multiplicity to fit
the Seitz threshold. Given our high statistics, the measured single bubble event rate provides
our normalization. In the exhaustive analyses [30, 31] of the pure C3F8 bubble nucleation
efficiency, the ratio of bubble multiplicity provided the greatest weight in their fits.
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Chapter 4

Results

In this chapter, the results will be presented in detail. The measured neutron flux ratio
will be compared to the simulation. The bubble multiplicity rate will be presented along
with the expected rate calculated from simulations. This will lead us to obtain the energy
calibration and compare it to the theoretical values. Finally, we will be able to answer our
initial questions concerning the future use of PICO-500.

4.1. Neutron flux
The neutron flux emitted by the vanadium-51 was measured in order to convert the

number of neutrons depositing enough energy to produce a bubble to the number of bubbles
measured. Table 4.1 presents the ratio of simulated and measured neutron detection between
the He-3 source detector over the He-3 hanging detector. We can see a similar value between
the simulated ratio at each neutron energy. Similarly the measured ratio is similar at each
neutron energy. However, when comparing the simulated and measured ratio, we observe
significant differences. These differences can be explained by the fact that the calibration of
the He-3 source is not precisely known, thus why the measured ratio is used to calibrate it.
We suppose that the discrepancy is due to uncertainty in the efficiency of the He-3 source
detector. More analysis will be done to try to identify the cause of that discrepancy.

4.2. Bubble multiplicity
The bubble multiplicity rates were calculated in order to see the consistency of the data

and as a way to find the expected energy threshold as will be shown in section 4.3.1. Figure
4.1 shows the rate of bubble multiplicities at different pressures and neutron energies. The
rates were normalized by the single bubble events of the same energy and pressure. We can
see in the figure that in higher pressures, the rate of two bubbles events and 3+ bubbles
events tends to decrease and with almost no 3+ bubbles events at 53.5 psi. There are
multiple uncertainties relating to the bubble rates. We have the background which happens



Neutron energy (keV) Simulated Ratio Measured Ratio
34 10.53 3.71 ± 0.18
50 8.4 5.0 ± 0.2
74 9.31 4.16 ± 0.18
97 8.63 3.56 ± 0.17
104 7.2 4.5 ± 0.2

Table 4.1. Measured and simulated ratio of the total neutron detected in the He-3 hanging
over the total neutron detected in the He-3 source for each neutron energies. Only the
statistical uncertainty is presented.

randomly in time and another relating to the number of neutrons emitted. We also have an
uncertainty of 3% in the neutron-fluorine interaction cross section, or equivalently its mean
free path, that will dominate most of our results. This uncertainty adds up for every bubble
(3% at 2 bubbles, 6% at 3 bubble, 9% at 4 bubbles, etc.). Lower thresholds increase the rate
of multiple bubble events compared to single bubble events for a given neutron energy.

4.3. Simulations
The simulations are a crucial part of the analysis. In order to find the energy threshold,

it is necessary to use simulations to compare previous calibrations to the current one. To
achieve this, we are simulating the expected number of neutrons that will deposit enough
energy to produce a bubble for a given threshold. We call them the bubble multiplicity
vectors. The probability for a given number of bubbles per neutron trajectory is calculated
by modeling a Bernoulli process with non-identical probabilities defined by the efficiency
function used. The probability vectors for each neutron trajectory are summed across all
simulated neutrons to obtain an expected event rate per emitted neutron. Table 4.2 shows
the bubble multiplicity vectors found using this method for every neutron energy and set
pressure used.

4.3.1. Energy calibration

To account for non-linearity in the effect of Seitz threshold on event rates (eq. 1.2.5), a
maximum likelihood estimation was used in order to find this threshold for every set pressure
using all the neutron energies and the bubble multiplicity. Using a set neutron energy and
a set bubble multiplicity, we can suppose that the statistical distribution is going to be
following a Poisson distribution (eq. 4.3.1), where n is the bubble multiplicity and µ is the
number of measured bubbles multiplied by the simulated ratio of bubble multiplicity over
the single bubble event.
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Figure 4.1. Normalized measured rate (bars) and expected rate (error bars) of bubble
multiplicities for different set pressures and beam energy. Poisson statistical uncertainties
are shown on the best fit expected rates.

P (X = n) = µne−µ

n! (4.3.1)

To find the likelihood function, L, we need to multiply all these probabilities together (eq.
4.3.2), where i is every combination of the five neutron energies with each of the two bubble
multiplicities (2, 3+) divided by the single bubble events for a total of 10 combinations.
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Neutron energy (keV) Pressure (psi) 1 bubble 2 bubbles 3+ bubbes
34 30 10400 366 2.013
50 30 43800 4260 358

74 30 3560 4540 782
49.44 16300 684 12.0
53.5 6160 63.0 0.0

97 30 69400 12800 2690
49.44 56600 6940 617
53.5 47300 2810 72

104 30 66100 16000 4090
49.44 53400 8810 1010
53.5 46000 4460 167

Table 4.2. Expected number of bubbles per 7 × 108 neutrons emitted from the vanadium-
51 target at a given neutron energy and assuming the efficiency curve shown in 2.7 at 30 psi
and a step function at 49.44 psi and 53.5 psi.

L =
10∏
i=1

Pois(µi) (4.3.2)

Using the natural logarithm of the likelihood function and assuming a normal distribution
for the bubble nucleation threshold, we can find the maximum likelihood which will give us
the expected threshold. We can find the standard deviation, s, using equation 4.3.3,

lnL = lnLmax − s2/2. (4.3.3)

From the plots of Figure 4.2, we can find the expected threshold for each pressure by
looking at the minimum of the curve, which corresponds to the maximum likelihood. Table
4.3 presents the theoretical thresholds in the case of a hot spike, in the case of mass transport
equilibrium and as measured for each set pressure used. The 30-psi data strongly favours
the hot spike model.

At the higher pressure, the step function Seitz threshold is displaced from the expected
onset of detector efficiency, as expected, by several keV. In contrast, the efficiency function
at 30 psi as measured in C3F8 accounts for energy lost in bubble nucleation of ∼1.5 keV.
However, at both higher pressures the data is consistent with the Seitz model plus a similar
energy loss.

We can conclude that in the case of a C3F8 and C4F10 mixture, we are not in the
mass transport regime. The uncertainty on the measured threshold is determined from the
uncertainty of 0.5 psi of the pressure sensor and the uncertainty between the RTD value and
the actual inner vessel temperature which is estimated at 0.2 ◦C.
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Figure 4.2. Logarithm of the likelihood function of the threshold energy assuming the
efficiency curve shown in 2.7 at 30 psi and a step function at 49.44 psi and 53.5 psi.

Pressure (psi) Seitz threshold [keV]
(hot spike)

Seitz threshold [keV]
(mass transport equi-
librium)

Measured threshold (keV)

30 3.6 ± 0.1 3.0 ± 0.1 4.08 ± 0.19

49.44 10.2 ± 0.4 8.3 ± 0.3 13.2 ± 0.4

53.5 13.6 ± 0.6 10.6 ± 0.4 13.8 ± 1.1
Table 4.3. Theoretical threshold of the hot spike, at equilibrium of mass transport and
measured for each set pressure used. Uncertainties in temperature (0.2◦C) and pressure (0.5
psi) are propagated in the theoretical Seitz thresholds.

The results at 30 psi are a faithful calibration of this mixture considering the similarity
of the threshold with the PICO-2L threshold which used a pure fluid of C3F8. It shows that
PICO-500 will be able to operate using a 3-4 keV threshold. The results also show that it
will be able to operate PICO-500 at higher thresholds in order to avoid to be sensitive to
solar neutrinos.
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Conclusion

In conclusion, we presented the importance of dark matter search in the understanding
of cosmological phenomena, presented an overview of the most popular dark matter models
and some experiments search for this mysterious particle. A detailed explanation of the
Seitz model which lays the foundation for the use of bubble chambers was presented with
limitation on mixture. Bubble chambers were detailed and how small chambers can be
used for calibration with the help of an ion accelerator. A detailed description of the data
acquisition was shown and the data quality cuts used. A prototype algorithm was able to
help in calculating the bubble multiplicity of every event. The simulations of the detectors
geometry allowed us to calculate the expected bubble multiplicity rate. By using previous
calibration of PICO detectors, we were able to find the energy threshold.

I conclude that PICO-500 will be able to operate using a perfluorocarbon mixture since
the bubble nucleation physics is well understood. PICO-500 will be able to operate at a Seitz
threshold of 10 keV, as I tested at 49.44 psi, with sensitivity to nuclear recoils starting around
13 keV in order to avoid sensitivity to solar neutrinos. Further analysis will be conducted
to find the bubble nucleation efficiency curve of this mixture which was beyond the initial
scope of this project.
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Appendix A

Mixing procedure

This is the procedure to fill the PICO-0.1 detector with a mixture of perfluorocarbon.
Figure 2.4 shows the pressure system of the PICO-0.1 detector with the various valves noted
as MV-0XX.

A.1. Preliminaries
Install the water bath and cool the water at 3◦C. The detector needs to be in compressed

and MV-001 closed. PT5 should be at between 180 to 210 psi at this moment.

A.2. LAB fill procedure
The goal of this procedure is to completely fill the jar with LAB in preparation for the

perfluorocarbon fill procedure.

1- Connect a fill hose to MV-012 (compression fitting);

2- Open valves MV-010 and MV-011;

3- Pour in LAB from the valve MV-012 until trickles out MV-010;

4- Close MV-010;

5- Continue pouring until it trickles out of MV-011;

6- Close MV-011.

A.3. Hydraulic fill procedure
1- Hook up an oil pump to a high point in the system (preferably the oil reservoir), with

a fluid trap in the line;

2- Pump out all air in the hydraulic system ensuring the valves are opened to avoid any
trapped air;



3- Close the valve to the vacuum pump;

4- Siphon oil to fill the hydraulic volume from a bucket;

5- Leak open the vacuum line until no air space is left (possibly by using a closed section
of hose containing a limited vacuum volume);

6- Isolate the chamber from the hydraulic cart by closing MV-001;

7- Charge the accumulators (AC-001 and AC-002) following the oil refill procedure;

8- Place the hydraulic cart in a compressed state (between 180 and 210 psi).

A.4. C4F10 fill procedure
C4F10 needs to be filled first because of its ebullition point being higher than that of

the C3F8 so it won’t boil during the C3F8 fill procedure. The perfluorocarbon needs to
condense into liquid to drop at the bottom so it must not be filled to quickly otherwise gas
perfluorocarbon will leak upwards and could lodged in the bellows.

1- Ensure MV-001, MV-010, MV-011, MV-012 and MV-016 are closed;

2- Measure and record the mass of the C4F10 source bottle prior to the fill. Leave the
bottle on the scale;

3- Connect a fill line with a single vacuum line port to MV-011 and the source bottle;

4- Connect the fill line to the scroll pump and evacuate the line;

5- Close the valve to the vacuum pump;

6- Open the valve to the source bottle;

7- Very gently open MV-011 while monitoring PT4 and the pressure differential (i.e.
Pdiff = PT5-PT4). If the pressure differential changes suddenly, close MV-011 and
wait for it to stabilize;

8- Continue opening the valve until it is fully opened and droplets start falling;

9- Very slowly partially open MV-010 and leak out LAB into a beaker. As LAB leaks
out, C4F10 will fill into the chamber. The speed at which LAB leaks out determines
the speed of C4F10 falling in. It is important to look at the pressure diffential since it
will also influence the speed of the fill. It is better to have no more than 1-2 droplets
falling each second;

10- Continue filling with C4F10 until the scale approximately measures a difference in
mass a little under what is desired, then close MV-010. Some C4F10 will still fill for
a moment;

11- Place the source bottle into the freezer. The source bottle must still be opened so the
gas perfluorocarbon in the line can condense back in the bottle;
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12- Wait at least 45 minutes before closing the source bottle;

13- Disconnect the line from the source bottle. It should have a small resistance from the
vacuum;

14- Remeasure the mass of the source bottle and calculate the amount of C4F10 filled.

If the procedure needs to be stopped at any point, close MV-010 and MV-011.
Out the hydraulic cart under compression and open MV-001. To restart, close MV-001 and
continue at step 7.

A.5. C3F8 fill procedure
1- Repeat the steps from the C4F10 fill procedure but with the C3F8;

2- Once the fill of C3F8 is completed, connect the grenade filled with LAB to MV-011;

3- Reconnect the fill line (C3F8) to the gas side of the grenade;

4- Push LAB through the fill line leaking it out of MV-010 using the gas pressure from
the C3F8 source bottle. This will help put the pressure differential at around 10 psi;

5- Push LAB until no more C3F8 is seen coming from the fill line.

A.6. PICO-0.1 pressure system
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Figure A.1. Diagram of the pressure system of PICO-0.1
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