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Abstract

The balloon-borne cosmic-ray experiment CREAM-I (Cosmic-Ray Energetics And Mass) recently completed a successful 42-day
flight during the 2004-2005 NASA/NSF/NSBF Antarctic expedition. CREAM-I combines an imaging calorimeter with charge detectors
and a precision transition radiation detector (TRD). The TRD component of CREAM-I is targeted at measuring the energy of cosmic-
ray particles with charges greater than Z ~ 3. A central science goal of this effort is the determination of the ratio of secondary to primary
nuclei at high energy. This measurement is crucial for the reconstruction of the propagation history of cosmic rays, and consequently for
the determination of their source spectra. First scientific results from this instrument are presented
© 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The Cosmic-Ray Energetics and Mass (CREAM)
instrument is a balloon-borne instrument designed to make
direct measurements of the energy and elemental composi-
tion of cosmic rays at high energies. The first flight of this

* Corresponding author.
E-mail address: wakely@uchicago.edu (S.P. Wakely).

instrument took place during the 20042005 NASA/NSF/
NSBF Antarctic balloon campaign and was successfully
completed in January of 2005, after 42 days afloat (see
Seo et al., 2005).

The CREAM payload comprises a suite of complemen-
tary instruments, including charge and velocity detectors, a
gas transition radiation detector (TRD), and a thin Tung-
sten/scintillating-fiber sampling calorimeter. The inclusion
of multiple instruments allows for cross-calibration and
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reduction of systematic errors. Here we discuss results
obtained using the “Hi-Z” subset of detectors, which is
specifically designed to measure particles with nuclear
charge Z =z 3. This detector set includes the TRD, the
Cerenkov velocity detector and the timing charge detector.

2. Science goals

One of the primary scientific goals of the CREAM pro-
ject is the measurement of secondary cosmic-ray nuclei at
high energies. Secondary nuclei are those nuclei which
are produced predominantly through spallation interac-
tions of primary nuclei (i.e., those which are produced in
the cosmic-ray source regions). Because these spallation
interactions are thought to occur primarily during the
propagation of primary nuclei in the interstellar medium,
a measurement of the ratio of secondary/primary fluxes
reveals information about the propagation history (e.g.,
the amount of material traversed) of the primary particles.

Previous measurements have shown (see, e.g., Swordy
et al.,, 1990 and Engelmann et al., 1990 and references
therein), somewhat surprisingly, that this ratio is not con-
stant with energy. Instead, it appears to drop in a manner
which is consistent with a simple power-law rigidity-depen-
dent (i.e., =« R~°) model of escape from the Galaxy (Swordy,
2001). This results in a modification of the cosmic-ray energy
spectrum, such that the power-law spectral index is flatter at
the particle source by the value . Current data on the ratio of
Boron to Carbon (B/C) extend up to ~200 GeV/nuc, and
appear to favor ¢ ~ 0.6, which, when combined with the
observed index of the overall energy spectrum (~2.7),
matches well to the predicted source spectra from diffusive
shock acceleration models (~2.0, see Bell, 1978a,b; Bland-
ford and Ostriker, 1978; Krymsky, 1977). Similar results
for ¢ are obtained from the study of the so-called sub-Fe
(Z =21-24) to Fe ratio (e.g., Engelmann et al., 1990).

Extending these measurements to higher energies, with
improved statistics, is one of the goals of CREAM, and will
help determine whether the ratio continues to drop, or
whether it approaches some constant value at high ener-
gies, which is probably required to match anisotropy mea-
surements (Swordy, 1993). Crucial to this goal is a large
instrument with excellent charge resolution. Size is needed
to capture sufficient high energy particles, and charge reso-
lution is needed to efficiently identify primary particles,
which, with fluctuations, can contaminate the much smaller
secondary sample (B/C at ~200 GeV/nuc is ~5%).

3. Instrument design

The CREAM instrument combines several individual
detector systems, including a timing charge detector
(TCD), a transition radiation detector, a plastic Cerenkov
detector, a pixelated silicon charge detector (SCD), and an
imaging thin calorimeter (CAL). The combination of
redundant and complementary detection systems (ie.,
TCD/SCD and TRD/CAL) allows for cross-calibration

and the reduction of systematic errors. A detailed descrip-
tion of all the CREAM components can be found in Seo
et al., 2002; here we review only the design of the Hi-Z sys-
tem: the TCD, the TRD and the Cerenkov detector. A
schematic view of this instrumentation is shown in Fig. 1.

3.1. Timing charge detector

The TCD system includes 8 scintillator paddles arranged
into orthogonal X & Y layers. The paddles are 1.2 m-long,
5 mm-thick slabs of Bicron BC-408 read out with Photonis
XP2020UR fast timing photomultiplier tubes (PMTs)
through twisted-strip BC-802 adiabatic light guides. The
light guides are doped with UV absorber, which reduces
Cerenkov production in the guides without impacting the
scintillation signal. Each paddle is viewed on both ends
by a photomultiplier tube. The signals from the TCD, in
conjunction with the Cerenkov detector, are used to gener-
ate the instrument’s Hi-Z trigger, and (again jointly) to
measure the charge of incoming particles.

The detector has been designed to provide the charge
resolution needed to easily resolve individual elements over
the entire relevant charge range (e.g., ~0.2¢ for Oxygen and
~0.35¢ for Iron). For improved dynamic range, the ampli-
tude of each PMT signal is measured at four different
dynodes and fed into independent electronics channels.
The timing structure of each pulse’s leading edge is also
captured — with 50 ps accuracy — in each channel of elec-
tronics. This fast timing information helps in rejecting pos-
sible albedo particles produced by interactions of primary
particles with the calorimeter. These particles arrive 3—
8 ns after the initial passage of the primary particle. Fast
timing can also aid in the discrimination between light

TIMING CHARGE DETECTOR
PLASTIC SCINTILLATOR PADDLE

TRANSITION RADIATION DETECTOR
PROPORTIONAL TUBES

Fig. 1. A schematic cross-sectional view through the middle of the
CREAM Hi-Z detector systems. Shown are the Timing Charge Detector
(TCD), Transition Radiation Detector (TRD) and Cerenkov Detector
systems.
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nuclei species, as the risetime of pulses from low-Z nuclei
has a measurable dependence on Z (Beatty et al., 2003).

3.2. Transition radiation detector

The CREAM TRD is constructed of 512 thin-walled gas
proportional tubes filled with a mixture of 95% Xenon/5%
Methane at 1 atm. The 2 cm-diameter tubes are 1.2 m-long
and are wound from thin (100 um) mylar to allow easy
penetration by the relatively low-energy transition radia-
tion X-rays. The tubes are fixed in a matrix of polystyrene
foam radiator and arranged in 8 layers of 64 tubes, with
alternating orthogonal X and Y orientations. The tubes
themselves are mounted at each end with an O-ring seal
into gas manifolds. The manifold at one end also contains
electronics boards for high voltage distribution and signal
collection from the sense wires, which are held at positive
high voltage in the range of 1-2 kV. The signals from each
tube are read out with a simple dual-gain system utilizing
two channels of an Amplex 1.5 ASIC, achieving better than
11-bit overall effective dynamic range.

The TRD is designed to provide a measurement of the
Lorentz factor of the primary particle as it traverses the
detector, and hence it is configured as a precision TRD
(see, e.g., Wakely, 2002), rather than a threshold TRD.
Additionally, the TRD can provide particle tracking, pro-
ducing a 3D particle trajectory which, using the simplest
linear reconstruction methods, can achieve an RMS posi-
tion resolution of ¢ ~ 5 mm. Accurate trajectory informa-
tion is crucial for applying proper response map
corrections to the TCD and Cerenkov systems.

3.3. Cerenkov detector

The CREAM Cerenkov detector consists of a 1 cm-thick
1.2mx 1.2 m acrylic sheet doped with blue wavelength

Y-Position (cm)

X-Position (cm)

shifter. This radiator is surrounded by 4 bars of wave-
length-shifting plastic butted against the 4 edges of the sheet.
These bars shift the blue radiator photons into the green
wavelength range, where they are read out with 2 photomul-
tipliers, one at each end of the bars. This design provides a
compact detector with a relatively uniform response.

The Cerenkov threshold of the radiator material is
roughly 7 ~ 1.35 and the participation of the Cerenkov
detector in the instrument trigger enables the rejection of
the many low-energy particles in the cosmic-ray flux at high
latitudes. The signals in this detector also provide informa-
tion complementary to the TCD on the charge of the inci-
dent primary particles. Because the Cerenkov detector is
not segmented, a signal contribution from delta-rays gener-
ated in upstream material must be accounted for in the
response function. This effect is understood and can be
modeled with detailed simulations.

Without any mapping corrections, the Cerenkov
response is uniform to within roughly 20% across the face
of the detector. However, flight data can be used to gener-
ate a correction map, which improves the flatness in
response significantly. Fig. 2 shows the response of the
Cerenkov detector to incident Oxygen nuclei, after the
application of mapping corrections. These corrections flat-
ten the detector response to within roughly 2% over ~95%
of the detector area.

4. Flight and instrument performance

The CREAM payload was launched from McMurdo on
16 December, 2004, and successfully circumnavigated the
South Pole three times during its record-breaking 42-day
flight. The average altitude throughout the flight was
~128,000 ft, corresponding to an overburden of only
~3.9 g/em®. During this time, roughly 40 million Hi-Z
triggers were collected and written to disk.
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Fig. 2. Cerenkov response map for Oxygen nuclei, after mapping corrections. The left panel shows a contour plot showing the normalized response of the
Cerenkov detector to incident Oxygen nuclei. The right panel shows a histogram of the bins on the contour plot, showing roughly 95% of all bins within

2% of the overall mean.
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Fig. 3. Simulated TRD tracking error for incident Oxygen nuclei. The left
pane shows the reconstruction error in x direction. The right pane shows
the reconstruction error in the y direction. In both panes, note the ordinate
scale is logarithmic.

Despite operating without a pressure vessel in a near vac-
uum of a few mbar, all of the detector systems performed well
throughout the flight. In particular, the loss rate in the gas
system of the TRD was very low, amounting to only ~10%
of the system (not reserve) volume over the entire flight.
Though it comprises nearly 600 m of thin-walled tubing,
the TRD’s leak rate was low enough that no “make-up”
gas was required throughout the flight. Instead, a periodic
redistribution of gas between manifolds was performed; this
proved sufficient for maintaining good detector response
from all layers throughout the flight. Also of note was the sta-
bility of the signal response over the course of the flight.
Despite having no fresh gas provided throughout the flight,
the tube resolution did not noticeably degrade. This is unu-
sual, as similar systems operated with overpressure at
ground-level typically lose resolution over timescales of 1/2
day or so, suggesting that diffusion of ambient electronega-
tive oxygen into the chambers is the most likely cause of sig-
nal resolution loss. The loss rate at altitude is at least 100
times lower. This performance demonstrates that this gen-
eral TRD design is well-suited for a future long duration bal-
loon or space-based mission.

All of the other systems performed quite well throughout
the flight, though one of the eighteen TCD photomultiplier
tubes failed near the end of the flight. The instrument was
even able to recover and continue collecting data after being
struck on 20 January, 2006 by one of the most intense solar
flares ever observed (Yoon et al., 2005; Mewaldt et al., 2005).

4.1. TRD tracking and signal resolution

Monte Carlo simulations indicate that with very simple
linear fitting algorithms, the TRD can provide an RMS
tracking resolution of ¢ ~ 5 mm. A second-level likelihood
fit which takes the tube geometry and impact parameters
into consideration can improve this to better than 2 mm.
This is demonstrated in Fig. 3, which shows the results of
a Monte Carlo test of the tracking accuracy. The perfor-
mance demonstrated in Monte Carlo was verified with
flight data by selecting particle trajectories which scan
across gaps between the 30 cm TCD paddles and looking
for the deficits in the TCD signals due to corner-clipping.
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Fig. 4. Preliminary charge spectrum (for all energies) produced by using a
combination of TCD and Cerenkov detector signals. Well separated
charge peaks are visible for all elements from Beryllium to Silicon. The
lines indicate Gaussian fits to the more prominent peaks.

Another important component of the TRD tracking sys-
tem is the precision with which energy loss per unit path-
length over the entire track can be determined. This
resolution has a direct impact on the ultimate energy resolu-
tion achievable with the instrument, and must be sufficiently
good to achieve the science goals of the mission. Further-
more, a detailed knowledge of how this resolution changes
with energy is required to properly deconvolve measured
energy spectra. By using the X and Y projections of the
TRD tubes as independent detectors, however, we are able
to test this resolution and compare it to Monte Carlo simu-
lations. Such an analysis suggests the dE£/dx resolution for
through-going Oxygen nuclei is an acceptable ~7%.

4.2. Charge resolution

For an accurate determination of the primary to second-
ary cosmic-ray ratio, a good separation between the adja-
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Fig. 5. Comparison of the TRD energy deposit vs Log;o(Lorentz Factor)
for simulated and measured Oxygen nuclei. The flight data are shown in
the scatter plot and the mean of the simulation results is shown with the
black line. The deviation at higher y is expected, as the Cerenkov yield
saturates. For the real data, y is calculated by combining Cerenkov and
TCD data.
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Fig. 6. GEANT4 simulations of gas detector response. The lines show the
simulation response with (red) and without (blue) a transition radiator
present. The red triangles and blue squares show the response measured in
a beam-test at CERN with and without a radiator.

cent charges (e.g., B and C) is very important. Fig. 4 shows
a preliminary charge spectrum for lower-Z (Z < 15) nuclei,
as measured in CREAM. This figure was produced by
combining the signals from the Cerenkov detector and
the TCD to produce a velocity-independent charge esti-
mate. Mapping corrections and additional corrections for
gain drift, electronics non-linearity and signal attenuation
have been applied. The resultant resolution exceeds the
design goals of the TCD, approaching an RMS width of
~2% for Oxygen nuclei.

4.3. Energy calibration
The energy of incident primary nuclei can be determined

by examining the rate of ionization energy deposit in the
TRD system. At energies below ~1 TeV/nucleon, the
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determination relies on the logarithmically-increasing “‘rel-
ativistic rise”’ of ionization energy loss, which is relatively
large in Xenon (plateau/MIP ~ 1.5). Above this energy,
the additional contribution from X-ray transition radiation
photons improves the measurement, up to Lorentz factors
of y ~ 20000.

In both cases, however, it is important to calibrate the
detector response with test beam data and Monte Carlo
simulations. For instance, Fig. 5 shows the response of
the CREAM TRD versus Lorentz factor (y) for incident
Oxygen nuclei (contour plot), overlaid with the mean
response predicted by a full GEANT 4.7.1p01 (Geant4
Collaboration, 2003) detector simulation (black line). For
flight data, the Lorentz factor is calculated using the com-
bined response of the Cerenkov and TCD detectors. The
well-matched response near ionization minimum indicates
that we understand and can properly simulate the detector
response and therefore have a reasonable energy calibra-
tion at low energy. The deviation between data and Monte
Carlo at higher Lorentz factor is fully expected, as the
Cerenkov emission yield saturates beyond y ~ 10.

With a minor modification to the code (which simply
doubles the number of transition radiation photons pro-
duced) the GEANT4 simulation package also appears to
properly reproduce the production of transition radiation
at higher Lorentz factors. Fig. 6 shows a comparison of
Monte Carlo results to data collected in a beam-line test
in 2001 at CERN (Swordy et al., 2003). Here, the red
and blue lines show, respectively, the simulated gas detec-
tor response with and without a transition radiator volume
inserted in the beam-line. The rise in the red line above
logio(y) ~ 3 is due to the onset of transition radiation pro-
duction. On this plot, the red triangles and blue squares
indicate measurements made during the beam-test with
and without a radiator volume present. These tests confirm
that our energy calibration at high energy is also adequate.
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Fig. 7. Preliminary cosmic ray energy spectra, measured with the CREAM Hi-Z system. The left panel shows the spectrum for cosmic Carbon nuclei; the
right panel shows the spectrum for Oxygen nuclei. In both panels, the black squares represent data collected by the HEAO experiment (Engelmann et al.,
1990), and the red crosses are from the CRN experiment (Swordy et al., 1993). The blue stars and green circles represent events with energies reconstructed
by the CREAM Cerenkov and TRD detectors, respectively. The normalization of the CREAM points have been adjusted with a single overall parameter

applied in both panels and both detector results.
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5. Results and discussion

After calibrating the detector response curves, as dis-
cussed above, the measured energy deposit in the Hi-Z
detector systems can be used to reconstruct the energy of
the incident cosmic-ray events. Fig. 7 shows the prelimin-
ary results of this procedure for Carbon and Oxygen nuclei.
In these figures, the energy as reconstructed using the
Cerenkov determination of f is indicated with blue stars,
while the energy as determined using the relativistic rise
in the TRD gas detectors is indicated with the green circles.
Overlap corrections which account for the finite energy res-
olution of the detectors have been applied and the bin sizes
have been selected to be ~1.5¢ wide in energy resolution.
As shown, the two differing techniques show good agree-
ment where they overlap (~10'! eV).

Also shown on the plots are the results of two space-
based missions, the HEAO experiment (black squares —
Engelmann et al., 1990) and the CRN experiment (red
crosses — Swordy et al., 1993). The CREAM results have
been arbitrarily normalized (with a single normalization
constant across all four measurements) to match the
HEAO flux at around ~4 GeV/nuc. Still, the overall agree-
ment between the three experiments is rather good. The
results for the Oxygen spectrum also agree with recent
results from the TRACER instrument (Boyle, 2005).
Remarkably, the CREAM results span over three orders
of magnitude.

Though the results presented in Fig. 7 extend only up to
~1TeV/nuc, the total exposure factor of the CREAM-I
flight (~30 m?sr days after initial cuts) was sufficient to
collect abundant primary nuclei (e.g., C & O) up to ener-
gies nearly twenty times higher than this. However, as
can be seen on Fig. 6, the energy range above ~1TeV/
nuc (Lorentz factor ~1000) corresponds to the region
where the TRD detector response is dominated by the con-
tributions of transition radiation processes. As a result of
this shift, the TRD response and signal resolution in this
region must be very well understood in order to properly
deconvolve the measured spectra. Cross calibration from
the CREAM calorimeter should help in this regard, and
this work is underway. Once completed, we expect mea-
surements of Oxygen nuclei to extend up to ~3 x 10'* eV
total energy, and anticipate extending current measurement
of the B/C ratio to ~500 GeV/nuc.

6. Conclusions

The first results of the Hi-Z system of the CREAM-I
instrument have been presented. After a 42-day flight dur-
ing which the whole detector operated stably and effi-
ciently, a preliminary analysis of the data indicates that
the individual detectors performed very well. Furthermore,
the response of the Hi-Z system appears to match the

Monte Carlo simulations, and hence the response of the
detectors can be well calibrated, although additional work
is underway to guarantee all systematic effects are
accounted for. Following this work, results on the fluxes
of cosmic nuclei from Boron to Iron, over three decades
in energy will be presented.
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