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The TRACER cosmic-raydetectomwassuccessfullyo wn from McMurdo, Antarcticain Decembef003.The

instrumenthasa geometricfactorof 5m? sterandprovided measurementsf cosmicray nucleifrom oxygen
toiron (Z=8to Z=26). Theanalysisof the databeginswith thereconstructiorof thetrajectoryof eachnucleus
throughtheinstrument.Subsequentlthe elementathageZ andthe particleenegy aremeasuredrom 0.5to

10,000GeV/amu.This procesausesknown responsdunctionsand uctuationsin responsef the individual

detectorelementsandtheproceduresireveri ed with extensive computersimulations.Theanalysiss ableto

cleanlyselecttheveryrareeventsatthe highestenegieswithout contaminatiordueto low enegy background
which is moreatundantby abouta factorof ~ 10%.

1. Intr oduction

The conceptof the TRACER instrumentfor the detectionof high-enegy cosmic-raynucleiwas rst demon-
stratedwith a successfutest ight from Fort Sumney NM in 1999[1]. To obtaindatawith muchimproved
statistics,a long-durationballoon(LDB) ight is required,andwasconductedrom McMurdo, Antarcticain
2003, atthe rst opportunitywhena launchvehiclecompatiblewith the weightof TRACER( 1600kg)was
available at that site. The LDB ight yieldeda total exposureof 50 m? sterdaysat an averagealtitude of
3.9 g/cn?. In contrastto Fort Sumney the high geomagnetidatitude at McMurdo exposesTRACER to a
large ux of low enegy particles. The instrumentmustthereforeavoid the mis-identi cation of low enegy
particleswhile retaininghigh ef ciency for the detectionof therarehigh-enegy events.Keepingthis require-
mentin mind, the analysigproceduraimsatidentifying the particlespecieswith singlechageresolutionand
measuringhe particleenegy E, or Lorentzfactor =E/mc, overfour ordersof magnitude.

2. AnalysisProcedure

The dataanalysisproceedsy rst determiningthetrajectoryof eachcosmic-rayparticlethroughthe detector
system,thendeterminingchage Z andenegy E for eachevent, and nally, evaluatingall ef ciency losses
dueto thevariouscutsin the data. Monte Carlo simulationsarenecessaryo testandre ne the dataanalysis
procedureExtensve simulationsof theTRACERdetectoaswell asotheranalyticaltoolshave beendeveloped
thatrunin parallelwith eachstepin the analysisprocedure Wherever possible the resultsof the simulations
areveri ed with themeasurediatathemseles.

2.1 Simulations

The TRACER simulationcode(TSIM) is a GEANT4 [2] basedsimulationof the detector The codeincludes
the geometryof the individual instrumentcomponentsand usesthe “G4hlonisation” model of the enegy
depositedand -ray productionin eachpart of the detector The programgenerates simulatedcosmic-ray
dataset,which is thensubjectedo the sameanalysisproceduressthe real ight data. In addition,simpler
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Figure 1. Scattemlot of top scintillatorvs. Cherenkv Figure 2. Chage histogramfor all eventsmeasuredn

signalin arbitraryunits. “ight.

simulationshave beendevelopedio model uctuationsin thedetectorand -ray effectswhereTSIM 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 detailsaboutthe particle trajectory Using
the positionsof the centersof all tubesthat shov signalsabove threshold,a rst estimateof the trajectory
is obtained. Due to the cylindrical shapeof the tubes,the pathlengththrougheachtube along the particle
trajectoryis generallydifferent. However, the signalamplitudemeasuredn eachtubeis proportionalto the
pathlengthwithin statistical uctuations. This factis appliedto determineare ned track t. Theaveragetotal
pathlengthithroughall tubelayersis 24 cm for particlesincidentwithin theacceptanceoneof theinstrument.

Includingthegeometryof the proportionaltubearrayin the simulation thetrackingaccuray is determinedy
comparingthe simulatedrackwith thetrackreconstructedby the analysisroutine. Typically, therecontructed
track hasan accurag of 2mmin the impactparametgrand8 mm (3 %) for the total pathlengththroughall
tubes. The trackingef ciency is determinedoy countingthe numberof simulatedeventsthat passthe track
quality cuts. Thetrackingef ciency is 95%.

2.3 Chargeldenti cation

The chage of a particletraversingthe instrumentis determinedprimarily from the scintillator signals. Note
thatthe scintillatorsareonly 5 mm thick. Their responsexhibits spatialnon-uniformitieswhich aremapped
with muonson the groundandwith ight data. Theresponsemaps,togethemwith thetrajectoryinformation,
are usedto correctthe signalfor eachevent. The presencef low enegy particles,with signalslargerthan
minimum ionization, requiresto combinethe scintillator signalswith an enegy scale;otherwisethe chage
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Figure 3. Scatterplot of dE/dxvs. Cherenkv signals Figure 4. Scattemlot of TR vs. dE/dx signalfor iron
for iron nuclei. The blackline is the averageresponse nuclei. Theunitsarearbitrary
obtainedfrom simulations.The unitsarearbitrary

resolutionfrom scintillator measurementbecomessmearedut. This scaleis provided by the Cherenlov
countersignal. Figure 1 shows the correlationplot of top scintillator signalvs. Cherenkv signal. Fromthis
scattemplot linesof constanthageareidenti ed. By summatioralongthesdinesthechagehistogranmshowvn
in gure 2is obtained.Thechageresolution(1 ) is 0.3chageunitsfor oxygenand0.5chageunitsfor iron.

2.4 Energy Measurement

The enegy measurementesultsfrom the combinationof threetypesof detectorcovering a rangeof 0.5
GeV/amuto 10,000GeV/amu: The Cherenlov countermeasureshe enegy of a particlefrom 0.5 GeV/amu
up to saturatioraround10 GeV/amu.For higherenegiesthe enegy is obtainedirom the measuremertf the
speci c ionizationandits relativistic risein thetop eightlayersof proportionaltubes(dE/dx), or the detection
of x-ray transitionradiationin the bottomeightlayersof proportionaltubes(TRD). (For detailsof thecon g-

urationsee[3].) To nd the averagedE/dxthesignal E; in eachtubealongthe particletrgjectoryis taken
alongwith the correspondingathlength x; in thetube. The summationdE/dx= Ei= Xi givesthe
overall valueof the speci ¢ ionization. In this summationthe tubeswith small pathlengths, x; <1cm,are
excludedsince uctuationsin the signalincreasdor shortempathlength The averageTR signalis foundin the
samemannelusingtubesin the TRD layers.

With simulateddatageneratedy TSIM the signal uctuationsin the proportionaltubearrayaredetermined
andcomparedo the uctuationsmeasuredrom thedata.Forinstancefor ironthemeasuredE/dx uctuations

are 3% while the simulated uctuations are 2%. Theincreasdn the measuredialueis dueto the tracklength
uncertainty( 3%, seesection2.2). Hence simulationsanddataagreequite well.

The enegy depositin a gasproportionaltubeis describedby the Bethe-Blochformula. It is degeneratdn
enegy: asignallargerthanminimumionizationcould eitherbe generatedby a low-enegy particle,or could
be elevateddueto therelatuistic risein dE/dxwith enepgy. To breakthe degenerag theenegy scaleprovided
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by the Cherenlov counteris used. Figure 3 shavs a scatterplot of dE/dx vs. Cherenkv signalsfor iron
nuclei. The correlationfollows closelythe patternpredictedby simulationg3]. With the combinedsignalsof
dE/dx and Cherenkv the minimum ionizationpointin the dE/dx signalis identi ed, andthe corresponding
Cherenbv signal distinguishesbetweenlow and high enepgy particles. The Cherenkv signal providesan
enegy measuremerfor particlesbelon the minimumionizationenenpy.

Simulationshave beenusedto studythe effectof -raysgeneratedvhile the particletraversegshe detector It

is foundthat -ray contributionson proportionaltubesignalsarenegligible; however, they produceincreased

signalsin thelarge-areacintillatorandCherenlov countersatthe bottomof theinstrumen{4]. Theeffectsof
-raysaretakeninto accountn theanalysisandareveri ed with thedata.

To measureghe enegy of a particleat higherenegies,abose 10 GeV/amuthecombinedresponsesf TR and
dE/dxareused.Figure4 shavsthe correlationof the TR signalwith thedE/dxsignalfor iron data.For events
with enepiesbelov 400 GeV/amu,the onsetof transitionradiation,the signalsarewell correlatedalongthe
diagonal. The enepgy assignedo theseeventsis obtainedfrom a parameterizatioof therelatwistic risein the
enegy depositedn agastube[3]. Signalsatenegieshigherthan400GeV/amuhave asigni cant contribution
from transitionradiationandareidenti ed onthe scattemplotin gure 4 by theirlocationabove the diagonal.
The eventsare assignedan enegy accordingto a parameterizatiownf the TR responsesurve [3]. Note that
theserareeventsatthehighestenepies(representing fractionof theorderof 10 4 of all detectedron nuclei)
standoutin the scattemplot without arny signi cant contribution of background.

Thesignal uctuationsfor eachcomponenbf the detectordependon the chage of the particleandits enegy.
For example the correspondingnegy resolutionof the Cherenlov countermeasuremerfor iron is 20% at 3
GeV/amu but 40% with dE/dxat 20 GeV/amuand< 10% for the TRD at 1,000GeV/amu.

3. Conclusions

The long-durationballoon ight of TRACER hasprovided a statistically signi cant datasetof cosmicray
nucleifrom oxygento iron up to TeV/amuenegies,or evenbeyond. High enegy eventsareclearly discrimi-
natedagainstthelow enegy backgroundThe measurementsover four decadesn enegy with singlechage
resolution.Theresultingenegy spectraarepresentedn [5].
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