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The Boron And Carbon Cosmic rays in the Upper Stratosphere (BACCUS) balloon-borne exper-
iment flew for 30 days over Antarctica in December 2016. It is the successor of the CREAM
balloon program in Antarctica which recorded a total cumulative exposure of 161 days. BAC-
CUS is primarily aimed to measure cosmic-ray boron and carbon fluxes at the highest energies
reachable with a balloon or satellite experiment, in order to provide essential information for a
better understanding of cosmic-ray propagation in the Galaxy. The payload is made of multiple
particle physics detectors which measure the charge up to Z=26 and energy of incident particles
from a few hundred GeV to a few PeV. The newly designed Transition Radiation Detector (TRD)
measures signals that are a function of the charge and Lorentz factor. In April 2016, BACCUS
was taken to CERN in its flight configuration to characterize its detectors’ response to beams of
electrons and pions. The performance of the TRD using beam test data are reported in this paper.
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1. Introduction

The balloon-borne BACCUS mission is the successor of the CREAM program in Antarctica,
which recorded 161 days of cumulative exposure after six long duration balloon flights from 2004
to 2010 [1]. BACCUS was flown in December 2016 for 30 days. It is primarily aimed to provide
measurements of the boron and carbon fluxes at the highest energies possible.

Boron particles are mainly secondary cosmic rays created after interaction of primary carbon
particles in the interstellar medium. Measurements of the secondary-to-primary ratio B/C give thus
direct information on the amount of matter traversed by cosmic rays during their propagation in the
Galaxy.

The BACCUS instrument is a suite of particle detectors that allow us to measure cosmic rays
from a few hundred GeV to a 1 PeV, and can identify nuclei from protons of charge Z=1 to iron
of charge Z=26. The newly designed gas Transition Radiation Detector (TRD) is aimed to provide
Lorentz factor measurements in the region of γ ∼ 102 to γ ∼ 105 for charged nuclei from Z=3 to
Z=26. The TRD brings the possibility to perform inter-calibration with energy measurements from
the calorimeter, and is expected to further increase the accuracy and sensitivity of the instrument.

In April 2016, the whole BACCUS instrument was shipped to CERN in order to characterize
the performance of its detectors in their flight configuration. The response to beams of electrons
and pions at multiple energies was measured for the various detectors. In Section § 2 and § 3,
the BACCUS instrument are presented and the CERN beam test configuration are described. The
response of the newly designed TRD to beams of electrons and pions are reported in Section § 4.

2. The BACCUS Instrument

Figure 1: Schematic view of the BACCUS instrument.

The BACCUS instrument consists of redundant and complementary particle detectors that can
characterize incident particles by measuring their charge and energy. As presented in Figure 1, from
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top to bottom, a downward-going particle will cross the Timing Charge Detector (TCD), the TRD,
the Cherenkov Detector (CD), two layers of Silicon Charge Detector (SCD) and the Calorimeter
(CAL). The TCD provides trigger information by detecting the light produced by charged particles
in plastic scintillators. The CD is used to reject low-energy particles that don’t produce Cherenkov
light in the plastic of refractive index 1.5. The finely segmented SCD can differentiate cosmic-ray
nuclei from Z=1 to Z=26. The 20-radiation length CAL is made of 20 tungsten plates interleaved
with scintillating fiber ribbons and fiber-glass sheets, and is designed to measure the energy of
incident nuclei from a few hundred GeV to 1 PeV.

A schematic view of the TRD is presented in Figure 2. An initial TRD Monte Carlo study,
prototype beam tests and construction progress were reported earlier in [2, 3, 4]. The BACCUS
TRD is made of 5 mm radius proportional straw tubes which can greatly improve particle tracking,
and thus charge identification with the SCD, as well as detector path-length corrections. The TRD
is comprised of 8 modules each containing 200 straws alternating orthogonally in the X and Y
direction, interleaved with 50 mm thick transition plastic radiators. Styrofoam polystyrene foam
material was chosen for radiators, different from the polyethylene Ethafoam-220 foam material
used in the CREAM-I TRD, that showed residual deformations after thermal-vacuum tests at the
NASA Columbia Scientific Balloon Facility (CSBF).

In each layer, the 200 straws are arranged into dense double layers shifted by 0.4 mm, and
glued together. The tubes were fabricated with very thin (35 µm) aluminized Mylar film by ultra-
sonic welding. Each straw tube is filled with a gas mixture of Xe/CO2 (80%/20%), which is known
for its large relativistic rise in ionization energy loss [5]. The ionization produced on the particle
path is proportional to the charge and energy of the cosmic-ray nuclei. Moreover, transition X-rays
produced in the radiators by charged particles with enough Lorentz factor (at about γ > 103) create
additional ionization signals in the TRD straw tubes.

Figure 2: Schematic view of the TRD in the Y-Z plane.

3. CERN Beam Test Configuration

The whole BACCUS payload was shipped to CERN in April 2016. Figure 3 shows the BAC-
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CUS instrument rotated by 90o (laid on its side) on the moving table used for beam test in the H2
area of the CERN SPS secondary beam line.

Figure 3: The BACCUS payload rotated by 90o on a moving table in the H2 beam area at CERN.

Instead of ∼ 6 days’ worth of data taking, the beam ended up being available for ∼ 1.5 days.
This time constraint led to readjust measurement expectations to lower statistics and fewer posi-
tions. The response of the TRD to the energy of incident particles was measured using electron
beams with energies from 20 GeV to 200 GeV, and with pion beam energies from 100 GeV to 300
GeV at three neighboring positions separated by 3 mm. The uniformity of the TRD response was
measured by translating the moving table horizontally and vertically while keeping the same 100
GeV electron beam.

During the test, the BACCUS instrument operated in its nominal flight configuration. The
TRD tubes were filled with a Xe/CO2 gas mixture of 80%/20% at a pressure of 1 atm. Layer 1
and 5 had gas leaks and high-voltage instabilities and were not operational during the beam test
calibration.

4. Response of the Transition Radiation Detector

4.1 Energy Scan

The payload was exposed to beams of electrons, of purity between ∼ 90% and ∼ 95%, in the
energy range of 20 GeV to 200 GeV and pions, of purity close to 100%, in the energy range of 100
GeV to 300 GeV. The instrument was moved to 3 adjacent positions separated by 3 mm to measure
and account for possible geometric effect on the TRD signal. To check the quality of the beams, we
used the known high linear response of the CAL to the electron beam energy [6]. Figure 4 shows
the energy deposit measured in the CAL as a function of the electron beam energy. The CAL
presents a highly linear response as a function of the incident beam energy of ∼ 5.4 MeV/GeV, so
a sampling fraction of ∼ 0.54%. This result confirmed the good quality of the beams used, in terms
of energy and purity.

The TRD response (preliminary) as a function of Lorentz factor for incident electrons and
pions is shown in Figure 5. It is compared to previous measurements from 2010 with the same
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Figure 4: CAL energy deposit measured as a function of the electron beam energy. Data from the 2015 [6]
and 2016 beam test are used here.

TRD [7], and to results from the CREAM-I TRD beam test and its associated predictions (see [8]
for more details). The solid line corresponds to predictions obtained from GEANT4 Monte Carlo
simulations [9] using the “TranspR” transition radiation model, which generates transition radiation
inside the foam radiator [10]. 2016 beam test data are normalized in order to match predictions at
γ ∼ 103. As expected, measurements show that the emission of transition radiation at high γ induces
significantly higher signal in the TRD. Results from beam test data show a clear separation between
signals from the pions (low γ) and the electrons (high γ).

The CREAM-I TRD was made of 8 layers composed of 512 straw tubes of 2 cm diameter
embedded in polyethylene Ethafoam-220 foam radiator blocks. Tubes were filled with a 95%
xenon 5% methane gas mixture. Beam test measurements with the CREAM-I TRD show larger
transition radiation signals than with the newly designed TRD, which is mainly due to the different
foams and geometry used [7]. Some discrepancies are observed between the 2010 and 2016 beam
test data and are mainly due to different foams used (Ethafoam in 2010 and Styrofoam in 2016).
Preliminary results are prior to any calibration corrections, needed to account for different high-
voltage regimes and positions. Variations at high γ are also due to electron beam contamination
with hadrons and muons, which will be removed later using calorimeter measurements.

4.2 Position Scan

Due to beam time constraints, the energy scans presented above were always performed at
the same 3 TRD neighboring positions. Figure 6 presents the event display of a 100 GeV electron
beam of ∼ 0.6 cm RMS width profile, crossing the TRD straw tubes oriented in the X direction.
The figure shows how precisely the trajectory path of the particle beam can be determined with the
TRD. Accurate track reconstruction can significantly reduce SCD charge measurement uncertainty
by extrapolating the track to the detector layers. Similarly, as stated previously, a better knowledge
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Figure 5: Preliminary BACCUS TRD response as a function of the Lorentz factor from 2016 beam test (red
circle), compared to previous measurements from 2010 with same TRD but different foam (blue triangle) [7],
and to predictions from GEANT4 Monte Carlo simulations (solid line) [9] using the “TranspR” transition
radiation model, which generates transition radiation inside the radiator [10]. Results from the CREAM-I
TRD beam test (purple square) and its associated prediction curve (dotted line) are also shown [8].

of the particle’s path in the different layers of the instrument helps to compute more accurate energy
loss corrections, which are used to calculate incident nuclei energies at the top of the instrument.

Figure 6: TRD event display of a 100 GeV electron beam in the Y-Z plane of the detector.

To measure the uniformity of the TRD response, the moving table on which the BACCUS
payload was placed, was moved every 1 cm horizontally and vertically. At each position, a beam
of 100 GeV electrons was used for measurements. The response variations are then used to calibrate
each of the 1600 straw tubes.
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5. Conclusions

BACCUS flew in December 2016 for 30 days. It is primarily aimed to directly measure
cosmic-ray boron and carbon nuclei at the highest energies to bring a better understanding of
the cosmic-ray propagation history in the interstellar medium. The transition radiation detector
is designed to measure the Lorentz factor of incident particles, and thus bring inter-calibration with
energy measurements from the calorimeter. In April 2016, the whole BACCUS payload was cali-
brated at CERN in its flight configuration. The instrument was exposed to beams of electrons and
pions, and the transition radiation expected at γ ≳ 103 was observed in the beam test. The detector
presents a good tracking resolution, which can help reduce charge measurement uncertainty and
compute more precise energy loss corrections in the instrument. In order to better characterize the
detector’s performance, each of the straw tube response is currently being calibrated with beam test
data. In parallel, Monte Carlo simulations are being improved.
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