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ABSTRACT

Ultra-highenergy cosmicrays(UHECRs)arethemostenergeticparticleseverrecorded.How-

ever, their sourcesandaccelerationmechanismsareunknown. The JEM-EUSOmissionis a

UHECR detectorplannedfor the International SpaceStation(ISS). Its main scienti�c objective

is to identify thesourcesof UHECRsandmeasuretheir energy spectra. It wil l do soby record-

ing the�uorescencelight emittedby cosmicray interactionsin theatmospherefrom outerspace.

Above 1020 eV, the �ux of UHECR is lessthan one particle per squarekilometer per century,

making it dif�cult to recorda signi�cant numberof UHECR events. The uniqueapproachof

JEM-EUSOis expectedto yield a dramaticincreasein detection raterelative to thelargestground

basedobservatoriesin theworld.

The EUSO- SuperPressureBalloon (EUSO-SPB)missionis a path�nder missionfor JEM-

EUSO.It usesa prototypeversionof the JEM-EUSOdetectorto look down on the atmosphere

from a stratosphericballoonat an altitudeof approximately40 km. EUSO-SPBis plannedto

launchfor a long duration�ight in 2017 from Wanaka,New Zealand. In this thesiswe use

extensive air shower simulationsandthecosmicray �ux to estimatetheexpectedrateof UHECR

detection for EUSO-SPBasa function of energy anddetectoroptical ef�ciency. We �nd that

in a sevennight missionwith eighthoursof observationtime pernight EUSO-SPBwould record

approximatelytenUHECRevents,all with energiesabove1018 eV.
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CHAPTER1

INTRODUCTION,BACKGROUND AND MOTIVATION

The EUSO-Balloonis a prototypedetector for JEM-EUSO,an ultra-highenergy cosmicray

detectorplannedfor the InternationalSpaceStation. Theprototypeis attachedto a stratospheric

balloon and �o wn at an altitude of approximately40 km and pointeddown to observe the at-

mosphere fromabove. EUSO-Balloon's �rst �ight in August,2014in Timmins,Ontariodid not

recordany extensive air showers.This wasprimarily dueto theshort�ight time of approximately

four hoursat �oat altitude. Thepurpose of this thesisis to estimatethecosmicray extensive air

showerdetectionratefor thesuperpressureEUSO-Balloon�ight (EUSO-SPB).

Chapter1 begins with a brief backgroundon cosmicrays. Next, JEM-EUSOand EUSO-

Balloon aredescribedin Chapter2 , followed by an overview of the softwarepackagesusedto

simulateextensive air showersin Chapter3. Theanalysismethodsusedto estimatetheextensive

air shower eventsEUSO-SPBwould recordarethendescribedin Chapter4. Finally, we estimate

detectionratesof EUSO-SPBfor variouspossibledetectoref�ciencies.

1.1 What areUltra-High-Ener gy CosmicRays?

Cosmicraysaresubatomicparticlestravelingathighvelocitiesthroughspace.Theirobserved

energiesspan12orders ofmagnitude,from 108 � 1021 eV [1], andarethehighestenergy particles

known to exist. The sources,accelerationmechanisms,and compositions of ultra-high energy

cosmicrays(UHECRs),or cosmicraysof energiesabove 1018 eV, areunknown. Possiblesources

includeactive galacticnuclei (AGN), neutronstars,andgammaray bursts. However the Hillas

plot (Figure1.1)shows thatnoneof thesepotential sourcescanaccelerateparticlesto theenergies

wehave recorded[2].
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Figure1.1: Hillas Plot with possiblecosmicraysources[2].

1.2 The CosmicRay Spectrum

Thecosmicray�ux spectrum,rangingfrom 108 � 1021 eV (Figure1.2),followsanapproximate

powerlaw determinedempiricallyto beaboutE � 2:7. Thespectrumshowsaslightsteepeningatthe

“knee” at3 � 1015 eV, andlevelsoutslightly at the“ankle“ at3 � 1018 eV. Theanklemayrepresent

thetransitionto cosmicraysof extragalacticorigin. Thekneerepresentstheupperenergy limit of

particlescausedby supernovae[1].

A third importantfeatureof the cosmicray spectrumis the suddensteepdrop in �ux above

5 � 1019 eV [1]. This waspredictedindependentlyby Greisen,andZatsepinandKuzmin andis

known astheGZK effect. TheGZK effect is dueto theinteractionsbetweenhigh energy protons

andthermalphotonsfrom thecosmicmicrowave backgroundradiation(CMBR). Whena proton

above anenergy thresholdof approximately5 � 1019 eV interactswith a CMBR photon,someof

2



Figure1.2: Cosmicray �ux asa functionof energy [3].

theproton's energy is lost and convertedto massto createapion in thefollowing process:

p + 
 ! � + ! p + � (1.1)

This processis repeatedfor cosmicrayswith energy above the interactionthresholduntil the

nucleonfallsbelow thethresholdenergy, or collideswith anobjectsuchastheEarth'satmosphere.

The GZK effect implies that any cosmicraysof energy above 5 � 1019eV mustoriginatefrom a

sourcecloserthan50Mpc, sinceany non-localcosmicraywith energy abovethis thresholdwould

fall below this energy by thetime it wasdetected.
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1.3 ExtensiveAir Showers

The �ux of UHECRis lessthanonepersquarekilometerpercenturyabove 1020 eV. Conse-

quently, direct detectionmethodsare technicallyimpossible. However it is possibleto observe

theextensive air showers(EAS) thatoccurin theEarth's atmosphere.TheseEAS arecascadesof

ionizedparticlesandelectromagneticradiationcausedby acosmic rayprimaryparticleinteracting

with particlesin theatmosphere.Therearethreemain componentsof anEAS: electromagnetic,

hadronicandmuonic(Figure1.3). TheseEAScontinueto propagatethroughtheatmosphereuntil

they eitherreachtheEarth's surfaceor theenergy of theprimaryparticleis dissipated.

+-K , K
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+- m-nmnmm

+ +
e

-
e

+
e
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 radio

cascade

Primary Particle

with air molecule
nuclear interaction

electromagnetic

Figure1.3: Illustrationof EASwith thethreemajorcomponents[4].

1.4 Ground BasedObservatories

Currently, UHECR detectorsare all on the ground(Table 1.1). They consistof either sur-

facedetectors(SD), �uorescencedetectors(FD), or a combinationof the two known asa hybrid

detector.

ThePierreAugerObservatory(Auger)(Figure1.4)is currentlythelargestUHECRobservatory

in theworld with adetectionareaof approximately3000km2 [5]. TheSDarrayof Augerconsists

of watertankswith photomultipliertubesinsidethatrecordtheCherenkov radiationproducedby
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Table1.1: Major cosmicrayexperiments

Observatory DetectorType DetectionArea
PierreAugerObservatory(Argentina) Hybrid 3000km2

TelescopeArray Project(Utah,USA) Hybrid 776km2

High ResolutionFly's Eye(Utah,USA) FD 100km2 sr
AkenoGiantAir ShowerArray (Japan) SD 100km2

EAS secondaryparticlespassingthroughthetanksat groundlevel. Althoughthis typeof detector

canreconstructthegeometryof EAS,valuessuchasenergy of theprimaryparticleandX max , the

atmosphericdepthof shower maximum,requirecalibration. A FD setupconsistsof telescopes

thatdetectultraviolet (UV) light emittedby cosmicray interactionswith nitrogenmolecules,the

primary componentof the atmosphere.They observe the EAS develop throughthe atmosphere,

not just atgroundlevel andareableto reconstructtheenergy andX max moredirectly.

Figure1.4: ThePierreAugerObservatory, Argentina[5].

A hybrid detectorhasseveral advantagesby combiningthe two methods: improving accu-

racy of geometricalreconstructionsby addingthe third dimensionfrom the FD, allowing for an

improved reconstructionof energy, andproviding calibrationfor the SD array. Although hybrid

observatorieslikeAugerareasigni�cant improvementoveronly SDor FD observatories,ground-

baseddetectionsystemsstill have several major limitations. The FD canonly operateon clear,
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darknightsandis dependentonatmosphericconditions. Thisresultsin aFD dutycycleof approx-

imately14%[5], comparedto thenear100%duty cycle of theSD, meaninglessfrequenthybrid

reconstructedevens. However the primary limitation of a ground-basedobservatory lies in the

detectionarea.Evenwith anextremelylargeobservationarealike thatof Auger, weonly recorda

few dozeneventsabove5*1019 eV peryear.

1.5 SpaceBasedUHECR Detection

A signi�cant increasein detectionaperturemay be realizedby observingEAS from space.

Sucha detectorwould besimilar to theFD of thePierreAugerObservatory, calibratedto detect

UV �uorescencelight emittedby EAS.A spacedbaseddetectorwouldsacri�cesomeresolutionas

well assensitivity to lower energy cosmicraysdueto its distancefrom theatmosphere.However,

a wide FOV would allow for a signi�cant increasein statistics of cosmicrayswith energiesabove

1020 eV, allowing usto moreeffectively searchfor UHECRorigins.
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CHAPTER2

JEM-EUSOAND EUSO-SPB

The ExtremeUniverse SpaceObservatory (EUSO)aboardthe JapaneseExperimentModule

(JEM) is a detectorplannedfor the InternationalSpaceStation(ISS). Its primary scienti�c ob-

jective is to identify the sourcesof UHECR andmeasuretheir energy spectrum.The secondary

objectivesincludethedetectionof highenergy gammaraysandneutrinos,andstudyingthegalactic

magnetic�eld [6].

Thedetectorprincipleis similar to a ground-basedFD. It is essentiallya wide-view large-lens

telescopethat recordsthe UV �uorescentlight emittedby EAS in the atmosphere.JEM-EUSO

will recordtheseeventslooking down on theatmospherefrom analtitudeof 400km asopposed

to looking up from the ground. This uniqueapproachdramaticallyincreasesthe detectionarea.

Theinstrumentcaneitherbepointedperpendicularto theEarth'ssurface(nadirmode),or tilted to

view a greaterportion of the atmosphere,resultingin a detectionareaof 50 to 250 timesthat of

thePierreAugerObservatory (Figure2.1) [6]. To obtaina wide FOV, lensesratherthanmirrors

areused.

2.0.1 JEM-EUSO Detector

JEM-EUSOinstrumentconsistsof four major components:optics,focal surface,electronics

andphysicalstructure.Theopticalsystem,composedof threeFresnellenses,focustheUV �uo-

rescentlight emittedby an EAS onto the focal surface(Figure2.2). Fresnellenseswerechosen

becauseof their ability to allow for high UV photontransmissionanda wide �eld of view (FOV)

while keepingmassto aminimum.Theresultis aFOV of � 30o in eachdirectionfor a totalof 60o,

with anangularresolutionof 0:1o [6].

Thefocal surfaceof JEM-EUSOis a sphericallycurvedsurface2.3 m in diameter, consisting

of approximately5,000multi-anodephotomultipliertubes(MAPMTs), eachwith an 8x8 pixel

array. The FS is groupedinto 137 photo-detectormodules(PDMs), eachof which aremadeup

7



Figure2.1: The exposureareaof JEM-EUSOin nadir andtilted modes,with detectionareasof
currentground-basedobservatoriesfor scale[6].

Figure2.2: Theopticalsystemandfocal surfaceof JEM-EUSO[6].
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of nine elementarycells (ECs),consistingof four MAPMTs, for a total of 137 PDMs on the FS

(Figure2.3). The FS electronicsthenrecordthe signalsof the UV-�uorescentphotonsthat pass

throughthe optics in 2.5 �s bins, or gate time units (GTUs). This signal is thenrecordedif it

matchespre-programmedtriggersequencedesignedto recognizeEAS.

Figure2.3: Focalsurfacestructureof JEM-EUSO[6].

JEM-EUSOalsoincludesanatmosphericmonitoringsystem(AM), consistingof an infrared

cameraand light detectionand rangingdevice (LIDAR). The AM is responsiblefor recording

atmosphericinformationsuchascloudcover anddistribution of aerosollayersin theFOV of the

detector. Sincethe light recordedfrom EAS propagatesthroughthe atmosphere,it is crucial for

accuratereconstructionof the primary particle's energy andarrival direction to understandhow

the light is attenuated.The entire telescopewould thenbe mountedon the ISS asillustratedin

Figure2.4.
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Figure2.4: Artist's conceptionof JEM-EUSOattachedto theISS[7].

2.1 EUSO-Balloon

TheEUSO-Balloon is a path�nder missionfor JEM-EUSO.It is designedto demonstratethe

technologiesand techniquesusedon the JEM-EUSOor any other future space-baseddetection

system.It' s scienti�c objectivesarethreefold:

� to performa full testof key JEM-EUSOtechnologies,

� to measureatmosphericandterrestrialUV backgroundcomponents,

� to detectthe�rst EASwhile lookingdown on theatmosphere.

EUSO-Balloonis designedasa smallerversionof theJEM-EUSOdetector, consistingof one

PDM. This prototypedetectoris attachedto a stratosphericballoon and �o wn at a nearspace

altitude,approximately40 km. Its two maincomponentsare the optical benchand instrument

booth(Figure2.5). Theopticalbenchis composedof two Fresnellensesresemblingtheopticsof

JEM-EUSO.Only two lenseswerechosenfor theEUSO-Balloonin orderto increaseUV photon

transmittance.Thetwo lensesarebothadjustablealongtheopticalaxis,providing a total FOV of

� 6o, or 12o in total.
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Figure2.5: EUSO-Ballooninstrumentationoverview [8].

The instrumentationbooth is a watertightcapsulewhich containsoneof the PDMs usedin

JEM-EUSO,or 36 MAPMTs organizedinto nineECsin a 3x3 grid array. A UV �lter is attached

to thePDM,whichtransmitslight of wavelengthsfrom 290- 430nm. Thereis alsoaninfrared(IR)

cameraattachedto theoutsideof theopticalbench,similar to theoneonJEM-EUSO,responsible

for themonitoringof cloudcoverandatmosphericpropertiesin theFOV.

2.1.1 First Flight - August2014

In August, 2014 the EUSO-Balloon�e w for the �rst time in Timmins, Ontario. The main

objectives ofthis�ight wereto bothmeasuretheUV backgroundandtestthedetectorperformance.

The UV backgroundwasmeasuredwith the PDM. The IR cameraattachedto the optical bench

wasusedto detectclouds.In additionto these,a calibratedUV laserwas�red across the�eld of

view from ahelicopterwhile thedetectorwasat �oat altitude(Figure2.6).

During the approximatelyfour hoursof �ight time at �oat altitudethe detectorsuccessfully

recordedmultiple lasershots,andmeasuredthe UV backgroundradiationover several different
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Figure2.6: Flight diagramof the�rst EUSO-Balloon�ight [9].

Figure2.7: TheEUSO-Balloon�o wn in Timmins,Ontario.
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Figure2.8: Launchof theEUSO-Balloonin Timmins,Ontario.

surfaces.This pioneering�ight did notrecordany EAS becausethe�ight time wastoo shortand

a triggerfor EASwasnot yet implemented.

2.1.2 EUSO-SPBMission - Long Duration EUSO-BalloonFlight

TheEUSO- SuperPressureBalloon(SPB)missionis a plan for a long duration�ight of the

EUSO-Ballooninstrument.Theprimaryobjective is to recorda cosmicray EAS from spacefor

the�rst time in history. It is currentlytentatively scheduledfor a 2017launch from New Zealand.

EUSO-SPBwould includeseveralmodi�cations to EUSO-Balloon.Theseincludetheadditionof

anEAS trigger, andplansfor an improvedopticalsystem.The focusof this thesisis toestimate

theEASdetectionrateof theEUSO-SPBfor variousdetectoref�ciencies.
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CHAPTER3

SIMULATING EXTENSIVEAIR SHOWERSFOREUSO-SPB

SimulatingEAS for the EUSO-SPBis a two-stepprocess.The �rst stepis to generatethe

longitudinalpro�le of particlesin theshowerasafunctionof atmosphericdepth. Thisis doneusing

aMonte-CarloshowergeneratorcalledCONEX.TheJEM-EUSOOf�ine simulationpackageuses

thesepro�les to �rst generatethe �ux of light along the pro�les. It then propagatesthe light

generatedalongtheshower throughtheatmosphereto thedetector.

3.1 CONEX: Monte-Carlo Shower Generator

The CONEX softwarepackageappliesMonte-Carlomethodsandnumericalsolutionsto the

cascadeequationsto generate distributionsof thesecondaryparticlesin anEAS. Theenergy de-

posit, charged particle, and muon longitudinal pro�les are generatedgiven a direction, energy,

and type of a primary particle. Several different interactionmodelsfor thesesimulationsexist.

QGSJET-II will beusedfor theEUSO-SPBsimulationsin this thesis,asit hasbeenusedexten-

sively in cosmicray physics,with CONEX v4r37. The pro�les arewritten to an output �le in a

ROOT format[10].

3.1.1 Isotropic Shower Generation

For thepurposeof this thesiswe assumethatcosmicraysareemittedisotropically. In orderto

simulatean isotropicdistribution of EAS, we useCONEX to generate10,000protonEAS at the

following energy levels: 1017:5 eV, 1017:75 eV, 1018 eV, ... , 1019:25 eV, for a total of eightenergy

bins. This is a slightly wider rangeof energiesthanEUSO-SPBis expectedto record.TheEAS

aregeneratedwith randomzenithandazimuthanglesateachenergy level.

TheCONEXdefaultanglerandomizationgivesalinearlyrandomizedazimuthdistribution,and

a zenithdistribution weightedasa functionof sin(� )cos(� ). Theazimuthis randomizedlinearly

becauseof thesphericalsymmetryof thesky. For zenith,thesin(� ) termis necessarybecausethe
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solid anglefor somerangeof zenithanglesincreasesasthezenithincreases.Thecos(� ) term is

for a �at detectoron theEarth's surface. However this is not thecasefor EUSO-SPB,a volume

detectorviewing theatmospherefrom above. Theproperisotropiczenithdistribution for avolume

detectoris weightedby sin(� ) only.

TheCONEXdefault randomizationwasmodi�ed to produceadistributionweightedby sin(� )

(Figure3.1,right panel).TheCONEXsourcecode“CxRoot.cc”wasmodi�ed asseenin Appendix

A. To illustratethis isotropicdistribution, we usea sphericalprojectionof 10,000EAS generated

by modi�ed CONEXontoaunit sphereto produceahemisphere(Figure3.2).

htemp
Entries  10000
Mean    43.52
RMS     18.89

zenith
0 10 20 30 40 50 60 70 80

0

20

40

60

80

100

120

140

160

180
htemp

Entries  10000
Mean    43.52
RMS     18.89

htemp
Entries  10000
Mean     51.1
RMS     19.27

zenith
0 10 20 30 40 50 60 70 80

0

20

40

60

80

100

120

140

160

180

200

htemp
Entries  10000
Mean     51.1
RMS     19.27

Figure3.1: Default (left) andmodi�ed (right) CONEXzenithdistribution from 0o - 80o.

3.2 JEM-EUSO Of�ine

TheJEM-EUSOOf�ine frameworkwasadaptedfromthePierreAugercollaborationtoprovide

the software infrastructureto supportthe variety of computationaltasksrequiredby the JEM-

EUSOcollaboration.Of�ine consistsof threemainparts.The�rst is acollectionof modulesused

to processdata.ThesemodulesareassembledandorderedthroughXML con�guration �les. The

secondis theeventdatamodelthat allows themodulesto passreconstructionor simulationdata

to eachother. Thethird is thedetectordescriptionwhichprovidesadescriptionof theJEM-EUSO

detector, andtheatmosphericconditionsasa functionof time [11]. This structureis illustratedin

Figure3.3.
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Figure3.2: Projectionof anisotropicdistributionof 10,000EASontoaunit sphere.

Figure3.3: Thethreemaincomponentsof theOf�ine framework [11].
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TheFSimulationpackagein Of�ine usesthechargedparticleandenergy depositpro�les gen-

eratedin CONEX to simulatethe light arriving at the detector's optical apertureover time. The

XML modulesequencefor thesesimulationsis givenbelow:

< !�� A Module sequence f or an FD si mul at i o n�� >

< module> EventFi l eReaderOG < /module>
< module> EventGeneratorOG < /module>
< module> FdSimEventCheckerOG < /module>
< module> ShowerL i ghtSi mul atorKG < /module>
< module> L i ghtA tDi aphragmSi mul atorKG < /module>
< module> ShowerPhotonGeneratorOG < /module>
< module> Gr o u n dRef l e ct i o nSi mul at or JG < /module>
< module> EventFi l eExpor terOG < /module>
< module> UserM odul e < /module>

TheEventFileReaderOGreadsthesimulatedshowerpro�les from theCONEXoutput �le to be

usedin thesimulation.TheEventGeneratorOGmodulethengeneratesthelocationthattheshower

corehitstheground.Thiscanbeeitherprede�nedor random.TheFdSimEventCheckerOGchecks

which �uorescencetelescopeis active duringthesimulation.It is a remainderof thePierreAuger

Detectorframework that usesmultiple telescopesin different locations. The ShowerLightSim-

ulatorKG simulatesthe �uorescenceand Cherenkov light along the shower track. The light is

thenpropagatedthroughtheatmosphereto theopticaldiaphragmof thedetectorby theLightAt-

DiaphragmSimulatorKG.TheShowerPhotonGeneratorOGcategorizesphotonsby typeandsimu-

latesdetectorresponse.Thedetector responseis not yet availablefor JEM-EUSOor EUSO-SPB.

There�ectedCherenkov light from thegroundis simulatedby theGroundRe�ectionSimulatorJG

andpropagatedto thedetectoraperture.Finally theEventFileExporterOGorganizesthedatainto

individualevents.

TheUserModuleallows theuserto run analysison theeventdata.To save computationtime

theUserModuleusedin this thesis storesonly raw eventdatain a ROOT output�le, andcanbe

foundin AppendixB. Differentanalysesarethenappliedto theROOT �les without rerunningthe

entireOf�ine simulation.
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3.2.1 EUSO-SPBSimulation Package

Thesimulationsfor EUSO-SPBusethesameOf�ine con�gurationsandmodulesequenceas

thesimulationsfor JEM-EUSO.Therearetwo differences.Thedetector altitudeis loweredfrom

400 km to 40 km, andthe sizeof the detectordiaphragmis changedto 1 m2. The ROOT �les

generatedby theUserModulecontaininformationregardingeachphotonat thedetector's optical

aperture.Eachphotonhasvaluesfor zenithandazimuthangles,type,weight,andtime. Thezenith

andazimuthusethesamecoordinatesystemasthedetector. Fromthis informationwe construct

the light pro�les for the differentphotontypesover time (Figure3.4, left panel). This is done

by multiplying thephotontypeby it' s weightedvaluefor eachtime bin (�s ), andscaledto GTUs

(2:5�s ). Fromthesepro�les wecreateaprojectionof theselight pro�les ontheground(Figure3.4,

right panel). The programusedto generatethe light pro�le andprojectiononto the groundwas

modi�ed from thedrawEvent.C�le writtenby BrianVleck.

time [GTU]

 p
ho

to
ns

 a
t a

pe
rt

ur
e 

[1
/G

T
U

]

0

50

100

150

200

250

300

350
total light

Fluorescence

direct Cher.

Mie scatt. Cher.

Rayleigh scatt. Cher.

reflected Cher.

reflected Fluo.

s)mTime (
0 20 40 60 80 100 120 140 160 180

0 10 20 30 40 50 60 70
X / km

-20 -15 -10 -5 0 5 10 15 20

Y
 / 

km

-20

-15

-10

-5

0

5

10

15

20

-110

1

10

210

Figure3.4: Exampleof light pro�le andprojectionof showertrackongroundof raw Of�ine output
for E = 1018:5 eV, zenith= 62o, azimuth= 295o.
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Figure3.5: Exampleof light pro�le andprojectionof showertrackongroundof raw Of�ine output
for E = 1018:5 eV, zenith= 72o, azimuth= 358o.
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CHAPTER4

ESTIMATING EUSO-SPBEASDETECTIONRATE

To estimatethe EAS detectionrate of EUSO-SPB,we �rst de�ne the �eld of view (FOV)

of the detector. We thenrepeatedlyusethe 10,000simulatedEAS per energy bin in the Of�ine

simulationswith randomcorelocationsin a large areaaroundthe detector. The simulation area

shouldbelargeenoughthatwe have achanceof recordingeventswith zenithanglesup to 80o. In

this thesisweusea150km radius.If thisareais largeenoughweshouldobserve thefrequency of

eventsproducingat leastonephotonin oneGTU becloseto zeroat the150km boundary.

SincetheEUSO-SPBoptics,electronicsandtriggerarenotyetavailablein Of�ine, theshowers

recordedare selectedwith one of two simple methods. The �rst requiresa minimum level of

brightnessof theEAS, de�ned by thetotal numberof photons reachingtheopticalaperturefrom

within theFOV. Thesecondmethodinvokesapseudotriggerto theaperturefrom within theFOV.

FiveconsecutiveGTUsmusthave aminimumnumberof photons.Thethresholdsfor bothmethods

aredeterminedfor variousdetectoref�ciencies.

The UHECR differential �ux data[(m2 sr eV s)� 1] from the PierreAuger Observatory In�ll

Array is scaledby thesimulationparameters[m2 sr]. Thisis the�ux of UHECRinto thesimulation

area[(eV s)� 1]. This is multiplied by the percentageof eventsrecordedasa function of energy

to get the�ux of UHECR detectedby EUSO-SPBfor variousdetectoref�ciencies. The �ux of

UHECRinto EUSO-SPBcanbeintegratedover energy to get theestimatedEAS detection rateof

EUSO-SPB.

4.1 Constructing the EUSO-SPBField of View

TheFOV of EUSO-SPBis a 6o x 6o square.Projectedfrom 40 km this yieldsa detectionarea

of 8.4km x 8.4km on theground.Thelight pro�le generatedby Of�ine from theEASssimulated

in CONEX is the amountof light per GTU reachingthe front lensof the detector. Thereis no

constrainton the photonarrival direction. This includeslight from portionsof the shower track
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Figure4.4: Exampleof light pro�le (left panel)andshowertrack(right panel)insidedetectorFOV.
E = 1018:5 eV, � = 72o, � = 358o.

4.2 CoreRandomization in Of�ine Simulations for EUSO-SPB

The 10,000EAS generatedwith CONEX at eachenergy bin wereusedby Of�ine to gener-

atelight pro�les. To increasestatistics,the10,000event sampleswerereusedwith randomcore

locationsin a 150km radiusandazimuthanglesfrom 0 ! 2� . In orderto ensurethechanceof

recordingEASwith zenithanglesupto 80o weneedto randomlyassigncorelocationsupto alarge

distancefrom thecenterof EUSO-SPB's FOV. Simulatingin too small anareawould underesti-

matetheEAS detectionrate.Usingtoo large anareawould costonly smallamountsof additional

computationaltime becauseOf�ine skipssimulationsfor eventsthathave no photonsarriving at

theaperture.

TheEAS thathave achanceof beingrecordedhave at leastonephotonin oneGTU arrive at

theaperture from within theFOV. Figure4.5 to Figure4.12areplotsof thecorelocationsof the

randomizedEAS for all energy levels.Theblackpointsarethecorelocationsof all theEAS.The

redpointshighlight theeventswith at leastonephotonin oneGTU arriving at theaperturefrom

theFOV. Theseplots illustratethat theevent rateof EAS possiblyrecordeddropsto zeroat 150

km.
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Figure4.5: 66,000protonEAS,1017:5 eV Figure4.6: 60,000protonEAS,1017:75 eV

Figure4.7: 56,000protonEAS,1018 eV Figure4.8: 70,000protonEAS,1018:25 eV
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Figure4.9: 76,000protonEAS,1018:5 eV Figure4.10:60,000protonEAS,1018:75 eV

Figure4.11:60,000protonEAS,1019 eV Figure4.12:60,000protonEAS,1019:25 eV
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4.3 EAS SelectionCriteria

TheOf�ine framework doesnot yet includetheopticsor electronicsfor EUSO-SPB.Instead

we estimatewhich eventswould be recordedusing two simplealgorithms. The �rst requiresa

minimumnumberof totalphotonsfrom theFOV light pro�le. Thesecondappliesapseudotrigger.

Bothmethodsdependon thefollowing detectorspeci�cations:

� quantumef�ciency of MAPMTs

� opticalpoint spreadfunction(PSF)

� opticaltransmissionef�ciency

Thenominalquantumef�ciency of theMAPMTs is 25%,meaningonein four photonsarriving

at the focal surfacegeneratesa photoelectroncount. The PSFof the Fresnellensesspreadsthe

incoming light over four pixels. The optical transmissionef�ciency of the Timmins lenseswas

approximately20%. This meanswith theTimmins �ight con�guration, for onephotoelectronto

berecordedperGTU, aminimumof 4 � 4 � 5 = 80photonsmusthit thefront lensfrom insidethe

FOV perGTU. For EUSO-SPBthereareplansto improve theopticaltransmissionwith a new set

of lenses.Thenew transmissionef�ciency hasyet to bedetermined,but is expectedto be40%.

To recordat leastonephotoelectronover 10 GTUswith a 20%opticaltransmissionef� ciency

weneed(4� 4� 5) � 10 = 800totalphotons.At 60%weneed(4� 4� 1:6) � 10 = 256totalphotons.

We canselecteventswith total numberof photonsabove thresholdsof 1000, 2000, 3000, 4000,

and5000.Thisrangeis chosento mimic therequirementsof severaldifferentopticaltransmission.

We can also selecteventsrecordedwith a pseudotrigger. The real trigger is programmed

to recognizeEAS eventsbasedon photoelectronsignalsthat matcha speci�c criteria. We can

mimic the complex nature ofthe trigger by requiring � ve consecutive GTUs with at least � ve

photoelectronsperGTU.To simulateopticaltransmissionef�cienciesof 20%, 40%,60%and80%

we canrequirephotonthresholdsof 100, 200,300and400photonsperGTU, for � ve consecutive

GTUs.
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4.4 EUSO-SPBEAS DetectionRate fr om Overall Shower Brightness

To estimatethe EUSO-SPBEAS detectionrate we �rs t selectwhich simulatedeventsare

recorded.Werequireaminimumamountof photonsat theaperturein theamountsof 1000, 2000,

3000, 4000,or 5000.Figure4.13throughFigure4.18illustratethecorelocationsof all simulated

EAS of 1018:5 eV. Theblackpointsareeventsbelow thephotonthresholdandthe redareevents

above thephotonthreshold.As expected,thenumberof EASabove thresholddecreasesasphoton

thresholdincreases.The full setof resultsfor energiesof 1017:5 eV to 1019:25 eV areshown in

AppendixC.

Figure 4.13: 76,000EAS, 1018:5 eV, 1 photon
threshold

Figure4.14:76,000EAS,1018:5 eV, 1000photon
threshold

27



Figure4.15:76,000EAS,1018:5 eV, 2000photon
threshold

Figure4.16:76,000EAS,1018:5 eV, 3000photon
threshold

Figure4.17:76,000EAS,1018:5 eV, 4000photon
threshold

Figure4.18:76,000EAS,1018:5 eV, 5000photon
threshold
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From this datawe calculatethe percentof eventsrecordedby dividing the numberrecorded

by the total simulatedin Of�ine for eachenergy bin (Figure4.19). Thesepointsare�tted with

a threeparameterquadratic�t asa function of log10(E). Figure4.19alsoillustratesthe energy

thresholdfor thevariousphotonthresholds.With theadditionof theUV backgroundtheseenergy

thresholdsshould increase.The EAS aresimulatedin a geometricapertureof � � (150km)2 �

2�
R800

00 sin(� )d� = 3:68 � 105 km2 sr, with zenithanglesrangefrom 0o ! 80o. We thenscale

theUHECRdifferential�ux datatakenby thePierreAugerObservatory[12] (Figure4.20)by the

simulationgeometricaperture(Figure4.21). ThescaledUHECR�ux is thenmultiplied by �tted

percentrecordedfunctionsevaluatedateachenergy bin. Theresultis the�ux of UHECRdetected

by EUSO-SPB.The different curves in Figure 4.22 correspondto different photonthresholds.

Figure4.22alsoillustratestheenergy thresholdsfor thevariousphotonthresholds.

Figure4.19:Percentof EASrecordedin simulationareaasa functionof energy.
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Figure4.20:PierreAugerin�ll UHECR�ux [12].
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Figure4.21:UHECR�ux from Figure4.20in a150km2 radiuscirclewith zenithup to 80o.
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Figure4.22:UHECRdifferential�ux recordedby EUSO-SPBfor variousdetectorsensitivities.

Photon Threshold Events • hr Events • night Events • week
1 70.9 ± 0.4 567. ± 4. 3971. ± 25.

1000 4.5 ± 0.01 35.8 ± 0.1 250.7 ± 0.8
2000 1. ± 0.05 8.1 ± 0.4 56.8 ± 2.7
3000 0.27 ± 0.03 2.2 ± 0.2 15.3 ± 1.6
4000 0.14 ± 0.02 1.2 ± 0.2 8.1 ± 1.2
5000 0.085 ± 0.02 0.7 ± 0.1 4.8 ± 0.9

Figure4.23:EUSO-SPBdetectionratecalculatedwith variousEASbrightnessthresholds,assum-
ing 8 hournightsof continuousdetection.

31







Figure 4.26: 76,000EAS, 1018:5 eV, 100 pho-
ton/GTUthreshold

Figure 4.27: 76,000EAS, 1018:5 eV, 200 pho-
ton/GTUthreshold

Figure 4.28: 76,000EAS, 1018:5 eV, 300 pho-
ton/GTUthreshold

Figure 4.29: 76,000EAS, 1018:5 eV, 400 pho-
ton/GTUthreshold
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Figure4.30:Percentof EASrecordedin simulationareaasa functionof energy.

Figure4.31: UHECRdifferential �ux recordedby EUSO-SPBfor variouspseudotrigger thresh-
olds.
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4.6 RecordedEAS Eventswith Xmax in FOV

Sections4.4and4.5provide estimatesfor thenumberof EAS eventsEUSO-SPBwill record.

However not all of theseeventscanbeaccuratelyreconstructedfor energy. Theenergy deposited

by theEAS asa functionof atmosphericdepthis directly proportionalto the light emittedalong

the shower track, which is calculatedfrom the light at the apertureof the detector. The energy

depositfunctionis �t to thewell known Gaisser-Hillas function:

N (X ) = Nmax (
X � X 0

X max � X 0
)( X max � X 0

� ) (4.2)

The energy deposit function is integratedover atmosphericdepthto yield the energy of the

primaryparticle.SinceXmax is animportant�t parameterin theGaisser-Hillas �t, eventswithout

Xmax in FOV will havepoor�ts, andapoorenergy reconstruction.

Dueto thenarrow FOV of theEUSO-SPBdetector, many eventswill berecordedwithoutXmax

in theFOV. Xmax is de�ned asthedepthin theEASwith thegreatestnumberof particles.It is also

thedepthof theshowerproducingthemostlight. Wecanestimateif Xmax is recordedby analyzing

thelight pro�le behavior aroundthebrightestGTU. For aneventto haveXmax in FOV, werequire

thenumberof photonsin thethreeGTUsaround thebrightestGTU to decrease,andremainabove

a nontrivial threshold.Thethresholdis setto 20%of thebrightestGTU. SeveralGTUs lessthan

this thresholdindicatesthe light pro�le is cut off by the FOV. Figure4.34 throughFigure4.38

show the corelocationsof the sameeventsrecordedwith the pseudotrigger with a thresholdof

300photons/GTUandeventsrecordedwith Xmax in FOV. Figure4.39illustratesthesevaluesasa

percentageof eventsrecordedwith Xmax in FOV. Althoughtheerror is largedueto low statistics,

thepercentageof eventsrecordedwith Xmax clearlydecreasesasenergy increases.SinceXmax is

thebrightestdepthin theEAS,eventsneartheenergy thresholdaremorelikely to requireXmax in

theFOV to be recorded.At higherenergies,otherpartsof theeventwill bebright enoughto be

recordedwithoutXmax in FOV, meaninga lowerpercentageof eventsrecordedwith Xmax .

The �ux of eventsrecordedby EUSO-SPB(Figure4.31)multiplied by the percentof events

recordedwith Xmax is integratedover energy to yield the estimateddetectionrateof EAS with
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Figure4.40:EUSO-SPBdetectionrateof EASwith Xmax in FOV calculatedwith pseudotrigger
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Figure4.41: Exampleof recordedEAS event with Xmax insideFOV. E = 1018:75, zenith= 44o,
azimuth= 46o.
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Figure4.42: Exampleof recordedEAS event with Xmax insideFOV. E = 1018:75, zenith= 27o,
azimuth= 336o.
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CHAPTER5

CONCLUSION

TheEUSO- SuperPressureBalloonmissionis a planfor a long duration�ight of theEUSO-

Ballooninstrument.It' s primaryscienti�c objective is to recordseveralUHECREAS from above

for the �rst time in history. A successfulmissionwould be anexcellentindicatorto thepossible

successof theJEM-EUSOmission.

Thenumberof cosmicrayEASsrecordedby EUSO-SPBdependsontwo mainfactors:overall

detectoref�ciency, andthedurationof the�ight. Theoverall detectoref�ciency dependson both

thequantumef�ciency of theMAPMTs, andtheopticalef�ciency, or transmissionrateof photons

throughthelenssystem.Althoughthedetectoropticsfor EUSO-SPBhave not been�nalized, the

new optical transmissionef�ciency is expectedto be40%.TheEAS detectionrateof EUSO-SPB

hasbeenestimatedfor variouspossibledetectoref�ciencies. This wascalculatedby simulating

a largenumber of EAS in a geometricalaperturearoundtheFOV. Eventsrecordedwereselected

with eithera thresholdon the total numberof photonsat the aperturefrom within the FOV, or

with a pseudotrigger. The detectionrateis calculatedby integratingover energy the percentof

eventsrecordedateachenergy level multipliedby theUHECRdifferential�ux in thesimulation's

geometricalaperture.

In oneweekof detection,assumingsevennightsof eighthoursof detectiontimepernight,and

anoptical transmissionef�ciency of 40%,EUSO-SPBshouldrecordteneventswith � ve consec-

utive GTUsabove 300photonsperGTU. Of the10 eventsrecordedin oneweek,approximately

four of themwould includeXmax in the FOV. It is importantto considerthe eventswith Xmax

recordedfor several reasons.A recordedevent with Xmax will allow for an approximateenergy

reconstructionof thecosmicray. It would alsobe anexcellentindicatorthattherecordedevent is

indeedacosmicrayEAS.
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Althoughthesimulationsin this thesisdo not includetheUV backgroundor trigger, anduses

ideal atmosphericanddetectorconditions,it doesprovide a baselineestimatefor EUSO-SPB's

EAS detectionrate. However, many factorsincluding theUV background,adverseweather, and

non-idealdetectorresponsewill lower this detectionrate. Thecombinationof thesefactorswith

therequirementof recordingXmax to bothcon�rm EASdetectionandallow energy reconstruction,

suggeststhata oneweek�ight time is not suf�cient to guaranteetherecordingof multiple cosmic

rayEAS.This thesisalsoillustratesthatsmallimprovementsin theopticaltransmissionef�ciency

yield signi�cant increasesin EUSO-SPB's EASdetectionrate.

During the �nal edits of this thesis,NASA launchedthe �rst superpressureballoon from

Wanaka,New Zealand.As of April 9, 2015it hadbeenat �oat altitudefor 12daysand hadnearly

circumnavigatedthe southernocean.The target lengthfor this �ight is 100 days. We notethat

a period of 18 daysduring the March dark moon period containsabout120 hoursof potential

observingtime. Thiscorrespondsto apossiblemeasurementof 8 EASwith the300photons/GTU

triggerandXmax
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APPENDIXA - CONEX- CXROOT.CCMODIFICATIONS

Modi�cations to GetTheta()functionof CxRoot.ccCONEXsource�le:

/ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
�
� GetTheta ( ) : di c e a z eni t h an gl e fr om i so t r o pi c f l u x
�
�
� r et u r ns t het a [ deg . ]
�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � /

doubl e
CxRoot : : GetTheta ( doubl e i )

co nst

f i f ( f Theta1 == f Theta2 )
r et ur n f Theta1 ;

el s e f
doubl e tmp , fT1 , f T2 ;
i f ( f Theta1 > f Theta2 )
f

tmp= f Theta1 ;
f T1= f Theta2 ;
f T2= tmp ;

g
el s e
f

f T1 = f Theta1 ;
f T2 = f Theta2 ;

g
co nst doubl e degrad = 1 8 0. / TMath : : Pi ( ) ;
co nst doubl e c1 = cos ( f T1 / degrad ) ;
co nst doubl e c2 = cos ( f T2 / degrad ) ;
co nst doubl e u = f Co nex I nt er f a c e� > ConexRandom( i ) � ( c2� c1 ) +c1 ;
r et ur n acos ( u ) � degrad ;

g
g
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APPENDIXB - USERMODULE.CC

# i ncl u de ” UserM odul e . h”
# i ncl u de < u t l / Er rorL ogger . h>
# i ncl u de < ev t / Event . h>
# i ncl u de < f ev t / FEvent . h>
# i ncl u de < f ev t / Eye . h>
# i ncl u de < f ev t / Tel escopeSi mData . h>
# i ncl u de < f ev t / Tel escope . h>
# i ncl u de < ev t / ShowerSi mData . h>
# i ncl u de < det / D et e ct or . h>
# i ncl u de < f det / FD et e ct or . h>
# i ncl u de < f det / Eye . h>

/ / A l l ows l oc al def i n i t i o ns of co or d i nat e s
# i ncl u de < fwk / L ocal Coordi nateSystem . h>

/ / Commonly used p oi nt s ar e hardcoded i n t o a r eg i st r y t o avoi d
/ / hav i ng t o r epe at l y cr e at e t he l oc at i o ns
# i ncl u de < fwk / Co or di nat eSy st emRegi st r y . h>

/ / Tool s
# i ncl u de < u t l / JemEusoUni t s . h>
# i ncl u de < u t l / TimeStamp . h>
# i ncl u de < u t l / UTCDateTime. h>

/ / Geometry Rel at ed Headers
# i ncl u de < u t l / Ref er enc eEl l i psoi d . h>
# i ncl u de < u t l / Co or di nat eSy st emPt r . h>
# i ncl u de < u t l / UTMPoint . h>
# i ncl u de < u t l / Poi nt . h>
# i ncl u de < u t l / A x i al V ector . h>
# i ncl u de < u t l / V ector . h>
# i ncl u de < u t l / T r ansf or mat i o nM at r i x . h>

/ / Use of t he b o ost c++ package t o ex t r a ct
/ / co or i n dat e s fr om v e ct or s
# i ncl u de < b o ost / t u pl e / t u pl e . hpp>
# i ncl u de < b o ost / t u pl e / t u pl e compar i so n . hpp>
# i ncl u de < b o ost / t u pl e / t u pl e i o . hpp>

# i ncl u de < det / D et e ct or . h>
# i ncl u de < f det / FD et e ct or . h>
# i ncl u de < f det / Eye . h>
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# i ncl u de < f det / Tel escope . h>
# i ncl u de < f det / Camera . h>

# i ncl u de < TTree. h>
# i ncl u de < T Fi l e . h>

# i ncl u de < i ost ream>

usi n g namespace fwk ;
usi n g namespace u t l ;
usi n g namespace f ev t ;
usi n g namespace det ;
usi n g namespace st d ;
usi n g namespace b o ost ;

UserM odul e : : UserM odul e ( ) f

g

UserM odul e : : ˜ UserM odul e ( )
f
g

VModule : : Re sul t Fl ag
UserM odul e : : I n i t ( )
f

/ / Cr e at e o ut p ut T Fi l e and TTrees
f Out Fi l e = new T Fi l e ( ” f Si mul at i o n . r o ot ” , ” RECREATE” ) ;
f T r e e = new TTree( ” Photons ” , ” ” ) ;
f T ree� > Branch ( ” nPhoton” , & f NPhotons , ” nPhoton / i ” ) ;
f T ree� > Branch ( ” t het a ” , f Theta , ” t het a [ nPhoton ] /D” ) ;
f T ree� > Branch ( ” phi ” , f Phi , ” phi [ nPhoton ] /D” ) ;
f T ree� > Branch ( ” t ype ” , f Type , ” t ype [ nPhoton ] / I ” ) ;
f T ree� > Branch ( ” wei ght ” , f Wei ght , ” wei ght [ nPhoton ] /D” ) ;
f T ree� > Branch ( ” t i me ” , fTime , ” t i me [ nPhoton ] /D” ) ;

/ / Branches wi t h gener al shower i nf o
f Tree� > Branch ( ” energy ” ,& f Energy , ” energy /D” ) ;
f T ree� > Branch ( ” z eni t h ” ,& f Z eni t h , ” z eni t h /D” ) ;
f T ree� > Branch ( ” azi muth ” ,& f A zi muth , ” azi muth /D” ) ;

f T ree� > Branch ( ” xcore ” ,& x , ” x /D” ) ;
f T ree� > Branch ( ” ycore ” ,& y , ” y /D” ) ;
f T ree� > Branch ( ” z cor e ” ,& z , ” z /D” ) ;
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r et ur n eSuccess;
g

VModule : : Re sul t Fl ag
UserM odul e : : Run( ev t : : Event& ev ent )
f

/ / / / / / / / / / / / / / Begi n ad di t i o ns t o UserM odul e . cc added by J . Fenn , 05/2015

D et e ct or& det e ct or = D et e ct or : : Get I nst anc e ( ) ;
co nst f det : : FD et e ct or& detFD = det e ct or . GetFDetector ( ) ;

/ / Get ev ent dat a
FEvent& f Event = ev ent . GetFEvent ( ) ;

/ / Get ev ent par amet er s fr om FEvent c l a s s
INFO( ” UserM odul e� > Pa s si n g on shower i nf o : ENERGY, ZENITH , AZIMUTH,

CORE LOCATION” ) ;
co nst ev t : : ShowerSi mData& SimDat = ev ent . GetSi mShower ( ) ;
f Energy = l og10( SimDat . GetEnergy ( ) ) ;
f A zi muth = SimDat . GetA zi muth ( ) ;
f Z eni t h = SimDat . GetZeni t h ( ) ;

/ / From t he f D et e ct or c l a s s s et u p a co or di nat e system (CS) at Eye�
c ent er

Co or di nat eSy st emPt r j emeusoCS = detFD . GetEye( ” BALLOON EUSO” ) .
GetEyeCoordi nateSystem ( ) ;

/ / A cqui re core l oc at i o n i n eye� c en t r i c CS
Poi nt detectorPOSI TI ON = detFD . GetEye( ” BALLOON EUSO” ) . Get Posi t i o n ( ) ;
cout << ” D et e ct or Posi t i o n = ” << detectorPOSI TI ON . Get Co or di nat e s(

j emeusoCS) << endl ;

/ / Cr e at e a p oi nt w i t h t he shower p osi t i o n
Poi nt showerPOSITION = SimDat . Get Posi t i o n ( ) ;
T r i p l e showercore = showerPOSITION . Get Co or di nat e s( ) ;
cout << ” Shower Posi t i o n = ” << showercore << endl ;
b o ost : : t i e ( x , y , z ) = showercore ;
cout << ” x = ” << x << ” , y = ” << y << ” , z = ” << z << endl ;
cout << ” Shower core a s si g ned = ” << x << ” , ” << y << endl ;

/ / / / / / / / / / / / / / End code ad di t i o ns by J . Fenn

unsi gned i n t cur r Ph ot o n = 0;
f or ( FEvent : : Ey eI t er at or i Eye =

f Event . EyesBegi n ( ComponentSel ector : : eInDAQ ) ;
i Eye ! = f Event . EyesEnd( ComponentSel ector : : eInDAQ ) ; ++i Eye ) f
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f or ( Eye : : T el e s co peI t er at o r i T el = i Eye� > Tel escopesBegi n (
ComponentSel ector : : eInDAQ ) ;

i T el ! = i Eye� > Tel escopesEnd ( ComponentSel ector : : eInDAQ ) ; ++ i T el
) f

co nst f det : : Tel escope& det T el = detFD . GetTel escope ( � i T el ) ;
co nst Co or di nat eSy st emPt r tel CS = det T el .

GetTel escopeCoordi nateSystem ( ) ;

co nst Tel escopeSi mData& t el Si m = i Tel � > GetSi mData ( ) ;

f or ( Tel escopeSi mData : : Co nst Ph ot o nI t er at or i Photon =
t el Si m . PhotonsBegi n ( ) ; i Photon ! = t el Si m . PhotonsEnd ( ) ; ++

i Photon ) f
i f ( cur r Ph ot o n < f M axPhoton) f

co nst V ector& d i r e ct i o n = i Photon� > Get D i r e ct i o n ( ) ;
f T het a [ cur r Ph ot o n ] = d i r e ct i o n . GetTheta ( tel CS ) / degree;
f Phi [ cur r Ph ot o n ] = d i r e ct i o n . GetPhi ( tel CS ) / degree;
f Type [ cur r Ph ot o n ] = i Photon� > GetSource ( ) ;
f Wei ght [ cur r Ph ot o n ] = i Photon� > GetWei ght ( ) ;
f Ti me[ cur r Ph ot o n ] = i Photon� > GetTime ( ) . GetNanoSecond( ) ;
++cur r Ph ot o n ;

g
el s e f

WARNING( ” photons i n TTree t r u nc at ed ! ” ) ;
break ;

g
g

g
g
f NPhotons = cur r Ph ot o n ;
f Tree� > F i l l ( ) ;
r et ur n eSuccess;

g

VModule : : Re sul t Fl ag
UserM odul e : : Fi n i sh ( )
f

f Out Fi l e� > Wr i t e ( ) ;
f Out Fi l e� > Cl ose( ) ;

r et ur n eSuccess;

g
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APPENDIXC - EVENTSRECORDED

C.1 Simulation resultsfor total photon count thr esholdsfor all energy bins

Figure C.1: 66,000 EAS, 1017:5 eV, 1 photon
threshold

FigureC.2: 66,000EAS,1017:5 eV, 1000photon
threshold
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Figure C.3: 66,000EAS, 1017:75 eV, 1 photon
threshold

FigureC.4: 66,000EAS,1017:75 eV, 1000photon
threshold

FigureC.5: 66,000EAS, 1017:75 eV, 2000photon
threshold
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Figure C.6: 56,000 EAS, 1018 eV, 1 photon
threshold

FigureC.7: 56,000EAS, 1018 eV, 1000photon
threshold

FigureC.8: 56,000EAS, 1018 eV, 2000photon
threshold

FigureC.9: 56,000EAS, 1018 eV, 3000photon
threshold
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FigureC.10: 70,000EAS, 1018:25 eV, 1 photon
threshold

FigureC.11: 70,000EAS, 1018:25 eV, 1000pho-
ton threshold

FigureC.12: 70,000EAS, 1018:25 eV, 2000pho-
ton threshold

FigureC.13: 70,000EAS, 1018:25 eV, 3000pho-
ton threshold
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Figure C.14: 76,000EAS, 1018:5 eV, 1 photon
threshold

FigureC.15:76,000EAS,1018:5 eV, 1000photon
threshold

FigureC.16:76,000EAS,1018:5 eV, 2000photon
threshold

FigureC.17:76,000EAS,1018:5 eV, 3000photon
threshold
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FigureC.18:76,000EAS,1018:5 eV, 4000photon
threshold

FigureC.19:76,000EAS,1018:5 eV, 5000photon
threshold

FigureC.20: 60,000EAS, 1018:75 eV, 1 photon
threshold

FigureC.21: 60,000EAS, 1018:75 eV, 1000pho-
ton threshold
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FigureC.22: 60,000EAS, 1018:75 eV, 2000pho-
ton threshold

FigureC.23: 60,000EAS, 1018:75 eV, 3000pho-
ton threshold

FigureC.24: 60,000EAS, 1018:75 eV, 4000pho-
ton threshold

FigureC.25: 60,000EAS, 1018:75 eV, 5000pho-
ton threshold
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Figure C.26: 60,000 EAS, 1019 eV, 1 photon
threshold

FigureC.27: 60,000EAS, 1019 eV, 1000photon
threshold

FigureC.28: 60,000EAS, 1019 eV, 2000photon
threshold

FigureC.29: 60,000EAS, 1019 eV, 3000photon
threshold
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FigureC.30: 60,000EAS, 1019 eV, 4000photon
threshold

FigureC.31: 60,000EAS, 1019 eV, 5000photon
threshold

FigureC.32: 60,000EAS, 1019:25 eV, 1 photon
threshold

FigureC.33: 60,000EAS, 1019:25 eV, 1000pho-
ton threshold
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FigureC.34: 60,000EAS, 1019:25 eV, 2000pho-
ton threshold

FigureC.35: 60,000EAS, 1019:25 eV, 3000pho-
ton threshold
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FigureC.36: 60,000EAS, 1019:25 eV, 2000pho-
ton threshold

FigureC.37: 60,000EAS, 1019:25 eV, 3000pho-
ton threshold
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C.2 Simulation resultswith pseudotrigger for all energy bins

Figure C.38: 60,000EAS, 1017:5 eV, 100 pho-
ton/GTUthreshold

Figure C.39: 60,000EAS, 1017:5 eV, 200 pho-
ton/GTUthreshold

62



FigureC.40: 60,000EAS, 1017:75 eV, 100 pho-
ton/GTUthreshold

FigureC.41: 60,000EAS, 1017:75 eV, 200 pho-
ton/GTUthreshold

Figure C.42: 60,000 EAS, 1018 eV, 100 pho-
ton/GTUthreshold

Figure C.43: 60,000 EAS, 1018 eV, 200 pho-
ton/GTUthreshold
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FigureC.44: 60,000EAS, 1018:25 eV, 100 pho-
ton/GTUthreshold

FigureC.45: 60,000EAS, 1018:25 eV, 200 pho-
ton/GTUthreshold

FigureC.46: 60,000EAS, 1018:25 eV, 300 pho-
ton/GTUthreshold

FigureC.47: 60,000EAS, 1018:25 eV, 400 pho-
ton/GTUthreshold
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Figure C.48: 60,000EAS, 1018:5 eV, 100 pho-
ton/GTUthreshold

Figure C.49: 60,000EAS, 1018:5 eV, 200 pho-
ton/GTUthreshold

Figure C.50: 60,000EAS, 1018:5 eV, 300 pho-
ton/GTUthreshold

Figure C.51: 60,000EAS, 1018:5 eV, 400 pho-
ton/GTUthreshold
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FigureC.52: 60,000EAS, 1018:75 eV, 100 pho-
ton/GTUthreshold

FigureC.53: 60,000EAS, 1018:75 eV, 200 pho-
ton/GTUthreshold

FigureC.54: 60,000EAS, 1018:75 eV, 300 pho-
ton/GTUthreshold

FigureC.55: 60,000EAS, 1018:75 eV, 400 pho-
ton/GTUthreshold
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Figure C.56: 60,000 EAS, 1019 eV, 100 pho-
ton/GTUthreshold

Figure C.57: 60,000 EAS, 1019 eV, 200 pho-
ton/GTUthreshold

Figure C.58: 60,000 EAS, 1019 eV, 300 pho-
ton/GTUthreshold

Figure C.59: 60,000 EAS, 1019 eV, 400 pho-
ton/GTUthreshold
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FigureC.60: 60,000EAS, 1019:25 eV, 100 pho-
ton/GTUthreshold

FigureC.61: 60,000EAS, 1019:25 eV, 200 pho-
ton/GTUthreshold

FigureC.62: 60,000EAS, 1019:25 eV, 300 pho-
ton/GTUthreshold

FigureC.63: 60,000EAS, 1019:25 eV, 400 pho-
ton/GTUthreshold
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