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Ultra-high energy cosmic ray®&JHECRS) producehe most powerful collisions between
single particles and atmospheric matt@hey have been studiaihce the early 20century yet,
to this datethere isno clear answer as to the acceleration process responsible for theicprodu
tion. The TelescopArray Project is an experiment designed to observe the showers of particles
produced as bproducts of the interactions between UHECRs and the atmospherehyhsich
experiment, it currently utilizes 38 fluorescence detectors (BD&)ed between thresitesover-
looking an array of 507 surface detectors (SDs) The pr o] e studp the emargy,si on i
composition and origin of UHECRSssing a variety of techniques which may include some or all
of the exper i Thisdotutment, iapagidanr, ia & presentation of the UHECR-e
ergy spectrum measured at Telescope Array using the fluorescence detection techmapue in
nocularmode. Only data from &24 FDs at Black Rock Mesa (BBnd Long Ridge (LR) at

tions are used here.



PREFACE

Wh e n e weapproaclied by somebody and asked what | do, | usually respond in the
following order: | am a graduate student at Rutgers, | study Physics, and my thesis is @ the ph
nomenon ofultra-high energy cosmic raysThe response is usugltaised eyebrows, wided
eyesandt at ement s | i kTeh aitWosw , h eRftikgysongetsatibnfmarages to
continue, the next obvious questionfisWh y ¢ o s ani nwst adeniynsy @ntry into the c®
mic ray research communityas purelyhappenstanceAs a sopbmore at the University of Utah
| still only had a vague idea of where | was heading, academically. | had always been interested
in astronomy and engineering and had a knack for mathemaiasl also recognized themi-
portance of becoming involved withresearch group at the university as a means of gaikring e
perience and making connections which might help after graduaHefore | knew it, | was a
member of the HiglRe s ol ut i on F 1 vy éngeingwmtreliterally peeoraivaneaeasst of
cosmic rgs. | stayed for ten years because, while the work was challenging, it was also exciting,
fun andinteresting( | 6 | | e X pl amomentariye emphasi s

I can still remember watching the event display at the HiRes Il air fluorescence detector,
five years lefore the valley floor would be spattered with surface detectorfiarad bya mu-
ti-million dollar array of fluorescence detectorswatched in amazement while thacks lit up
the display Here wasadevice picking up the invisible light generatsicharged particles streak
through the atmosphere, and t his .whisisapke- j ust
nomenon that is occurring now, all over therld, as ithas beeras long as Earth had an atsno
phere How many people do you thinkeaaware of this?

Ultra-high energy cosmic rays frequently coliddgh Ear t hés at mosphere,
to hundreds of millions of times more energetic than the protons accelerated by the Large Hadron
Collider and, to date, nobody can say where theycangng from. Unfortunately, most people

wonodét find this interesting. And why shoul d

utrahi gh energy cosmic rays? It wondt solve wo

s



East . | te thw OSWkiudget. bSif ltarpayersare going tgpay millions of dollars fud-
ingresearch t hen shoul dnot it be di rPeThd peaple wWhmwar ds
would ask such a question should realize that the benefits may not come frorodbetof the
research projects, but from thekxecution The town of Delta, Utah and Millard County receaive
an estimated million dollars a year from the Telescope Array collaboration through house rentals,
food, supplies and even souvenirs. As the experimgrands, infrastructure must be developed
which means new construction contracts and jobs. Graduate and undergraduate students gain
experience working with cutting edge technolagyinternationakelationships aréorgedbring-
ing people from differentulturestogether. Scientists want to perform the research because
theydébre interested in studying the pheoomena.
jects because the work has a positive effect on the economy and overall quality ©flifeow
is that truly becoming clear to me

This thesis presents the measurement of the -bigta energy cosmic ray flux by the
Telescope Array fluorescence detectoisis, for themost part, a description @xperimental
apparatugnd data analysis methad start with the big picture, that is anriotiuction to cosmic
ray theory(Chapter }, followed by a description of the hardware and software used to catidct
analyze cosmic ray air shower da@hépter 2 Chapter 3and Chapter 4, andfinally focuson a
simple plot withjust 21 data point§Chapter % However, nost readers of this document will be
less interested ithatplot (theobjectiveof this thesis!) and more interested in the techniques used
to determine where the points on that @ot placed. | see this as a fitting analogy to the
search project itselthat is, themeans are monmelevantthantheends

| emphasized the woiidterestearlier because | believe peopleo n 6t wor k t o | ea
things when they are not interested in theAs | try to recall my state of minghroughout my
experience with this research group, l Om real|
from developing experience with t hsolvilgxnyer i men:
perspective has widened as well. | entered undeisgfittle more than the benefit | wouleé+
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ceive through my employment with the group. Now, as my task completes, | understand the i
portant contribution Apureod research has to so
If you, the reader, are usirthis document as a means of understanding the methods for

performing an UHECR energy spectrum measurement using similar metharsoding for

errors or misplacedssumptionsthen this thesis will have served its purpose. If you happen to
be a new graghte student entering school with a state of mind similar to what | had coming in,
then | hope | have opened your eyes to a bigger picture. No matter who you are, thank you for

taking the time to read thid.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 Z0century, following some groundbreaking discoveries inaradi
tion and radioactivitythere were several laboratories where scientists were studying tha-ioniz
tion properties of gases. A tool commonly used in these laboratories was a device cgitdd the
leaf electroscope To measure the radiation level, one would first apply a chargecontact on
the devicejnducing Coulomb repulsion in the leaves. The rate at which the leaves felloback t
gether would indicate how much ionizing radiation was present. However, it was quickly found
that the electroscope would always discharge, ntemaow far it was placed from known
sources of radiation. After much debate, it eventually was accepted that there must besome nat
ral source of radiation which was causing the discharge.

In 1910, physicist Theodor Wulf, known for the Wulf electromeseught to determine
what type of radiation was causing the electroscopes to discHargét the time, there were
three classes of radiation known to ionize ai ( i . e . -rayd), which cautd de identified by
their penetrating depth. Wudyd, whkhuhavaithe lergjestt h at |
range, the intensity at a height of 80 meters should be half that at the surface. Using les own d
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 centime®rebfar higher than what wag-e
pected?2].

Two years later, physicist Victor Hess expanded on this experiment by taking a Wulf
electrometer to a height of 5km &hotair balloon (This was followed shortly by Verner IKo

horster, who actually ascended tkr@!). At low altitudes, the radiation decreased with height, in



agreement wit 2. Wowever) lessfdiscoverednttiatsabove an altitude of 1.5km,

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

=1}

come from beyond the at mos p Hdiecovery whctawould latey i t
earn him the Nobel Prize.

After the invention of the Geigéviiller detector in 192, experiments performed by
Kolhérster and Walther Bothe revealed not only that cosmic radiation consisted of charged part
cles, but that they awed in bunche[3]. Physicist Pierre Auger explored this phenomenort; wri
ing in his 1939 paper,

...we know that the increase of the soft group with altitudeiig kapid, so we mustda

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 showexsthie 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
multiple effects of a single initial pacte remaining bound in time and in spddk

Through his experiments at Jungfraujaid Pic du Midi, Auger observed coincidences
in cosmic rays picked up by detectors placed several tens of meters apart, suggestinglhat the o
served higkenergy electrons were the byproducts of a single patrticle colliding high in the-atmo
phere. In the gpte above Auger mentions the recemtly scovered fAmesotrono,
similar properties to the electron, yet apparently more massive and very unstable.

Theoretical physicist Hideki Yukawa believed the mesotrons to be responsible ber the
decay oberved in extensive air show¢®s$. He theorized that they must be particles with a mean
life on the order of microseconds and give rise to eleateririno pais (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 ofte and lifetimes on the ostt of microseconds yet would turn out to be fundamentally

different particles. Thesoal | ed Acosmic ray mesotrono woul d

actually decays into an electron and a neutant-neutrino pair. The particle Yukawa wass r



ferring to was actually thé-meson, which decays into a muoeutrino pair. Both the pion and
the muon have similar masses (M6V versis 106MeV), halflives (~2us) andboth have the
same magnitude of charge, but only the pion participates in Stanaginteraction.

So this all begs the question, if the cosmic rays we observe on the ground are really the
byproducts of an extremely high energy seol |l i si
phere, then what are those particles and what could possibbgensible for accelerating them
to such high energies. In the concl uset on of
quences of the extension of the energy spectrum of cosmic rays up &v 19that it is actually
impossible to imagine a sirgprocess able to give to a particle such anggoég4].

The work described above helped lay the foundation for particle collider experiments and
studies in nuclaaphysics, eventually leading to the Standard Model TheQryerthe pastL00
years, our understanding of cosmic rays has expanded dramatically with increasingly stphistica
ed experiments and theories. What follows is a brief description of the cuainto$ those

models as they relate to this dissertation.

1.2.Background

Primary cosmic rays refer to charged particles and stableliead nuclei incident on
Earthdés at mosphere which have been accelerate
and nuclei resulting from interactions between primary cosmic rays and thstdlide medium
are calledsecondarycosmic rays, a term also used to describe-biggrgy pions and kaonsgsr
duced after a primary cosmic ray interacts in the atmosphere. Because cosmic rays are believed
to be a product of stellar nucleosynthesis, thegtnlikely 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 gpcess 6



Much of this was later explained by supernova remngettseven today, nobody can explain the

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

10'® 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 c¢co0smi
For this thesis, the ternenergy spectrurandcosmic ray fluxare used interchangeably

and are défied as thewumber ofcosmic rag carrying energyOwhose trajectory is contained by

the solid anglém, crossing thereaQ oduring atime periodQ "YThat is,

’Q_'Ok QoM Q" O (1.1)

with 0O in units of Ad OOAA. 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 togEitpereiri.1
BelowpmeV particles are deflected by the solar
cosmic rays observed on Earth are typically of extidar origin. Neap 1 €V, there is a sharp

decline in flux as a function of primary cosmic ray energy. Referred to as the knee, thig-is gene
ally believed to be the limit of acceleration by sources within our galaxy. fNedt e \ies the
GreisserZatsepinKuzmin (GZK) suppession, beyond which protons interact with the cosmic
microwave background radiation (CMBR) with sufficient energy to produce a nucleon and pion
atrest[8]. Justbel ow t he GZK | i mit is a feature <calle
which is still under debate. Owaplanation for this featuiis that an excess in the measured flux

is generated just below the GZK limit by primary cosmic rays that have loeetermted tols

perGZK energies and subsequently lost energy via pion production. Alternatively, it may corr

spond to a lower limit to extragalactic cosmic ray energies. Cosmic rays entering our galaxy are



subject to deflection by the galactic magndigtd (GMF) and lose energy via interaction with
the CMBR. Higher energy particles have longer interaction lengths and are less prone te magne
ic field deflection. But there is a more important question here: What could possibly accelerate

particles to sch high energies in the first place?
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Figure 1.1 Measurements of the differential flux of high energy cosmic rays by various-expt
ments[7].

1.3.UHECR Oirigins

Ultra-high energy cosmic rays, referring to primary particles carrying energies in excess
of p 1 A 6occur much more rarely than those produced by supernova remnants witiia- o
axy. However, one may derive frdfigure 1.1that about tep 11 A 6cosmic ray events cross a
single square kilometer each year. Today, a cosmic ray enxgrdriwhich covers hundreds of

square kil ometers would seem small yets- woul dn



urement up t@ 1t A 6 Larger experiments operating for longer periods will eventually resolve
the GZK effect. Amazingly, collisiabetween cosmic rays and the atmosphere regularly occur
with energies well ovep 1t A Bwhile the largest particle collider on Earth Gaotelerate protons
to a few tens of TeV Furthermore, there are no objects known to exist which can accelarate pa
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
t hey enter Ear tdatémay betusedte isdaie potential solirbes of UHECRS, but
the analysis faces two major difficulties. First, due to the GMF, only the highest energy cosmic
rays np 1 A § can be reliably traced back to their orig®]. 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 beinghe@adsen an observed distib
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 igre the catalogues and study the rudiie moments of the observed
sources compared to isotropy, a method referred aniastropy study

From the perspective of high energy theorists, several approaches have been teken to d
termine the type of procesesponsible for acceleration to uHnah 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 energgdpes For b-
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 acceleratdr, That is,

Onax 306 Qi (1.2)
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Figure 1.2Hillas plot showing potential UHECR sourgeslapted fronf9]). The source classe:

are plotted according to their clhateristic magnetic field strength and size. The red line follc

the energy density required to accelerate a protpnttoe Ygreen for iron.

Figure 1.2isasec al | ed f#AHillas plotdo, where potenti al
and magnetic field strength. The red line corresponds to the energy mf @ \proton and the

green line for ap 11 e Mron 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 sohatesx¢ very large will spend more

time accelerating and hence have more opportunity to interact with the CMBRhe figure

shows gamma ray bursts (GRBs) and radio galaxiedtz@anost probable candidates for proton

sourceswhile AGN cores and the gatdtic halo are candidate sourcesifon.



1.4.First-Order Fermi Acceleration

Regardless of the type of source, the driving force is best described bydreckia-

celeration10]. Consider the encounter between a strong planar shock wave and a large magnetic

cloud as shown ifrigure 1.3 The shock wave travels with velodity 0 Toand the average

velocities of the gas downstream and upstream from the wave anel0

, respectively. Let

O O 0 andd L & Now consider a cosmic ray particle carrying enéggntering the

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

0O 10p 1 AITO
withf  p¥ p T . After encountering the shock front, it will haeeergy,

O 1Op 1 AITOS8

(1.3)

(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 elastico Oand t he particleds

0O O p TAITO 1t AlfO 1 AITOATTO
’ 0O p 1

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

Q&
g

oA 17 QO AITO—Qn FT B

energy

(1.5)

(1.6)

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

same sidef the wave that they arrived. That is,

Q¢ A @ Ai7O

A T7 O mh AifO n
and,

Qe mh Ali0 =

Al7O n

2.
o
)

zz
<

(1.7)

(1.8)



leading todA 17 GO -and@ 1700  -. Plugging this result into Equatidfi.7) and dre-

ping terms which are quadraticfinyields,

40 %T 8 (1.9)

a

On average, the increase in the cosmic rayods ¢
proportional to the shodkr ont 6s vel oci t yo,r dheernoc eF etrhnei naacntee | fiefri
If the cosmic ray is trapped in the magnetic cloud then it may have multiple encounters

with the shock front. Afte¢ encounters, its energy will be,

0O Op aO08 (1.10)
Between eaclencounter, however, there is a probability the particle will escapayhich will
be a monotonically increasing function@f The probability of finding a cosmic ray with energy

‘O leaving the cloud is then,
00 n p n 8 (2.12)

If the escape probability was a constant equal tg , then the ratio of cosmic rays with diffe

ent energies will be given by,

5
= T T (1.12)

andthe 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,

. i

0 (0]
= o "l a6 (1.13)
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Figure 1.3Magnetic abnormality in the presence of a strong planar shock[@ave

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, synchaaliation and pion
production. Each mechanism has a different relative impact, depending on the energyief the pr
mary. Only the relative loss due to redshift is independent of en&d¥Q 6rO ‘0. The
cross section for electrepositron pair prduction, given by the reaction,

nr nQ Q
has a lower threshold than that for pion production, but occurs much more frequently. it thres
old, this process produces an energy loss of galyfa . Pion production is the theoretical-b
sis of theso-called GZK limit, has a very strong impact on cosmic ray energies, but only affects
protons with energies abopert @ A @n the reaction described by,

nr s 0
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wherel may be a proton or neutrdg8]. The* will either be positively charged or neutrag-d
pending on the nucleon it is paired with. In this case, the threshold energy loss is the ratio,
a Ta .
Iron nuclei are subject to energy loss byfahlisintegration according to the reaction,
o T 0O p 08
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 gbogert A g9].

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 AlvareaMufiiz and Stanev it he gyp © A §mbtoniss300ocf the ayp
cal t hi ckness [0]f Sotishtepy ghadldebe eéxpected thiUEHBCRSs with energies

below this level.

1.6.The Extensive Air Shower

When a cosmic ray <collides with Earthos
secondey particles called aextensive air showdEAS) is created. After the initial interaction,
hundreds to thousands bigh energy particles are produced. These subsequently collide with
other molecules in the atmosphere and the chain reaction contittildbaiperparticle energy is
insufficient to sustain the shower and the remaining particles decay or are absorbed.

Typically, the initial interaction produces neutral piamsl both positively and negatively
charged piong roughly equal numbers. Neal pions quickly decay into gamma ray pairs, each
subsequently producing electrpositron pairs. This component of the EAS is known as the
electremagnetic component and is responsible for producing the fluorescence light. Charged

pions have significdty longer lifetimes than their neutral counterparts. They form a highdy co

at
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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

Some of the chaggl pions manage to decay into muutrino 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 andnposisitty
outnumber muonsna are responsible for 98% of the totalionization energy depsit near
shower maximunjl2]. The neutrinos carry away energy whichlwiéver be detected. This
missing energis 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 fiajeraction models to determine how much must be a
counted for, depending on ticalorimetric energyi.e. the energy which is transferred from the
secondary cosmic rays to atmospheric matter via ionization and particle decay processes.

In 1977, Thomas Gsser andMichael Hillas suggested that the number density of

charged particles in an EAS as a function of atmospheric matter traversed take fi8Form

0 O Omaxe——c Q : (1.14)

Wnax ©
whereU; 4 gs the maximum number of charged particles present in the shawggs the
amount of atmosphere crossed when the shower reaches itsopesiresents the depth of first
interaction andr is the shower width parameter, related to the characteristic interaction length of
the particles in the shower. All of the variables exégpt garry units ofCFA . All four pa-
rameters to some extent depend on the energy of the primary partizlenslout that some also

depend on the primary particle type as well.
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n=1

n=2

n=4

Figure 1.4 Schematiof the Heitler toy model EM cascadeproduced from Matthew&4].

Figure 1.4is a representation of the EM cascade model described by Heitler in 1954
adapted fronj14]. A phdon enters with energ® andproducesan electrorpositron pair each
with energieO 7¢. After some interaction length the electron or positron produce a bsem
strahlung photon which carries away half of its kinetic energy. The new photons suliyeque
produce anotheé® -Q pair, thus propagating the cascade. This process continues until the ene
gy per particle reaches some threshold enérdyelow which no more collisions can occurf- A
ter¢ interactions, there will bé ¢ particles anghotons, each carrying ener@Qy O ¢
and the shower will have reached its peak wben ‘O. The number of interactions needed to
occur to get to the peakds | TOTO Ti t, leading to the following relationship betwegn

andO,

) '08 1.15
b 5 (1.15)

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

primary energy and the Adeptho of the peak is
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¢ _ _] £8 (1.16)

Hence, there is a logarithmic dependence between the depth of the shower mardmnmary
energy.
Now consider a situation where the primary particle consistsmfcleons that break

apart immediately after the initial interaction, so that,

(1.17)

5¢
C:
(@]

0O

o:| O

giventhe same interaction length. Naturally, this will require fewer interactions before tlie sho
er maximum is reached. We have | TO700 Tl £, 0 620700 'OFO and¢ _
_1 TO760 . Therefore, the depth of shower maximum depends thgaigally 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 Equatibs), named the Gaissefillas
formula, should have the following dependencies on primary particle efergyd nucleon

numbero,

6..9 OR @a0 'r%s (1.18)
The depth of the initial interaction will certainly depend on the primary particle species. It is
sometimesassumed 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 sthallemparameter which
will also depend on primary energy. This dependence is complex #rzbwiescribed in more
detail inChapter 4 The shower width parameter, also has a complex dependence on primary
particle species and energy. Additionally,depends on altitude so it is not even constant
t hroughout the shower . Fortunately, it doesnbod

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

2.1.Experiment and Apparatus

Telescope Array (TA) is an international collaboration with more than 120 members re
resenting 26 institutions. The experiment is situated in the high desert of central Uté&im 200
southwest of Salt Lake City near the towrData. It consists of 38 fluorescence detectors (FDs)
divided into three observation stations overlooking an array of 507 surface detectors (SdDs). Mi
dle Drum (MD) station sits to the north and houses 14 FDs utilizing refurbished hardware from
the HiResexperiment. The Black Rock Mesa (BRM) and Long Ridge (LR) stations each contain
12 newlybuilt FDs outfitted with FADC electronics systefis].

The SD array isrranged in a square grid with ke spacing, yielding a total coverage
area of 680 square kilometers. Each SD contains two layers of plastic scintillator, reably 3
1.2cm in size. The light emitted as charged particles pass through the scintifgtassed to
PMTs via fiberoptic cable and the signal processed with a#bh@ard data acquisition system.
They are independently powered by arboard battery and solarpal. To optimize commun
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 correspondingeto its r
gion. The signal is subsequently senthe 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, eactnsisting of a segmented spherical mirror projecting onto an array of
photomultiplier tubes (PMTs). The telescopesd
PMT views one degree of solid angle in the sky. In each observation station, theeRDs a

rangedn atwo-ring configuration, with one group of telescopes viewing elevations frotm 3



Figure 2.1 Political map of the Telescope Array Experimgi].
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