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Abstract

Muons, fundamental particles within the Standard Model of Particle Physics, are pro-
duced when cosmic rays interact with the Earth’s upper atmosphere. These particles are
constantly striking the Earth’s surface and can be detected using scintillator-based detec-
tors. In this project, two different detectors were used to preform muon flux experiments.
The first, the Teachspin Muon Detector, was calibrated based on the well-established
value for muon lifetime. The second detector, the Cosmic Watch Muon Detector, was
specifically constructed for this project. Through this investigation, we hope to gain a
greater understanding of how these detectors functionality and to set up experiments to

further explore muon behavior.



Acknowledgments

I would thank the entire physics and engineering departments at StFX University for
the incredible education I have received these last four years, they have been essential in

helping me achieve my goals.

I would also like to thank my supervisor, Dr. Hossain Ahmed, whose enthusiasm and
knowledge sparked my interest in particle physics. I truly appreciate his constant encour-
agement and support. The skills I have gained throughout this research leave me feeling

well-prepared for my future endeavors.

To my classmates and friends in physics, for always being supportive and making my

time at StFX so enjoyable.
I would like to acknowledge Matt Penner, whose previous work and continued support
made this project possible. Additionally, I would like to thank Audrey Yang, whose col-

laboration on experiments throughout the project was extremely valuable

A special thank you to my parents, Graham and Liz, and my sister, Nicole, for encour-

aging me to pursue my passion for physics.

Finally, thank you to NSERC and Belle II for funding this project.



Contents

1 Introduction

2 Muon Physics and the Standard Model
2.1 History of the Standard Model . . . . . . . ... ... ... .. ... ...
2.2 Cosmic Rays. . . . . . . ..
2.3 Special Relativity . . . . . . . ...
2.4 Muon Interactions with Matter . . . . .. .. ... .. ... ... ...

Teachspin and Cosmic Watch Muon Detectors

3.1 Teachspin Muon Detector . . . . . . . ... ... .. ... .. ......

3.2 The Cosmic Watch Muon Detector . . . . . . . . . . . . . .. ... ...

4.1

4.2

3.2.1
3.2.2
3.2.3

Cosmic Watch Scintillator . . . . . . . . . .. .. ...
The Silicon Photomultiplier . . . . . . .. ... ... ... ....

Detector Electronics . . . . . . . . ...

Data Collection and Analysis

Teachspin Muon Detector . . . . . . . . .. ... .. ... ... .....

4.1.1
4.1.2
4.1.3
4.1.4

Example Data Interpretation . . . . .. . ... ... ... ....
Calibration of Teachspin Muon Detector . . . . . ... ... ...
Development of New Teachspin Muon Detector Software . . . . .

Inconsistencies with Battery Trials . . . . .. . .. .. ... ...

Cosmic Watch Muon Detector . . . . . . . . . . . . . . ...

4.2.1
4.2.2
4.2.3
4.2.4

Example Data Interpretation . . . .. .. ... ... ... ....
Flux Measurements and Error Bars . . . . . . . . . . .. .. ...
Coincidence Measurements . . . . . . . . . . . . ...

Keppoch Experiment . . . . . . .. ... ... ... ...

10
10
13
15
16

18
18
21
21
21
23



6 CONTENTS
5 Conclusion and Future Work 34
A Python Code for Teachspin Detector 38

B Python Code for Cosmic Watch Detector 43



List of Figures

2.1
2.2

2.3

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

The Standard Model [1]. . . . . .. .. ... Lo 12
Modified diagram showing that muon decay Feynman diagram. Adapted

from [2]. . . .. 13
An illustration showing the various decay chains as a result of cosmic rays

hitting Earth’s atomosphere [3]. . . . . . . ... ..o oL 14
Base of the Teachspin muon detector. . . . . . . . . ... .. ... .. .. 18
Diagram of a PMT [4]. . . . . . . . ... . . 19
Block Diagram for Teachspin Detector Circuit [5] . . . . . .. ... ... 20
Cosmic Watch muon detector. . . . . . . . ... . ... ... 21
Scintillator partially wrapped in reflective foil. . . . . . . . . . .. .. .. 22
Magnified view of the SIPM [3]. . . . . . . .. ... ... ... .. 22
Cosmic Watch muon detector main PCB . . . . . .. ... .. ... ... 23
Circuit diagram of Cosmic Watch muon detector [6]. . . . . .. ... .. 24
Raw data from Teachspin detector . . . . . . ... .. ... ... .... 25
Decay histogram for measuring muon lifetime. . . . . . . . . .. ... .. 27
Mean muon flux plot . . . . . .. ... 28
Current muon flux (updated every 10 minutes). . . . . . ... ... ... 29
Inconsistent flux from battery trial. . . . . . . ... ... ... 29
Cosmic Watch muon detector example data. . . . . . .. ... ... ... 30

Difference in mean muon flux between 3rd and 4th floor of Mulroney Hall. 31
Difference in muon flux between Keppoch mountain (220m) and reference

point (7T0m) . . . . . ... 33



Chapter 1

Introduction

Nearly everything is really interesting

if you go into it deeply enough.

Richard P. Feynman

Muons are fundamental particles within the Standard Model of particle physics. They
are similar to electrons; except they are over 200 times larger and only exist for approx-
imately 2.2 microseconds before decaying into and electron and a couple neutrinos [7].
What makes them particularly intriguing is their dual nature: as unstable particles that
are created in high-energy environments, they provide valuable insight into fundamen-
tal physics, while simultaneously being abundant and relatively easy to detect [3]. This
makes them ideal for undergraduate study, as students can design their own experiments

without needing access to multi-billion-dollar particle accelerators.

I began this project with the goal of calibrating the StFX Physics Department’s Teach-
spin muon detector, to aid with experiments investigating muon flux at different altitudes.
As my research I developed, I realized that building a second muon detector designed
more specifically to muon flux experiments would be both feasible and beneficial. This
new detector was built following the Cosmic Watch project [6], a guide developed by Dr.
Spencer N. Axani and his colleagues at MIT, which instructs undergraduate students
how to build their own muon detectors using mostly standard electronics components.

Over the course of this project, I studied both detectors extensively and preformed flux



experiments with both.

In this Advanced Major Project, I will provide a detailed overview on muons in the
context of the Standard Model, offering the necessary theoretical background for un-
derstanding muon flux experiments. I will then outline the detection process for both
detectors, comparing and contrasting their designs. A particular focus will be placed
on the calibration of the Teachspin detector and the construction of the Cosmic Watch
detector. Finally, I will discuss the experiments conducted as part of this project, present

their results, and propose potential future work for these detectors.



Chapter 2

Muon Physics and the Standard
Model

This section gives an overview of the history of the standard model based on Dr. David J.
Griffith’s [8] explanation, focusing on where muons fit within the context of the standard
model. The discussion then explores the theoretical background needed for the rest of

the paper.
2.1 History of the Standard Model

For millennia, humans have posed the question “What is everything made of?”. While
philosophers like Democritus considered indivisible atoms [9], major scientific progress
in answering this question began with J.J Thomson’s discovery of the electron in 1897.
Thomson determined that cathode rays (a beam of electrons) emitted by a hot filament
carried an electric charge. By measuring how the rays interacted with electric and mag-
netic fields, Thomson was able to determine the velocity and charge-to-mass ratio of
electrons. The enormous charge-to-mass ratio suggested that either the charge of the
particle was much larger, or the mass was much smaller than any known ion. Thomson
correctly deduced that electrons were part of the structure of an atom; however, Thom-
son incorrectly thought the electrons were suspended in a positively charged “paste”, like
plum pudding [10]. While his “plum pudding” model of the atom was incorrect, Thomson
did give humanity its first look into the subatomic world. This event marked the birth

of elementary particle physics.

10
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A series of discoveries about subatomic particles and their interactions throughout much
of the 20th century greatly enhanced the understanding of the natural world. Ernest
Rutherford’s scattering experiment demonstrated that most of the mass and the posi-
tive charge of an atom are concentrated in the core of the atom. This tiny core would
come to be known as the nucleus, and this “nuclear model” of the atom would quickly
replace Thomson’s model. Rutherford coined the term “proton” for the nucleus of the
hydrogen atom, which is the second subatomic particle discovered after the electron.
This theory was further validated by experimental verification on Niel Bohr’s model of
hydrogen, which proposed that a hydrogen atom was a single electron orbiting a proton.
Unfortunately, protons, and electrons could not explain the mass of heavier elements
like helium and lithium, suggesting another missing piece in the atomic puzzle. James
Chadwick resolved this discrepancy in 1932 with the discovery of the neutron. With the
electron, proton, and the neutron, the internal structure of atoms had been revealed, thus

concluding the classical period of particle physics.

Now that the components of the atom had been determined, a new question arose: how
does the nucleus remain intact? In theory, the protons should repel because of the elec-
tromagnetic force. The proposed explanation was the strong force: a powerful force that
acts at a very close range to hold the nucleus together. In 1934, Hideki Yukawa proposed
a theory that stated this strong force would have to be mediated by a particle with a
mass nearly 300 times larger than an electron, and approximately a one-sixth of the pro-
tons mass. This theoretical particle was classified as a meson, meaning middleweight.
Similarly, the electron is classified as a lepton (lightweight) and protons and neutrons are
classified as baryons (heavyweight). In 1936, the muon was discovered by Carl D. An-
derson and Seth Neddermeyer while study cosmic rays. The muon was initially thought
to be Yukawa’s meson. However, further studies on cosmic rays revealed that another
subatomic particle, the pion, was Yukawa’s proposed meson, with the muon being clas-
sified as a lepton. Cosmic ray research was starting to uncover more subatomic particles
then those discovered in the classical era. Over the following decades, further discoveries
about particles and their interactions led to the development of the Standard Model, the

most successful framework for understanding particle physics.

Developed in the early 1970s, the Standard Model has successfully explained almost all

experimental results in particle physics [11]. It argues that almost all the results in
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particle physics can be explained by the properties and interactions of a small number of
elementary particles. The two basic types of elementary particles are leptons and quarks.
There are six leptons, which includes charged particles like the electron and muon, as
well as their corresponding neutrinos, which are electrically neutral particles that have
very little mass. Quarks, on the other hand, are the building blocks of baryons (protons,
neutrons, etc.) and mesons (such as pions). Both leptons and quarks have corresponding
antimatter particles, which have the same mass and opposite charge. Interactions between
these particles are meditated by force-carrying particles called bosons. An example of a
force carrying particle is a photon, which mediates the electromagnetic force. A summary

of the Standard Model is show in figure 2.1.

Standard Model of Elementary Particles
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Figure 2.1: The Standard Model [1].

Figure 2.1 shows that leptons and quarks are classified into 3 different generations. All the
elements in the periodic table, and thus all stable matter in the universe, are composed of
1st generation particles. For reasons that aren’t entirely understood, there exists heavier
2nd and 3rd generation particles that quickly decay into stable particles [12]. This is

where the muon fits into the Standard Model. The muon is a 2nd generation lepton.
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It is similar to the electron in terms of charge, but its mass is over 200 times greater
(105.66 MeV) [7]. A muon has a lifetime of 2.1970 ps before it decays into an electron,
an electron antineutrino, and a muon neutrino via the weak interaction [7]. While muons

can be produced in particle accelerators, their primary source is cosmic rays.

Y

€

Figure 2.2: Modified diagram showing that muon decay Feynman diagram. Adapted
from [2].

2.2 Cosmic Rays

The earth’s upper atmosphere is constantly bombarded by high-energy charged parti-
cles called primary cosmic rays. Although the exact origin of cosmic rays is not fully
understood, the prevailing theory is that some come from distant supernovae [13]. Ap-
proximately 98% of cosmic rays are protons or heavier nuclei, and the remaining 2% are
electrons [3]. When primary cosmic rays strike a nucleus in Earth’s upper atmosphere,
typically an oxygen or nitrogen molecule, a cascade of secondary particles are produced.
Most of the energy in the interaction is used to create mesons, which consist of a quark
and antiquark pair. The most common mesons produced in this interaction are pions
(r*, 77, 7%) and kaons (K, K—, K°). These mesons have very short lifetimes (approxi-

mately 26 ns for charged pions and 12 ns charged kaons [7]), and decay almost immediately
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after production. As a result, the mesons themselves do not reach the Earth’s surface,
but their decay products do. This is where cosmic ray muons come from. The various
decay and interaction chains that result from primary cosmic rays striking earths upper

atmosphere illustrated in figure 2.3.

Primary Cosmic Ray
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Nuclear interaction
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Figure 2.3: An illustration showing the various decay chains as a result of cosmic rays
hitting Earth’s atomosphere [3].

Of particular interest in this figure are the decay chains that produce muons. One pos-
sibility is that charged mesons interact with air molecules, generating additional charged
mesons (see the hadronic cascade in Figure 2.3). Both charged pions and charged kaons
decay into muons. The decay modes and approximate branching fractions are shown

below.
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These values are based off [7].

Muons are the most abundant charged particles showering on the Earth’s surface. It is
estimated that each square centimeter of the Earth is hit by one muon every minute. The
detection of muons on the surface of the Earth is direct verification of special relativity,
a topic that will be further explained in section 2.3. Muons decay via the weak force into

an electron, a neutrino and an antineutrino with a branching fraction of 100% [7].

pt=et+v. 4+, (100%) (2.5)

po —e +v.+v, (100%) (2.6)

As a result, muons that decay before reaching the Earth’s surface produce electrons (and
positrons). These particles are important to consider because they are a source of ionizing

radiation, which can sometimes be mistaken for muons by muon detectors.

2.3 Special Relativity

Muons are produced around 15 km above the Earth’s surface, meaning that the muon
would need a decay length of approximately 15 km to reach the surface. If we ignore
relativist effects and calculate the distance a muon traveling at the speed of light would

cover during its mean lifetime, we obtain the following result.
d=cr (2.7)

d= (299, 792, 458 ?) X (2.2 jis) ~ 700 m (2.8)

However, Einstein’s theory of relativity says that times slower for fast-moving particles.
Let’s consider a muon with an energy of 4 GeV, which is the mean energy of muons at
the surface of the earth [3]. The time dilation effect can be calculated by computing the
Lorentz factor [14].

7= —— (29)

v=—= (2.10)
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It is easiest to calculate this using the rest mass and mean energy.

v — 37.86 (2.11)

= 0.10565

The muon decay measured by a stationary observer on earth can be computed using the
time dilation equation [14].

=t (2.12)
t' = 37.86 x 2.2 s = 83.29 us (2.13)

Recomputing the decay length using the calculated relativistic lifetime shows a decay

length greater than 15 km.
d = T = (299, 792, 458 51) % (83.29 us) ~ 25 km (2.14)
S

Thus, the detection of muons on the Earth’s surface is experimental evidence for Einstein’s

theory of special relativity.

2.4 Muon Interactions with Matter

Muons interact with matter primarily through coulomb forces. Travelling through the
atmosphere, muons will interact with many electrons. Over the course of these interac-
tions, the muon will transfer energy to the electrons at its own expense. As the energy
of the muon decreases, so does its velocity. This lose of energy is called linear stopping
power and is defined as the differential energy loss within the material divided by the

differential path length [4].
dE

§ =
dx

(2.15)

The Bethe formula is used to describe the specific energy loss for charged particles trav-
elling through matter. It is applicable to particles that have velocities that are large
compared to the velocities of the electrons in the absorbing atoms. The Bethe formula [4]

is defined below.

dE  4me?z? 2m,,v° v? v?
- =——N7|1 K’ —1 l1—— ] - — 2.16
dx mivz ( . ( I ) t ( 02) 02) ( )
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N is the number density of the absorbing atoms, Z is the atomic number of the absorbing
atoms, m,, is the muon rest mass, v is the velocity of the primary particle, ez is the charge
of the primary particle, and e is the electron charge.

From the Bethe formula, the estimated energy loss of a muon as it travels a vertical

distance H through air with density p,; is given by the following expression [5].

2 MeV
AE = ( 2) X H X pair (2.17)

gem™

From this formula, we can see that muons that travel longer distances through the atmo-
sphere (such as muons coming is at different zenith angles) will lose more energy. Also,
different atmospheric conditions that change air density (pressure, temperature) impact
the amount of energy the muon losses on its path through the atmosphere. Factors that
change the linear stopping power of muons will thus impact the muon flux because only

muons that had sufficient energy to reach the detector will be observed.



Chapter 3

Teachspin and Cosmic Watch Muon

Detectors

There are two different muon detectors used for this project. The first, the Teachspin
muon detector [5], was purchased prior to the start of this project. The second, the
Cosmic Watch muon detector, was constructed following the Cosmic Watch project, a
guide developed by Dr. Spencer N. Axani and colleagues at MIT [6]. This guide instructs

students on how to build their own muon detectors.

3.1 Teachspin Muon Detector

Figure 3.1: Base of the Teachspin muon detector.

Inside the Teachspin muon detector, there is a cylindrical scintillator made of polyvinyl-

toluene, with a diameter of 15 cm and a height of 12.5 cm. A charged particle passing

18



3.1. TEACHSPIN MUON DETECTOR 19

through this scintillator will deposit its kinetic energy through ionization, which will pro-
mote electrons of molecules within the scintillator to excited states. Upon deexcitation,
light will be emitted near the blue portion of the electromagnetic spectrum. Photons are
emitted at a rate of approximately one optical photon per 100 eV of energy deposited.
Consequently, muons hitting the scintillator will cause photons to be emitted, a signal

that can be detected and amplified by a photomultiplier tube [5].

Incident light

Semitransparent

photocathode
( B
/15 %)
\ Typical
Photocathode p photoelectron
to dynode No. 1 \ | trajectories
electron optics \ /
lie | / 14)
14 / 14
| J, hd

7

6,

7

Electron 8 Vacuum

multiplier | s enclosure
1

L )

1-12: Dynodes 14: Focusing electrodes
13: Anode 15: Photocathode

Figure 3.2: Diagram of a PMT [4].

A photomultiplier tube consists of two main components: the photosensitive layer and the
electron multiplier. The photosensitive layer is made up of a photocathode, which emits
low-energy electrons when it absorbs a photon. As a result, a charged particle hitting the
scintillator will release photons that will in turn hit the photocathode and release a few

hundred electrons. This pulse would be much too small to produce a sufficient signal, so
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an electron multiplier is needed to amplify this signal. It achieves this by using plates of
a dynode material, which will release multiple electrons when struck by an electron. By
arranging these plates in a particular geometry with a potential difference applied, a few
hundred electrons can be amplified to 107 to 10'? electrons [4]. This large electrical pulse
is then strong enough to be analyzed by the detector electronics. This process illustrated

in figure 3.2.

The signal from the PMT is amplified by a two-stage amplifier to increase its magnitude.
Then, a discriminator is used to filter out events by setting a voltage threshold, which
can be set by the control knob. This is used to filter out background events, as it is
assumed that the larger signals are a result of muons hitting the scintillator. The last
main component is the Field-Programable Gate Array (FPGA), which is used to record
muon decay events within the scintillator. Each time a muon hits the scintillator the
FPGA starts a precise timer. If a second event is recorded within 20 microseconds, then
the detector assumes the second particle is a high-energy electron produced by the muon’s
decay. This allows for the creation of a decay histogram to measure the muon lifetime.

This data is recorded on a computer via a USB cable [5].

Discriminator
Amplifier Serial

PMT Output Queput Port
Input

\ Discriminator FPGA TimerH }—
PC
Two Stage é USB
Amplifier B | ik — Hy Port
Monitor  Ref Monitor  Adjust

 lal i HV Power

I
PMT eD_ | LED
I Pulser
| Scintillator = (l) /+,
) .:“‘\Y/\I\e LED Variable
e V) Monitor Time
LR Delay(z)

Figure 3.3: Block Diagram for Teachspin Detector Circuit [5]
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Figure 3.4: Cosmic Watch muon detector.

3.2 The Cosmic Watch Muon Detector

3.2.1 Cosmic Watch Scintillator

Similarly to the Teachspin detector, the Cosmic Watch detector utilizes an organic scin-
tillator (this one is polystryrene-based) to detect ionizing radiation. The scintillator was
precut into a 5 x 5 x 1 cm? rectangular prism and polished to improve optical transparency.
Steven MacDonald, StFX University’s machinist, drilled four holes in the scintillator to
allow for mounting on the detector. It is crucial to drill at a low rotational speed (approxi-
mately 60 rpm) when working with plastic scintillators to prevent cracks. The scintillator
was then wrapped in reflective foil, leaving a 2 x 2 ¢cm hole to couple the scintillator with
the Silicon Photomultiplier (SiPM), which detects the photons emitted by the scintilla-
tor. The combination of the polished scintillator’s increased optical transparency and the

reflective foil serves to increases the number of photons incident on the SiPM [6].

3.2.2 The Silicon Photomultiplier

The low cost and compact design of the Cosmic Watch detector are largely attributed to
its photon detection method. Many detectors, including the Teachspin muon detector,
utilize Photomultiplier Tubes (PMTSs) for photon detection. However, PMTs are bulky,
require high voltages, and are expensive, making them not ideal for a portable detector
like the Cosmic Watch muon detector. Fortunately, advancements in semiconductor tech-

nology have led to the development of Silicon Photomultipliers (SiPMs). These devices
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Figure 3.5: Scintillator partially wrapped in reflective foil.

operate and low voltages and are compact, making the portable design of the Cosmic
Watch detector possible.

SiPMs are made up of densely packed P-type N-type semiconductors junctions forming P-
N junctions. In the P-N junction, there is a depletion region filled with bound electrons.
When a photon hits the depletion region, an electron is freed and transported to the
conduction band. Due to the potential difference applied to the SiPM, these electrons
will gain enough energy to release additional electrons to the conduction band, creating an
avalanche of millions of electrons. This current will cause silicon to become less conductive
and quenching resistors lower the potential difference across the P-N junction, stopping

this electron cascade [3].

Figure 3.6: Magnified view of the SiPM [3].

A SiPM used for this detector is MicroFC 60035 C-Series SiPM. It contains 18980 P-N
junctions, known as microcells. Each microcell allows current to flow when struck by a
photon. The SiPM is most sensitive to photons with wavelengths around 450 nm [15],
which is close to the emission wavelength of the scintillator (typically 400-420 nm [3]).
The total current flowing through the SiPM is proportional to the number of microcells

are struck by photons.
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The SiPM was soldered onto a printed circuit board, then coupled with the scintillator.
The scintillator-SiPM pair were then wrapped in black electrical tape to prevent outside
light from activating the SiPM. When a charge particle hits the scintillator, it emits light
proportional to the energy deposited within the scintillator. This SiPM will then draw
current at a rate proportional to the number of microcells hit by photons. This will create

a voltage plus that can be interpreted by the detector electronics.

3.2.3 Detector Electronics

Printed Circuit Boards (PCBs) as well as other electronic components are used to process
the voltage pulses from the SiPM and perform other crucial functions. The PCB acts as
the general wiring for the circuit, and the circuit components are soldered to the boards
to secure a connection. There are 3 PCBs used for this detector. The first of which, the
main PCB, contains the circuitry used to identify muon events and collect data. The
second is the SiPM PCB, which connects the SiPM to the main PCB. The last one is
the SD card PCB, which attaches an SD card slot so that data can be easily recorded on

a SD card. The circuit components were soldered by Craig Seaboyer, StFX university’s

electronics consultant.

(a) Top side of mounted PCB (b) Bottom side of mounted PCB

Figure 3.7: Cosmic Watch muon detector main PCB

The full schematic of the detector electronics is shown in Figure 3.8. As described earlier,
when a particle strikes the scintillator, it generates a voltage spike in the SiPM. This
voltage spike is then amplified by a factor of 24 by the amplification circuit. The voltage

peak is further extended to approximately 0.5 ms by the peak detector circuit to ensure
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that the peak is long enough to be read by the Arduino [6]. The Arduino is programmed

to perform multiple functions, including;:

e Setting the voltage threshold for a muon event.

Measuring the size of the voltage pulses.

Recording the time of each muon event.

Tracking detector deadtime.

Sending data through USB for analysis on a computer.

Displaying the muon count and flux rate on an OLED screen.

Activating LED when a muon is detected.

Test Points

BNC out
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[z
;,,

etector
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DC-DC Booster
z
El

Sheet:

File: Main.sch

Title: CosmicWatch Detector Circuit

Size: Ak Date.

KiCad E.D.A. eeschema 4.0.2-stable

T T X T T I

Figure 3.8: Circuit diagram of Cosmic Watch muon detector [6].
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Data Collection and Analysis

4.1 Teachspin Muon Detector

4.1.1 Example Data Interpretation

Data from the Teachspin muon detector is stored in a .data file. This can be easily
imported into an Excel document, as shown in figure X. This dataset consists of two
fields. The first field contains a positive integer that has multiple interpretations. If
the positive integer N is 40000 or greater, then N — 40000 corresponds to the number
of muons detected during that second. If the positive integer N is less than 40000, it
indicates the time, in nanoseconds, between two successive signals, signifying a decay
event. The second field measures the number of seconds since January 1, 1970 (00:00:00

1970-01-01 UTC), which is a standard time measurement in computer software.

40003 1717421226
40005 1717421227
40001 1717421228
40003 1717421229
40004 1717421230
40002 1717421231
40003 1717421232
2220 1717421232

40005 1717421233
40004 1717421234
40006 1717421235
40005 1717421236
40002 1717421237

Figure 4.1: Raw data from Teachspin detector
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The example data shows us that there were three muons that passed through the scin-
tillator 1717421226 seconds after the 1st of January 1970. It also says that there was a
decay event 7 seconds later, with 2220 ns between the 2 pulses. While the data format
may seem unconventional, it simplifies the process of performing flux calculations and

making a decay histogram to measure muon lifetime.

4.1.2 Calibration of Teachspin Muon Detector

The first task of this project was to properly calibrate the department’s Teachspin Muon
Detector. The calibration can be adjusted using the HV (High Voltage) and control
knob. The HV knob changes the voltage supplied to the PMT (Photomultiplier Tube).
When a muon passes through the scintillator, photons are emitted that is proportional
to the amount of energy deposited into the scintillator. The PMT is used to amplify and
convert this signal into a voltage pulse. Adjusting the HV knob with change the gain
and sensitivity of the PMT. The voltage can be measured using a digital multimeter via
the HV monitor.

The control knob adjusts the threshold voltage of the discriminator. The threshold is used
to reject voltage pulses that are too small, and likely a result of background radiation.
The discriminator will reject all pulses that are less than the threshold voltage. Similarly
to the HV knob, a digital multimeter can be used to measure the threshold voltage.
Using the recommended calibrations for the control and HV knobs yielded unphysical
results (around 1000 per second when we would expect to see closer to 200 per minute). I
decided that the best course of action was to attempt to calibrate based a known physical
constant. The Teachspin Muon Detector uses a Field-Programmable Gate Array (FPGA)
to determine if a muon decays within the detector. These events will appear as two voltage
pulses within a 20 ps window. By plotting the decay times (on the x-axis) against the
number of events (on the y-axis), you can extract the muon lifetime. To analyze this data,
the histogram is fit with a curve that combines an exponential decay function (to model
the muon decay process) and a constant term (for the events arising from the detection
of two successive muons). The exponential component reflects the characteristic decay
behavior, while the constant term accounts for background events from consecutive muon
decays. Teachspin provides muon physics software to do this analysis, however I found it

necessary to write my own python script to analyze my data. This is because Teachspin
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uses an outdated algorithm to fit the curve. Using my own code also allows me to quickly
compute things like the flux and decay rate, as well as compare multiple trials.

[ repeated long trials (multiple days) with different HV and Control voltages, comparing
the experimental and theoretical lifetime. We expected a lifetime 2.120 ps, which is the
mean decay time of negative and positive muons [7]. We found that setting the HV to 658
V and the Discriminator voltage to 201mV yielded the expected lifetime and reasonable

muon flux. An example of the lifetime plot at these voltages is shown below.

Muon Decay Time Histogram (Lifetime = 2.105 us)

® Muon Time Decay Histogram
a+e”(b+ct)Fit
1000 A1
0

800 A
w
€
v
@
S 600 A1 »
@
€
S 400
z

[y
200 - °
$e
¢ e
0 D e R e e e e I S =

0 2500 5000 7500 10000 12500 15000 17500 20000
Muon Decay Time (20 Bins)

Figure 4.2: Decay histogram for measuring muon lifetime.

After finding a calibration that yields the expected muon lifetime, I started running trials
in different rooms on the NFSC. As expected, we saw higher flux levels on the top floor
because of higher altitude and less solid material above the detector. We noticed that
changing outlets would change the HV and discriminator voltage, so careful attention

must be taken to ensure consistency.

4.1.3 Development of New Teachspin Muon Detector Software

Previously, data collection for the muon detector was done using Teachspin’s software.
However, this software had several limitations, including an outdated curve fitting al-
gorithm. Additionally, it was only compatible with computers running Windows 10 or
earlier, which posed a problem for future outdoor experiments, as my laptop does not
support Windows 10. To address these issues, I decided to develop new software for data

collection that would be compatible with a broader range of devices.
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I began by printing it the serial data coming in from the detector, which outputted
strings. Through analysis, I was able to identify which strings corresponded to muons
hitting the detector and which indicated particle decays. Encoded in these strings was
the muon rate and the decay times. Together with Matt Penner, I developed software
that updates a text file in real time with this detector data. This data is in the same
format as the Teachspin software data, so the code previously used for data analysis is
compatible with the new software’s data

In addition, the new software automatically generates two graphs. The first graph tracks
the mean muon flux over the entire run, plotted against time. The second graph calculates
the current muon flux and updates every 10 minutes, displaying both the mean flux and

its standard deviation. Example plots are displayed below.

Mean Muon Flux vs. Time
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Figure 4.3: Mean muon flux plot

The software is written in python so that any computer with a python interpreter can
collected flux data of the Teachspin muon detector. I have included this code in Appendix

A so that it can be used for future research.

4.1.4 Inconsistencies with Battery Trials

In preparation for a muon flux experiment at Keppoch Mountain, trial were my laptop
and an AC power source to match the experiment conditions that would be used on the

mountain. While some trials would match up with the experiments using the wall outlet
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Figure 4.4: Current muon flux (updated every 10 minutes).

of the power source, other trials would yield unphysical results. It seems that something

as small as moving the battery mid trial or adjusting the cable would affect the results.

For some of the longer trials, the muon flux would change greatly throughout the trial.

This issue persisted when switching cables, which suggests the issue might be the battery.
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Figure 4.5: Inconsistent flux from battery trial.
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4.2 Cosmic Watch Muon Detector

4.2.1 Example Data Interpretation

### CosmicWatch: The Desktop Muon Detector
### Ccomp_date Comp_time Event Ardn_time[ms] ADC[0-1023] SiPM[mV] Deadtime[ms] Temp[C] Name

Device ID(s): Muon_STFX_1
2024-07-22 12:17:44.180971
2024-07-22 12:17:44.361049

1 184 120 23.58 76 22.94 Muon_STFX_1

2 366 89 21.05 80 22.62 Muon_STFX_1
2024-07-22 12:17:46.959594 3 2959 399 87.30 154 22.72 Muon_STFX_1
2024-07-22 12:17:47.719950 4 3721 96 21.67 194 22.94 Muon_STFX_1
2024-07-22 12:17:48.310769 5 4311 156 27.28 233 22.94 Muon_STFX_1
2024-07-22 12:17:50.856618 6 6857 49 15.48 307 22.72 Muon_STFX_1
2024-07-22 12:17:51.591457 7 7592 56 16.76 345 22.72 Muon_STFX_1
2024-07-22 12:17:54.351306 8 10350 88 20.96 451 22.94 Muon_STFX_1
2024-07-22 12:17:54.675394 9 10674 96 21.67 455 22.94 Muon_STFX_1
2024-07-22 12:17:55.738407 10 11735 96 21.67 494 22.94 Muon_STFX_1
2024-07-22 12:17:56.399906 11 12394 496 144.49 533 22.51 Muon_STFX_1
2024-07-22 12:17:57.189661 12 13186 114 23.10 576 22.72 Muon_STFX_1
2024-07-22 12:17:58.123431 13 14120 56 16.76 615 22.94 Muon_STFX_1
2024-07-22 12:17:59.157247 14 15153 51 15.86 654 22.62 Muon_STFX_1
2024-07-22 12:17:59.570763 15 15567 88 20.96 658 22.62 Muon STFX 1

Figure 4.6: Cosmic Watch muon detector example data.

Here, T have included some sample data (Figure 4.6) from one of the preliminary Cosmic
Watch Detector trials. This data can be collected using any computer with a python
interpreter using the code in Appendix B. Below is a breakdown of what each column

measures [6]:

e Comp _date/Comp_time: The date and time when the computer recorded the
data.

e Event: The number of muons measured since the recording started. It corresponds
to each charged particle that has produced a voltage pulse higher than the threshold.
The threshold can be adjusted in the Arduino code.

e Ardn_time: The time in milliseconds since the measurement started.
e ADC: A number between 0 and 1023, representing the size of the voltage pulse.
e SiPM: The SiPM voltage in millivolts (mV), calculated using the ADC value.

e Deadtime: The cumulative deadtime of the detector, which is the time when the
Arduino could not detect a muon. This value must be subtracted from the Arduino

time when performing flux calculations.

e Temp: The temperature in Celsius measured by the temperature sensor on the

detector.



4.2. COSMIC WATCH MUON DETECTOR 31

4.2.2 Flux Measurements and Error Bars

After building the first cosmic watch detector, I decided to test its performance by measur-
ing the muon flux on two different floors of a building on campus. Based on the discussion
of muons interactions with matter, it is expected that muons that travel through more
air and solid material have a higher probability of slowing down and decaying. Therefore,
a detector on the 3rd floor should register fewer muons compared to one on the 4th floor,
as the muons must pass through more dense material to reach the 3rd floor. The graph
below displays the muon flux difference between the 3rd and 4th floor of Mulroney Hall at
StFX University. The flux rate appears to stabilize after about an hour. This is because
as the detector records more events, the mean should converge to a more accurate value

for flux.

Mean Flux vs. Elapsed Time (MUL 3th and 4th Floor)
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Figure 4.7: Difference in mean muon flux between 3rd and 4th floor of Mulroney Hall.

The shaded region represents all values within one standard deviation of the mean. Muon
flux follows a Poisson distribution, which is a statistical distribution where events occur
at a constant mean rate, independent of the time since the last event. In the Poisson
distribution, the standard deviation is the square root of the number of events that have

occurred [16]. For example, if 100 events occur within 100 seconds, the flux would be 1
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muon per second (i.e., 129 The standard deviation, in this case, would be

VoD _
, 100 VIN _ 1.

100

4.2.3 Coincidence Measurements

One of the major advantages of the Cosmic Watch muon detector is the ability to link
multiple detectors in coincidence mode. This is done by connecting both detectors with a
3.5 mm male-to-male audio cable and resetting both detectors. In coincidence mode, one
detector operates normally while the second detector monitors for muons but only triggers
when the first detector detects a muon at the same time. This is very effective at limiting
background radiation. For example, it is unlikely that a beta particle would deposit
enough energy to trigger both detectors. According to Dr. Spencer N. Axani’s Cosmic
Watch paper, based on the time sensitivity of the Arduino and the average muon flux,
only about 1 in every 15,000 events results from both detectors triggering by chance [3].
As a result, I constructed two Cosmic Watch muon detectors so that altitude experiments

can be preformed using coincidence measurements.

4.2.4 Keppoch Experiment

At the end of the summer, I took the Cosmic Watch detectors to the top of Keppoch
mountain (approximately 220m above sea level) and saw slightly high flux rates at the
top of Keppoch. The detectors were run for about 2 hours, and we recorded a 9% flux
difference between Keppoch and a reference trial at 70m elevation. While this is good
for a preliminary trial, we ideally would like much longer trials at varying altitudes to
mitigate the effect of other variables that affect muon flux. The graph comparing these
two trials in in the figure below. Note that the flux rates are lower in these trials compares

to the Mulroney trials as the detectors are in coincidence mode.
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Figure 4.8: Difference in muon flux between Keppoch mountain (220m) and reference

point (70m)



Chapter 5

Conclusion and Future Work

In conclusion, this project has provided valuable insights into the detection of cosmic ray
muons using the Teachspin and Cosmic Watch muon detectors. By calibrating the Teach-
spin muon detector and constructing the Cosmic Watch detector, I have gained practical
experience in particle detection and flux experiments. The new Teachspin muon detector
software developed for this project makes the detector more accessible and enhances its
utility, which will be an asset in future experiments. Initial trials at Keppoch Mountain
showed an approximately 9% difference in the flux between 70m and 220m. However,
given that these trials were only 2 hours long, further data collection is needed to draw
conclusive results.

The progress made with both detectors lays the groundwork for future research avenues.
With the Teachspin detector, I hope that the calibration technique and new software will
aid in future work. The main issue identified during the project was the inconsistencies
in battery trials. Further testing with alternative batteries is necessary to determine if
these inconsistencies are a result of battery used for the expiriments. Once this issue
is resolved, additional altitude experiments with both the Teachspin and Cosmic Watch
detectors will be conducted to gather more conclusive data.

The newly constructed Cosmic Watch detector allows for many experiments previously
not feasible with the Teachspin detector. In addition to the altitude experiments, other

experiments for future research have been identified:

e Angular Distribution of Muons: By placing two detectors in coincidence mode
and adjusting their configurations, it will be possible to isolate for muon flux at

specific angles. With this, data can be collected on the angular distribution of
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muons.

e Muon Flux through Different Materials: Using the two detectors in coinci-
dence mode and placing them on opposing sides of a material, we can investigate
the muon flux passing through that material. This could have potential applications

for muon tomography, an imaging technique that uses muons.

e Detector Voltage Distribution: The Cosmic Watch detector records the mag-
nitude of every voltage pulse caused by a particle hitting the detector. It could
be beneficial to see how this distribution changes at different altitudes, where the
muons will have different energies. Additionally, observing the distribution under
different radiation exposures could further enhance our understanding of detector

sensitivity.

e Investigate Detector Sensitivity to Background Radiation in Coincidence
Mode: By comparing the muon flux detected in coincidence mode with and without
exposure to a radiation source, we can assess the effectiveness of coincidence mode
in filtering out background radiation. This experiment is relatively simple to set

up, and I hope to test it soon.

Furthermore, Dr. Spencer N. Axani and his colleagues have outlined additional potential
experiments in their work on the Cosmic Watch detector, which could serve as a valuable
resource for future research [3].

Overall, the progress made in this project has not only contributed to a better understand-
ing of muon detection and flux measurements but has also opened up new possibilities

for future experiments.
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Appendix A

Python Code for Teachspin Detector

This code was developed to record data from the Teachspin muon detector, providing an
alternative to the software supplied with the device, which is limited to Windows 10 or
earlier. Unlike the original software, this updated version is compatible with any system

that has a Python interpreter installed. This code processes data in the same format as

the Teachspin software and automatically generates mean flux plots like those shown in

figures 4.3 and 4.4.

38






APPENDIX A. PYTHON CODE FOR TEACHSPIN DETECTOR







115

116

117

118

119

120

121

122

123

124

125

126

42

APPENDIX A. PYTHON CODE FOR TEACHSPIN DETECTOR




10

11

12

13

14

15

16

17

18

19

Appendix B

Python Code for Cosmic Watch

Detector

This code is designed for data collection on the Cosmic Watch detector. It was originally

written as part of the Cosmic Watch project and is provided here for reference [17].
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