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TheTRACERcosmic-raydetectorwassuccessfully�o wn from McMurdo,Antarcticain December2003.The
instrumenthasa geometricfactorof 5 m2 sterandprovidedmeasurementsof cosmicray nucleifrom oxygen
to iron (Z=8 to Z=26).Theanalysisof thedatabeginswith thereconstructionof thetrajectoryof eachnucleus
throughtheinstrument.Subsequently, theelementalchargeZ andtheparticleenergy aremeasuredfrom 0.5to
10,000GeV/amu.This processusesknown responsefunctionsand�uctuations in responseof the individual
detectorelements,andtheproceduresareveri�ed with extensivecomputersimulations.Theanalysisis ableto
cleanlyselecttheveryrareeventsat thehighestenergieswithoutcontaminationdueto low energy background
which is moreabundantby abouta factorof � 104.

1. Intr oduction

Theconceptof theTRACERinstrumentfor thedetectionof high-energy cosmic-raynucleiwas�rst demon-
stratedwith a successfultest�ight from Fort Sumner, NM in 1999[1]. To obtaindatawith muchimproved
statistics,a long-durationballoon(LDB) �ight is required,andwasconductedfrom McMurdo, Antarcticain
2003,at the �rst opportunitywhena launchvehiclecompatiblewith theweightof TRACER(� 1600kg)was
availableat that site. The LDB �ight yieldeda total exposureof 50 m2 sterdaysat an averagealtitudeof
3.9 g/cm2. In contrastto Fort Sumner, the high geomagneticlatitudeat McMurdo exposesTRACER to a
large �ux of low energy particles.The instrumentmustthereforeavoid themis-identi�cation of low energy
particleswhile retaininghigh ef�ciency for thedetectionof therarehigh-energy events.Keepingthis require-
mentin mind, theanalysisprocedureaimsat identifying theparticlespecieswith singlechargeresolutionand
measuringtheparticleenergy E, or Lorentzfactor
 =E/mc2, over four ordersof magnitude.

2. AnalysisProcedure

Thedataanalysisproceedsby �rst determiningthetrajectoryof eachcosmic-rayparticlethroughthedetector
system,thendeterminingcharge Z andenergy E for eachevent, and�nally , evaluatingall ef�ciency losses
dueto thevariouscutsin thedata.MonteCarlosimulationsarenecessaryto testandre�ne thedataanalysis
procedure.Extensivesimulationsof theTRACERdetectoraswell asotheranalyticaltoolshavebeendeveloped
that run in parallelwith eachstepin theanalysisprocedure.Whereverpossible,theresultsof thesimulations
areveri�ed with themeasureddatathemselves.

2.1 Simulations

TheTRACERsimulationcode(TSIM) is a GEANT4 [2] basedsimulationof thedetector. Thecodeincludes
the geometryof the individual instrumentcomponentsand usesthe “G4hIonisation” model of the energy
depositedand� -ray productionin eachpart of the detector. The programgeneratesa simulatedcosmic-ray
dataset,which is thensubjectedto thesameanalysisproceduresasthe real �ight data. In addition,simpler
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Figure 1. Scatterplot of top scintillatorvs. Cherenkov
signalin arbitraryunits.

Figure 2. Chargehistogramfor all eventsmeasuredin
¯ight.

simulationshavebeendevelopedto model�uctuationsin thedetectorand� -rayeffectswhereTSIM wasfound
to beimpractical.

2.2 Trajectory Reconstruction

Eachparticle travels throughsixteenlayersof 2cm diameterproportionaltubes(see�gure 1 in [3]). These
are orientedin two orthogonaldirectionsand thus provide all detailsabout the particle trajectory. Using
the positionsof the centersof all tubesthat show signalsabove threshold,a �rst estimateof the trajectory
is obtained. Due to the cylindrical shapeof the tubes,the pathlengththrougheachtubealong the particle
trajectoryis generallydifferent. However, thesignalamplitudemeasuredin eachtubeis proportionalto the
pathlengthwithin statistical�uctuations. This factis appliedto determinea re�ned track�t. Theaveragetotal
pathlengththroughall tubelayersis 24cmfor particlesincidentwithin theacceptanceconeof theinstrument.

Includingthegeometryof theproportionaltubearrayin thesimulation,thetrackingaccuracy is determinedby
comparingthesimulatedtrackwith thetrackreconstructedby theanalysisroutine.Typically, therecontructed
track hasan accuracy of 2mm in the impactparameter, and8 mm (3 %) for the total pathlengththroughall
tubes. The trackingef�ciency is determinedby countingthe numberof simulatedeventsthat passthe track
quality cuts.Thetrackingef�ciency is 95%.

2.3 ChargeIdenti�cation

The chargeof a particletraversingthe instrumentis determinedprimarily from thescintillator signals.Note
that thescintillatorsareonly 5 mm thick. Their responseexhibits spatialnon-uniformitieswhich aremapped
with muonson thegroundandwith �ight data.Theresponsemaps,togetherwith thetrajectoryinformation,
areusedto correctthe signalfor eachevent. The presenceof low energy particles,with signalslarger than
minimum ionization,requiresto combinethe scintillator signalswith an energy scale;otherwisethe charge
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Figure 3. Scatterplot of dE/dxvs. Cherenkov signals
for iron nuclei. Theblack line is theaverageresponse
obtainedfrom simulations.Theunitsarearbitrary.

Figure 4. Scatterplot of TR vs. dE/dxsignalfor iron
nuclei.Theunitsarearbitrary.

resolutionfrom scintillator measurementsbecomessmearedout. This scaleis provided by the Cherenkov
countersignal. Figure1 shows thecorrelationplot of top scintillatorsignalvs. Cherenkov signal. Fromthis
scatterplot linesof constantchargeareidenti�ed. By summationalongtheselinesthechargehistogramshown
in �gure 2 is obtained.Thechargeresolution(1� ) is 0.3chargeunitsfor oxygenand0.5chargeunitsfor iron.

2.4 Energy Measurement

The energy measurementresultsfrom the combinationof threetypesof detectorcovering a rangeof 0.5
GeV/amuto 10,000GeV/amu:TheCherenkov countermeasurestheenergy of a particlefrom 0.5 GeV/amu
up to saturationaround10 GeV/amu.For higherenergiestheenergy is obtainedfrom themeasurementof the
speci�c ionizationandits relativistic risein thetopeightlayersof proportionaltubes(dE/dx),or thedetection
of x-ray transitionradiationin thebottomeight layersof proportionaltubes(TRD). (For detailsof thecon�g-
urationsee[3].) To �nd theaveragedE/dx thesignal� E i in eachtubealongtheparticletrajectoryis taken
alongwith thecorrespondingpathlength� x i in the tube. ThesummationdE/dx=

P
� E i =

P
� x i givesthe

overall valueof thespeci�c ionization. In this summation,the tubeswith small pathlengths,� x i < 1cm,are
excludedsince�uctuationsin thesignalincreasefor shorterpathlength.TheaverageTR signalis foundin the
samemannerusingtubesin theTRD layers.

With simulateddatageneratedby TSIM thesignal�uctuations in theproportionaltubearrayaredetermined
andcomparedto the�uctuationsmeasuredfrom thedata.For instance,for iron themeasureddE/dx�uctuations
are3% while thesimulated�uctuationsare2%. The increasein themeasuredvalueis dueto thetracklength
uncertainty(� 3%, seesection2.2). Hence,simulationsanddataagreequitewell.

The energy depositin a gasproportionaltubeis describedby the Bethe-Blochformula. It is degeneratein
energy: a signallarger thanminimumionizationcouldeitherbegeneratedby a low-energy particle,or could
beelevateddueto therelativistic risein dE/dxwith energy. To breakthedegeneracy theenergy scaleprovided
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by the Cherenkov counteris used. Figure 3 shows a scatterplot of dE/dx vs. Cherenkov signalsfor iron
nuclei. Thecorrelationfollowscloselythepatternpredictedby simulations[3]. With thecombinedsignalsof
dE/dx andCherenkov the minimum ionizationpoint in the dE/dx signalis identi�ed, andthe corresponding
Cherenkov signal distinguishesbetweenlow andhigh energy particles. The Cherenkov signalprovidesan
energy measurementfor particlesbelow theminimumionizationenergy.

Simulationshave beenusedto studytheeffect of � -raysgeneratedwhile theparticletraversesthedetector. It
is foundthat � -ray contributionson proportionaltubesignalsarenegligible; however, they produceincreased
signalsin thelarge-areascintillatorandCherenkov countersat thebottomof theinstrument[4]. Theeffectsof
� -raysaretakeninto accountin theanalysisandareveri�ed with thedata.

To measuretheenergy of a particleat higherenergies,above10GeV/amu,thecombinedresponsesof TR and
dE/dxareused.Figure4 showsthecorrelationof theTR signalwith thedE/dxsignalfor iron data.For events
with energiesbelow 400GeV/amu,theonsetof transitionradiation,thesignalsarewell correlatedalongthe
diagonal.Theenergy assignedto theseeventsis obtainedfrom a parameterizationof therelativistic risein the
energy depositedin agastube[3]. Signalsatenergieshigherthan400GeV/amuhaveasigni�cant contribution
from transitionradiationandareidenti�ed on thescatterplot in �gure 4 by their locationabove thediagonal.
The eventsareassignedan energy accordingto a parameterizationof the TR responsecurve [3]. Note that
theserareeventsat thehighestenergies(representingafractionof theorderof 10� 4 of all detectediron nuclei)
standout in thescatterplot without any signi�cant contributionof background.

Thesignal�uctuationsfor eachcomponentof thedetectordependon thechargeof theparticleandits energy.
For example,thecorrespondingenergy resolutionof theCherenkov countermeasurementfor iron is 20% at 3
GeV/amu,but 40% with dE/dxat 20GeV/amuand< 10% for theTRD at 1,000GeV/amu.

3. Conclusions

The long-durationballoon �ight of TRACER hasprovided a statisticallysigni�cant datasetof cosmicray
nuclei from oxygento iron up to TeV/amuenergies,or evenbeyond. High energy eventsareclearlydiscrimi-
natedagainstthelow energy background.Themeasurementscover four decadesin energy with singlecharge
resolution.Theresultingenergy spectraarepresentedin [5].
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