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Abstract

Cosmic-ray electrons have been observed in the energy region from 10 GeV to 1 TeV with the PPB-BETS by a long duration balloon
flight using a Polar Patrol Balloon (PPB) in Antarctica. The observation was carried out for 13 days at an average altitude of 35 km in
January 2004. The PPB-BETS detector is an imaging calorimeter composed of scintillating-fiber belts and plastic scintillators inserted
between lead plates. In the study of cosmic-ray electrons, there have been some suggestions that high-energy electrons above
100 GeV are a powerful probe to identify nearby cosmic-ray sources and search for particle dark matter. In this paper, we present
the energy spectrum of cosmic-ray electrons in the energy range from 100 GeV to 1 TeV at the top of atmosphere, and compare our
spectrum with the results from other experiments.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Long duration balloon; Cosmic-ray electrons; Cosmic-ray origin
1. Introduction

Compared to cosmic-ray nuclei, high-energy electrons
lose energy rapidly by the synchrotron and inverse Comp-
ton processes during propagation in the Galaxy. Because of
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these radiative losses, the high-energy electrons from the
distant sources cannot reach the solar system. Hence, it
has been suggested that the energy spectrum of cosmic-
ray electrons might have a structure in the energy region
above several 100 GeV due to the discrete effect of nearby
supernova remnants (SNRs) (Kobayashi et al., 2004). This
means that we can identify cosmic-ray electron sources
from the electron spectrum above several 100 GeV together
with anisotropies in arrival direction. In addition, there is a
rved.
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possibility that Weakly Interacting Massive Particles
(WIMPs) annihilate directly into electron–positron pairs
and produce mono-energetic electrons and positrons
(Cheng et al., 2002). Although the propagation through
the Galaxy would broaden the line spectrum, the observed
electron and positron spectrum could still have a distinctive
feature. Since there are no other known production mech-
anisms that would produce an electron and positron peak
at energies of 100 GeV–10 TeV, such a distinctive feature
clearly indicates the existence of WIMP dark matter in
the Galactic halo. The observations of high-energy elec-
trons bring us unique information about sources and prop-
agation of cosmic rays, and enable us to search for WIMP
dark matter.

However, the intensity of cosmic-ray electrons is �1% of
the protons at 10 GeV, and decreases very rapidly with
energy at �0.1% of protons at 1 TeV. This is due to the
energy spectrum of electrons that shows a power law with
the index of �3.0 � 3.3, which is steeper than that of pro-
tons with the index of �2.7. The electron observations
require, particularly at energies over 100 GeV, the capabil-
ity of high rejection power against the protons and long
exposures with a detector that has a large geometrical fac-
tor. Because of these reasons, except for the emulsion
chambers, it was difficult for many kinds of detectors to
observe electrons over 100 GeV. Recently, ATIC-2, which
is a balloon experiment over Antarctica, has achieved the
electron observations in the energy region from 20 GeV
to 1 TeV.

For observing cosmic-ray electrons above 10 GeV, we
developed an imaging calorimeter, Balloon-borne Electron
Telescope with Scintillating fibers (BETS), for the balloon
experiment (Torii et al., 2000). We had successful observa-
tions of electrons at Sanriku in Japan, and derived the elec-
tron spectrum in the energy range from 10 GeV to 100 GeV
(Torii et al., 2001). By improving the BETS instrument, we
also observed atmospheric gamma rays in the energy range
from a few GeV to several 10 GeV at mountain and at bal-
loon altitudes for the calibration of the atmospheric neu-
trino flux calculations (Kasahara et al., 2002). In order to
observe the higher-energy electrons above 100 GeV, we
have developed an advanced BETS detector (Torii et al.,
2006b) and observed cosmic-ray electrons by using Polar
Patrol Balloon (PPB), which has a capability to achieve a
long duration balloon flight for �4 weeks at an altitude
of �35 km in Antarctica (Kadokura et al., 2002).

In this paper, we present the result of high-energy elec-
tron observations above 100 GeV with PPB-BETS.

2. Observations

Since the PPB-BETS instrument and the observation in
Antarctica are described in detail in a previous paper (Torii
et al., 2006b), we will briefly summarize the PPB-BETS
detector and the observations.

The PPB-BETS detector consists of 36 scintillating fiber
belts, 9 plastic scintillation counters, and 14 lead plates
with a total thickness of 9 radiation lengths (r.l.). Each
fiber belt is composed of 280 fibers with a 1 mm square
cross section and the number of fibers is 10,080 in total.
The basic structure is similar to that of the BETS detector
(Torii et al., 2001), but several improvements have been
adopted to observe high-energy electrons up to 1 TeV as
described in the following paragraph.

The total thickness of lead is enlarged from 7 to 9 r.l.,
and the number of plastic scintillators used for the event-
trigger and energy measurement is increased from 3 to 9
to carry out proton background rejection more effectively
on-board. The image intensifier and CCD system for the
read-out of scintillating fibers were considerably improved
to avoid the saturation effects of image intensities up to a
1 TeV electron shower. The performance of the PPB-BETS
detector was examined by a balloon experiment of the trig-
ger system flown at Sanriku in Japan, beam tests of the
flight model at the CERN-SPS by using electrons from
10 GeV to 200 GeV and protons from 150 GeV to
350 GeV, and Monte-Carlo simulations.

The balloon was launched at the Syowa Station
(39.60�E, 69.01�S) in Antarctica at 15:57 on January 4,
2004 (UTC). The level flight was started at two hours after
the launch and continued till 1:46 on January 17, 2004 at
an average altitude of �35 km. The total exposure time
was 296 h. During the observations, the following new sys-
tems operated successfully: power supply system by solar
panels, telemetry system by the Iridium satellite phone line,
and auto-level control system by CPU.

Event trigger was executed by two modes, the low-
energy (LE) mode and the high-energy (HE) mode. The
LE mode corresponds to electron observation above
10 GeV and was assigned for the observation during the
10 h just after launching. The data acquired by the LE
mode were directly transmitted to the Syowa Station with
a bit rate of 64 kbps. The HE mode corresponds to electron
observation above 100 GeV and was adopted throughout
the flight duration. The data acquired by the HE mode
were transmitted to our operation room at the National
Institute of Polar Research (NIPR) in Japan, via a receiv-
ing station in the US, with the Iridium satellite phone line
at a rate of 2.4 kbps. The number of acquired events was
2.2 · 104 for the LE mode with a trigger rate of �3 Hz,
and 5.7 · 103 for the HE mode with a trigger rate of
�0.02 Hz.

3. Data analysis

3.1. Data sets for analysis

For the event triggering the HE mode, we adopted two
main sets of discrimination levels of pulse heights in all
these plastic scintillators. One set corresponds to the
threshold energy of 100 GeV and the other to 150 GeV.
The number of acquired events is 3.1 · 103 for the
100 GeV threshold and 1.6 · 103 for the 150 GeV thresh-
old. There are also 1.0 · 103 events for the other thresholds
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on the HE mode. In this analysis, we used the two data sets
of the 100 GeV and 150 GeV threshold without use of the
other data including the LE mode. Fig. 1 shows the pulse
height (converted to the number of Minimum Ionizing Par-
ticle, MIP) distribution of the plastic scintillator at the
depth of 7 r.l. for the two thresholds. As shown in Fig. 1,
the observable minimum energy is shifted properly depend-
ing on each threshold, and the trigger system worked nor-
mally. The spectra in high-energy region are compared to a
power-law spectrum with an index of �2.7. They are con-
sistent with the spectral shape of the cosmic-ray protons,
since the events triggered on-board are still dominated by
the protons that are much more abundant than the
electrons.
3.2. Electron selection

For the acquired events, we reconstructed the raw CCD
images of showers to the fiber positions in detector space
by using the positions of each fiber on the CCD image.
The positions of each fiber were obtained in advance of
the flight by observing cosmic-ray muon tracks at ground
level. The relative displacement of the fiber positions dur-
ing the flight was calibrated by using the LED-illuminated
fibers.

We applied an imaging analysis to select the electrons
from the background particles as used in the analysis of
BETS (Torii et al., 2001). We selected the events whose
shower axes pass through the top and bottom of the detec-
tor within a zenith angle of 30�. This selection reduces the
proton background events triggered on-board, which are
incident from the side of the detector. A typical event of
electron-induced shower presents a narrower lateral spread
concentrated along the shower axis. On the contrary, that
of proton-induced shower shows a wider lateral spread
(Torii et al., 2006b). We characterize this physical property
by the RE parameter, the ratio of energy deposition within
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Fig. 1. Pulse height distributions of the plastic scintillator at the depth of 7
r.l. for the 100 GeV threshold (solid circles) and 150 GeV threshold (open
circles). The solid line shows a power-law spectrum with an index of �2.7.
5 mm from the shower axis to the total, as described in
Torii et al. (2001). Fig. 2 shows the RE distributions of
the observed events compared with the distribution of
100 GeV electron and 250 GeV proton beams at CERN-
SPS. The electron candidates were selected by the RE dis-
tribution under the condition that the RE values are
greater than 0.75.

As for the separation between electrons and gamma
rays, electrons could be identified by the presence of hits
in the scintillating fibers at 0 r.l. along the shower axis.
Fig. 3 presents the observed and simulated distributions
of the distances of the nearest hit fiber position from the
shower axis at the top layer. As incident electrons leave sig-
nals on the fibers along the shower axis, the distribution of
electrons is concentrated around the incident point. On the
other hand, as incident gamma rays leave no signals except
for the back-scattered particles, the distribution by gamma
rays becomes much broader. We judged electrons as the
events whose distances are less than or equal to 5 mm.
Gamma-ray events are rejected by 90%. As a result, the
number of the electron candidates above 100 GeV is 84
events among the 4.7 · 103 analyzed events in the HE
mode.
3.3. Energy measurements

Since the number of shower particles at the shower max-
imum is nearly proportional to the energy of incident elec-
trons, we determined the electron energies by using the
number of particles at the shower maximum in the transi-
tion curve with plastic scintillators. The transition curves
of electro-magnetic shower are well represented by the fol-
lowing formula:
Fig. 2. RE distributions of the observed events (solid line) with 100 GeV
electrons (hatched region) and 250 GeV protons (dashed line) of the
CERN-SPS beam tests.
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Fig. 3. Observed distribution of the nearest hit fiber positions from the
shower axis (solid line) compared with the simulated distributions of
electrons and gamma rays.
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S ¼ N
bt

cos h

� �a�1

exp � bt
cos h

� �
; ð1Þ
where S is the pulse heights (converted to MIP) of plastic
scintillators at the depth of t r.l., N is the normalization fac-
tor, h is the zenith angle of the shower axis, and a and b are
adjustable coefficients. In order to derive the number of
particles at the shower maximum, we fitted this formula
to the pulse heights of the six scintillators at depths of 3–
9 r.l. As shown in Fig. 4, the relation of the number of par-
ticles at the shower maximum and the energies of electron
beams at CERN-SPS is almost linear in the energy range of
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Fig. 4. Relation of the electron energy and the number of shower particles
at the shower maximum by the CERN-SPS beam tests. The incident
direction is perpendicular to the detector surface.
10–200 GeV. The energy resolution is 12% at 100 GeV as
shown in Fig. 5, and consistent with the simulations.

3.4. Electron energy spectrum

From the electron events, with the above selection and
energy determination, we derived the cosmic-ray electron
spectrum by using the following formula:

J eðEÞ ¼
N eCRECeg

SXT DE
Cenh � C2nd

� �
Catm; ð2Þ

where Ne is the number of electron candidates, SX the
effective geometrical factor, T the observed live time, DE

the energy interval, CRE the correction factor of the proton
contamination in the RE-cut with energy dependence, Ceg

the correction factor of the gamma-ray contamination in
the gamma-ray rejection with energy dependence, Cenh

the correction of enhancement of flux due to the energy res-
olution, C2nd the flux of secondary (atmospheric) electrons
at the observation level, and Catm the correction factor of
energy loss of primary electrons in the overlying
atmosphere.

The uncertainty of the energy determination has the
effect of enhancing the absolute flux of electrons, in partic-
ular, for a steep power-law spectrum. We derived the
enhancement factor Cenh above 100 GeV of 0.98 due to
the energy resolution presented in Fig. 5.

In order to derive the primary electron spectrum, we
subtracted the secondary electrons produced by the inter-
actions of cosmic-ray nuclei. The energy spectrum of the
estimated atmospheric electrons are represented by

C2ndðEÞ ¼ 1:32

� 10�5 E
100GeV

� ��2:73

ðm�2 s�1 sr�1 GeV�1Þ ð3Þ

at the altitude of 7.4 g cm�2 (Nishimura et al., 1980; Yos-
hida et al., 2006).
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Fig. 5. Energy dependence of the energy resolution for the CERN-SPS
electron beams with simulations. The incident direction is perpendicular to
the detector surface.
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Fig. 7. Electron energy spectrum observed by the PPB-BETS (solid
circles) in comparison with the energy spectra of other observations.
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The atmospheric correction factor, Catm, is caused by
bremsstrahlung energy losses of the primary electrons. In
the case of a single power-law spectrum with an index of
�c, the energy-loss correction due to the overlying atmo-
sphere is given by a = eA(c�1)t/(c�1), where t is the depth
in r.l., and the notation A refers to the formula used in elec-
tro-magnetic shower theory (Nishimura et al., 1980). The
energy-loss correction, a, corresponds to the correction fac-
tor of flux as follows: Catm = ac�1. In the case of c = 3.0
and 7.4 g cm�2 depth, the atmospheric correction factor
is Catm = 1.37 for a = 1.17.

From the raw numbers of electron candidates, we eval-
uated the electron numbers by correcting the proton con-
tamination in the RE cut and the gamma-ray
contamination in the gamma-ray rejection. Since the
power-law index of the primary proton spectrum is �2.7,
which is much harder than that of the electrons, the con-
tamination of protons increases with energy. Atmospheric
gamma rays are also produced by the interaction of pri-
mary protons with atmospheric nuclei. Therefore, the index
of gamma rays is the same with that of protons. This brings
the same energy dependence for the contamination of
gamma rays with the protons. Hence, the correction factors
are estimated to be CRE = 1 � 0.325 · (E/100 GeV)c�2.7 for
the proton contamination and Ceg = 1 � 0.176 · (E/
100 GeV)c�2.7 for the gamma-ray contamination from the
Monte-Carlo simulations.

The geometrical factor, SX, is derived by Monte-Carlo
simulations under the same condition of the experiment.
Fig. 6 shows the geometrical factor with electron energies
for the 100 GeV threshold and 150 GeV threshold in the
HE mode.
4. Results and discussion

Fig. 7 presents the electron energy spectrum multiplied
by the cube of energy, in comparison with other electron
observations (Tang, 1984; Golden et al., 1984; Boezio
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Fig. 6. The effective geometrical factor SX with the Monte-Carlo
simulations under the same condition of the experiment.
et al., 2000; DuVernois et al., 2001; Torii et al., 2001; Agu-
ilar et al., 2002; Kobayashi et al., 2002; Chang et al., 2005).
The PPB-BETS spectrum represented by a single power-
law function is given by

J e ¼ ð1:83� 0:65Þ

� 10�4 E
100 GeV

� ��3:09�0:35

ðm�2 s�1 sr�1 GeV�1Þ: ð4Þ

Our spectrum agrees well with the extrapolated spectrum
of the BETS (Torii et al., 2001) at 100 GeV, and is consis-
tent with that of ATIC-2 (Chang et al., 2005) within statis-
tical errors in the 100 GeV–1 TeV region.

The energy spectrum exceeding 100 GeV is crucial to
detect the nearby SNRs as discussed by Kobayashi et al.
(2004), and electron-positron pairs from Kaluza-Klein
dark matter annihilations (Cheng et al., 2002). The data
statistics of our results, however, are insufficient to discuss
the details of the contribution of nearby SNRs and/or
WIMP dark matter. For the future observations, we are
planning to increase greatly our statistics by experiments
such as CALET with the geometrical factor of nearly
1 m2 sr and the observation time of 3 years on the Interna-
tional Space Station (Torii, 2006a). It is expected that
CALET can detect these distinctive signatures from the
nearby SNRs and WIMP annihilations (Yoshida et al.,
2005).
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