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Solar modulation of galactic cosmic ray electrons
and positrons over the 23rd solar minimum with the
PAMELA experiment.
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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 unprecedented statistics. The apparatus design
is particularly suited for particle and antiparticle identification. The PAMELA experiment has
measured the time variation of electron and positron spectrum at Earth in great detail, extending
the measurement down to 70 MeV and 200 MeV respectively. The spectra have been evaluated
with data collected from July 2006 to December 2009, i.e. during the A<0 solar minimum of
solar cycle 23, over six-months intervals. These spectra provide important information for the
study of CR propagation inside the heliosphere and the investigation of the charge-dependent
solar modulation.
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Time-dependent electron and positron spectra with the PAMELA experiment.
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1. Introduction

2. The PAMELA instrument
The PAMELA experiment was launched on June 15th 2006 from the Bajkonur cosmodrome
2
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The precise measurements of Cosmic Ray (CR) electrons and positron energy spectrum provide fundamental information regarding their origin and propagation. However the majority of the
past measurements were obtained with experiments well inside the heliosphere. Therefore the effects of the propagation and modulation of galactic CR in the heliosphere cannot be neglected. As
CRs 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.
Gradient and curvature drifts have also an effect, that is particularly important during periods of
minimum solar activity. As a consequence the intensity of CR at Earth decreases with respect to
the flux outside the heliosphere, the so called Local Interstellar Spectrum (LIS). Solar modulation
has large effects on low energy CRs (less than a few GV) but have negligible effects on particles
with rigidities grater than few tens of GV.
Furthermore, drift models predict a clear charge-sign dependence for the modulation of CRs
[1], whose effects are expected to be particularly evident at energies below a few GeV. During
so-called A < 0 polarity cycles like solar cycle 23, when the heliospheric magnetic field is directed toward the Sun in the northern hemisphere, negatively-charged particles drift inward primarily through the polar regions of the heliosphere and outward along the heliospheric equator.
Positively-charge particles drift in opposite direction. The situation reverses when the solar magnetic field changes its polarity at each solar maximum. This was shown by the (e− + e+ ) and proton
measurements from few up to the GeV region by the KET instrument on board the Ulysses spacecraft [2] that explored the high latitude regions of the inner heliosphere from 1990 to 2009. Similar
conclusion can be drawn by the electron (e− + e+ ) data collected by the balloon-born experiment
LEE over several decades [3].
The most recent period of solar minimum activity and the consequent minimum modulation
conditions for cosmic rays were unusual. It was expected that the new activity cycle would begin
early in 2008. Instead solar minimum modulation conditions continued until the end of 2009 when
the largest fluxes of galactic cosmic rays since the beginning of the space age were recorded [4].
Solar minimum activity is the ideal condition to study the modulation processes that affect the CR
propagation inside the heliosphere.
PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics) is a
satellite-borne experiment designed to make long duration measurements of the cosmic radiation
[5]. Results on the effects of the solar modulation on the energy spectra of galactic cosmic-ray
protons in the period July 2006-December 2009 have already been published [6] by the PAMELA
collaboration. Here we present new results on the long-term variation in the energy spectrum
of galactic cosmic-ray electrons (e− ) and positrons (e+ ) measured down to 70 MeV and 200 MeV
respectively. This set of measurements allows to test the model which describes the CR propagation
in the heliosphere and to quantify the contribution of the charge-sing dependence due to particle
drift.
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on-board of the Resurs DK1 satellite and, since then, it has been almost continuously taking data.
The instrument is following a high inclination (70◦ ) orbit, ideal condition to observe the solar
modulation of galactic cosmic rays down to very low energies (< 100 MeV).
The PAMELA spectrometer [5] was designed and built to study the antimatter component of
cosmic rays from tens of MeV up to hundreds of GeV and with a significant increase in statistics
with respect to previous experiments. To reach this goal the apparatus was optimized for the study
of Z = 1 particles and to reach a high level of electron-proton discrimination.
The apparatus comprises the following subdetectors, arranged as shown schematically in Figure 1 (from top to bottom): a time-of-flight system (TOF S1, S2, S3); a magnetic spectrometer;
an anticoincidence system (CARD, CAT, CAS); an electromagnetic imaging calorimeter; a shower
tail catcher scintillator (S4) and a neutron detector.
The central components of PAMELA are a permanent magnet and a tracking system composed
of six planes of double-sided silicon sensors, which form the magnetic spectrometer. The main
task of the magnetic spectrometer is to measure the particle rigidity ρ = pc/Ze (p and Ze being
respectively the particle momentum and charge, and c the speed of light) and the ionization energy
losses (dE/dx). The rigidity measurement is done through the reconstruction of the trajectory based
on the impact points on the tracking planes and the resulting determination of the curvature due
to the Lorentz force. The Time-of-Flight (ToF) system comprises three double layers of plastic
scintillator paddles with the first two placed above and the third immediately below the magnetic
spectrometer. The ToF system provides the measurements of the particle velocity combining the
time of passage information with the track length derived from the magnetic spectrometer. By
measuring the particle velocity, direction and curvature the spectrometer can distinguish between
3
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Figure 1: PAMELA and its sub-detectors.
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Figure 2: Rigidity distribution for the mean energy release on the tracker planes expressed in minimum
ionizing particle units, MIP. On the positive side protons dominate. Below 300 MV is clearly visible the
secondary pion contamination. The dotted black line represents the charge one selection.

downgoing particles and upgoing splash 1 albedo particles and separate negatively from positivelycharged particles.
The sampling imaging calorimeter (16.3 radiation lengths, 0.6 interaction lengths) is used for
hadron-lepton separation, using topological and energetic informations about the shower development in the calorimeter. The shower tail catcher and the neutron detector beneath provide additional
information for the discrimination. An anticoincidence system is used to reject spurious events in
the off-line phase.
The total weight of PAMELA is 470 kg while the power consumption is 355 W. A more
detailed description of the instruments and the data handling can be found in [5].

3. Data analysis
A first selection on the goodness of the reconstructed track, expressed in terms of the χ 2 of
the fit, was made in order to obtain a sample of events with a reliable reconstructed rigidity. Only
single track events were selected and a minimum of 3 impact points on the non bending view and 4
impact points on the bending view in the tracking system were required. Furthermore the track was
required to be reconstructed inside a fiducial volume bounded 0.15 cm from the magnet cavity walls
to increase the spectrometer performance. Splash albedo particles were rejected requiring β > 0
2 . Figure 2 illustrates the rigidity distribution for the mean ionization losses in the tracker planes
for events selected as described above. For the electron and positron identification the following
sources of contamination were studied:
1 Upgoing
2β

secondary particles resulting from the interaction of high energy CRs with the atmosphere.
= v/c is defined as a the ratio between the particle velocity measured by the ToF system and the speed of light.
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Figure 3: Calorimeter variable rigidity distribution. Below 300 MeV on both the positively and negatively
charged component a residual contamination of spillover protons can be seen. The black lines represent the
selections used to remove the contamination.

• Protons: positrons are highly contaminated by protons. The positron to proton ratio decreases
from ∼ 10−3 at 1 GeV to ∼ 10−4 at 100 GeV.
• Anti-protons: the galactic anti-proton component represents for the electrons a contamination of a few percent over the entire rigidity range.
• Pions: this secondary component is locally produced by CRs, mostly protons, interacting
with the PAMELA structure or pressure vessel. This component had already been studied for
the anti-proton analysis [7]. Pion contamination reaches a maximum value around 200 − 300
MV amounting to a few percent of the electrons and positrons signal and decrease rapidly
becoming negligible, according to simulation, above 1 GV. A slightly excess of positive pions
is present due to charge conservation at the production reaction. This component is clearly
visible below 300 MV in Figure 2 both for positive and negative rigidities.
• Spillover protons: sometimes high energy (> 10 GV) protons are reconstructed as low energy
(< 1 GV) positively or negatively charged particles. Because of the presence of spurious hits
in the tracker planes a wrong curvature is assigned to the track. These events are significant
at energies below 1 GeV and amount to a few percent of the electrons signal (see Figure 3).
Requiring β > 0.9, tracker dE/dx < 1.8 MIP (see Figure 2) and ToF dE/dx< 3 MIP, protons and
anti-protons were rejected up to 1 GeV and pions up to 250 MeV. Moreover a large fraction of the
pion events had hits in the top anticoincidence scintillators and it was removed requiring no activity
on CARD and CAT. Being relativistic, spillover protons were unaffected by these selections.
The residual pion and proton contaminations were removed using the calorimeter informations. The calorimeter selections were developed using a Monte Carlo simulation of the PAMELA
apparatus based on the GEANT4 code [8]. The simulation reproduces the entire PAMELA apparatus, including the pressure vessel, and was validated using particle beam data. The longitudinal
5
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4. Results
The fluxes φ (ρ) are evaluated as follows:
φ (ρ) =

1
×N
ε(ρ) × G(ρ) × T × ∆ρ

(4.1)

where N is the number of selected events, ε(ρ) the overall selections efficiency, G the geometrical factor, T the live-time and ∆ρ the width of the rigidity bin.
The efficiencies were estimated using both simulated and flight data. Tracker efficiency was
obtained entirely from simulation. The anticoincidence and ToF ionization losses efficiencies were
evaluated with simulation using the real data both as cross-check and to evaluate possible normalization factors. The efficiencies of the β and calorimeter selections were entirely evaluated using
flight data.
The temporal dependence of the efficiencies was carefully studied. The most significant time
variation was found in tracker efficiency that was estimated using the simulation and decrease with
time due to a progressive deterioration of the read-out chips [6].
The live time was provided by an on-board clock that timed the periods during which the
apparatus is waiting for a trigger. The geometrical factor was estimated with simulation to be
constant at 19.9 cm2 sr down to 200 MeV, below this energy it decrease significantly due to the
increase in the particles bending.
Electron rigidity spectra were obtained for different intervals of vertical geomagnetic cutoff
rigidities, estimated in the Störmer approximation [10] using the satellite orbital information. Then
spectra were unfolded using a Bayesian unfolding procedure [11] in order to take into account
energy losses in the instrument and the tracker resolution on the rigidity reconstruction. In this
way the energy spectra at the top of the payload were obtained. After the unfolding procedure the
spectra were 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,
thus excluding contamination from re-entrant albedo particles.
6
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and transverse segmentation of the calorimeter allow leptonic showers to be selected with high efficiency and small contamination above 300 MeV. The calorimeter electron selection was based on
variables that emphasizes the differences between the leptonic and hadronic shower like the multiplication with increasing calorimeter depth and the collimation of the electromagnetic cascade
along the track. Combining several of these variables anti-proton and pion contamination were
reduced to a negligible amount up to tens of GV [9].
Since electromagnetic showers below 1 GeV usually develop in the first half of the calorimeter
instead of high energy protons that are non-interactive and traverse the entire volume, the spillover
protons were rejected developing variables based on the energy deposit in the last planes of the
calorimeter. Figure 3 shows one of these calorimeter variables. As shown in the picture a cut
on this quantity rejected spillover protons without affecting significantly the electron and positron
signal.
After all these selections, the residual contamination of pions, protons, anti-protons and spillover
protons was estimated to be negligible over the entire energy range.
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Figure 4 shows the electron and positron energy spectra for the periods July-November3 2006
and July-December 2009. The time dependence of the fluxes is clearly visible. This preliminary
positrons analysis was limited down to 200 MeV. The bottom panel of Figure 4 shows the ratio
between the 2009 and 2006 fluxes for both positrons and electrons. It follows from this ratio that
the low-energy electron flux increased by a factor of about 2-3 from 2006 to 2009. Positrons at
these energies, on the other hand, increased by a factor systematically higher over this period,
indicating the effect of particle drifts.

5. Conclusions
We have presented new results on the electron and positron energy spectrum obtained by the
PAMELA experiment during the past extra-ordinary solar minimum period that ended in late 2009
- beginning of 2010. The analysis for low energies positrons down to 70 MeV is in progress and
will be presented at the conference as well as the whole set of e− and e+ fluxes.
3 December

2006 was excluded from the analysis to prevent data contamination from particles created during the
huge solar flare occurred on December 6.

7
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Figure 4: Top panel: July-November 2006 and July-December 2009 electron and positron energy spectra
as measured by PAMELA. Bottom panel: ratio between the 2009 and 2006 fluxes. The black dotted line
represents the electron LIS, the solid line is a fit with a 3D model for the electron propagation through the
heliosphere [12]. The solar modulation is clearly visible and became negligible above ∼ 20 GeV. The error
bars indicate only statistical uncertainties.
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