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Abstract: Accurate measurements of the composition and energy spectra of cosmic rays beyond the TeV
energy region have been an experimental challenge for years. TRACER (“Transition Radiation Array for
Cosmic Energetic Radiation”), is currently the largest cosmic-ray detector for direct measurements, and
has been developed for long-duration balloon flights. The instrument is unconventional in that it uses
only electromagnetic processes, such as measurements of ionization energy loss, Cherenkov light, and
transition radiation, to make precision measurements that span more than four decades in energy, from 1
GeV/nucleon to energies beyond 10 TeV/nucleon. In its first long-duration balloon flight from Antarctica
in December 2003, TRACER measured the energy spectra of the primary galactic cosmic-ray nuclei from
oxygen (Z = 8) to iron (Z = 26). For a second LDB flight from Sweden in July 2006, the instrument was
modified and upgraded in order to include the important light nuclei from boron (Z = 5) to nitrogen (Z =
7). We discuss the performance of TRACER in these two flights, review the response of the individual

detector components, and the techniques employed in the data analysis.

I ntroduction

The TRACER instrument (“Transition Radiation
Array for Cosmic Energetic Radiation™) has been
developed to provide direct measurements of
the elemental composition and energy spectra of
cosmic-ray nuclei. The measurements should
reach energies approaching the cosmic-ray “knee”,
hence the instrument exhibits the largest geomet-
ric factor (~ 5m?2ster) thus far realized in balloon-
borne observations. TRACER has had three bal-
loon flights: a test flight in New Mexico [1], and

two long-duration balloon flights, in Antarctica [2]
and in the Northern Hemisphere, respectively. In
this paper, we shall summarize the overall pro-
gram, including the key design and performance
characteristics of the detector system.

Instrument Description

In order to minimize the mass-to-area ratio of the
instrument, TRACER uses purely electromagnetic

techniques to determine charge Z and energy E (or
the Lorentz-factor v = E/mc?) of cosmic-ray nu-
clei; a nuclear interaction in the detector is not
needed, and in fact, not desired. Thus, TRACER
employs a combination of Cherenkov counters,
plastic scintillators, gaseous detectors for specific
ionization, and transition radiation detectors. The
particles encountered in high-latitude flights may
have a wide range of energies, from sub-relativistic
energies (< 1GeV/nucleon) up to the rare high-
energy particles of interest here, with energies
higher by four orders of magnitude.

The discrimination of the rare high-energy par-
ticles from the much more abundant (by about
four orders of magnitude) low-energy flux repre-
sents a particular challenge for TRACER. This dis-
crimination is achieved with an acrylic Cherenkov
counter, combined with ionization measurements
with plastic scintillators and gas proportional tubes
(“dE/dx counter”). For sub-relativistic particles
above the Cherenkov threshold, the Cherenkov sig-
nal increases with energy and reaches saturation
around ~ ~ 10, while the ionization signal de-
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Figure 1: Energy response of the Transition Radi-
ation Detector

creases according to the Bethe-Bloch formula and
reaches minimum ionization around v = 3.9. The
signal remains at that level for the plastic scintilla-
tor, but increases again slowly with energy for the
gaseous detectors (the “relativistic rise”). The sig-
nals of the Cherenkov counter do not only identify
sub-relativistic particles, but also measure their en-
ergies.

The very highest particle energies (y > 500)
are identified with a transition radiation detec-
tor (TRD), which again, employs gas proportional
tubes. The response of the TRD is shown in Figure
1. Up to the TR threshold (v ~ 400), its response
is identical to the that of the gaseous dE/dx counter,
but at higher energies, the superimposed TR x-rays
lead to a combined signal that rises steeply with
energy. These detector elements are combined in
TRACER as shown in figure 2. The instrument
contains two plastic scintillators (2 m x 2 m, 0.5
cm thick) on the top and bottom and one acrylic
Cherenkov counter (2 m x 2 m, 1.3 cm thick) at
the bottom. For the 2006 balloon flight, a sec-

ond, identical Cherenkov counter was added on top
of the detector. Sandwiched between the top and
bottom counters are 1584 single-wire proportional
tubes (2 cm diameter, 2 m length) which are ar-
ranged in layers in two orthogonal directions as
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Figure 2: Schematic drawing of TRACER

shown: half of the tubes at the top measure the
ionization energy loss, while the other half is in-
terspersed below plastic-fiber radiators to form a
TRD.

Balloon Flights

A one-day test flight of TRACER was performed
from Fort Sumner, NM, in 1999, and the results
have been published in Gahbauer et al. [1]. A
long-duration flight from McMurdo, Antarctica,
was launched in December 2003, and yielded data
with zero dead time for ten days. The analysis
of these data is now complete, and results will be
presented here and in two related papers in these
proceedings (Boyle et al. [3] and Ave et al. [4]).
For these flights, the readout electronics was lim-
ited in dynamic range; hence, the elements covered
ranged from oxygen (Z = 8) to iron (Z = 26). After
the 2003 flight, the electronics were upgraded to
permit inclusion of the important light secondary
nuclei in the measurement. Hence, the elements
from boron (Z = 5) to iron (Z = 26) are now cov-
ered. In order to improve the charge resolution,
a second acrylic Cherenkov counter was installed.
TRACER was then launched for a second long-
duration flight from Kiruna, Sweden, in July 2006.
Unfortunately, this flight had to be terminated af-
ter 4.5 days afloat, due to lack of an agreement
which would have permitted continuation of the
flight over northern Russia.
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Data Analysis

We now shall briefly summarize the analysis pro-
cedures used for the 2003 flight. The analysis pro-
ceeds in the following steps: First the trajectory
of each particle through the instrument is recon-
structed, using the signals measured in the propor-
tional and TRD tubes. Utilizing the fact that the
signals are proportional to the pathlength through
the tubes (within statistical fluctuations), one ob-
tains a positional accuracy of 2-3 mm, which is
much smaller than the tube radius. Subsequently,
the signals of scintillators and Cherenkov coun-
ters are corrected for spatial non-uniformities in
response according to response maps determined
with muons before the flight, and verified by the
flight data themselves.

Individual elements are cleanly identified from
cross-correlations of scintillator and Cherenkov
signals as shown in Figure 3. Cross-correlations
between Cherenkov signals and ionization signals
nuclei provide the means to separate low-and high-
energy particles (i.e., below or above minimum
ionization), see Hoppner [5] and Romero-Wolf [2].
The magnitude of the Cherenkov signals deter-
mines the low-energy spectrum, from about 0.5
to 5 GeV/nucleon. The important and rare high-
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Figure 4: Scatter plot of TR vs. dE/dx signal for
neon nuclei. The units are arbitrary.

energy particles are cleanly identified in a cross-
correlation of the signals of the ionization tubes
(“dE/dx counters”) with those measured with the
TRD tubes. This is shown in Figure 4 for neon
nuclei. Note that, for this figure, low energy parti-
cles (below minimum ionization) are removed. As
expected, the majority of events lead to identical
signals in dE/dx and TRD tubes; they have ener-
gies between a few GeV/nucleon and about 400
GeV/nucleon. At higher energies, the appearance
of transition radiation enhances the TRD signals.
This enhancement is the means to assign energies
in the 500 GeV/nucleon to 10,000 GeV/nucleon
region to these particles. Note how cleanly these
rare high-energy particles can be identified : there
are no background counts whatsoever in the “off-
regions” of the scatter plot !

In order to determine the differential energy spec-
tra on top of the atmosphere from these measure-
ments, the selection efficiencies of the data anal-
ysis need to be known. As Table 1 shows, these
are, in general, quite high. As an example for
the results, Figure 5 shows the differential energy
spectrum for neon nuclei. Note that the spectrum
shown represents absolute intensities; there is no
arbitrary normalization.
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Figure 5: Differential energy spectrum for the sin-
gle element neon from TRACER 2003.

Table 1. Efficiencies, i.e. fractions of surviving
particles, for oxygen and iron.

Oxygen  Iron

Interaction - Atmosphere 82% 72%
Interaction - Instrument 65%  48%
Tracking Efficiency 95%  95%
Top Charge Efficiency 89%  90%

Bot Charge Efficiency 100% 100%

Conclusion

The 2003 flight of TRACER has determined the
energy spectra of the major primary nuclei for oxy-
gen (Z = 8) to iron (Z = 26). These results, and
their interpretation, will be shown in the accompa-
nying papers of Boyle [3] and Ave [4]. The analy-
sis of the 2006 flight data, which also include mea-
surements of the lighter cosmic-ray nuclei, down
to boron (Z =5), is currently in progress.

While the TRACER results extend our knowledge
of the cosmic ray composition well into the 10'4
eV per particle energy region, this upper limit is
purely due to counting statistics; the detector re-
sponse would permit measurements to consider-

ably higher energies if larger exposures become
available.
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