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Abstract

On the 15th of June 2006, the PAMELA satellite-borne experiment was launched from the Baikonur cosmodrome and it has been
collecting data since July 2006. The apparatus is comprised of a time-of-flight system, a silicon-microstrip magnetic spectrometer, a sil-
icon-tungsten electromagnetic calorimeter, an anticoincidence system, a shower tail counter scintillator and a neutron detector. The com-
bination of these devices allows precision studies of the charged cosmic radiation to be conducted over a wide energy range (100 MeV to
100’s GeV) with high statistics. The primary scientific goal is the measurement of the antiproton and positron energy spectra in order to
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search for exotic sources, such as dark matter particle annihilations. PAMELA is also searching for primordial antinuclei (anti-helium),
and testing cosmic-ray propagation models through precise measurements of the antiparticle energy spectrum and precision studies of
light nuclei and their isotopes. Moreover, PAMELA is investigating phenomena connected with solar and earth physics. After 4 years of
operation in flight, PAMELA is now delivering coherent results about spectra and chemical composition of the charged cosmic radiation,
allowing scenarios of production and propagation of cosmic rays to be fully established and understood.

© 2011 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

When Victor Hess discovered cosmic rays one hundred
years ago, an impressive experimental study began. Now
we know that cosmic rays are a sample of solar, galactic
and extragalactic matter which includes the nuclei of all
elements and their isotopes known in the periodic table,
as well as electrons, positrons, and antiprotons. They are
associated with the most energetic events and active objects
in the Universe: supernovae explosion, pulsars, relativistic
jets, active galactic nuclei.

The chemical composition and energy spectrum of cos-
mic rays give extensive information about their origin,
acceleration and propagation mechanisms. The energies
of the observed particles cover more than 13 magnitudes
(from 10 s of MeV to above 10*° ¢V) and far exceed those
reached by the most powerful accelerators. The energy
spectra have been explored by direct methods (balloon-
borne and satellite experiments) up to 10'* eV and by indi-
rect methods (ground-based large-size apparatuses) up to
10* eV at the highest energies.

At medium energies the study of antimatter and antipar-
ticle content in cosmic rays is a unique tool to investigate sev-
eral physics and astrophysical phenomena. The search for
antimatter is strictly connected with the baryon antibaryon
asymmetry in the Universe. Therefore, detection of antimat-
ter of primary origin in cosmic rays would be a discovery of
fundamental significance. If there was primordial antimat-
ter, antihelium would be the most likely form to be detected
in cosmic rays, likewise in matter primordial nucleosynthesis
in which helium is the next most abundant element to hydro-
gen. The present observational limit in the search for antihe-
lium is of the order of 10~ in the antihelium-to-helium ratio.
The PAMELA instrument will search for antihelium in an
unprecented large energy range from a few hundred MeV
to 600 GeV with a level of better than 107°,

Antiprotons and positrons are not direct indicators for
the existence of antimatter domains, because they are pri-
marily produced by collisions of the cosmic rays with the
ISM. By measuring cosmic antiprotons and positrons one
can probe astrophysics scenarios and unconventional par-
ticle physics. For example, local astrophysical sources such
as nearby and young pulsars would appear as a distortion
of the detected secondary production fluxes of electrons
and positrons.

Another distortion of the secondary spectrum might
come from dark matter annihilation or other exotic

sources. There is strong evidence from several observations
that the Universe is predominently composed of dark mat-
ter and dark energy. Among the most plausible candidates
for dark matter are weakly interacting massive particles
(WIMP), with the supersymmetric neutralino as a favourite
candidate. Other models of WIMPs privilege lightest Kal-
uza—-Klein particles in the Universal Extra Dimension
scenario.

The PAMELA instrument is capable of measuring anti-
protons and positrons with unprecedented statistics in an
energy regime not explored so far.

Since the possible contributions from dark matter anni-
hilation or other exotic sources are mixed with a huge
background produced in the interactions of cosmic rays
with the ISM, a detailed knowledge of the standard mech-
anisms of production, acceleration and transport of cosmic
rays is required.

Parallel to the measurement of antimatter PAMELA is
performing accurate measurements of the electron, proton
and light nuclei energy spectra over a wide dynamic range.

In this sample cosmic-ray electrons are a small but
important component of the cosmic radiation. Precision
measurements of the electron component provide impor-
tant information about the origin and propagation of cos-
mic rays in the Galaxy. Due to their low mass and the
intergalactic magnetic field, cosmic-ray electrons undergo
severe energy losses during their propagation in the Gal-
axy. Therefore they provide information regarding the ori-
gin and propagation of cosmic rays in the Galaxy that is
not accessible from the study of the cosmic-ray nuclear
components due to their differing energy-loss processes.

On the other hand, the determination of the proton and
helium absolute fluxes will give information about the early
Universe, whereas the nuclei composition and energy spec-
tra measurements will allow us to learn about the origin
and evolution of the matter content of our Galaxy; both
spectra are related to fundamental physical processes that
govern the dynamics of the Universe. The secondary/pri-
mary ratios of cosmic ray nuclear and isotopic abundances
such as B/C, Be/C, Li/C and *He/*He are studied with high
statistics.

2. The PAMELA instrument

The PAMELA experiment is performed by an interna-
tional collaboration of scientists from Italy, Russia, Ger-
many and Sweden.
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Fig. 1. A sketch of the PAMELA telescope. The method of discrimination
between particle and antiparticle with the magnetic spectrometer is
illustrated. The main direction of the magnetic field B inside the spectrom-
eter is also shown.

The PAMELA apparatus, shown in Fig. 1, is composed
of several sub-detectors: TOF system, anticoincidence sys-
tem (CARD, CAS, CAT), magnetic spectrometer with
microstrip silicon tracking system, W/Si electromagnetic
imaging calorimeter, shower-tail-catcher scintillator (S4)
and neutron detector.

A detailed description of the PAMELA instrument and
an overview of the mission can be found in Picozza et al.
(2007). The instrument has a maximum diameter of
102 cm and height of 120 cm; its mass is 470 kg, the maxi-
mum power consumption is 355 W. The core of the instru-
ment is a magnetic spectrometer, made of a permanent
magnet (0.43 T) and a silicon tracking system (resolution
in the bending side 4 um) for a maximum detectable rigid-
ity of 1 TV. The dimensions of the permanent magnet
define the geometrical factor of the PAMELA experiment
to be 21.5 cm?sr. The magnetic spectrometer determines
the charge sign and momentum of the incoming particle
through the trajectory reconstruction in the magnetic field.
A time-of-flight system consisting of three double layers
(S1,S2,S3) of segmented plastic scintillator provides timing
and dE/dx measurements and defines the primary PAM-
ELA trigger; it will also identify downward-going particles.

The separation between hadronic and leptonic compo-
nents at lower energies is provided by the velocity measure-
ment (obtained from the trajectory and time-of-flight) and
by an imaging W/Si detector and a neutron counter for
kinetic energies above 1 GeV. The silicon calorimeter and
the neutron detector assure a rejection of protons,

compared to positrons, of the order of 10°. The calorimeter
permits also measurements of the electron energy up to
300 GeV, with a resolution of a few per cent.

More technical details can be found in Picozza et al.
(2007). PAMELA has been inserted in a pressurized vessel
and installed on board the Russian satellite DK-1 dedi-
cated to Earth observation. It was launched on June 15th
2006 by a Soyuz-U rocket from the Baikonur cosmodrome
in Kazakhstan in an elliptical orbit, ranging between 350
and 610 km and with an inclination of 70°. Since July
2006 PAMELA is delivering daily 16 GB of data to the
Ground Segment in Moscow.

3. Data analysis and results
3.1. Analysis

The results presented here correspond to the data-set
collected between July 2006 and December 2008. More
than 10° triggers were accumulated during a total acquisi-
tion time of approximately 500 days.

3.2. Measurement of antimatter

The main scientific goal of PAMELA is the measure-
ment of antimatter in the cosmic rays. It is not an easy task
to identify the rare antimatter out of the vast background
of the normal matter. The main background in the anti-
matter sample comes from like-charged particles (electrons
in the antiproton sample and protons in the positron sam-
ple). This background is related to the capability of the
instrument to perform electron-hadron separation.

At high energies there is an additional source from
“spillover” (protons in the antiproton sample and electrons
in the positron sample). This spillover background comes
from the wrong determination of the charge sign due to
the intrinsic deflection uncertainty in spectrometer mea-
surements at the highest energies. This effect sets a limit
to the maximum rigidity up to which the measurement
can be extended.

3.3. Antimatter (antiprotons)

For kinetic energies above 1 GeV PAMELA combines
the rigidity measurement of the spectrometer and the prop-
erties of the energy deposit and interaction topology in the
calorimeter to identify the particles. Due to the longitudi-
nal and transverse segmentation of the calorimeter, com-
bined with dE/dx measurements from the individual
silicon strips, electromagnetic showers can be identified
with very high accuracy. The resulting electron contamina-
tion was estimated to be negligible across the whole energy
range of interest.

An additional contamination of the selected proton and
antiproton samples is due to pions, which are produced
locally by cosmic-ray interactions with the PAMELA pay-
load. This contamination was studied using both simulated
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and flight data: at rigidities below 1 GV it is possible to
identify negatively and positively-charged pions in the
flight data using the velocity measurement of the TOF sys-
tem once the calorimeter rejected electrons and positrons
from the sample.

For the simulation we impinged protons isotropically on
PAMELA from above and from the side, using the exper-
imental proton spectrum measured by PAMELA as input.
For the pion production both GHEISHA and FLUKA
generators (Hofverberg, 2008; Bruno, 2008) were consid-
ered. We found that it was possible to reject most of the
pions by applying strict selection criteria on the scintillators
of the anticoincidence system and on the energy deposits in
either S1 or S2. By comparing the results from flight data
with the simulation, we estimated the residual pion con-
tamination over the entire energy range, resulting in less
than 5% contamination above 2 GV, decreasing to less
than 1% above 5 GV.

To eliminate the proton background from spillover, a
set of strict selection criteria (number of hits used for the
fit, cut on the ¥* value, etc.) was imposed on the quality
of the fitted tracks. Additionally for each track the maxi-
mum detectable rigidity (MDR) was evaluated on an
event-by-event basis by propagating the estimated coordi-
nate errors and taking into account the track topology.
The MDR had to be 6 times larger than the measured
rigidity.

In this way the antiproton measurement could be
extended up to 180 GV/c with acceptable contamination
from spillover protons. We estimated the contamination
using the GPAMELA detector simulation which is based
on the GEANT3 package (Brun et al., 1994), see Bruno
(2008) for details.

Finally we could derive the absolute antiproton spec-
trum and the antiproton-to-proton flux ratio from
60 MeV to 180 GeV, which is the largest energy range
achieved so far.

Fig. 2 shows the antiproton energy spectrum and Fig. 3
shows the antiproton-to-proton flux ratio measured by
PAMELA along with other recent experimental data and
theoretical calculations assuming pure secondary produc-
tion of antiprotons during the propagation of cosmic rays
in the Galaxy (Adriani et al., 2010b).

The PAMELA data are in excellent agreement with
recent data from other experiments. The antiproton flux
shows the expected peak around 2 GeV (due to the kine-
matic constraints on the antiproton production) and is in
overall agreement with pure secondary calculations. The
antiproton-to-proton flux ratio increases smoothly with
energy up to about 10 GeV and then levels off.

So in both cases the data follow the trend expected from
secondary production calculations. The experimental
uncertainties are smaller than the spread in the different
theoretical curves and, therefore, provide important con-
straints on parameters relevant for secondary production
calculations and contributions from exotic sources, e.g.
dark matter particle annihilations.
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Fig. 2. The antiproton energy spectrum at the top of the payload obtained
in this work (Adriani et al., 2010b) compared with contemporary
measurements: Filled red circles: Our results. Asterisks: (Aguilar et al.,
2002). Filled upward triangles: (Abe et al., 2008). Filled downward triangles,

filled circles: (Asaoka et al., 2002). Open squares: (Boezio et al., 2001).

Open upward triangles: (Boezio et al., 1997). The curves show theoretical
calculations for a pure secondary production of antiprotons during the
propagation of cosmic rays in the Galaxy. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. The antiproton-to-proton flux ratio at the top of the payload
obtained in this work (Adriani et al., 2010b) compared with contemporary
measurements: Filled red circles: Our results. Filled black circles, filled
dowward triangles: (Asaoka et al., 2002). Filled upward triangles: (Abe
et al., 2008). Open upward triangles: (Boezio et al., 1997). Open squares:
(Boezio et al., 2001). Asterisks: (Beach et al., 2001). The curves show
theoretical calculations for a pure secondary production of antiprotons
during the propagation of cosmic rays in the Galaxy. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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3.4. Antimatter (positrons)

The positron data need a very careful analysis because
of the possibility of misidentification of protons as posi-
trons: Since the proton-to-positron ratio increases from
about 10 at 1 GeV to approximately 10* at 100 GeV, it
is essential to have the rejection of the proton-background
under control.

In the PAMELA analysis the particle identification was
based on the combination of several observables: First the
momentum measured by the tracker and the total energy
measured in the calorimeter have to match. Further the
starting point, the lateral and longitudinal profiles of the
reconstructed shower had to fulfill specific selection crite-
ria. Also the neutron detector response was taken into
account.

This analysis technique has been tested at the proton
and electron beams at CERN for different energies, by
Monte Carlo simulations and by using flight data. We
could prove that the proton contamination, measured at
high energy (>10 GeV), was better than 10> on beam test
data.

A different approach consists of keeping a very high
selection efficiency and in quantifying the residual proton
contamination by the mean of a so-called “spectral analy-
sis” (Adriani et al., 2009).

By using the flight calorimeter data without any depen-
dence on simulations or test beam data, we could obtain
the proton distributions needed to estimate the contam
ination.

Using this approach, the positron-to-all-electron ratio
measured by the PAMELA experiment is given in Fig. 4,
compared with other recent experimental results (see Adri-
ani et al., 2009; Boezio et al., 2009).

In the same figure the GALPROP calculation (Mos-
kalenko and Strong, 1998) for pure secondary production
of positrons during the propagation of cosmic rays in the
Galaxy without reacceleration processes is shown. As one
can see, the positron fraction is expected to fall as a smooth
function of increasing energy if secondary production
dominates.

The data, covering the energy range 1.5-100 GeV, show
two clear features. At low energies, below 5 GeV, the
PAMELA results are systematically lower than data col-
lected during the 1990s. This can be convincingly explained
by effects of charge-dependent solar modulation: PAM-
ELA positron/electron data have been collected during
an A- phase when the positrons are modulated more than
electrons, and this explains the difference at low energy
with the results obtained by previous experiments that were
performed in the A+ phase. The data from the AESOP
experiment (Clem and Evenson, 2007), collected in the
same A- phase as PAMELA, also support this statement.

At high energies, above 10 GeV, the PAMELA results
show a positron fraction increasing significantly with
energy. This excess of positrons in the range 10-100 GeV
has led to many theoretical models explaining its origin
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Fig. 4. The positron fraction measured by the PAMELA experiment
(Adriani et al., 2009), compared with other recent experimental data:
Filled red circles: Our results. Asterisks: (Clem and Evenson, 2007). Open
squares: (Beatty et al., 2004). Open stars: (Aguilar et al., 2007). Filled
downward triangles: (Boezio et al., 2000). Open upward triangles: (Barwick
et al., 1997). Filled stars: (Golden et al., 1996). Open circles: (Golden et al.,
1994). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

as due to annihilation or decaying of dark matter. How-
ever, since the antiproton-proton ratio is compatible with
a pure secondary production, there is some asymmetry
between leptonic (positron fraction) and hadronic (antipro-
ton-proton ratio) channels. This is difficult to explain in the
framework in which a neutralino is the dominant dark mat-
ter component. The best explanations of the PAMELA
data are obtained when assuming a direct leptonic annihi-
lation channel for a wide range of the WIMP mass.
There are also astrophysical explanations such as nearby
and young pulsars, objects well known as particle acceler-
ators. Primary electrons are accelerated in the magneto-
sphere of pulsars in the polar cap and in the outer gap
along the magnetic field lines emitting gamma-rays by syn-
chrotron radiation, gammas that in the presence of pulsar
gigantic magnetic field can evolve into positron and elec-
tron pairs. These, escaping into the interstellar medium,
give a further contribution to the electron and positron
components. See (Boezio et al., 2009) for a review.
Results published in Adriani et al. (2009) refer to data
collected by PAMELA between July 2006 and February
2008. We analyzed a larger data set, collected between July
2006 and December 2008, and we applied a different statis-
tical methodology (Adriani et al., 2010a). Fig. 5 shows the
positron fraction obtained through a beta-fit with statisti-
cal and systematic errors summed in quadrature, compared
with the PAMELA positron fraction of Fig. 4. The new
experimental results are in agreement with what was
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reported in Adriani et al. (2009) and confirm both solar
modulation effects on cosmic rays with low rigidities and
an anomalous positron abundance above 10 GeV.

An analysis of the PAMELA positron energy spectrum
(up to ~300 GeV) will be presented in a future publication.

3.5. Antimatter ( Antihelium)

The discovery of one nucleus of antimatter (Z > 2) in
the cosmic rays would have profound implications for both
particle physics and astrophysics. If there was primordial
antimatter, antihelium would be the most likely form to
be detected in cosmic rays, in the same way that in matter
primordial nucleosynthesis results in helium being the most
abundant element next to hydrogen. Several balloon-borne
experiments searched for antihelium (WiZard, HEAT and
BESS collaborations), and in 1998 the AMS-01 experiment
installed on board of the space shuttle obtained cosmic ray
data. The current lowest limit for the antihelium-to-helium
ratio is of the order of 3 x 10~’ obtained by combining all
of the BESS flight data (Sasaki et al., 2008). The PAMELA
instrument will search for antihelium in an unprecented
large energy range from a few hundred MeV to 600 GeV
with a level of better than 10, The analysis is in progress
and the results should be published soon.

3.6. Electrons

Cosmic-ray electrons provide valuable information
regarding the origin and propagation of cosmic rays in
the Galaxy. Due to their low mass and the interstellar mag-
netic field, cosmic-ray electrons undergo severe energy
losses during their propagation in the Galaxy, different
from the cosmic-ray nuclear components at the same
energy.

The PAMELA instrument is capable of doing a precision
measurement of the electron component in the cosmic radi-
ation, using similar seletion methods as presented above for

the positron analysis. (Though the term “electron” is often
used in the literature for total electrons (e+ plus e—), in this
paper “electron” means explicitly “e—""). One can relax the
selection criteria since the main background are only the rare
antiprotons, and, mostly below 1 GV/c, locally produced
pions. Only for high rigidities does the spillover contribution
of protons become important. By requiring an electromag-
netic-like interaction pattern in the calorimeter, all these
contamination components were reduced to a negligible
amount.

Great care has been taken to understand the instrumen-
tal effects such as selection efficiencies and energy determi-
nation. As in the analysis of the antiproton fluxes, we
derived the selection efficiencies from flight data, cross-
checking the results with those obtained using simulations
of the apparatus based both on the GEANT3 (Brun et al.,
1994) and GEANT4 (Agostinelli et al., 2003) packages.
The validity of the simulations was confirmed by compar-
isons with test-beam and flight data.

Finally we used the rigidity measured by the magnetic
spectrometer and unfolded the resulting energy spectrum
to the top of the payload using a Bayesian approach
(D’Agostini, 1995). In this approach the non-negligible
energy loss of the electrons (primarily due to bremsstrah-
lung while traversing the pressurised container and parts
of the apparatus prior the tracking system) was taken into
account.

Since the PAMELA calorimeter is able to detect the
total energy deposited by electromagnetic showers with a
high precision, we could cross-check the results derived
using the rigidity measured by the magnetic spectrometer
with an independent measurement: The calorimeter energy
resolution is Gaussian and varies from ~8% at 10 GeV to
~3% above 100 GeV, which is systematically different from
the rigidity measurement. Thus the calorimeter provides a
cross-check for the procedure used to unfold the electron
rigidity spectrum to the top of the payload. Fig. 6 shows
the electron energy spectra obtained using the calorimeter
and the tracking information. We used the sign of the cur-
vature in the magnetic spectrometer to select negative par-
ticles also for the calorimeter case, thus making a
consistent comparison possible. The two sets of measure-
ments are in good agreement. The observed 2% difference
is fully accounted for by the uncertainty of the reconstruc-
tion and unfolding procedures.

Fig. 7 shows the electron energy spectrum measured by
PAMELA along with other recent experimental data (see
Adriani et al., 2011b). Note that the blue data points refer
to measurements of the negative electron flux, measured
by magnetic spectrometers like PAMELA, while data points
with black symbols refer to the sum of electron and positron
fluxes. Considering an additional positron component in
these measurements of order a few percent, as was reported
above, the agreement between PAMELA and the recent
ATIC (Chang et al., 2008) and FERMI (Ackermann et al.,
2010) data is quite good, taking statistical and systematic
uncertainties into account. The PAMELA electron
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Fig. 6. The negatively-charged electron spectrum measured by PAMELA
with two independent approaches: energy derived from the rigidity (full
circles); energy derived from the calorimeter information (open circles).
The calorimeter data refer to a smaller sample of particles due to stronger
containment requirements to minimize the lateral leakage.
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Fig. 7. The electron energy spectrum at the top of the payload obtained in
this work (Adriani et al., 2011b) compared with some previous measure-
ments. Filled red circles: Our results. Open squares: (Alcaraz et al., 2000).
Filled squares: (Grimani et al., 2002). Asterisks (Kobayashi et al., 1999).
Open circles (Ackermann et al., 2010). Open diamonds: (DuVernois et al.,
2001). Filled downward triangles: (Boezio et al., 2000). Open upward
triangles: (Chang et al., 2008). Open stars: (Torii et al., 2001). Open
crosses. (Aharonian et al., 2008). The black symbols are used for
instruments which measure the sum of electrons and positrons. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

spectrum appears to be softer than those presented by ATIC
and FERMI, which is consistent with a growing positron
component with energy, but it is also compatible with the
systematic uncertainties between the various measurements.

If one fits the electron data above 30 GeV (above the
influence of solar modulation) with a single power-law,
the spectral index is —3.18 4 0.05.

Comparing our results with the commonly used GAL-
PROP (Moskalenko and Strong, 1998) calculation, the
agreement is quite good. However, our data can be better
described by adding an additional primary electron compo-

nent. We could also show that the PAMELA electron data
can accommodate an additional component consistent with
the positron fraction shown above.

Thus, the electron results are not inconsistent with the
standard model of cosmic ray acceleration and propaga-
tion in the Galaxy. However, there is some disagreement
between the data and the prediction that points to needed
refinements of the propagation models and might require
additional sources of cosmic rays. For more details see
(Adriani et al., 2011b) and the discussion therein.

3.7. Proton and Helium Spectra

The most common particles in the cosmic radiation,
protons and helium nuclei, are detected by PAMELA with
very high statistics over a wide energy range, which allows
to perform a precise measurement of their spectral shape.
In the following we present the absolute cosmic ray proton
and helium spectra in the rigidity interval between 1 GV
and 1.2 TV. Data were gathered during the years 2006-
2008.

The selection criteria could be chosen less strictly com-
pared to the antimatter analysis, since now we just need
to select the most abundant species. Proton and Helium
candidates have been selected by using the energy loss in
the tracker planes and the rigidity information. We defined
selection criteria compatible with protons and He nuclei
which removed positrons, pions and Z > 2. To separate
the primary galactic component from the reentrant albedo
component we used only particles above the local geomag-
netic cutoff.

As in the antiproton analysis, the maximum detectable
rigidity was evaluated for each event. Only events with esti-
mated MDR greater than the measured rigidity were
selected. As already discussed in the analysis of antiprotons
and positrons, at high rigidities the finite spectrometer res-
olution can result in a wrongly assigned charge sign, or less
dramatically, a wrong particle momentum, which finally
will distort the measured spectra. Therefore the normalized
rigidity distributions of selected protons and helium nuclei
were corrected for the effects of rigidity displacement using
the Bayesian approach of D’Agostini (1995).

Much work has been done to understand a possible glo-
bal distortion of the spectrometer planes, which could
mimic a track curvature, resulting in a shift of the mea-
sured deflection. This deflection systematic error was eval-
uated by studying the rigidity-over-energy ratio of
electrons and positrons, whose energy can be measured
with the calorimeter. In our case the estimated upper limit
to the deflection systematic uncertainty due to tracking sys-
tem alignment was |Ad| <10™* GV~'. This systematic
effect has been accounted for as an additional uncertainty
on the measured spectra and represents the dominant con-
tribution to the total systematic error above ~200 GV.

Fig. 8 shows the proton and helium spectra measured by
the PAMELA experiment compared to other recent exper-
imental data. The fluxes are expressed in terms of kinetic
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Fig. 8. Proton and helium absolute fluxes measured by PAMELA above
1 GeV/n, (Adriani et al., 2011a) compared with some previous measure-
ments. Filled black circles: Our results. Open diamonds: (Menn et al.,
2000). Filled downward triangles: (Asakimori et al., 1998). Open crosses:
(Alcaraz et al., 2000). Open stars: (Haino et al., 2004). Asterisks: (Ahn
et al., 2010). Open squares: (Boezio et al., 1999). Open upward triangles:
(Boezio et al., 2003). Filled upward triangles: (Hareyama, 2006). Open
circles: (Wefel et al., 2007).

energy per nucleon, converted from the rigidity measured
in the tracker. For the conversion we assume pure proton
and *He samples, therefore we will use the term ‘proton’
as a synonym for the more correct ‘hydrogen’. Considering
the statistical and systematic uncertainties of the various
experiments, the results are in relatively good agreement.
At low (<30 GeV) energies we expect differences due to
solar modulation effects (our data were taken during a per-
iod of minimum solar activity). Previous data up to a few
hundred GeV/n were collected by magnetic spectrometer
experiments while higher energy data come from calorimet-
ric measurements. Results from these instruments already
inferred that proton and helium have different spectral
indices at high energy or that a spectral deformation should
occur at about 200 GeV, however, the statistical and sys-
tematic significance of those results were quite low com-
pared to the PAMELA data (see Adriani et al. (2011a)
and references therein).

The high energy (above 200 GeV/n) fluxes show a devi-
ation from the power law: this is evident in Fig. 9, where
the spectra of protons and Helium are shown as a function
of rigidity. A change in the spectral index around 200 GV is
visible for both spectra. To verify and quantify the presence
of this change and the rigidity where this is occurring we
applied the Fisher Student-t test. The test shows that for
protons the single power law hypothesis is rejected at the
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99.7% C.L. if we consider only statistical errors, or statisti-
cal errors combined with a positive systematic. In case of
statistical errors with negative systematic the single power
law hypothesis is rejected at the 95% C.L. The turnover
in the spectrum occurs at 232*3) GV with the spectral index
changing from 7g0_236v, = 2.85 + 0.015 £ 0.004 to
V=232G6v,, = 2.67 £ 0.03 + 0.005.

For the helium data, the single power law hypothesis is
rejected at the 95% C.L. with spectral hardening setting in
at 243f§¥ GV and a corresponding change of spectral index
of Y80—243GV> He =2.766 + 0.01 4 0.027
He =2.477 £+ 0.06 4 0.03.

Another way to prove that p and He have different spec-
tral indices is to plot the flux ratio as a function of the rigid-
ity (see Fig. 10). The particle ratio has the advantage of
reducing the systematic uncertainty due to geometrical fac-
tor, etc. In a magnetic spectrometer there is the additional
advantage of cancelling the error associated with the align-
ment of the tracker and the track reconstruction algorithm.
Fitting the spectral index of the ratio allows to measure the
difference of the spectral indexes with a reduced systematic
error. The value of Ay=yy, —7,=0.101 £0.0014(-
stat) + 0.0001(sys) is in agreement with the aforementioned
spectral indices. The ratio of p/He allows also to measure
the value of Ay of the interstellar spectrum at regions below
solar modulation. From the plot in Fig. 10 it is possible to
notice that the ratio p/He is described by a power law fit
down to rigidities as low as 5 GV.

These results challenge the standard theory that all
nuclear species experience the same acceleration process
at SNR and the same propagation processes in the Galaxy
(sce GALPROP Strong and Moskalenko, 1998 prediction,
green', in Fig. 10).

One possible explanation is that populations of sources
besides SNR could produce differences in the spectral char-
acteristics for protons and helium. Also different popula-
tions of cosmic ray sources may explain the change in the
spectra: one type of source, which may be of local origin,
could efficiently accelerate cosmic rays up to hundreds of
GeV and above this the spectrum is dominated by other
sources such as SNR.

to  V=243Gv,

3.8. Primaries and secondaries

“Primary” nuclei are produced by stellar nucleosynthe-
sis, while the “secondaries” are produced by fragmentation
of primaries interacting with the matter of the interstellar
medium. Thus the ratio of secondaries to primaries is
directly related to the encountered amount of matter and
to the nuclei lifetime before escaping from the Galaxy.

Measurements of the primary protons and helium were
presented above, but PAMELA is also measuring carbon
and oxygen nuclei, together with *He, lithium, beryllium

! For interpretation of color in Fig. 10, the reader is referred to the web
version of this article.
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Fig. 9. Proton (left panel) and helium (right panel) spectra in the range 10 GV to 1.2 TV. The grey shaded area represents the estimated systematic
uncertainty, the brown shaded area represents the contribution due to tracker alignment. The straight (red) lines represent fits with a single power law in
the rigidity range 30 GV-240 GV. The blue curves represent the fit with a rigidity dependent power law (30-240 GV) and with a single power law above
240 GV. (Adriani et al., 2011a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Ratio of the flux between proton and helium data of PAMELA
vs. Rigidity. The shaded area represents the estimated systematic
uncertainty. Lines show different fits to the data (Adriani et al., 2011a).

and boron (secondaries). These data will constrain existing
production and propagation models, providing detailed
information on the galactic structure and the various mech-
anisms involved. The B/C ratio measured by PAMELA
will be published very soon.

4. Conclusion

PAMELA is a general-purpose charged particle detector
system exploring the antiparticle components of the cosmic
radiation over a wide energy range. It has been in orbit
since June 2006 and it is transmitting to ground 16 GB of
data daily.

The main results obtained by PAMELA in 2009 concern
the antiproton-to-proton and the positron-to-electron
ratios, while recently the energy spectra of protons and
alphas were published, and results for electron spectra
and light nuclei are in preparation. These results are a

big step forward to establish and understand scenarios of
production and propagation of cosmic rays.
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