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Abstract: The satellite-borne PAMELA experiment has been continuously collecting data since 15th June 2006,
when it was launched from the Baikonur cosmodrome to detect the charged component of cosmic rays over a
wide energy range and with an unprecedented statistics. The apparatus design is particularly suited for particle
and antiparticle identification. The satellite quasi-polar orbit, with an inclination of 70 degrees, allows particles
to be measure down to 100 MeV/n. This makes the instrument suited for the investigation of phenomena related
to galactic cosmic ray solar modulation in the inner heliosphere. Data for oppositely charged particles were
collected from 2006 to 2009, during the A< 0 solar minimum of solar cycle 23. The time and rigidity dependence
of galactic cosmic ray electron and positron fluxes were measured. These fluxes provide important information
for the study of charge dependent solar modulation effects.
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1 Introduction
PAMELA (Payload for Antimatter Matter Exploration and
Light-nuclei Astrophysics) is a satellite-borne experiment
designed to make long duration measurements of the cos-
mic radiation, optimized for the detection of the antiparti-
cle component of cosmic rays (CR) [1]. The measured en-
ergy range of antiparticles [2] [3] is one of the most extend-
ed to date and the statistics at high rigidity is significantly

increased with respect to previous experiments. PAMELA
was launched on June 15th 2006 from the Bajkonur cos-
modrome on-board of the Resurs DK1 satellite and, since
then, it has been almost continuously taking data.

The satellite orbital characteristics and the mission’s
long duration allow PAMELA to study, besides its main
scientific objectives, several aspects of the solar and ter-
restrial environment. The instrument is following an high
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inclination (70◦) orbit monitoring trapped particles while
traversing the Van Allen belts, and the variation of geo-
magnetic cutoff while passing through regions with differ-
ent latitude. Moreover the launch occurred during the so-
lar minimum of cycle 23, ideal condition to observe the
solar modulation of galactic cosmic rays and the expected
charge-sign dependence.

The intensity of galactic cosmic rays is modulated as
they traverse the turbulent magnetic field embedded into
the solar wind: particles are scattered by its irregularities
and undergo convection and adiabatic deceleration in the
expanding solar wind. Particle spectra are distorted, be-
low about 30 GeV, with respect to the local interstellar
spectrum. Gradient and curvature drifts have also an effec-
t, that is dominant during periods of minimum solar activi-
ty. Drift models predict a clear charge-sign dependence for
the modulation of CR electrons and positrons [4], whose
effects are expected to be particularly evident at energies
below a few GeV. During so-called A < 0 polarity cycles,
when the heliospheric magnetic field is directed toward the
Sun in the northern hemisphere, e− will drift inward pri-
marily through the polar regions of the heliosphere. Con-
versely, e+ will drift inward primarily through the equatori-
al regions of the heliosphere, encountering the wavy helio-
spheric current sheet in the process. The situation reverses
when the solar magnetic field changes its polarity at each
solar maximum.

The PAMELA electron and positron results can be com-
pared with those from CAPRICE94 [6], HEAT95 [7] and
AMS-01 [8], whose data were collected during the previ-
ous solar cycle in opposite polarity. Moreover PAMELA is
monitoring the electron and positron fluxes over the recov-
ery phase of solar minimum toward solar maximum.

2 The PAMELA instrument
PAMELA consists of various sub-detectors, which provide
information about mass, charge and velocity of the parti-
cles.

The core of the apparatus is a magnetic spectrometer,
constituted by a permanent magnet and a 300 µm thick sil-
icon microstrip tracker, that can reconstruct the track of the
incident particle and measure the rigidity (ρ , impulse over
charge ratio). A scintillator system (the Time of Flight sys-
tem - ToF: three layers, each composed by two planes or-
thogonally segmented in bars) provides a fast trigger sig-
nal, and allows to measure the time of flight with a 250
ps precision for protons, the absolute value of the charge
of the incident particles and, less precisely than the track-
er, their position. The absolute value of the charge as mea-
sured by the ToF can be compared with that by the track-
er and its sign is determined by the ToF information and
the bending direction in the 0.43 T magnetic field. This in-
formation allow to separate particles from antiparticles. A
silicon-tungsten calorimeter (16.3 radiation lengths, 0.6 in-
teraction lengths) is used for hadron-lepton separation, us-
ing topological and energetic informations about the show-
er development in the calorimeter. The shower tail catcher
and the neutron detector beneath provide additional infor-
mation for the discrimination. An anticoincidence system
is used to reject spurious events in the off-line phase.

Particle identification results from a combination of ve-
locity measurements by the ToF system, dE/dx measure-
ments by the tracker and ToF system and by the interaction
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Fig. 1: Distribution of the velocity of a clean sample of
particles as a function of rigidity. The curves indicate the
theoretical expectations.

pattern in the calorimeter. The data analysis is detailed in
the next section.

3 Electron and positron identification
A first selection is performed in order to obtain a clean sam-
ple of down-going singly charged particles with a reliable
rigidity reconstruction obtained from a fit of the tracking
system information. The goodness of their fit is defined in
terms of χ2 and of number of points used for track recon-
struction. The sample can be further cleaned by requiring
not more than one hit paddle on the first two ToF layer-
s. Only tracks completely contained inside the geometrical
acceptance are selected. In order to reject spurious events
no activity on the anticoincidence system is required.

Downward going particles are selected according to the
beta (β = c/v) information, hence rejecting splash albedo
particles, whereas reentrant albedo (particles produced in
the opposite hemisphere which escape the atmosphere with
rigidity less than the local geomagnetic threshold rigidity
and are bent back into the atmosphere by the Earth magnet-
ic field) are separated from the primary component evaluat-
ing the local Störmer vertical cutoff and selecting only par-
ticles above its value multiplied by a factor 1.3. This fac-
tor was tuned on experimental data to ensure an unambigu-
ous reconstruction of galactic particles. Reentrant albedo
particles are rejected in the final part of the analysis as de-
scribed in the last section.

Fig. 1 illustrates the beta dependence on the rigidity.
On the negative side the electron signal dominates, while
positrons are highly contaminated by protons and by pions
locally produced by cosmic rays interaction in the satellite.

In order to obtain a subset of e− and e+ candidates it
is possible to select relativistic minimum ionizing particles
requiring β > 0.9 and tracker and ToF dE/dx < 1.8. The
negatively charged events remaining after the velocity and
dE/dx selection are predominately electrons with a smal-
l pion contamination, while on the positive side it is stil-
l present a non negligible contamination of pions and pro-
tons in the region where they become relativistic.

Leptons are identified in this remaining sample using
the calorimeter. The selections were developed using a
Monte Carlo simulation of the PAMELA apparatus based
on the GEANT4 code [9]. The simulation reproduces the
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entire PAMELA apparatus, including the pressure vessel,
and was validated using particle beam data.

The longitudinal and transverse segmentation of the
calorimeter allow hadronic showers to be selected with
high efficiency above 300 MeV. Hadrons above this ener-
gy are rejected by imposing a cut on the so-called Ncore, a
calorimetric variable that strongly emphasizes the multipli-
cation with increasing calorimeter depht and the collima-
tion of the electromagnetic cascade along the track. Large
value of Ncore are expected for leptons, lower for non inter-
acting and late interacting hadrons due to the limited trans-
verse dispersion and number of secondaries. Fig. 2 shows
the Ncore distribution for events remaining after the selec-
tion previously discussed. The black line represents the se-
lection developed to have costant efficiency. Electrons and
positrons populate the bisector while protons have lower
value of Ncore. Non interacting protons form the high den-
sity zone.
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Fig. 2: Ncore distribution for flight data taken in 2006. Lep-
tons and hadrons are clearly distinguishable. Solid lines
represent the selection calibrated on electrons with a con-
stant efficiency of 90%.

Additional calorimeter variables are used to reduce pro-
ton contamination to a negligible amount up to tens of GV
[3].

Below 300 MV the pion Ncore distribution starts to
overlap with the lepton one. For this reason a new variable
called Calostrip, based on the topological development of
simulated pions and electrons, has been introduce. Simula-
tion shows that the majority of pions at rigidity below 300
MV are non interacting. At these energies electrons and
positrons are not able to produce an extended electromag-
netic shower, however their development in the calorime-
ter is broader with respect to pions. Therefore Calostrip ac-
counts for the dispersion of the hit in the calorimeter re-
spect to a linear trajectory crossing the detector. A selec-
tion based on this variable improves significantly the pion
rejection below 300 MV.

However a residual pion contamination remains after all
calorimeter selections. At energies where pions are still not
relativistic (< 200 MV), any residual pion contamination
is estimated from flight data comparing the 1/β shape of
selected particles. Fig. 3 illustrates the procedure of π+

estimation in the energy range between 150 − 200 MV.
Positrons are peaked in 1 and π+ in ∼ 1.3 since they are not
yet relativistic. The red dotted line represents the β > 0.9
selection. The number of residual pions is evaluated with

unosubeta2_calo

Entries  417

Mean    1.012

RMS    0.1288

β1/
0.4 0.6 0.8 1 1.2 1.4 1.6

N
u

m
b

er
 o

f 
ev

en
ts

0

5

10

15

20

25

30

35

unosubeta2_calo

Entries  417

Mean    1.012

RMS    0.1288

+e

+π

 > 0.9 cutβ

Fig. 3: 1/β distribution for positive rigidity events selected
between 150 and 200 MV with all the discussed selections.
The double gaussian fit provides the residual pion contam-
ination.

a double gaussian fit of the distribution. Integrating the π+

peak from 0 to 1/β = 1.1 the residual pion fraction in the
final e+ sample is obtained. Then this number is subtracted
from the selected positrons.

Since the pions above 200 MV are relativistic this proce-
dure is not anymore applicable. In this case an estimation
of an upper limit for pion contamination is obtained using
simulation data. In order to obtain a reliable pion flux in-
side PAMELA, protons impinging isotropically at the top
of the payload were generated according to the experimen-
tal proton spectrum. For the pion production the FLUKA
generator was used. Then, the simulated pion spectrum be-
low 1 GV was compared to the experimental pion spectrum
obtained selecting pion events from flight data using the
calorimeter, ToF and tracker information. A good agree-
ment between experimental and simulated data was found
[10] [11].

After applying all selections the simulated pion spec-
trum is found to reach its maximum approximatively be-
tween 150 and 300 MV. Due to the uncertainties in the sim-
ulation, these fluxes are treated as an upper limit for the
pion contamination. Tab. 1 shows the simulated π+ con-
tamination in the selected positron sample. The residual π+

contamination decreases as the energy increases becoming
negligible above 500 MV. Negative pion contamination is
lower than 0.02% in the whole energy range.

Rigidity range [MV] π+/e+

100−150 0.07±0.09%
150−200 0.52±0.11%
200−250 4.0±0.6%
250−300 1.9±0.3%
300−350 1.1±0.15%
350−500 0.041±0.010%
500−700 0.014±0.002%

Table 1: Simulated π+ contamination in the positron sample
after all selections.
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Fig. 4: Upper panel: electrons and positrons simulated ToF
efficiency. Lower panel: e+ e− efficiency ratio.

4 Flux estimation
Above 1 GV electrons and positrons are assumed to be-
have identically in the tracker, ToF and calorimeter, excep-
t for their different curvature in the magnetic field. Thus
the efficiencies of the selection criteria in these detectors
are assumed to be the same for e− and e+. Therefore effi-
ciencies have been studied using electrons from flight da-
ta. Simulations has only been used to estimate the efficien-
cy of the tracker selections. Above a few GV this efficien-
cy was cross-checked using a sample of events selected as
electromagnetic showers in the calorimeter and using the
energy measured by the calorimeter itself.

Belove 1 GV electrons and positrons have different in-
teractions cross-section (e+ annihhilations) and illuminate
asimmetrically the tracking system. Both effects can intro-
duce a charge-sign dependence for the selection efficien-
cies. As an example Fig. 4 shows the simulated efficien-
cy of the ToF selections for both positrons and electrons. It
can be noticed a difference in the two sets of efficiency in-
creasing as the energy decreases and reaching a maximum
of ∼ 5% at 100 MV.

Subsequently the electron and positron energy spectra
have been derived correcting the number of selected events
for selection efficiencies, live time and geometrical factor.
The live time is provided by an on-board clock that times
the periods during which the apparatus is waiting for a trig-
ger. The geometrical factor is estimated with simulation to
be constant at 19.9 cm2 sr in the energy range of interest.

Electron and positron energy spectra are obtained for d-
ifferent intervals of vertical geomagnetic cutoff, estimated
in the Störmer approximation [12] using the satellite or-
bital information. The energy spectra are then unfolded us-
ing a Bayesian unfolding procedure [13] in order to take in-
to account for energy losses in the instrument and the track-
er resolution on the energy reconstruction. After the un-
folding procedure the spectra are combined accounting for
the proper live times and acceptance using only the fluxes
at energies that exceeded 1.3 times the maximum vertical
geomagnetic cutoff at each cutoff interval.

More details can be found in [14].

5 Conclusions
The PAMELA experiment has measured electrons and
positrons during the A < 0 solar minimum when charge-
sign-dependent modulation effects due to drift were pre-
dicted to be at their largest affecting differently the propa-
gation of cosmic rays e− and e+. Data analysis is ongoing
and final positron and electron energy spectra measured
by PAMELA in this time period will be presented at the
conference.
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