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Ultra-high energy cosmic rays (UHECRs) produce the most powerful collisions between 

single particles and atmospheric matter.  They have been studied since the early 20
th
 century yet, 

to this date, there is no clear answer as to the acceleration process responsible for their produc-

tion.  The Telescope Array Project is an experiment designed to observe the showers of particles 

produced as by-products of the interactions between UHECRs and the atmosphere.  As a hybrid 

experiment, it currently utilizes 38 fluorescence detectors (FDs) divided between three sites over-

looking an array of 507 surface detectors (SDs).  The projectôs mission is to study the energy, 

composition and origin of UHECRs using a variety of techniques which may include some or all 

of the experimentôs apparatus.  This document, in particular, is a presentation of the UHECR en-

ergy spectrum measured at Telescope Array using the fluorescence detection technique in mo-

nocular mode.  Only data from the 24 FDs at Black Rock Mesa (BR) and Long Ridge (LR) sta-

tions are used here. 
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PREFACE 

Whenever Iôm approached by somebody and asked what I do, I usually respond in the 

following order: I am a graduate student at Rutgers, I study Physics, and my thesis is on the phe-

nomenon of ultra-high energy cosmic rays.  The response is usually raised eyebrows, widened 

eyes and statements like ñWow, Physics... Thatôs heavy stuff.ò  If the conversation manages to 

continue, the next obvious question is, ñWhy cosmic rays?ò  I must admit, my entry into the cos-

mic ray research community was purely happenstance.  As a sophomore at the University of Utah 

I still only had a vague idea of where I was heading, academically.  I had always been interested 

in astronomy and engineering and had a knack for mathematics.  But I also recognized the im-

portance of becoming involved with a research group at the university as a means of gaining ex-

perience and making connections which might help after graduation.  Before I knew it, I was a 

member of the High-Resolution Flyôs Eye experiment, entering with literally zero awareness of 

cosmic rays.  I stayed for ten years because, while the work was challenging, it was also exciting, 

fun and interesting (Iôll explain the emphasis momentarily). 

I can still remember watching the event display at the HiRes III air fluorescence detector, 

five years before the valley floor would be spattered with surface detectors and flanked by a mul-

ti-million dollar array of fluorescence detectors.  I watched in amazement while the tracks lit up 

the display.  Here was a device picking up the invisible light generated as charged particles streak 

through the atmosphere, and this wasnôt just happening because we were looking.  This is a phe-

nomenon that is occurring now, all over the world, as it has been as long as Earth had an atmos-

phere.  How many people do you think are aware of this? 

Ultra-high energy cosmic rays frequently collide with Earthôs atmosphere, they are tens 

to hundreds of millions of times more energetic than the protons accelerated by the Large Hadron 

Collider and, to date, nobody can say where they are coming from.  Unfortunately, most people 

wonôt find this interesting.  And why should they?  What happens when we discover the source of 

ultra-high energy cosmic rays?  It wonôt solve world hunger.  It wonôt bring peace to the Middle 
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East.  It wonôt balance the US budget.  So if taxpayers are going to pay millions of dollars fund-

ing research, then shouldnôt it be directed towards solving these problems?  The people who 

would ask such a question should realize that the benefits may not come from the product of the 

research projects, but from their execution.  The town of Delta, Utah and Millard County receives 

an estimated million dollars a year from the Telescope Array collaboration through house rentals, 

food, supplies and even souvenirs.  As the experiment expands, infrastructure must be developed 

which means new construction contracts and jobs.  Graduate and undergraduate students gain 

experience working with cutting edge technology and international relationships are forged bring-

ing people from different cultures together.  Scientists want to perform the research because 

theyôre interested in studying the phenomena.  Governments are willing to subsidize these pro-

jects because the work has a positive effect on the economy and overall quality of life.  Only now 

is that truly becoming clear to me. 

This thesis presents the measurement of the Ultra-high energy cosmic ray flux by the 

Telescope Array fluorescence detectors.  It is, for the most part, a description of experimental 

apparatus and data analysis methods.  I start with the big picture, that is an introduction to cosmic 

ray theory (Chapter 1), followed by a description of the hardware and software used to collect and 

analyze cosmic ray air shower data (Chapter 2, Chapter 3 and Chapter 4), and finally focus on a 

simple plot with just 21 data points (Chapter 5).  However, most readers of this document will be 

less interested in that plot (the objective of this thesis!) and more interested in the techniques used 

to determine where the points on that plot are placed.  I see this as a fitting analogy to the re-

search project itself, that is, the means are more relevant than the ends. 

I emphasized the word interest earlier because I believe people donôt work to learn about 

things when they are not interested in them.  As I try to recall my state of mind throughout my 

experience with this research group, Iôm realizing something I hadnôt thought of before.  Aside 

from developing experience with the experimentôs hardware and skills in problem-solving, my 

perspective has widened as well.  I entered understanding little more than the benefit I would re-
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ceive through my employment with the group.  Now, as my task completes, I understand the im-

portant contribution ñpureò research has to society and I am thrilled to be a part of that. 

If you, the reader, are using this document as a means of understanding the methods for 

performing an UHECR energy spectrum measurement using similar methods, or checking for 

errors or misplaced assumptions, then this thesis will have served its purpose.  If you happen to 

be a new graduate student entering school with a state of mind similar to what I had coming in, 

then I hope I have opened your eyes to a bigger picture.  No matter who you are, thank you for 

taking the time to read this.  I hope this work serves you well. 
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Chapter 1. Ultra -High Energy Cosmic Ray Theory 

1.1. First Observation of Cosmic Rays 

Around the turn of the 20
th
 century, following some groundbreaking discoveries in radia-

tion and radioactivity, there were several laboratories where scientists were studying the ioniza-

tion properties of gases.  A tool commonly used in these laboratories was a device called the gold 

leaf electroscope.  To measure the radiation level, one would first apply a charge to a contact on 

the device, inducing Coulomb repulsion in the leaves.  The rate at which the leaves fell back to-

gether would indicate how much ionizing radiation was present.  However, it was quickly found 

that the electroscope would always discharge, no matter how far it was placed from known 

sources of radiation.  After much debate, it eventually was accepted that there must be some natu-

ral source of radiation which was causing the discharge. 

In 1910, physicist Theodor Wulf, known for the Wulf electrometer, sought to determine 

what type of radiation was causing the electroscopes to discharge [1].  At the time, there were 

three classes of radiation known to ionize air (i.e. Ŭ, ɓ and ɔ-rays), which could be identified by 

their penetrating depth.  Wulf surmised that if the radiation were ɔ-rays, which have the longest 

range, the intensity at a height of 80 meters should be half that at the surface.  Using his own de-

vice, he measured the ionization radiation at the Eiffel Tower, which has a height of 330 meters.  

At the base of the tower he measured a level of 6 ions per cubic centimeter.  At the top of the 

tower he observed a surprising 3.5 ions per cubic centimeter, a level far higher than what was ex-

pected [2].  

Two years later, physicist Victor Hess expanded on this experiment by taking a Wulf 

electrometer to a height of 5km in a hot-air balloon (This was followed shortly by Verner Kol-

hörster, who actually ascended to 9 km!).  At low altitudes, the radiation decreased with height, in 
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agreement with Wulfôs findings [2].  However, Hess discovered that above an altitude of 1.5km, 

the level of radiation actually increased rapidly with height.  He deduced that the radiation must 

come from beyond the atmosphere, calling it ñcosmic radiation,ò a discovery which would later 

earn him the Nobel Prize. 

After the invention of the Geiger-Müller detector in 1928, experiments performed by 

Kolhörster and Walther Bothe revealed not only that cosmic radiation consisted of charged parti-

cles, but that they arrived in bunches [3].  Physicist Pierre Auger explored this phenomenon, writ-

ing in his 1939 paper, 

...we know that the increase of the soft group with altitude is very rapid, so we must ad-

mit that electrons of another origin than that indicated above are adding their effects to 

those of the decay and collision electrons from mesotrons.  It seems natural to suppose 

that they represent the end effects of the showers that the primary particles, probably 

electrons, which enter the high atmosphere produced there.  If this is the case, we should 

be able to recognize it by the existence of a ñcoherenceò of these shower particles, the 

multiple effects of a single initial particle remaining bound in time and in space [4]. 

Through his experiments at Jungfraujoch and Pic du Midi, Auger observed coincidences 

in cosmic rays picked up by detectors placed several tens of meters apart, suggesting that the ob-

served high-energy electrons were the byproducts of a single particle colliding high in the atmos-

phere.  In the quote above Auger mentions the recently-discovered ñmesotronò, a particle with 

similar properties to the electron, yet apparently more massive and very unstable. 

Theoretical physicist Hideki Yukawa believed the mesotrons to be responsible for the ɓ-

decay observed in extensive air showers [5].  He theorized that they must be particles with a mean 

life on the order of microseconds and give rise to electron-neutrino pairs (although neutrinos had 

yet to be discovered, their existence was widely accepted).  Later experiments found that there 

seemed to be two kinds of mesotrons, one interacting far more weakly than the other.  Both had 

charges of ±e and lifetimes on the order of microseconds yet would turn out to be fundamentally 

different particles.  The so-called ñcosmic ray mesotronò would turn out to be the muon, which 

actually decays into an electron and a neutrino-anti-neutrino pair.  The particle Yukawa was re-
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ferring to was actually the ́-meson, which decays into a muon-neutrino pair.  Both the pion and 

the muon have similar masses (140 MeV versus 106 MeV), half-lives (~2 µs) and both have the 

same magnitude of charge, but only the pion participates in Strong Force interaction. 

So this all begs the question, if the cosmic rays we observe on the ground are really the 

by-products of an extremely high energy collision between a single particle and Earthôs atmos-

phere, then what are those particles and what could possibly be responsible for accelerating them 

to such high energies.  In the conclusion of his 1939 paper, Auger states, ñOne of the conse-

quences of the extension of the energy spectrum of cosmic rays up to 10
15

 ev is that it is actually 

impossible to imagine a single process able to give to a particle such an energyò [4]. 

The work described above helped lay the foundation for particle collider experiments and 

studies in nuclear physics, eventually leading to the Standard Model Theory.  Over the past 100 

years, our understanding of cosmic rays has expanded dramatically with increasingly sophisticat-

ed experiments and theories.  What follows is a brief description of the current state of those 

models as they relate to this dissertation. 

1.2. Background 

Primary cosmic rays refer to charged particles and stable, long-lived nuclei incident on 

Earthôs atmosphere which have been accelerated by extraterrestrial sources.  Charged particles 

and nuclei resulting from interactions between primary cosmic rays and the interstellar medium 

are called secondary cosmic rays, a term also used to describe high-energy pions and kaons pro-

duced after a primary cosmic ray interacts in the atmosphere.  Because cosmic rays are believed 

to be a product of stellar nucleosynthesis, they most likely consist of electrons, protons, carbon, 

nitrogen, oxygen or iron nuclei. 

As demonstrated in the previous section, it was known even in the early days of cosmic 

ray research that particles were entering our atmosphere carrying energies in excess of  ρπ Å6.  



4 

 

 

Much of this was later explained by supernova remnants yet, even today, nobody can explain the 

acceleration mechanism behind the highest energy cosmic rays, which carry energies exceeding 

10
18

 eV [6].  Various theories have been presented over the years which postulate that, given 

some acceleration mechanism, the distribution of cosmic ray energies would follow a power law 

of some slope.  So it is a natural first step for a cosmic ray experiment to measure their flux as a 

function of energy, otherwise called the cosmic rayôs energy spectrum. 

For this thesis, the terms energy spectrum and cosmic ray flux are used interchangeably 

and are defined as the number of cosmic rays carrying energy Ὁ whose trajectory is contained by 

the solid angle Ὠɱ, crossing the area Ὠὃ during a time period ὨὝ.  That is, 

 Ὠὔ

ὨὉ
ḳὨὃ Ὠɱ ὨὝϽὐὉ (1.1) 

 

with ὐὉ in units of Å6 Í ÓÒ ÓÅÃ.  The cosmic ray energy spectrum has been studied for 

decades because the various kinks and power law slopes provide clues to the phenomena behind 

their acceleration.  The measurements by various experiments are shown together in Figure 1.1.  

Below ρπ eV, particles are deflected by the solar wind and Earthôs magnetic field, so primary 

cosmic rays observed on Earth are typically of extra-solar origin.  Near ρπ eV, there is a sharp 

decline in flux as a function of primary cosmic ray energy.  Referred to as the knee, this is gener-

ally believed to be the limit of acceleration by sources within our galaxy.  Near ρπȢ eV lies the 

Greissen-Zatsepin-Kuzmin (GZK) suppression, beyond which protons interact with the cosmic 

microwave background radiation (CMBR) with sufficient energy to produce a nucleon and pion 

at rest [8].  Just below the GZK limit is a feature called the ñankleò, the physical meaning of 

which is still under debate.  One explanation for this feature is that an excess in the measured flux 

is generated just below the GZK limit by primary cosmic rays that have been accelerated to su-

per-GZK energies and subsequently lost energy via pion production.  Alternatively, it may corre-

spond to a lower limit to extragalactic cosmic ray energies.  Cosmic rays entering our galaxy are 
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subject to deflection by the galactic magnetic field (GMF) and lose energy via interaction with 

the CMBR.  Higher energy particles have longer interaction lengths and are less prone to magnet-

ic field deflection.  But there is a more important question here: What could possibly accelerate 

particles to such high energies in the first place? 

1.3. UHECR Origins 

Ultra-high energy cosmic rays, referring to primary particles carrying energies in excess 

of ρπ Å6, occur much more rarely than those produced by supernova remnants within our gal-

axy.  However, one may derive from Figure 1.1 that about ten ρπ Å6 cosmic ray events cross a 

single square kilometer each year.  Today, a cosmic ray experiment which covers hundreds of 

square kilometers would seem small, yet wouldnôt take long to acquire an energy spectrum meas-

 
Figure 1.1 Measurements of the differential flux of high energy cosmic rays by various experi-

ments [7]. 
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urement up to ρπ Å6.  Larger experiments operating for longer periods will eventually resolve 

the GZK effect.  Amazingly, collisions between cosmic rays and the atmosphere regularly occur 

with energies well over ρπ Å6 while the largest particle collider on Earth can accelerate protons 

to a few tens of TeV.  Furthermore, there are no objects known to exist which can accelerate par-

ticles to such energies.  Experimentalists and theorists are attempting to answer the question of 

the origin of UHECRs from opposite ends. 

UHECR experimental data yields primary cosmic ray energies and their trajectories as 

they enter Earthôs atmosphere.  The data may be used to isolate potential sources of UHECRs, but 

the analysis faces two major difficulties.  First, due to the GMF, only the highest energy cosmic 

rays (ṃρπ Å6) can be reliably traced back to their origin [9].  About a dozen or so of these 

events are observed each year, so it takes a very long time to accumulate enough data to allow for 

a significant result.  Second, because a comparison is being made between an observed distribu-

tion of sources and maps of known objects, it is easy to apply an event selection algorithm that 

maximizes the significance of the observed correlations, thus increasing the risk of a confirmation 

bias.  An alternative is to ignore the catalogues and study the multi-pole moments of the observed 

sources compared to isotropy, a method referred to as anisotropy study. 

From the perspective of high energy theorists, several approaches have been taken to de-

termine the type of process responsible for acceleration to ultra-high energies.  Anthony Hillas 

argued that if the cosmic ray accelerator behaves like a synchrotron, then the charged particles in 

its magnetic field will continue to accelerate until they reach sufficient energy to escape.  For ob-

jects with known size and field strength, one can estimate the maximum achievable energy by 

applying the requirement that the Larmor orbit of a charged particle in an accelerator be smaller 

than the size of the accelerator, Ὑ.  That is, 

 Ὁmax ɜὤὄὩὙίȢ (1.2) 
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Figure 1.2 is a so-called ñHillas plotò, where potential sources are plotted according to their size 

and magnetic field strength.  The red line corresponds to the energy of a ρπ eV proton and the 

green line for a ρπ eV iron nucleus.  The most likely candidates appear near the center of this 

figure, because cosmic rays accelerated by sources that are small will tend to lose much of their 

energy to synchrotron radiation.  Those accelerated by sources that are very large will spend more 

time accelerating and hence have more opportunity to interact with the CMBR.  As the figure 

shows, gamma ray bursts (GRBs) and radio galaxies are the most probable candidates for proton 

sources while AGN cores and the galactic halo are candidate sources for iron. 

 
Figure 1.2 Hillas plot showing potential UHECR sources (adapted from [9]).  The source classes 

are plotted according to their characteristic magnetic field strength and size.  The red line follows 

the energy density required to accelerate a proton to ρπ eV, green for iron. 
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1.4. First -Order Fermi Acceleration 

Regardless of the type of source, the driving force is best described by Fermi shock ac-

celeration [10].  Consider the encounter between a strong planar shock wave and a large magnetic 

cloud as shown in Figure 1.3.  The shock wave travels with velocity ‍ ὺȾὧ and the average 

velocities of the gas downstream and upstream from the wave are ὺ and ὺ, respectively.  Let 

ὺ ὺ ὺ and ὺḺὧ.  Now consider a cosmic ray particle carrying energy Ὁ entering the 

cloud.  Lorentz transformation to a reference frame moving with the shock front gives, 

 Ὁ ‎Ὁ ρ ‍ÃÏÓ‮  (1.3) 

 

with ‎ ρȾρ ‍ .  After encountering the shock front, it will have energy, 

 Ὁ ‎Ὁ ρ ‍ÃÏÓ‮ Ȣ (1.4) 

 

No energy is transferred between the cosmic ray and the cloud and the collision with the shock 

front is assumed to be purely elastic, so Ὁ Ὁ and the particleôs energy increases by, 

 

‚
Ὁ Ὁ

Ὁ

ρ ‍ÃÏÓ‮ ‍ÃÏÓ‮ ‍ÃÏÓÓÏÃ‮‮

ρ ‍
ρȢ (1.5) 

 

The average increase is found by averaging over the direction cosines. 

 

ộÃÏÓỚ‮ ÃÏÓ‮
Ὠὲ

ὨÃÏÓ—
Ὠɱ

Ὠὲ

ὨÃÏÓ—
ὨɱȢ (1.6) 

 

In the presence of a planar shock wave, the cosmic rays must all leave the cloud on the 

same side of the wave that they arrived.  That is, 

 Ὠὲ

ὨÃÏÓ‮

ςÃÏÓÓÏÃȟ‮‮ π
πȟ ÃÏÓ‮ π

 (1.7) 

 

and, 

 Ὠὲ

ὨÃÏÓ‮

πȟ ÃÏÓ‮ π

ςÃÏÓÓÏÃȟ‮‮ π
 (1.8) 
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leading to ộÃÏÓỚ‮  and ộÃÏÓỚ‮ .  Plugging this result into Equation (1.7) and drop-

ping terms which are quadratic in ‍ yields, 

 
ộ‚Ớ

τ

σ
‍Ȣ (1.9) 

 

On average, the increase in the cosmic rayôs energy after each encounter with the shock wave is 

proportional to the shock frontôs velocity, hence the name ñfirst-orderò Fermi acceleration. 

If the cosmic ray is trapped in the magnetic cloud then it may have multiple encounters 

with the shock front.  After ὲ encounters, its energy will be, 

 Ὁ Ὁ ρ ộ‚Ớ Ȣ (1.10) 

 

Between each encounter, however, there is a probability the particle will escape, ὴ, which will 

be a monotonically increasing function of Ὁ.  The probability of finding a cosmic ray with energy 

Ὁ  leaving the cloud is then, 

 

ὖὉ ὴ ρ ὴ Ȣ (1.11) 

 

If the escape probability was a constant equal to ρ ‭, then the ratio of cosmic rays with differ-

ent energies will be given by, 

 
ὔ

ὔ
‭ ‭ (1.12) 

 

and the differential cosmic ray energy spectrum will follow a power law that is proportional to the 

probability of containment by the accelerator and the average energy increase per encounter with 

the shock front, 

 ὔ

ὔ

Ὁ

Ὁ
ȟ ‎

ÌÎ‭

ÌÎρ ộ‚Ớ
 (1.13) 
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1.5. UHECR Propagation 

Cosmic ray protons are subject to three major energy loss mechanisms during their transit 

to Earth; adiabatic losses due to the expansion of the universe, synchrotron radiation and pion 

production.  Each mechanism has a different relative impact, depending on the energy of the pri-

mary.  Only the relative loss due to redshift is independent of energy, ὨὉȾὨὸȾὉ Ὄ .  The 

cross section for electron-positron pair production, given by the reaction, 

ὴ ‎ ὴ Ὡ Ὡ  

has a lower threshold than that for pion production, but occurs much more frequently.  At thresh-

old, this process produces an energy loss of only ςάȾά .  Pion production is the theoretical ba-

sis of the so-called GZK limit, has a very strong impact on cosmic ray energies, but only affects 

protons with energies above ρπȢ Å6 in the reaction described by, 

ὴ ‎ ɝ ὔ “ 

1̒

2̒

E1,p1

E2,p2

v1 v2

vs

 
Figure 1.3 Magnetic abnormality in the presence of a strong planar shock wave [9]. 
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where ὔ may be a proton or neutron [8].  The “ will either be positively charged or neutral, de-

pending on the nucleon it is paired with.  In this case, the threshold energy loss is the ratio, 

ά Ⱦά . 

Iron nuclei are subject to energy loss by photodisintegration according to the reaction, 

ὃ ‎ ὃ ρ ὔȢ 

To a lesser extent, their energy is additionally attenuated by the CMBR due to the giant dipole 

resonance, leading to a suppression of iron cosmic rays above ψ ρπ Å6 [9]. 

By the time they have reached the Earth, UHECRs will have spent (relatively) little time 

within our galaxy.  The primary influence on cosmic ray propagation, locally, will be the GMF.  

According to Alvarez-Muñiz and Stanev, ñthe gyroradius of a ρπ Å6 proton is 300 pc, the typi-

cal thickness of the galactic diskò [9].  So isotropy should be expected in UHECRs with energies 

below this level. 

1.6. The Extensive Air Shower 

When a cosmic ray collides with Earthôs atmosphere with enough energy, a cascade of 

secondary particles called an extensive air shower (EAS) is created.  After the initial interaction, 

hundreds to thousands of high energy particles are produced.  These subsequently collide with 

other molecules in the atmosphere and the chain reaction continues until the per-particle energy is 

insufficient to sustain the shower and the remaining particles decay or are absorbed. 

Typically, the initial interaction produces neutral pions and both positively and negatively 

charged pions in roughly equal numbers.  Neutral pions quickly decay into gamma ray pairs, each 

subsequently producing electron-positron pairs.  This component of the EAS is known as the 

electro-magnetic component and is responsible for producing the fluorescence light.  Charged 

pions have significantly longer lifetimes than their neutral counterparts.  They form a highly col-
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limated beam along the trajectory of the primary particle and are responsible for propagating the 

air shower in the component referred to as the ñhadronic coreò. 

Some of the charged pions manage to decay into muon-neutrino pairs.  Muons also lose 

energy to local ionization energy deposit and, like the electrons and positrons, are responsible for 

producing some of the air shower fluorescence.  In a typical EAS, electrons and positrons vastly 

outnumber muons and are responsible for 97-98% of the total ionization energy deposit near 

shower maximum [12].  The neutrinos carry away energy which will never be detected.  This 

missing energy is more significant high in the atmosphere, where charged pions are more likely to 

decay before colliding with atmospheric matter. Because, by definition, missing energy is not 

observed, we must rely on cosmic ray interaction models to determine how much must be ac-

counted for, depending on the calorimetric energy, i.e. the energy which is transferred from the 

secondary cosmic rays to atmospheric matter via ionization and particle decay processes. 

In 1977, Thomas Gaisser and Michael Hillas suggested that the number density of 

charged particles in an EAS as a function of atmospheric matter traversed take the form [13], 

 

ὔὢ ὔmax
ὢ ὢ

ὢmaxὢ

max

Ὡ
max

 (1.14) 

 

where ὔÍÁØ is the maximum number of charged particles present in the shower, ὢÍÁØ is the 

amount of atmosphere crossed when the shower reaches its peak, ὢ represents the depth of first 

interaction and ɤ is the shower width parameter, related to the characteristic interaction length of 

the particles in the shower.  All of the variables except ὔÍÁØ carry units of ÇȾÃÍ .  All four pa-

rameters to some extent depend on the energy of the primary particle.  It turns out that some also 

depend on the primary particle type as well. 
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Figure 1.4 is a representation of the EM cascade model described by Heitler in 1954, 

adapted from [14].  A photon enters with energy Ὁ and produces an electron-positron pair each 

with energies ὉȾς.  After some interaction length ‗, the electron or positron produce a brems-

strahlung photon which carries away half of its kinetic energy.  The new photons subsequently 

produce another Ὡ -Ὡ  pair, thus propagating the cascade.  This process continues until the ener-

gy per particle reaches some threshold energy Ὁ below which no more collisions can occur.  Af-

ter ὲ interactions, there will be ὔ ς particles and photons, each carrying energy Ὁ Ὁς  

and the shower will have reached its peak when Ὁ Ὁ.  The number of interactions needed to 

occur to get to the peak is ὲ ÌÎὉȾὉ ȾÌÎς, leading to the following relationship between ὔ 

and Ὁ, 

 
ὔ

Ὁ

Ὁ
Ȣ (1.15) 

 

In the Heitler model, the number of particles present in the cascade is proportional to the 

primary energy and the ñdepthò of the peak is then, 

n=1

n=2

n=3

n=4

ɔ

e+ e-

 
 

Figure 1.4 Schematic of the Heitler toy model EM cascade, reproduced from Matthews [14]. 
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ὲ‗ ‗ÌÎ

Ὁ

Ὁ
Ȣ (1.16) 

 

Hence, there is a logarithmic dependence between the depth of the shower maximum and primary 

energy. 

Now consider a situation where the primary particle consists of ὃ nucleons that break 

apart immediately after the initial interaction, so that, 

 
Ὁ

Ὁ

ὃ
ȟ ὔ ὃ (1.17) 

 

given the same interaction length.  Naturally, this will require fewer interactions before the show-

er maximum is reached.  We have ὲ ÌÎὉȾὃὉ ȾÌÎς, ὔ ὃϽὉȾὃὉ ὉȾὉ and ὲ‗

‗ÌÎὉȾὃὉ .  Therefore, the depth of shower maximum depends logarithmically on the number 

of nucleons in the primary.  However, the maximum number of particles does not depend on the 

number of nucleons in the primary at all. 

So it should be expected that the parameters in Equation (1.14), named the Gaisser-Hillas 

formula, should have the following dependencies on primary particle energy Ὁ  and nucleon 

number ὃ, 

 
ὔmaxθ Ὁȟ ὢmaxθ ÌÏÇ

Ὁ

ὃ
Ȣ (1.18) 

 

The depth of the initial interaction will certainly depend on the primary particle species.  It is 

sometimes assumed that all cosmic ray primaries are either protons or iron nuclei and, obviously, 

iron nuclei have much larger cross sections and will tend to have smaller ὢ, a parameter which 

will also depend on primary energy.  This dependence is complex and will be described in more 

detail in Chapter 4.  The shower width parameter, ɤ, also has a complex dependence on primary 

particle species and energy.  Additionally, it depends on altitude so it is not even constant 

throughout the shower.  Fortunately, it doesnôt change very much so it is usually sufficient to treat 

it as a constant.  Again, this is discussed with more detail in a later chapter. 
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Chapter 2. The Telescope Array Project 

2.1. Experiment and Apparatus 

Telescope Array (TA) is an international collaboration with more than 120 members rep-

resenting 26 institutions.  The experiment is situated in the high desert of central Utah, 200 km 

southwest of Salt Lake City near the town of Delta.  It consists of 38 fluorescence detectors (FDs) 

divided into three observation stations overlooking an array of 507 surface detectors (SDs).  Mid-

dle Drum (MD) station sits to the north and houses 14 FDs utilizing refurbished hardware from 

the HiRes experiment.  The Black Rock Mesa (BRM) and Long Ridge (LR) stations each contain 

12 newly-built FDs outfitted with FADC electronics systems [15]. 

The SD array is arranged in a square grid with 1.2 km spacing, yielding a total coverage 

area of 680 square kilometers.  Each SD contains two layers of plastic scintillator, each 3 m
2
 by 

1.2 cm in size. The light emitted as charged particles pass through the scintillators is passed to 

PMTs via fiber-optic cable and the signal processed with an on-board data acquisition system.  

They are independently powered by an on-board battery and solar panel.  To optimize communi-

cation between the SDs and the control computer in Delta, the array is divided into three regions 

and the SDs transmit their digitized signal to the communication tower corresponding to its re-

gion.  The signal is subsequently sent to the control computer via microwave radio.  

The FDs measure the calorimetric energy deposit of extensive air showers by collecting 

the fluorescence light produced as charged particles ionize nearby nitrogen atoms.  Functionally, 

they are telescopes, each consisting of a segmented spherical mirror projecting onto an array of 

photomultiplier tubes (PMTs).  The telescopesô viewing directions are fixed and designed so each 

PMT views one degree of solid angle in the sky.  In each observation station, the FDs are ar-

ranged in a two-ring configuration, with one group of telescopes viewing elevations from 3° to 
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Figure 2.1 Political map of the Telescope Array Experiment [16]. 
























































































































































































