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Abstract: Accuratemeasuremenisf thecompositionrandenegy spectraof cosmicraysbeyondthe TeV
enepy region have beenanexperimentakhallengegor years. TRACER (“T ransitionRadiationArray for
CosmicEnegetic Radiation”),is currentlythe largestcosmic-raydetectorfor directmeasurementgnd
hasbeendevelopedfor long-durationballoon ights. The instrumentis uncorventionalin thatit uses
only electromagnetiprocessessuchas measurementsf ionizationenepy loss, Cherenkv light, and
transitionradiation,to make precisionmeasurementhatspanmorethanfour decadesn enegy, from 1
GeV/nucleorto enegiesbeyond10 TeV/nucleon.n its rst long-duratiorballoon ight from Antarctica
in DecembeR003,TRACER measuredheenegy spectreof theprimarygalacticcosmic-raynucleifrom
oxygen(Z = 8) toiron (Z = 26). For asecond_DB ight from Swederin July 2006,theinstrumentwas
modi ed andupgradedn orderto includetheimportantlight nucleifrom boron(Z = 5) to nitrogen(Z =
7). We discusgthe performanceof TRACER in thesetwo ights, review the responsef the individual

detectorcomponentsandthetechniqueemployedin thedataanalysis.

Intr oduction

The TRACER instrument(“Transition Radiation
Array for CosmicEnegetic Radiation”) hasbeen
developed to provide direct measurementsof
the elementalcompositionand enegy spectraof
cosmic-ray nuclei. The measurementshould
reachenegiesapproachinghecosmic-ray'knee”,
hencethe instrumentexhibits the largestgeomet-
ric factor(  5nPster)thusfar realizedin balloon-
borneobsenrations. TRACER hashadthreebal-
loon “ights: a test ight in New Mexico [1], and
two long-duratiorballoon ights,in Antarctica[2]
andin the NorthernHemisphererespectiely. In
this paper we shall summarizethe overall pro-
gram, including the key designand performance
characteristicsf the detectorsystem.

Instrument Description

In orderto minimize the mass-to-areaatio of the
instrument,TRACER usespurely electromagnetic

techniquego determinechageZ andenegy E (or

the Lorentz-Bictor = E/mc®) of cosmic-raynu-

clei; a nuclearinteractionin the detectoris not

neededandin fact, not desired. Thus, TRACER

emplgys a combinationof Cherenkv counters,
plastic scintillators,gaseousietectorgfor speci®c
ionization,andtransitionradiationdetectors.The

particlesencounteredn high-latitude ights may

have awiderangeof enegies,from sub-relatvistic

enegies (< 1GeV/nucleon)up to the rare high-

enegy particles of interesthere, with enepies
higherby four ordersof magnitude.

The discriminationof the rare high-enegy par
ticles from the much more abundant (by about
four ordersof magnitude)low-enegy "ux repre-
sentsaparticularchallengdor TRACER. Thisdis-
criminationis achiezedwith anacrylic Cherenlov
counter combinedwith ionization measurements
with plasticscintillatorsandgasproportionatubes
(“dE/dx counter”). For sub-relatvistic particles
aboretheCherenkyv thresholdtheCherenkv sig-
nal increaseswith enegy and reachessaturation
around 10, while the ionization signal de-



TRACER StATUS

0.4

0.35

o
w

spec. ioniz. + TR

o
N

ponse in ar(bjitrary units
N
[63)

o
=
(&)

~ spec. ioniz.

TR Res|

o
a

4 5
Lorentz Factor 1%

10? 10°

Figurel: Enegy responsef the TransitionRadi-
ationDetector

creasesccordingto the Bethe-Blochformulaand
reachegninimumionizationaround = 3.9. The
signalremainsatthatlevel for the plasticscintilla-
tor, but increasesgain slowly with enegy for the
gaseougletectorgthe “relativistic rise”). The sig-
nalsof the Cherenkv counterdo not only identify
sub-relatvistic particles but alsomeasuréheiren-
emies.

The very highest particle enegies (> 500
are identi®ed with a transition radiation detec-
tor (TRD), which again, employs gasproportional
tubes.Therespons®f the TRD is shawvn in Figure
1. Up to the TR threshold( 400), its response
is identicalto thethatof thegaseouslE/dxcounter
but athigherenepies,thesuperimposedR x-rays
lead to a combinedsignal that rises steeplywith
enegy. Thesedetectorelementsare combinedin
TRACER as showvn in ®gure 2. The instrument
containstwo plastic scintillators(2 m x 2 m, 0.5
cm thick) on the top and bottom and one acrylic
Cherenkv counter(2 m x 2 m, 1.3 cm thick) at
the bottom. For the 2006 balloon “ight, a sec-
ond,identicalCherenkv counterwasaddedontop
of the detector Sandwichedetweenthe top and
bottomcountersare 1584 single-wireproportional
tubes(2 cm diameter 2 m length) which are ar
rangedin layersin two orthogonaldirectionsas

Figure2: Schematiarawing of TRACER

shavn: half of the tubesat the top measurethe
ionization enegy loss, while the other half is in-
terspersedelon plastic-®berradiatorsto form a
TRD.

Balloon Flights

A one-daytest ight of TRACER was performed
from Fort Sumner NM, in 1999, and the results
have beenpublishedin Gahbaueret al. [1]. A
long-duration”ight from McMurdo, Antarctica,
waslaunchedn DecembeR003,andyieldeddata
with zero deadtime for ten days. The analysis
of thesedatais now complete andresultswill be
presentechereandin two relatedpapersin these
proceedinggBoyle etal. [3] andAve et al. [4]).
For these ights, the readoutelectronicswaslim-
itedin dynamicrangehencetheelementsovered
rangedrom oxygen(Z = 8) toiron (Z = 26). After
the 2003 ight, the electronicswere upgradedo
permitinclusion of the importantlight secondary
nuclei in the measurementHence,the elements
from boron(Z = 5) to iron (Z = 26) arenow cov-
ered. In orderto improve the chage resolution,
a secondacrylic Cherenkv counterwasinstalled.
TRACER was then launchedfor a secondlong-
duration ight from Kiruna, Swedenijn July 2006.
Unfortunately this “ight hadto be terminatedaf-
ter 4.5 daysa oat, due to lack of an agreement
which would have permitted continuationof the
“ight over northernRussia.
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Figure 3: Scatter plot of top scintillator vs.
Cherenbpv signalin arbitraryunits.

Data Analysis

We now shall brie y summarizethe analysispro-
ceduresusedfor the 2003 ight. Theanalysispro-
ceedsin the following steps: First the trajectory
of eachparticle throughthe instrumentis recon-
structed usingthe signalsmeasuredhn the propor
tional and TRD tubes. Utilizing the fact that the
signalsare proportionalto the pathlengththrough
the tubes(within statistical uctuations),one ob-
tains a positionalaccurag of 2-3 mm, which is
muchsmallerthanthe tuberadius. Subsequently
the signalsof scintillators and Cherenkv coun-
ters are correctedfor spatial non-uniformitiesin
responseaccordingto responsanapsdetermined
with muonsbeforethe “ight, and veri®ed by the
“ight datathemseles.

Individual elementsare cleanly identi®ed from
cross-correlationf scintillator and Cherenlov
signalsas shavn in Figure 3. Cross-correlations
betweenCherenkv signalsandionizationsignals
nucleiprovide themeando separatéow-andhigh-
enegy particles(i.e., belov or abore minimum
ionization),seeHoppnelf5] andRomero-Vélf [2].
The magnitudeof the Cherenkv signals deter
mines the low-enegy spectrum,from about0.5
to 5 GeV/nucleon. The importantand rare high-

Figure4: Scatterplot of TR vs. dE/dx signalfor
neonnuclei. Theunitsarearbitrary

enegy particlesare cleanlyidenti®edin a cross-
correlationof the signalsof the ionization tubes
(“dE/dx counters™)with thosemeasuredvith the
TRD tubes. This is shavn in Figure 4 for neon
nuclei. Note that, for this ®gure,low enegy parti-
cles(belov minimumionization)areremoved. As
expected,the majority of eventsleadto identical
signalsin dE/dx and TRD tubes;they have ener
gies betweena few GeV/nucleonand about400
GeV/nucleon.At higherenegies,the appearance
of transitionradiationenhanceshe TRD signals.
This enhancemeris the meango assignenegies
in the 500 GeV/nucleonto 10,000 GeV/nucleon
region to theseparticles. Note how cleanlythese
rarehigh-enegy particlescanbeidenti®ed: there
areno backgrounccountswhatsoeger in the “off-
regions” of the scatteplot !

In orderto determinethe differentialenegy spec-
tra on top of the atmospherdrom thesemeasure-
ments,the selectionef®cienciesof the dataanal-
ysis heedto be known. As Table 1 shows, these
are, in general,quite high. As an example for
theresults,Figure5 shaws the differentialenegy
spectrumfor neonnuclei. Note thatthe spectrum
shawn representsbsoluteintensities;thereis no
arbitrarynormalization.
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Figure5: Differentialenegy spectrunfor the sin-
gle elementeonfrom TRACER 2003.

Table 1: Ef®ciencies,i.e. fractionsof surviving
particles for oxygenandiron.

Oxygen Iron

Interaction- Atmosphere 82% 72%

Interaction- Instrument 65% 48%

TrackingEf®ciengy 95% 95%

Top Chage Ef®cieng 89% 90%

Bot Chage Ef®ciency 100% 100%
Conclusion

The 2003 “ight of TRACER hasdeterminedthe
enepgy spectraof themajorprimarynucleifor oxy-
gen(Z = 8) to iron (Z = 26). Theseresults,and
theirinterpretationwill beshawvn in theaccompa-
nying papersof Boyle [3] andAve [4]. Theanaly-
sisof the2006 ight data,which alsoincludemea-
surementf the lighter cosmic-raynuclei, down
to boron(Z =5), is currentlyin progress.

While the TRACER resultsextendour knowledge
of the cosmicray compositionwell into the 1014
eV per particle enegy region, this upperlimit is
purely dueto countingstatistics;the detectorre-
sponsewould permit measurementfo consider

ably higher enegies if larger exposureshecome
available.
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