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C. Höppner, M. Ave,P. Boyle, F. Gahbauer, J.Hörandela,
M. Ichimurab, D. Müller, A. Romero-Wolf, S.Wakely
EnricoFermi Institute, University of Chicago,5640SouthEllis Avenue, Chicago, IL, 60637
(a) University of Karlsruhe, Germany (b) HirosakiUniversity, Japan
Presenter:C. HÈoppner(hoppner@uchicago.edu), usa-hoeppner-C-abs1-og11-oral

TRACER(“TransitionRadiationArray for CosmicEnergeticRadiation”)is currentlythelargestdetectorsys-
temfor directmeasurementsof cosmic-raynucleionballoons.Theinstrumentcombinesarraysof single-wire
proportionaltubesfor measurementsof speci�c ionizationandtransitionradiationwith large-areaplasticscin-
tillators andacrylic Cherenkov counters.We shall describethe responsefunctionsof the individual detector
elements,and the correlationsbetweenthem which make possiblean unambiguousidenti�cation of heavy
cosmic-raynuclei (8 � Z � 26) by chargeZ andenergy E or Lorentzfactor
 = E/mc2, coveringan energy
rangeof four decades.

1. Intr oduction

Measurementsof thecosmic-raycompositionto energiesapproachingthe“knee” above 1015 eV have beena
long-standinggoalof cosmic-rayastrophysics.However, experimentalprogresshasbeenslow becauseof the
rapidly falling intensitieswhich requireobservationswith exposurefactorsof theorderof at leastseveralm2

steryearfor thenucleiheavier thanhelium.Thesearedif�cult if not impossibleto accomplishonballoonswith
traditionalinstruments,but maybeapproachedin repeatedlong-duration�ights of systemsthatusetransition
radiationdetectors(TRD) for energy measurements.As a stepin this direction, the TRACER instrument
hasbeendevelopedandexposedsuccessfullyin a one-daytest �ight in 1999[1], andin a 10-dayAntarctic
long-duration�ight in 2003[2]. Theinstrumenthasageometricfactorof 5 m2 ster.

2. Description of the Detector

The TRACER conceptis basedon electromagneticdetectiontechniques.It achievesa large detectorarea-
to-weightratio becausea nuclearinteractionof the particle is not required. The instrumentis composedof
two plasticscintillationcounters,anacrylicCherenkov detector, andanarrayof 1600single-wireproportional
tubes.In its currentcon�guration,TRACERis tunedfor measurementsof theheavier cosmic-raynuclei,from
oxygen(Z = 8) to iron (Z = 26).
A schematicdrawing is shown in �gure 1. Thescintillatorson topandat thebottomof theinstrumentmeasure
the charge Z of the particlesandalsoserve astrigger. The Cherenkov counteris sensitive to particleswith
energy above 0.5GeV/amuandis usedto identify low energy particles.Theproportionaltubearrayprovides
energymeasurementsfor highly relativisticparticles.It consistsof two components:Theupperhalf of thearray
measuresthespeci�c ionizationsignal(“proportionaltubearray” in �gure 1 whichservesas“dE/dx” detector).
The lower half which is interspersedwith transitionradiatormaterial (blankets of plastic �bers) measures
speci�c ionizationwith X-ray transitionradiation(TR) superimposed(“transition radiationdetector”in the
�gure). Theuseof proportionaltubesasionizationandX-ray detectors,ratherthanmoreconventionalmulti-
wire proportionalchambers(MWPCs),permitsthe operationof the detectorin a low-pressureenvironment,
thusmakingtheuseof aheavy pressurevesselunnecessary.
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Figure1. Schematicdrawing of TRACER

3. DetectorResponse

Eachof thesub-detectorsgeneratesasignalwhichis essentiallyproportionalto thesquareof theparticlecharge
andwhich exhibits a characteristicallydifferentresponseto theenergy E or Lorentzfactor
 = E/mc2 of the
particle.It is theinterplaybetweenthedetectorsthatpermitsthepreciseidenti�cation of chargeandenergy of
cosmicraynuclei.

Cherenkov Responseand Speci�c Ionization in Scintillators and GasCounters

Thetwo scintillationcounterseachconsistof 8 sheetsof BICRON 408with eachsheetmeasuring100x 50cm2

in area.While thecountersareonly 0.5cmthick, thelight yield, detectedwith 24photomultipliers(PMT) via
wavelengthshifterbars,is � 40photoelectronsfor singlychargedparticles,suf�cient to providesinglecharge
resolutionfor theheavier nuclei. Thelight yield increaseswith Z2 but deviatesfrom strict proportionalityby
15% for iron.
TheCherenkov counteris composedof four sheetsof acrylicmaterial(100x 100x 1.27cm3) which is doped
with bluewavelengthshifter. TheCherenkov thresholdis 
 � 1.35,andthelight outputin saturationis about
2 - 3 photoelectronsperZ2, againmeasuredwith 24 PMTsvia wavelengthshifterbars.Figure2 displaysthe
“ideal” responsefor this material(labeled“CER”).
As thecounteris locatedat thebottomof theTRACERdetectortheresponsefunctionis considerablymodi�ed
due to � -raysproducedwhile the particlepropagatesthroughthe detectormaterialabove the counter. The
additionof the � -raysleadsto anenhancementof thesignalandraisesthesaturationenergy from 
 � 4 to 

� 10. This effect is understoodandhaspreviously beenstudiedquantitatively [3]. Themodi�ed responseis
displayedin �gure 2 (labeled“CER with � -rays”).
The prime purposeof TRACER is a measurementof cosmic-raynuclei at the highestenergies. This is ac-
complishedwith thedE/dx– TRD systemwhichcontains1600proportionaltubesasactivedetectorelements.
Eachtubehasa wall of 150� m of aluminizedmylar, is 200cm long and2 cm in diameterandis �lled with a
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Figure 2. Energy responseof the Cherenkov counterwith
and without taking into accountthe � -rays and response
functionof thespeci®cionizationdetector. Thedashedline
indicatesminimumionization.
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Figure 3. Correlationof speci®cionizationandCherenkov
signals. The error barsindicate1 � ¯uctuations.The two
lineson the low energy endrepresent0� and30� incidence
angle(seetext). Theunitsarearbitrary.

mixtureof xenonandmethane.
The TRD systemis designedfor measurementsfrom � 400 GeV/amuto energies well exceeding10,000
GeV/amu.Particlesat theseenergiesareextremelyrare,andcaremustbe taken to insurethatno misidenti-
�cation of particleswith lower energiesoccursdueto �uctuations in response.To accomplishthis thedE/dx
systemis essential.This systemutilizes the relativistic rise in the speci�c ionizationto discriminatehighly
relativistic particlesfrom thosewith lower energies.Themeasurementof thespeci�c ionizationalsoprovides
anestimateof theparticleenergy from 10 - 400GeV/amu.
However, the speci�c ionizationresponse,well describedby the Bethe-Blochequation,is degeneratein en-
ergy below andaboveminimumionization(seedE/dxcurve in �gure 2). Thesignalof theCherenkov counter
breaksthis degeneracy. The correlationof dE/dx andCherenkov detectoris shown in �gure 3. The dashed
line indicateshow a cut on theCherenkov signaleffectively suppresseslow energy particles.In practice,this
correlationalsoprovidesanormalizationof theresponsecurvesof boththedE/dxdetectorandtheCherenkov
counter[2]. As shown in �gure 3 the correlationhasa slight dependenceon the zenithangleat the lowest
energies. This dependenceis dueto the fact thatparticleson inclined trajectoriestraversemorematerialand
hence,losemoreenergy by ionizationon theirway from thedE/dxdetectorto theCherenkov counter.

Energy Measurementwith the TRD

The key to usinga TRD is that theenergy responsecanbe calibratedwith singly chargedparticlesat accel-
eratorsover a wide rangeof Lorentzfactors.The radiatorsusedto generateTR in TRACER aremadefrom
plastic�bers andarethesamethatwereusedontheCosmicRayNucleidetector(CRN,[4]). Theresponsefor
this detectoris shown in �gure 4.
In practice,the combinedresponsesof dE/dx andTRD areusedto measurethe energy. The correlationof
thesetwo responsesis displayedin �gure 5. Up to 400GeV/amuboththedE/dxandTRD signalsaredueto
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Figure 4. Energy responseof theTransitionRadiationDe-
tector
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Figure 5. Correlationof responsesof TransitionRadiation
and speci®c ionization detectors. Four elementsare dis-
playedto illustratethechargedependenceof theresponses.

ionizationonly andarethereforethesame.Abovethis energy TR becomesobservableandlifts thecorrelation
above thediagonal.This allows the identi�cation of thevery rarehighestenergy eventswith no low-energy
background.

4. Outlook

The following threecontributionsto this conferencewill describethe analysisof the dataobtainedfrom the
long-duration�ight of TRACER in Antarctica[2] andthe derivationof the energy spectraof the individual
elementalspecies[5], andwill discusstherelevanceandastrophysicalimplicationsof theresults[6].
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