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TRACER (“TransitionRadiationArray for CosmicEnegetic Radiation”)is currentlythe largestdetectorsys-
temfor directmeasurementsf cosmic-raynucleion balloons.Theinstrumenttombinesarraysof single-wire
proportionattubesfor measurementsf speci ¢ ionizationandtransitionradiationwith large-areglasticscin-
tillators andacrylic Cherenlov counters.We shall describethe responsdunctionsof the individual detector
elements,andthe correlationsbetweenthem which make possiblean unambiguousdenti cation of heary

cosmic-raynuclei(8 Z  26) by chageZ andenegy E or Lorentzfactor = E/mc?, coveringan enegy

rangeof four decades.

1. Intr oduction

Measurementsf the cosmic-raycompositionto enegiesapproachinghe “knee” above 10'° eV have beena
long-standinggoal of cosmic-rayastrophysicsHowever, experimentaprogresshasbeenslow becaus®f the
rapidly falling intensitieswhich requireobsenationswith exposurefactorsof the orderof at leastseveralm?

steryearfor thenucleiheavier thanhelium. Thesearedif cult if notimpossibleo accompliston balloonswith

traditionalinstrumentsbut maybe approachedh repeatedong-durationights of systemghatusetransition
radiationdetectors(TRD) for enegy measurementsAs a stepin this direction, the TRACER instrument
hasbeendevelopedand exposedsuccessfullyin a one-daytest ight in 1999[1], andin a 10-dayAntarctic
long-durationight in 2003[2]. Theinstrumenthasa geometrifactorof 5 m? ster

2. Description of the Detector

The TRACER conceptis basedon electromagneticletectiontechniques.It achievesa large detectorarea-
to-weightratio because nuclearinteractionof the particleis not required. The instrumentis composedf
two plasticscintillationcountersanacrylic Cherenlov detectorandanarrayof 1600single-wireproportional
tubes.In its currentcon guration, TRACERIis tunedfor measurementsf the heasier cosmic-raynuclei,from
oxygen(Z = 8)toiron (Z = 26).

A schematidrawing is shavnin gure 1. Thescintillatorsontop andatthe bottomof theinstrumenimeasure
the chage Z of the particlesandalsosene astrigger. The Cherenkv counteris sensitve to particleswith
enegy above 0.5 GeV/amuandis usedto identify low enegy particles.The proportionaltubearrayprovides
enegy measurementsr highly relativistic particles.lt consistsof two componentsTheupperhalf of thearray
measurethespeci c ionizationsignal(“proportionaltubearray”in gure 1 whichsenesas“dE/dx” detector).
The lower half which is interspersedvith transitionradiator material (blankets of plastic bers) measures
speci ¢ ionizationwith X-ray transitionradiation(TR) superimposed"transition radiationdetector”in the
gure). Theuseof proportionaltubesasionizationandX-ray detectorsratherthanmore conventionalmulti-
wire proportionalchamber{MWPCs), permitsthe operationof the detectorin a low-pressuresrvironment,
thusmakingthe useof a heary pressurezesselunnecessary
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Figure 1. Schematidraving of TRACER
3. DetectorResponse

Eachof thesub-detectorgenerateasignalwhichis essentiallyproportionato thesquareof theparticlechage
andwhich exhibits a characteristicallydifferentresponseo the enegy E or Lorentzfactor = E/mc of the
particle.lt is theinterplaybetweerthe detectorghatpermitsthe preciseidenti cation of chageandenepy of
cosmicray nuclei.

Cherenkov Responseand Speci ¢ lonization in Scintillators and GasCounters

Thetwo scintillationcountersachconsisiof 8 sheetof BICRON 408with eachsheemeasurind 00x 50 cm?
in area.While the countersareonly 0.5 cm thick, thelight yield, detectedvith 24 photomultipliers(PMT) via
wavelengthshifterbars,is 40 photoelectrongor singly chagedparticles sufcient to provide singlechage
resolutionfor the heavier nuclei. Thelight yield increasesvith Z? but deviatesfrom strict proportionalityby
15% for iron.
The Cherenlov counteris composeddf four sheetsof acrylic material(100x 100x 1.27cm?®) whichis doped
with bluewavelengthshifter. The Cherenlov thresholds 1.35,andthelight outputin saturatioris about
2 - 3 photoelectronper Z?, againmeasuredvith 24 PMTsvia wavelengthshifter bars. Figure2 displaysthe
“ideal” responséor this material(labeled*CER”).
Asthecounteris locatedatthebottomof the TRACER detectotheresponséunctionis considerablymodi ed
dueto -raysproducedwhile the particle propagateshroughthe detectormaterialabove the counter The
additionof the -raysleadsto anenhancementf the signalandraisesthe saturatiorenegy from 4to
10. This effectis understoocandhaspreviously beenstudiedquantitatvely [3]. The modi ed responses
displayedn gure 2 (labeled'CER with -rays”).
The prime purposeof TRACER is a measurementf cosmic-raynuclei at the highestenegies. This is ac-
complishedwith the dE/dx— TRD systemwhich containsl600proportionaltubesasactive detectorelements.
Eachtubehasawall of 150 m of aluminizedmylar, is 200cm long and2 cmin diameterandis lled with a
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Figure 2. Enegy responsef the Cherenkv counterwith Figure 3. Correlationof speci®cionizationandCherenkv
and without taking into accountthe -rays and response signals. The error barsindicatel uctuations. The two
function of the speci®cionizationdetector Thedashedine linesonthelow enegy endrepresenf and30 incidence
indicatesminimumionization. angle(seetext). Theunitsarearbitrary

mixture of xenonandmethane.

The TRD systemis designedfor measurementfom 400 GeV/amuto enegies well exceeding10,000
GeV/amu. Particlesat theseenegiesare extremelyrare,and caremustbe taken to insurethat no misidenti-
cation of particleswith lower enegiesoccursdueto uctuationsin responseTo accomplishthis the dE/dx

systemis essential. This systemutilizes the relativistic rise in the speci ¢ ionizationto discriminatehighly

relativistic particlesfrom thosewith lower enegies. The measuremerdf the speci c ionizationalsoprovides
anestimateof the particleenegy from 10- 400 GeV/amu.

However, the speci c ionizationresponsewell describedoy the Bethe-Blochequation,is degeneratén en-

ergy below andabove minimumionization(seedE/dxcurvein gure 2). Thesignalof the Cherenlov counter
breaksthis degenerag. The correlationof dE/dx and Cherenlkov detectoris shovn in gure 3. The dashed
line indicateshow a cuton the Cherenkv signaleffectively suppresselw enegy particles.In practice this

correlationalsoprovidesa normalizationof the responseurvesof boththe dE/dx detectorandthe Cherenlov

counter[2]. As shawvn in gure 3 the correlationhasa slight dependencen the zenith angleat the lowest
enegies. This dependencés dueto the factthat particleson inclined trajectoriegraversemore materialand
henceJosemoreenegy by ionizationon their way from the dE/dx detectorto the Cherenlov counter

Energy Measurementwith the TRD

The key to usinga TRD is thatthe enegy responsecanbe calibratedwith singly chagedparticlesat accel-
eratorsover a wide rangeof Lorentzfactors. The radiatorsusedto generateélR in TRACER are madefrom
plastic bers andarethe samethatwereusedon the CosmicRayNucleidetectoCRN, [4]). Theresponsdor
this detectoris shavnin gure 4.

In practice,the combinedresponse®f dE/dx and TRD are usedto measurehe enegy. The correlationof
thesetwo responsess displayedin gure 5. Up to 400 GeV/amuboththe dE/dxand TRD signalsaredueto
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Figure 4. Enegy responsef the TransitionRadiationDe- Figure 5. Correlationof responsesf TransitionRadiation
tector and speci®cionization detectors. Four elementsare dis-
playedto illustratethe chage dependencef theresponses.

ionizationonly andarethereforethe same Abovethis enegy TR become®bsenableandlifts thecorrelation
above the diagonal. This allows the identi cation of the very rare highestenegy eventswith no low-enegy
background.

4. Qutlook

The following threecontributionsto this conferencewill describethe analysisof the dataobtainedfrom the
long-durationight of TRACER in Antarctica[2] andthe derivation of the enegy spectraof the individual
elementakpecieg5], andwill discusgherelevanceandastrophysicalmplicationsof theresults[6].
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