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ABSTRACT

Ultra-highenegy cosmicrays(UHECRs)arethe mostenepgeticparticlesever recorded How-
ever, their sourcesand acceleratiormechanismsre unknovn. The JEM-EUSOmissionis a
UHECR detectorplannedfor the Internatbnal SpaceStation(ISS). Its main scienti ¢ objective
is to identify the sourcesof UHECRsandmeasureaheir enegy spedra. It will do soby record-
ing the uorescencdight emittedby cosmicray interactionsn the atmospherérom outerspace.
Above 107° eV, the ux of UHECR is lessthan one particle per squarekilometer per century
makingit dif cult to recorda signi cant numberof UHECR events. The uniqueapproachof
JEM-EUSQis expectedo yield a dramaticincreasan detedion raterelative to thelargestground
basedbsenatoriesin theworld.

The EUSO- SuperPressuraéBalloon (EUSO-SPB)missionis a path nder missionfor JEM-
EUSO.It usesa prototypeversionof the JEM-EUSOdetectorto look down on the atmosphere
from a stratospheridalloonat an altitude of approximately40 km. EUSO-SPBis plannedto
launchfor a long duration ight in 2017 from Wanaka,New Zealand. In this thesiswe use
extensve air shover simulationsandthe cosmicray ux to estimatethe expectedrateof UHECR
detection for EUSO-SPBasa function of enegy anddetectoroptical efciency. We nd that
in a seven night missionwith eighthoursof obsenrationtime pernight EUSO-SPBwould record

approximatelyten UHECR events,all with enegiesabove 10* eV.
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CHAPTER1
INTRODUCTION, BACKGROUND AND MOTIVATION

The EUSO-Balloonis a prototypedetecor for JEM-EUSO,an ultra-highenegy cosmicray
detectorplannedfor the InternationalSpaceStation. The prototypeis attachedo a stratospheric
balloonand own at an altitude of approximately40 km and pointeddown to obsenre the at-
mosphere fromabore. EUSO-Balloon$ rst ight in August,2014in Timmins, Ontariodid not
recordary extensve air shavers. Thiswasprimarily dueto theshort ight time of approximately
four hoursat oat altitude. The purpo® of this thesisis to estimatethe cosmicray extensve air
shawver detectionratefor the supempressureeUSO-Balloonight (EUSO-SPB).

Chapterl begins with a brief backgroundon cosmicrays. Next, JEM-EUSOand EUSO-
Balloon aredescribedn Chapter2 , followed by an overview of the software packagesisedto
simulateextensie air shaversin Chapter3. The analysismethodsusedto estimatethe extensie
air shaver eventsEUSO-SPBwould recordarethendescibedin Chapterd. Finally, we estimate

detectionratesof EUSO-SPBor variouspossibledetectoref ciencies.
1.1 What are Ultra-High-Ener gy CosmicRays?

Cosmicraysaresubatomigarticlestraveling at high velocitiesthroughspace.Their obsened
enepgiesspanl2 orders ofmagnitudefrom 18  10°* eV [1], andarethe highestenepy particles
known to exist. The sourcesacceleratiormechaisms,and compositons of ultra-high enegy
cosmicrays(UHECRS),or cosmicraysof enegiesabove 108 eV, areunknavn. Possiblesources
include active galactic nuclei (AGN), neutronstars,and gammaray bursts. However the Hillas
plot (Figurel.1) showvs thatnoneof thesepotental sourcesanaccelera particlesto theenegies

we haverecorded?2].
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Figurel.1: Hillas Plotwith possiblecosmicray sourceg2].

1.2 The CosmicRay Spectrum

Thecosmicray ux spectrumrangingfrom10® 10%! eV (Figurel.2),followsanapproximate
powerlaw determinedgempiricallyto beaboutE %7. Thespectrunmshovsaslightsteepeningtthe
“knee” at3 10 eV, andlevelsoutslightly atthe“ankle at3 10* eV. Theanklemayrepresent
thetransitionto cosmicraysof extragalacticorigin. Thekneerepresentshe upperenegy limit of
particlescausedy superneae[1].

A third importantfeatureof the cosmicray spectrumis the suddensteepdropin ux above
5 10% eV [1]. Thiswaspredictedindependenthby Greisen,andZatsepinand Kuzminandis
known asthe GZK effect. The GZK effectis dueto the interactonsbetweerhigh enepgy protons
andthermalphotonsfrom the cosmicmicrowave backgroundadiation(CMBR). Whena proton

above anenegy thresholdof approximately5 10'° eV interactswith a CMBR photon,someof
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Figurel.2: Cosmicray ux asafunctionof enegy [3].

theproton's enegy is lostand conertedto massto createa pionin thefollowing process:
p+ ! T p+ (1.1)

This processs repeatedor cosmicrayswith enegy above the interactionthresholduntil the
nucleonfalls below thethresholdenegy, or collideswith anobjectsuchasthe Earth'satmosphere.
The GZK effectimpliesthatany cosmicraysof enegy abore 5 10'%eV mustoriginatefrom a
sourcecloserthan50 Mpc, sinceary non-localcosmicray with enegy above this thresholdwould

fall below thisenepgy by thetime it wasdetected.



1.3 Extensive Air Showers

The ux of UHECRIs lessthanoneper squarekilometerper centuryabove 10°° eV. Conse-
guently direct detectionmethodsare technicallyimpossible. However it is possibleto obsene
the extensve air shavers(EAS) thatoccurin the Earth's atmosphereTheseEAS arecascadesf
ionizedparticlesandelectromagneticadiationcausedy acosnic ray primary particleinteracting
with particlesin the atmosphereTherearethreemain component®f an EAS: electromagnetic,
hadronicandmuonic(Figurel1.3). TheseEAS continueto propagtethroughtheatmospherentil

they eitherreachthe Earth's surfaceor the enepgy of the primary particleis dissipated.

Primary Particle

V

nuclear interaction

+ . .
K K° <7 \ith air molecule J\\
+/, + 0 0
p,p p <K, K—>p
NV S
m g g
hadronic l/ ‘1’ ¢ &I ¢ &I
cascade e e e e € e
radiation:
fluorescence,
Cherenkov,
radio
+ + — - + t + - + -
m m n n m p,n, pP;K; e gegoge g e
nuclear fragments
muonic component, hadronic electromagnetic
neutrinos component component

Figurel.3: lllustrationof EAS with thethreemajorcomponent$4].

1.4 Ground BasedObseratories

Currently UHECR detectorsare all on the ground(Table 1.1). They consistof either sur
facedetectorqSD), uorescencedetectorgdFD), or a combinationof the two known asa hybrid
detector

ThePierreAugerObsenatory(Auger)(Figurel.4)is currentlythelargestUHECRobservatory
in theworld with adetectionareaof approximately\3000km? [5]. The SD arrayof Augerconsists

of watertankswith photomultipliertubesinsidethatrecordthe Cherenkv radiationproducedoy



Tablel.1: Major cosmicray experiments

Obsenatory DetectorType | DetectionArea
PierreAugerObsenatory (Argentina) | Hybrid 3000km?
Telescop&rray Project(Utah,USA) Hybrid 776km?

High ResolutionFly's Eye (Utah,USA) | FD 100km? sr
AkenoGiantAir Shaver Array (Japan) | SD 100km?

EAS secondaryarticlespassinghroughthetanksat groundlevel. Althoughthis type of detector
canreconstructhe geometryof EAS, valuessuchasenepy of the primary particleandX o , the
atmospheriadepthof shaver maximum,requirecalibration. A FD setupconsistsof telescopes
thatdetectultraviolet (UV) light emittedby cosmicray interactionswith nitrogenmoleculesthe
primary componenbf the atmosphere They obsere the EAS develop throughthe atmosphere,

notjustatgroundlevel andareableto reconstructheenegy andX ,ox moredirectly.
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Figurel.4: ThePierreAugerObsenatory Argentina[5].

A hybrid detectorhasseveral advantagesoy combiningthe two methods:improving accu-
ragy of geometricalreconstruction®y addingthe third dimensionfrom the FD, allowing for an
improved reconstructiorof enepgy, and providing calibrationfor the SD array Although hybrid
obsenatorieslike Augerareasigni cant improvementover only SD or FD obsenatories,ground-

baseddetectionsystemsstill have several major limitations. The FD canonly operateon cleat



darknightsandis dependentn atmosphericonditions Thisresultsin a FD duty cycle of approx-
imately 14%[5], comparedo the near100%duty cycle of the SD, meaninglessfrequenthybrid
reconstructeddvens. However the primary limitation of a ground-baseabsenatory lies in the
detectionarea.Evenwith anextremelylarge obsenrationarealik e thatof Auger, we only recorda

few dozeneventsabove 5*10%° eV peryear
1.5 SpaceBasedUHECR Detection

A signi cant increasein detectionaperturemay be realizedby observingEAS from space.
Sucha detectorwould be similar to the FD of the PierreAuger Obsenatory, calibratedto detect
UV uorescencdight emittedby EAS. A spacedasedletectomwould sacri ce someresolutionas
well assensitvity to lower enegy cosmicraysdueto its distancefrom the atmosphereHowever,
awide FOV would allow for a signi cant increasean statistcs of cosmicrayswith enegiesabove

107° eV, allowing usto moreeffectively searchfor UHECR origins.



CHAPTER?2
JEM-EUSOAND EUSO-SPB

The ExtremeUniverse SpaceObsenatory (EUSO)aboardthe Japanes&xperimentModule
(JEM) is a detectorplannedfor the InternationalSpaceStation(ISS). Its primary scienti ¢ ob-
jective is to identify the sourcesof UHECR and measureheir enegy spectrum.The secondary
objectvesincludethedetecton of highenegy gammaraysandneutrinosandstudyingthegalactic
magneticeld [6].

Thedetectomprincipleis similarto aground-baseéD. It is essentiallya wide-view largedens
telescopeahatrecordsthe UV uorescentlight emittedby EAS in the atmosphere JEM-EUSO
will recordtheseeventslooking down on the atmospherdrom an altitude of 400 km asopposed
to looking up from the ground. This uniqueapproachdramaticallyincreaseshe detectiorarea.
Theinstrumentcaneitherbe pointedperpendiculato the Earth's surface(nadirmode),or tilted to
view a greaterportion of the atmosphereresultingin a detectionareaof 50 to 250 timesthat of
the PierreAuger Obsenatory (Figure2.1) [6]. To obtaina wide FOV, lensesratherthanmirrors

areused.
2.0.1 JEM-EUSO Detector

JEM-EUSOinstrumentconsistsof four major componentsooptics,focal surface,electionics
andphysical structure.The optical system,composedf threeFresnelensesfocusthe UV uo-
rescentight emittedby an EAS onto the focal surface(Figure 2.2). Fresnellenseswerechosen
becausef their ability to allow for high UV photontransmissiorandawide eld of view (FOV)
while keepingmasso aminimum. TheresultisaFOV of 3(° in eachdirectionfor atotal of 6C°,
with anangulamresolutionof 0:1° [6].

Thefocal surfaceof JEM-EUSOQis a sphericallycurved surface2.3 m in diametey conssting
of approximately5,000 multi-anodephotomultipliertubes(MAPMTSs), eachwith an 8x8 pixel

array The FSis groupedinto 137 photo-detectomodules(PDMs), eachof which are madeup
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Figure2.1: The exposureareaof JEM-EUSOin nadir andtilted modes,with detectionareasof
currentground-basedbsenatoriesfor scale[6].
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Figure2.2: Theoptical systemandfocal surfaceof JEM-EUSO[6].



of nine elementarycells (ECs), consistingof four MAPMTS, for a total of 137 PDMson the FS
(Figure 2.3). The FS electronicsthenrecordthe signalsof the UV- uorescentphotonsthat pass
throughthe opticsin 2.5 s bins, or gatetime units (GTUs). This signalis thenrecordedif it

matchegpre-programmetriggersequencelesignedo recognizeEAS.

Elementary Cell

Gt .
— (2x2 PMTs = 256 pixels)

95m m

MAPMT
(8x8 pixels)

¥y

'%)

Focal Surface detector Photo-Detector Module
137 PDMs =0.3M Pixels (3x3 ECs = 2,304 pixels)

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

JEM-EUSOalsoincludesan atmospherianonitoringsystem(AM), consistingof aninfrared
cameraand light detectionand rangingdevice (LIDAR). The AM is responsiblefor recording
atmospherienformationsuchascloud cover anddistribution of aerosolayersin the FOV of the
detector Sincethe light recordedirom EAS propagtesthroughthe atmosphereit is crucial for
accuratereconstructiorof the primary particle’s enegy andarrival directionto understanchow

the light is attenuated.The entiretelescopavould thenbe mountedon the ISS asillustratedin

Figure2.4.
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Figure2.4: Artist's conceptiorof JEM-EUSQattachedo theISS[7].

2.1 EUSO-Balloon

The EUSO-Balloonis a path nder missionfor EM-EUSO.It is designedo demonstrate¢he
technologiesand techniquesusedon the JEM-EUSOor ary otherfuture space-basedetection

system.lt's scienti ¢ objectvesarethreefold:
to performa full test of key JEM-EUSOtechnologies,
to measuratmospheri@andterrestrialUV backgrounccomponents,
to detectthe rst EAS while looking down ontheatmosphere.

EUSO-Balloonis designedasa smallerversionof the JEM-EUSOdetectoy consistingof one
PDM. This prototypedetectoris attachedto a stratospheridalloonand o wn at a nearspace
altitude, approximately40 km. Its two main componentsare the optical benchandinstrument
booth(Figure2.5). The opticalbenchis composef two Fresnelensesesemblinghe opticsof
JEM-EUSO.Only two lenseswverechoserfor the EUSO-Balloonin orderto increasdJV photon
transmittanceThe two lensesareboth adjustablealongthe optical axis, providing a total FOV of

6°, or 12° in total.
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Figure2.5: EUSO-Ballooninstrumentatioroverview [8].

The instrumentatiorboothis a watertightcapsulewhich containsone of the PDMs usedin
JEM-EUSO,or 36 MAPMTSs organizedinto nine ECsin a3x3 grid array A UV lter is attached
to thePDM, whichtransmitdight of wavelengthdrom 290- 430nm. Thereis alsoaninfrared(IR)

cameraattachedo the outsideof the opticalbench,similar to theoneon JEM-EUSO responsible

for themonitoringof cloud cover andatmospherigropertiesn the FOV.

2.1.1 First Flight - August2014

In August, 2014 the EUSO-Balloon e w for the rst time in Timmins, Ontario. The main
objectves ofthis ight wereto bothmeasuréheUV backgroundndtestthedetectoperformance.
The UV backgroundvas measuredvith the PDM. The IR cameraattachedo the optical bench
wasusedto detectclouds. In additionto thesea calibratedUV laserwas red acrosthe eld of
view from a helicopterwnhile the detectoiwasat oat altitude(Figure2.6).

During the approximatelyfour hoursof ight time at oat altitude the detectorsuccesfully

recordedmultiple lasershots,and measuredhe UV backgroundadiationover several different
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Figure2.7: TheEUSO-Balloono wn in Timmins, Ontario.
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Figure2.8: Launchof the EUSO-Balloonin Timmins,Ontario.

surfaces.This pioneeringight did notrecordary EAS becausehe ight time wastoo shortand

atriggerfor EASwasnotyetimplemented.
2.1.2 EUSO-SPBMission - Long Duration EUSO-BalloonFlight

The EUSO- SuperPressuréBalloon (SPB)missionis a planfor along duration ight of the
EUSO-Ballooninstrument. The primary objectve is to recorda cosmicray EAS from spacefor
the rst timein history It is currentlytentatvely scheduledor a2017laund from New Zealand.
EUSO-SPBwouldincludeseveralmodi cations to EUSO-Balloon.Theseincludethe additionof
an EAS trigger, andplansfor animproved optical system.The focusof this thesisis to estimate

the EAS detectionrateof the EUSO-SPBor variousdetectoref ciencies.
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CHAPTER3
SIMULATING EXTENSIVE AIR SHONVERSFOREUSO-SPB

Simulating EAS for the EUSO-SPBIs a two-stepprocess. The rst stepis to generatehe
longitudinalpro le of particlesin theshoverasafunctionof atmosphericlept. Thisis doneusing
aMonte-CarloshavergeneratocalledCONEX. The JEM-EUSOOf ine simulationpackageuses
thesepro les to rst generatethe ux of light alongthe pro les. It then propagtesthe light

generatedlongthe shaver throughtheatmospheré¢o the detector
3.1 CONEX: Monte-Carlo Shover Generator

The CONEX software packageappliesMonte-Carlomethodsand numericalsolutionsto the
cascadexquationsto generag distributionsof the secondaryparticlesin an EAS. The enegy de-
posit, chaged particle, and muon longitudinal pro les are generatedjiven a direction, enegy,
andtype of a primary particle. Seeral differentinteractionmodelsfor thesesimulationsexist.
QGSJETI will beusedfor the EUSO-SPBsimulationsin this thesis,asit hasbeenusedexten-
sively in cosmicray physics,with CONEX v4r37. The pro les arewritten to anoutput le in a

ROOT format[10].
3.1.1 Isotropic Shower Generation

For the purposeof this thesiswe assumehatcosmicraysareemittedisotropically In orderto
simulateanisotropicdistribution of EAS, we useCONEX to generatel0,000protonEAS at the
following enegy levels: 10t eV, 10775 eV, 10t eV, ... , 10'92° eV, for atotal of eightenegy
bins. Thisis a slightly wider rangeof enegiesthanEUSO-SPBis expectedto record. The EAS
aregenerateavith randomzenithandazimuthanglesateachenegy level.

TheCONEXdefaultanglerandomizatiorgivesalinearly randomizedzimuthdistribution,and
a zenithdistribution weightedasa function of sin( )coq ). Theazimuthis randomizedinearly

becaus®f the sphericakymmetryof the sky. For zenith,thesin( ) termis necessarpecausé¢he
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solid anglefor somerangeof zenithanglesincreasessthe zenithincreasesThe coq ) termis
for a at detectoron the Earth's surface. However this is not the casefor EUSO-SPBa volume
detectowviewing theatmopherefrom above. Theproperisotropiczenithdistribution for avolume
detectoris weightedby sin( ) only.

The CONEX defaultrandomizatiorwas modi ed to produceadistribution weightedby sin( )
(Figure3.1,right panel). The CONEX sourcecode“CxRoot.cc’wasmodi ed asseenn Appendix
A. To illustratethis isotropicdistribution, we usea sphericalprojectionof 10,000EAS generated

by modi ed CONEX ontoa unit sphereo producea hemispheréFigure3.2).
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Figure3.1: Default (left) andmodi ed (right) CONEX zenithdistribution from 0° - 8C°.

3.2 JEM-EUSO Of ine

TheJEM-EUSOOf ine frameavork wasadaptedrom thePierreAugercollaboratiorto provide
the software infrastructureto supportthe variety of computationattasksrequiredby the JEM-
EUSOcollaboration.Of ine consistf threemainparts.The rst is acollectionof modulesused
to processlata. Thesemodulesareassemble@ndorderedthroughXML con guration les. The
seconds the eventdatamodelthat allavs the modulesto passreconstructioror simulationdata
to eachother Thethird is thedetectordescriptiorwhich providesa descriptionof the JEM-EUSO
detectoyandthe atmosphericonditionsasa functionof time [11]. This structureis illustratedin

Figure3.3.
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Figure3.2: Projectionof anisotropicdistribution of 10,000EAS ontoa unit sphere.
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Figure3.3: Thethreemaincomponent®f the Of ine framevork [11].
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TheFSimulationpackagan Of ine usesthe chagedparticleandenepgy depositpro les gen-
eratedin CONEX to simulatethe light arriving at the detectors optical apertureover time. The

XML modulesequencéor thesesimulationss givenbelow:

<! A Modue seaguence for an FD simulation >

<module> EventFileReaderOG </module>
<module> EventGeneratorOG </module>
<module> FdSimEventCheckerOG </module>
<module> ShowerLightSimulatorKG </module>
<module> LightAtDiaphragmSimulatorKG </module>
<module> ShowerPhotonGeneratorOG </module>
<module> GroundReflectionSimulatorJG </module>
<module> EventFileExporterOG </module>
<module> UseModule </module>

TheEventFileReaderO@Gadghesimulatedshaver pro les fromthe CONEXoutput le to be
usedin thesimulation. The EventGeneratorO@odulethengeneratethelocationthatthe shover
corehitstheground.Thiscanbeeitherprede nedor random.TheFdSimEwentCheckrOGchecks
which uorescenceelescopes active duringthe simulation.It is aremainderof the PierreAuger
Detectorframenork that usesmultiple telescopesn differentlocations. The ShoverLightSim-
ulatorKG simulatesthe uorescenceand Cherenkv light alongthe showver track. The light is
thenpropagtedthroughthe atmosphereo the optical diaphragmof the detectorby the LightAt-
DiaphragmSimulatorKGT he ShaverPhotonGeneratorOGateyorizesphotonsby type andsimu-
latesdetectorresponseThedetector responseés not yet availablefor JEM-EUSOor EUSO-SPB.
There ected Cherenkbv light from the groundis simulatedby the GroundRe ectionSimulatorJG
andpropagtedto the detectoraperture Finally the EventFileExporterOGrganizesthe datainto
individual events.

The UserModuleallows the userto run analysison the eventdata. To save computatiortime
the UserModuleusedin this thess storesonly raw eventdatain a ROOT output le, andcanbe
foundin AppendixB. Differentanalysesrethenappliedto the ROOT les withoutrerunningthe

entireOf ine simulation.
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3.2.1 EUSO-SPBSimulation Package

The simulationsfor EUSO-SPBusethe sameOf ine con gurationsandmodulesequaceas
the simulationsfor JEM-EUSO.Therearetwo differences.The detecor altitudeis loweredfrom
400 km to 40 km, andthe size of the detectordiaphragmis changedo 1 m?. The ROOT les
generatedy the UserModulecontaininformationregardingeachphotonat the detectors optical
aperture Eachphotonhasvaluesfor zenithandazimuth anglestype,weight,andtime. Thezenith
andazimuthusethe samecoordinatesystemasthe detector Fromthis informationwe construct
the light pro les for the different photontypesover time (Figure 3.4, left panel). This is done
by multiplying the photontype by it' s weightedvaluefor eachtime bin ( s ), andscaledio GTUs
(2.5 s ). Fromthesepro les we createa projectionof thesdight pro les ontheground(Figure3.4,
right panel). The programusedto generatdhe light pro le and projectiononto the groundwas

modi ed from thedravEvent.C le written by Brian Vleck.
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CHAPTER4
ESTIMATING EUSO-SPBEAS DETECTIONRATE

To estimatethe EAS detectionrate of EUSO-SPB,we rst de ne the eld of view (FOV)
of the detector We thenrepeatedlyusethe 10,000simulatedEAS per enegy bin in the Of ine
simulationswith randomcorelocationsin a large areaaroundthe detector The simulaton area
shouldbe large enoughthatwe have achanceof recordingeventswith zenithanglesupto 8C°. In
thisthesiswe usea 150km radius.If this areais large enoughwe shouldobsene thefrequeng of
eventsproducingatleastonephotonin oneGTU becloseto zeroatthe 150km boundary

SincetheEUSO-SPBoptics,electronicsandtriggerarenotyetavailablein Of ine, theshowers
recordedare selectedwith one of two simple methods. The rst requiresa minimum level of
brightnesof the EAS, de ned by thetotal numberof photors reachingthe optical aperturefrom
within the FOV. Thesecondmethodinvokesa pseuddriggerto theaperturdrom within the FOV.
Five consecutie GTUsmusthave aminimumnumberof photons.Thethresholdgor bothmethods
aredeterminedor variousdetectoref ciencies.

The UHECR differential ux data[(m? sreV s) 1] from the Pierre Auger Obseratory In ||
Array is scaledby thesimulationparameterfm? sr]. Thisisthe ux of UHECRinto thesimulation
areaf(eV s) ). Thisis multiplied by the percentag®f eventsrecordedasa function of enegy
to get the ux of UHECR detectedby EUSO-SPBfor variousdetectoref ciencies. The ux of
UHECRIinto EUSO-SPBcanbeintegratedover enepgy to get theestimatedEAS detecion rateof
EUSO-SPB.

4.1 Constructing the EUSO-SPBField of View

The FOV of EUSO-SPBs a6° x 6° square Projectedrom 40 km this yieldsa detectionarea
of 8.4km x 8.4km ontheground.Thelight pro le generatedby Of ine from the EASssimulated
in CONEX is the amountof light per GTU reachingthe front lens of the detector Thereis no

constrainton the photonarrival direction. This includeslight from portionsof the shawver track
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inside and outside the FOV (Figure 4.1). Removing the photons that arrive with zenith angles
greater than the FOV (6° in the case of EUSO-SPB), yields the light profile of photons that arrive

at the detector from within the FOV.

EUSO EUSO
Balloon Balloon
: A A

40 km 40 km

Figure 4.1: Before (left) and after (right) FOV photon cut.

The FOV of EUSO-SPB is square because the PMT camera at the focal surface is square
(Figure 4.2). We cannot simply remove all the photons with zenith angles above 6°. Instead, we
define a square FOV by removing the photons with azimuth (¢) and zenith (f) angles that do not

satisfy the inequality in Equation 4.1.
0 <6+3(vV2—1)—3(V2— 1)cos(26) 4.1)

Equation 4.1 is a sinusoidal function oscillating between 6° and (6 * /2)° as a function of ¢,
with a period of 45° that defines a square. The results of this FOV photon cut are demonstrated
for the same EAS in Figure 3.4 and Figure 3.5, with the FOV implemented in Figure 4.3 and

Figure 4.4.
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Figure 4.2: FOV of a square detector at different azimuth angles compared to circular FOV.
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4.2 CoreRandomizationin Of ine Simulationsfor EUSO-SPB

The 10,000EAS generatedvith CONEX at eachenegy bin wereusedby Of ine to gener
atelight pro les. To increasestatistics,the 10,000event samplesverereusedwith randomcore
locationsin a 150 km radiusandazimuthanglesfrom 0! 2 . In orderto ensurethe chanceof
recordingEASwith zenithanglesupto 80° we needto randomlyassigncorelocationsupto alarge
distancefrom the centerof EUSO-SPBS FOV. Simulatingin too small an areawould underesti-
matethe EAS detectiornrate. Usingtoo large anareawould costonly smallamountsof additional
computationatime becauséf ine skipssimulationsfor eventsthathave no photonsarriving at
theaperture.

The EAS thathave achanceof beingrecordedhave at leastonephotonin oneGTU arrive at
the apeture from within the FOV. Figure4.5to Figure4.12 areplots of the corelocationsof the
randomizedEAS for all enepy levels. Theblack pointsarethe corelocationsof all the EAS. The
red pointshighlight the eventswith atleastonephotonin oneGTU arriving at the aperturefrom
the FOV. Theseplotsillustratethatthe eventrate of EAS possiblyrecordeddropsto zeroat 150

km.
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Figure4.9: 76,000protonEAS, 10'8° eV
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4.3 EAS SelectionCriteria

The Of ine framewnork doesnot yetincludethe opticsor electronicsfor EUSO-SPBInstead
we estimatewhich eventswould be recordedusing two simple algorithms. The rst requiresa
minimumnumberof total photongrom the FOV light pro le. Thesecondappliesapseuddrigger.

Both methodsdependon thefollowing detectorspeci cations:

qguantumef ciency of MAPMTs
optical point spreadunction (PSF)

opticaltransmissioref ciency

Thenominalquantumef ciency of theMAPMTs is 25%, meaningonein four photonsarriving
at the focal surfacegenerates photoelectrorcount. The PSFof the Fresnellensesspreadghe
incominglight over four pixels. The optical transmissioref ciency of the Timmins lenseswas
approximately20%. This meanswith the Timmins ight con guration, for onephotoelectrorto
berecordedoerGTU, aminimumof4 4 5= 80photonsmusthit thefront lensfrom insidethe
FOV perGTU. For EUSO-SPBthereareplansto improve the opticaltransmissiorwith anew set
of lenses.Thenew transmissioref ciency hasyetto bedeterminedbput is expectedo be 40%.

To recordat leastonephotoelectrorover 10 GTUswith a 20% opticaltransmissioref cieng/
weneed(4 4 5) 10= 800totalphotons At 60%weneed(4 4 1:6) 10= 256totalphotons.
We canselecteventswith total numberof photonsabore thresholdsof 1000, 2000, 3000, 4000,
and5000. Thisrangeis choserto mimic therequirementsf severaldifferentopticaltransmission.

We can also selecteventsrecordedwith a pseudotrigger. The real trigger is progranmed
to recognizeEAS eventsbasedon photoelectrorsignalsthat matcha speci ¢ criteria. We can
mimic the comple nature ofthe trigger by requiring ve consecutie GTUs with at least ve
photoelectronperGTU. To simulateopticaltransmissioref ciencies of 20%, 40% 60%and80%
we canrequirephotonthresholdsf 100, 200,300and400photonsper GTU, for ve consecutie
GTUs.
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4.4 EUSO-SPBEAS DetectionRate from Overall Showver Brightness

To estimatethe EUSO-SPBEAS detectionrate we rst selectwhich simulatedeventsare
recorded We requirea minimumamountof photonsatthe aperturan theamountsof 1000, 2000,
3000, 4000pr 5000.Figure4.13throughFigure4.18illustratethe corelocationsof all simulated
EAS of 10'85 eV. The black pointsareeventsbelown the photonthresholdandthe red areevents
above thephotonthreshold As expectedthe numberof EAS above thresholddecreaseasphoton

thresholdincreases.The full setof resultsfor enegiesof 10'7° eV to 10'%2° eV are shavn in

AppendixC.
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Figure 4.13: 76,000EAS, 10'85 eV, 1 photonFigure4.14:76,000EAS, 10'¥° eV, 1000photon
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threshold threshold

28



From this datawe calculatethe percentof eventsrecordedby dividing the numberrecorded
by the total simulatedin Of ine for eachenengy bin (Figure4.19). Thesepointsare tted with
athreeparameteiquadratict asa function of logo(E). Figure4.19alsoillustratesthe enegy
thresholdfor the variousphotonthresholdsWith theadditionof the UV backgroundheseenegy
thresholdsshoul increase. The EAS are simulatedin a geometricapertureof (150km)?2
2 RO%OO sin( )d = 3:68 1 km? sr, with zenithanglesrangefrom 0° ! 80°. We thenscale
the UHECRdifferential ux datatakenby the PierreAugerObsenatory[12] (Figure4.20)by the
simulationgeometricaperturg(Figure4.21). The scaledUHECR ux is thenmultiplied by tted
percentrecordedunctionsevaluatedat eachenegy bin. Theresultis the ux of UHECRdetected
by EUSO-SPB.The differentcurvesin Figure 4.22 correspondto different photonthresholds.

Figure4.22alsoillustratesthe enegy thresholdgor the variousphotonthresholds.

% Events Recorded from 1 to 5000 photon thresholds with fits
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Figure4.19: Percenbf EAS recordedn simulationareaasa functionof enepy.
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Figure4.20: PierreAugerin Il UHECR ux [12].
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Figure4.21: UHECR ux from Figure4.20in a 150km? radiuscircle with zenithup to 8C°.
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Scaled UHECR Flux %« % EAS Recorded
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Figure4.22: UHECRddifferential ux recordedoy EUSO-SPHor variousdetectorsensitvities.

Photon Threshold Events «hr |Events ¢night |Events «week
1 709 £04 567. +4. 3971. +25.
1000 4.5 £0.01 358 £0.1 250.7 +0.8
2000 1. £0.05 8.1 £04 56.8 +2.7
3000 0.27 +£0.03 22 £0.2 153 £1.6
4000 0.14 +0.02 1.2 £0.2 8.1 +1.2
5000 0.085 +0.02 0.7 £0.1 48 +0.9

Figure4.23: EUSO-SPBletectiorratecalculatedwith variousEAS brightnesghresholdsassum-
ing 8 hournightsof continuougdetection.
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The UHECR flux recorded by EUSO-SPB is numerically integrated over energy for the var-
ious photon thresholds to get the estimated detection rates. Figure 4.23 shows the detection rate
according to photon threshold. The highlighted rows are the thresholds thought to be realistic for
the EUSO-SPB flight. With this event selection method we estimate between 8 and 15 events
recorded per week, assuming seven eight hour nights of continuous detection in ideal conditions.
Figure 4.24 and Figure 4.25 show the distribution of events recorded over energy for the 3000 and

4000 photon thresholds.
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Figure 4.24: Distribution of events over energy for 3000 photon threshold

4.5 EUSO-SPB EAS Detection Rate with Pseudo Trigger

The EUSO-SPB detection rate can also be calculated by applying the method outlined in Sec-
tion 4.4, but by selecting EAS with a pseudo trigger. The pseudo trigger is described in Section
4.3. It requires recorded events to have five consecutive GTUs, each with greater than 100, 200,
300 and 400 photons. Figure 4.26 to Figure 4.29 show the core locations of the events recorded

with the pseudo trigger for the same generated events used in Section 4.4. The same plots for all
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Figure 4.25: Distribution of events over energy for 4000 photon threshold

energy levels can be found in Appendix C.

From this data we calculate the new percent of simulated events above each photon threshold
for each energy level (Figure 4.30). These values are again fit to a 3 parameter quadratic func-
tion as a function of logio(E). These new percentage functions can be multiplied by the scaled
UHECR flux (Figure 4.21) to yield the flux of UHECR recorded by EUSO-SPB (Figure 4.31).
This is again integrated over energy to give the EUSO-SPB detection rate for various detector ef-
ficiencies (Figure 4.32). The highlighted row represents a realistic 300 photons/GTU threshold
which corresponds to a 40% optical transmission efficiency. With the pseudo trigger we estimate
10 events per week assuming seven eight hour nights of continuous detection in ideal conditions,
for a 40%*25% = 10% overall detector efficiency. Figure 4.33 shows the distribution of events

recorded per hour over energy with the pseudo trigger threshold of 300 photons/GTU.
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Figure 4.28: 76,000EAS, 10'®5 eV, 300 pho-Figure 4.29: 76,000 EAS, 10'¥5 eV, 400 pho-
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Y% Events Recorded for 100 to 400 photons/ GTU thresholds with Fits
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Figure4.30: Percenbf EAS recordedn simulationareaasa functionof enepy.
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Figure4.31: UHECRdifferental ux recordedoy EUSO-SPBfor variouspseudariggerthresh-
olds.
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Photon Threshold Events/hr Events/night | Events/week
100 2.320.005 18.1+0.04 127. 0.3
200 0.43+0.02 3.420.1 24. £ 1.
300 0.18+x0.01 1.4+0.08 10. £ 0.6
400 0.089+0.008 0.71x20.07 5.+20.5

Figure 4.32: EUSO-SPB detection rate calculated with pseudo trigger, assuming 8 hour nights of

continuous detection.
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Figure 4.33: Distribution of events over energy with pseudo trigger for 300 photons/GTU thresh-

old.
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4.6 RecordedEAS Eventswith Xax in FOV

Sections4.4 and4.5 provide estimategor the numberof EAS eventsEUSO-SPBwill record.
However not all of theseeventscanbe accuratelyreconstructedor enegy. The enegy deposited
by the EAS asa function of atmospheridepthis directly proportionalto the light emittedalong
the shawer track, which is calculatedfrom the light at the apertureof the detector The enegy
depositfunctionis t to thewell known GaissetHillas function:

X  Xp
>(max >(O

The enegy depo# functionis integratedover atmospheridepthto yield the enegy of the

X max Xo)

N (X) = Nmax ( ) (4.2)
primary particle. SinceXhax isanimportantt parametein the GaisseiHillas t, eventswithout
Xmax IN FOV will have poor ts, andapoorenegy reconstruction.

Duetothenarrav FOV of theEUSO-SPRletectormary eventswill berecordedvithout X ,ax
in theFOV. Xax Is de ned asthedepthin theEAS with thegreateshumberof particles.It is also
thedepthof theshaver producingthemostlight. We canedimateif X« isrecordedyy analyzing
thelight pro le behaior aroundthe brightestGTU. For aneventto have X,ax in FOV, we require
thenumberof photonsan thethreeGTUsarownd the brightestGTU to decreaseandremainabove
anontrivial threshold.Thethresholdis setto 20% of the brightestGTU. Seweral GTUslessthan
this thresholdindicatesthe light pro le is cut off by the FOV. Figure 4.34 throughFigure 4.38
shawv the corelocationsof the sameeventsrecordedwith the pseudadtrigger with a thresholdof
300photons/GTUandeventsrecordedwith X,ax in FOV. Figure4.39illustratesthesevaluesasa
percentag®ef eventsrecordedwith X,ax in FOV. Althoughtheerroris large dueto low statistics,
the percentagef eventsrecordedwith Xax Clearlydecreaseasenegy increasesSinceXmax is
thebrightestdepthin the EAS, eventsnearthe enegy thresholdaremorelik ely to requireX s in
the FOV to berecorded.At higherenegies,otherpartsof the eventwill be bright enoughto be
recordedwithout X« in FOV, meaningalower percentag®ef eventsrecordedwith X ay -

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

recordedwith X,.« is integratedover enepy to yield the estimateddetectionrate of EAS with
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Xmaz 10 FOV by EUSO-SPB. This result for a pseudo trigger of 300 photons/GTU threshold is
illustrated in Figure 4.40 to be approximately four events per week. Since recording X, would
be an excellent indicator that an EAS was recorded, this rate is an important factor in determining

flight time of the EUSO-SPB mission.
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Figure 4.34: 70,000 EAS, 10'82° eV, events with

Xmaz 10 FOV X,0s in FOV

38

x10°

Figure 4.35: 76,000 EAS, 10'%° ¢V, events with



)]
o

e

Y core location (km)

-100

-150

Core Locations - 34 W/ Xmax

loa(E) = 18.75, 92 Onginal Events Racorded, Cut = 5 pixels > 300 & Seen Xmax
Showers not recorded

Showers recorded

Showers recordad with Xmax

—
()]
o

iy

Y core location (km)

50

-100

-150

‘llllIJJ[II\lJlLIlIIJllIIIJllIIIJJ

ke

Core Locations - 43 W/ Xmax

logl(E) = 19, 118 Onginal Events Recordad, Cut= 5pixels > 300 & Seaen Xmax
Showers not recorded

Showers recorded

Showers recorded with Xmax

F T T T T T 7 T T T T T T T T [T T T T [T T T T [T T 7171
I I \ I I I

IIJJlI\IlJJlIlIIJllIIIIJlLIIlJ

x10°

-150  -100 -50 0 50 100 150
X core location (km)

0

-
o

-100 -50 0 50 100 150
X core location (km)

Figure 4.36: 60,000 EAS, 10'87 ¢V, events with Figure 4.37: 60,000 EAS, 10'? eV, events with
X, ez In FOV Xpae In FOV

Core Locations - 36 W/ Xmax

loglE) = 1‘:le 132 Onginal Events Recorded, Cut = 5 pixels » 300 & Seen Xmax
—_ Showars not recorded
£ Showers recorded
é,i 50_ - Showars reoorddwul Xa ]
s i H
2 -
= -
8100
[ -
o] -
L&) -
o
50
100
-150F -
‘[lIIIJJlIII|Jll||IlJllIIIJllIIIIJX103
-150 -100 -50 0 50 100 150

X core location (km)
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Figure4.39: Percenbf eventsrecordedwith pseudarigger of 300 photons/GTUthresholdwith
Xmax in FOV.

Photon Threshold Events «hr | Events ¢ night |Events «week
300 photons «GTU 0.07 0.6 4,

Figure4.40: EUSO-SPBdetectionrateof EAS with X,ax in FOV calculatedwith pseuddrigger
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Figure4.41: Exampleof recordedEAS eventwith X inside FOV. E = 10875, zenith= 44°,
azimuth= 46°,
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Figure 4.42: Exampleof recordedEAS eventwith X s inside FOV. E = 10'875, zenith= 27°,
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CHAPTERS
CONCLUSION

The EUSO- SuperPressurdalloonmissionis aplanfor along duration ight of the EUSO-
Ballooninstrument.It's primary scienti ¢ objectiveis to recordseveral UHECR EAS from above
for the rst timein history A successfumissionwould be anexcellentindicatorto the possible
succes®f the JEM-EUSOmission.

Thenumberof cosmicray EASsrecordedoy EUSO-SPBlepend®ntwo mainfactors:overall
detectoref ciency, andthe durationof the ight. The overall detectoref ciency dependon both
thequantumef ciency of the MAPMTSs, andthe opticalef ciency, or transmissiomateof photons
throughthelenssystem.Althoughthe detectoropticsfor EUSO-SPBhave not been nalized, the
new optical transmissioref ciency is expectedo be 40%. The EAS detectionrateof EUSO-SPB
hasbeenestimatedor various possibledetectoref ciencies. This was calcubltedby simulating
alarge numbe of EAS in a geometricabperturearoundthe FOV. Eventsrecordedvereselected
with either a thresholdon the total numberof photonsat the aperturefrom within the FOV, or
with a pseudatrigger. The detectionrateis calculatedby integrating over enegy the percentof
eventsrecordedateachenengy level multiplied by the UHECR differential ux in thesimulations
geometricabperture.

In oneweekof detectionassumingsevennightsof eighthoursof detectiortime pernight,and
anopticaltransmissioref ciency of 40%, EUSO-SPBshouldrecordten eventswith ve consec-
utive GTUs above 300 photonsper GTU. Of the 10 eventsrecordedn oneweek,approximately
four of themwould include X« in the FOV. It is importantto considerthe eventswith X,ax
recordedfor severalreasons.A recordedeventwith X,ax will allow for an approximateenegy
reconstructiorof the cosmicray. It would alsobe anexcellentindicatorthatthe recordedeventis

indeeda cosmicray EAS.
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Althoughthe simulationsin this thesisdo notincludethe UV backgroundr trigger, anduses
ideal atmosphericand detectorconditions,it doesprovide a baselineestimatefor EUSO-SPBS
EAS detectionrate. However, mary factorsincluding the UV backgroundadwerseweatheyand
non-idealdetectorresponsewill lower this detectionrate. The combinationof thesefactorswith
therequiremenof recordingXmax to bothcon rm EAS detectionandallow enegy reconstruction,
suggestshataoneweek ight timeis notsufcient to guaranteeherecordingof multiple cosmic
ray EAS. This thesisalsoillustratesthatsmallimprovementsn the opticaltransmissioref ciency
yield signi cant increasesh EUSO-SPBS EAS detectiorrate.

During the nal edits of this thesis,NASA launchedthe rst superpressureballoon from
WanakaNew Zealand As of April 9, 2015it hadbeenat oat altitudefor 12 daysand hachearly
circumnaigatedthe southernocean. The tamget lengthfor this ight is 100 days. We notethat
a period of 18 daysduring the March dark moon period containsabout120 hoursof potential
observingime. This correspondso a possiblemeasuremerdf 8 EAS with the 300photons/GTU

triggerandXyax
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APPENDIXA - CONEX- CXROOT.CCMODIFICATIONS

Modi cations to GetTheta(¥unctionof CxRoot.ccCONEX source le:

GetTheta(): dice a zenith angle from isotropic flux

returns theta [deg.]

double
CxRoot:: GetTheta(double i)
const

f if (fThetal == fTheta2)
return fThetal;
else f
double tmp, fT1, fT2;
if (fThetal > fTheta2)
f
tmp=fThetal;
fTl= fTheta2;

fT2= tmp;
g
else
f
fT1l = fThetal;
fT2 = fTheta2;
g

const double degrad = 180./TMath:: Pi () ;

const double cl cos(fT1/degrad);

const double c2 cos(fT2/degrad) ;

const double u = fConexlnterface >ConexRandom(i) (c2 cl)+cl;
return acos(u) degrad;
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APPENDIXB - USERMODULE.CC

#include "UseModue.h”
#include <utl/ErrorLogger.h>
#include <evt/Event.h>
#include <fevt/FEvent.h>
#include <fevt/Eye.h>

#include <fevt/TelesmpeSimData.h>
#include <fevt/Telesoope.h>
#include <evt/ShowerSimData.h>
#include <det/Detector.h>
#include <fdet/FDetector .h>
#include <fdet/Eye.h>

// Allows local definitions of coordinates
#include <fwk/LocalCoordinateSystem .h>

// Commonly used points are hardcoded into a registry to avoid
/' having to repeatly create the locations
#include <fwk/ CoordinateSystemRegistry .h>

// Tools

#include <utl/JemEusoUnits. h>
#include < utl/TimeStamp.h>
#include <utl/UTCDateTime.h>

// Geometry Related Headers

#include <utl/ ReferenceEllipsoid.h>
#include <utl/ CoordinateSystemPtr . h>
#include <utl/UTMPoint. h>

#include <utl/ Point.h>

#include <utl/AxialVector.h>

#include <utl/Vector.h>

#include <utl/ TransformationMatrix .h>

//Use of the boost c++ package to extract
// coorindates from vectors

#include <boost/tuple/tuple.hpp>

#include <boost/tuple/tuple_.comparison.hpp>
#include <boost/tuple/tuple_io.hpp>

#include <det/Detector .h>

#include <fdet/FDetector.h>
#include <fdet/Eye.h>
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#include <fdet/ Telesmpe.h>
#include < fdet/Camera.h>

#include <TTree.h>
#include <TFile.h>

#include <iostream>

using namespace fwk;
using namespace utl;
using namespace fevt;
using namespace det;
using namespace d4d;
using namespace boost;

UserModule:: UserModule() f

g

UserModule::”" UserModue()

f

g

VModue:: ResultFlag
UserModule:: Init ()

f

// Create output TFile and TTrees

fOutFile = new TFile(” fSimulation.root”, "RECREATE") ;
fTree = new TTree(” Photons”,””);

fTree >Branch(” nPhoton”, &fNPhotons, "nPhoton/i");
fTree >Branch(” theta”, fTheta, "theta[nPhoton]/D");
fTree >Branch(” phi”, fPhi, "phi[nPhoton]/D");

fTree >Branch(” type”, fType, "type[nPhoton]/1");
fTree >Branch(” weight”, fWeight, "weight[nPhoton]/D");
fTree >Branch(”time”, fTime, "time[nPhoton]/D");

// Branches with general shower info

fTree >Branch(”energy”,&fEnergy ,” energy/D") ;
fTree >Branch(” zenith” ,& fZenith ,” zenith/D") ;
fTree >Branch(”azimuth” ,& fAzimuth ,” azimuth/D") ;

fTree >Branch(” xcore”,&x,” x/D");

fTree >Branch(” ycore”,&y,”"y/D");
fTree >Branch(”zcore”,&z,"z/D");
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return eSuccess

VModue:: ResultFlag
UserModule:: Run(evt:: Event& event)
f

(1111171111117 Begin additions to UserModule.cc added by J.Fenn, 05/2015

Detector& detector = Detector:: Getlnstance() ;
const fdet:: FDetector& detFD = detector.GetFDetector () ;

/] Get event data
FEvent& fEvent = event.GetFEvent();

/] Get event parameters from FEvent class

INFO(” UseModule >Pasdng on shower info: ENERGY, ZENITH, AZIMUTH,
CORE LOCATION") ;

const evt::ShowerSimData& SimDat = event.GetSimShower () ;

fEnergy = logl0(SimDat. GetEnergy());

fAzimuth = SimDat.GetAzimuth () ;

fZenith = SimDat. GetZenith () ;

/l From the fDetector class séup a coordinate system (CS) at Eye
center

CoordinateSystemPtr jemeusoCS = detFD . GetEye(”BALLOON EUSO") .
GetEyeCoordinateSystem () ;

/!l Acquire core location in eye centric CS

Point detectorPOSITION = detFD .GetEye(”BALLOON EUSO") . GetPosition () ;

cout < " Detector Position = " < detectorPOSITION. GetCoordinates(
jemeusoCS) << endl;

I/l Create a point with the shower position

Point showerPOSITION = SimDat. GetPosition();

Triple showercore = showerPOSITION. GetCoordinates() ;

cout << ”"Shower Position = " << showercore << endl;
boost::tie(x, y, z) = showercore;

COUt K "X =" K XK ", y="XK yxx ", z="K< zx< endl;
cout < Shower core assgned =" K x <K< 7, " K y<x endl;

(1111170111177 End code additions by J.Fenn

unsigned int currPhoton = O;
for (FEvent:: Eyelterator iEye =
fEvent.EyesBegin(ComponentSelector ::elnDAQ) ;
iEye != fEvent.EyesEnd(ComponentSelector ::elnDAQ) ; ++iEye) f
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for (Eye:: Telescopelterator iTel = iEye >TelesmpesBegin(
ComponentSelector :: elnDAQ) ;
iTel '= iEye >TelesmpeseEnd(ComponentSelector ::elnDAQ); ++iTel

) f

const fdet:: Telesmpe& detTel = detFD.GetTeleswpe( iTel);
const CoordinateSystemPtr telCS = detTel.
GetTelesmpeCoordinateSystem () ;

const TeleswmpeSimData& telSim = iTel >GetSimData() ;

for (TelesmpeSimData:: ConstPhotonlterator iPhoton =
telSim.PhotonsBegin(); iPhoton != telSim.PhotonsEnd(); ++

iPhoton) f
if (currPhoton < fMaxPhoton) f
const Vector& direction = iPhoton >GetDirection();

fTheta[ currPhoton] = direction.GetTheta(telCS) / degree;
fPhi[currPhoton] = direction.GetPhi(telCS) / degree;

fType[ currPhoton] = iPhoton >GetSource();
fWeight[ currPhoton] = iPhoton >GetWeight () ;
fTime[ currPhoton] = iPhoton >GetTime() .GetNanoSecond() ;
++currPhoton;
g
else f
WARNING(” photons in TTree truncated!”);
break ;
g

g
g

g
fNPhotons = currPhoton;

fTree > Fill ();
return eSuccess

VModue:: ResultFlag
UserModule:: Finish ()
f

fOutFile >Write() ;
fOutFile >Close();

return eSuccess
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APPENDIXC - EVENTSRECORDED

C.1 Simulation resultsfor total photon count thr esholdsfor all energy bins
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C.2 Simulation resultswith pseudotrigger for all energy bins
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Figure C.44: 60,000EAS, 10'¥2° eV, 100 pho-Figure C.45: 60,000EAS, 10'¥2° eV, 200 pho-
ton/GTUthreshold ton/GTUthreshold

Figure C.46: 60,000EAS, 10'®25 eV, 300 pho-Figure C.47: 60,000EAS, 10'%25 eV, 400 pho-
ton/GTUthreshold ton/GTUthreshold
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Figure C.48: 60,000EAS, 10'¥° eV, 100 pho-Figure C.49: 60,000EAS, 10'8> eV, 200 pho-
ton/GTUthreshold ton/GTUthreshold

Figure C.50: 60,000EAS, 10**° eV, 300 pho-Figure C.51: 60,000EAS, 10'®° eV, 400 pho-
ton/GTUthreshold ton/GTUthreshold
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Figure C.52: 60,000EAS, 10'®7> eV, 100 pho-Figure C.53: 60,000EAS, 10'¥"> eV, 200 pho-
ton/GTUthreshold ton/GTUthreshold

Figure C.54: 60,000EAS, 10'®7> eV, 300 pho-Figure C.55: 60,000EAS, 10'%7> eV, 400 pho-
ton/GTUthreshold ton/GTUthreshold
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Figure C.56: 60,000 EAS, 10'° eV, 100 pho-Figure C.57: 60,000 EAS, 10'° eV, 200 pho-
ton/GTUthreshold ton/GTUthreshold

Figure C.58: 60,000 EAS, 10'° eV, 300 pho-Figure C.59: 60,000 EAS, 10*° eV, 400 pho-
ton/GTUthreshold ton/GTUthreshold
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Figure C.60: 60,000EAS, 10'*?° eV, 100 pho-Figure C.61: 60,000EAS, 10'*?° eV, 200 pho-
ton/GTUthreshold ton/GTUthreshold

Figure C.62: 60,000EAS, 10'%2?° eV, 300 pho-Figure C.63: 60,000EAS, 10'%25 eV, 400 pho-
ton/GTUthreshold ton/GTUthreshold
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