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PAMELA is a satellite borne experiment designed to study with great accuracy cosmic rays of galactic, solar,
and trapped nature in a wide energy range (protons: 80 MeV-1200 GeV, electrons 50 MeV-600 GeV). Main
objective is the study of the antimatter component: antiprotons (80 MeV-190 GeV), positrons (50 MeV-270
GeV) and search for antinuclei (with a precision of the order of 107%). The experiment, housed on board the
Russian Resurs-DK1 satellite, was launched on June, 15" 2006 in a 350 x 600 km orbit with an inclination of
70°. In this work we report on the recent results on proton and helium of galactic origin, their solar modulation

and the helium isotopic component.

1. Introduction

The scientific program of the Wizard col-
laboration is devoted to the study of cosmic
rays through balloon and satellite-borne devices.
Aims of this research involve the precise deter-
mination of the antiproton [1] and positron [2]
spectra, search of antimatter, measurement of
low energy trapped and solar cosmic rays with
the NINA-1 [3] and NINA-2 [4] satellite exper-
iments. Other research on board Mir and In-
ternational Space Station has involved the mea-
surement of the radiation environment, the nu-
clear abundances and the investigation of the
Light Flash [5] phenomenon with the Sileye ex-
periments [6,7]. PAMELA is the largest and most
complex device built insofar by the collaboration,
with the broadest scientific goals. In this work we
describe the recent results on proton and helium
of galactic origin, their flux modulation due to
solar activity and the helium isotope ratio.

2. PAMELA detector

PAMELA (Fig. 1) is constituted by a number of
highly redundant detectors capable of measuring
charge, rigidity and velocity of particles over a
very wide energy range. The instrument is built
around a permanent magnet with a silicon mi-
crostrip tracker and a scintillator system to pro-
vide trigger, charge and time of flight information.
A silicon-tungsten calorimeter is used to perform
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hadron/lepton separation. A shower tail catcher
and a neutron detector at the bottom of the ap-
paratus are also employed to improve this separa-
tion. An anticounter system rejects off line spuri-
ous events produced in the side of the main body
of the satellite. Around the detectors are housed
the readout electronics, the interfaces with the
CPU and all primary and secondary power sup-
plies. All systems (power supply, readout boards
etc.) are redundant with the exception of the
CPU which is more tolerant to failures. The sys-
tem is enclosed in a pressurized container located
on one side of the Resurs-DK1 satellite. Total
weight of PAMELA is 470 kg; power consump-
tion is 355 W, geometrical factor is 21.6 cm? sr.
A more detailed description of the device and the
data handling can be found in [8-10]. The satel-
lite was launched on June 15" 2006 in a 70° in-
clination 350 x 600 km elliptical orbit around the
Earth [11] and - at the time of writing - has been
working for more than four years.

3. Galactic cosmic rays

Since the discovery of cosmic rays, various
mechanisms have been proposed to explain the
acceleration of particles to relativistic energies
and their subsequent propagation in the Galaxy.
It was pointed out long ago (e.g. [12,13]) that su-
pernovae fulfill the power requirement to energize
galactic cosmic rays. Subsequently, models were
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Figure 1. Left: Scheme of the Resurs-DK1 satel-
lite. PAMELA is located in the pressurized con-
tainer on the left of the picture. In the scheme the
pressurized container is in the acquisition configu-
ration. Center: The Resurs-DK1 satellite during
integration in Samara. The pressurized container
housing PAMELA is in the folded (launch) posi-
tion. Right: Photo of the PAMELA detector dur-
ing integration in Tor Vergata with marked the
position of the detectors. S1, S2, S3, S4: scin-
tillator planes; AC: top anticoincidence; TRK:
tracker core; CALO: Silicon-Tungsten calorime-
ter; ND: Neutron Detector.

put forward to explain the acceleration of cosmic
ray particles as diffusive shock acceleration (“first
order Fermi mechanism”) produced by supernova
(SN) shock waves propagating in the interstel-
lar medium (see [14,15] for a review). This sim-
ple SN-only paradigm has been challenged sev-
eral times in the past with authors introducing
several different sources or acceleration models to
describe data in the 1 - 107 GeV range [16,17].
Evidence for SN shock acceleration of cosmic
rays to a maximum energy of ~ 3x 101 eV comes
from a number of observations. For example,
TeV emission from the young supernova remnant
(SNR) RX J1713.7-3946, detected by the H.E.S.S.
collaboration [18], has been interpreted as origi-
nating from hadronic interactions of cosmic rays
with energies above 10'* eV in the shell of the
SNR (even though leptonic processes cannot be
ruled out [19]). X-ray measurements of the same
SNR provide evidence that protons and nuclei can
be accelerated to energies > 101° eV [20]. Recent
AGILE observations of diffuse gamma ray emis-
sion in the 100 MeV - 1 GeV range from the outer
shock region of SNR IC 443 have been explained

in terms of hadronic acceleration [21]. Likewise,
Fermi observations of the shell of SNR W44 have
been attributed to the decay of 7°s produced dur-
ing interactions of accelerated hadrons with the
interstellar medium [22].

The hypothesis that cosmic rays are accelerated
in supernova explosions is further corroborated
by observations of other galaxies. In starburst
galaxies (SG), the SN rate at the galactic center
is much higher than in the Milky Way and the
density of cosmic rays deduced from observations
of TeV gamma rays is much higher. This has been
confirmed by H.E.S.S. which measures gamma
rays with energies > 220 GeV. At the end of the
acceleration phase, particles are injected into the
interstellar medium where they propagate, dif-
fusing in the turbulent galactic magnetic fields.
Nowadays, this propagation is well described by
solving numerically (e.g. the GALPROP simu-
lation code [23]) or analytically (e.g. [24]) the
transport equations for the particle diffusion in
the Galaxy. One of the most striking features of
cosmic ray spectra measured prior to PAMELA
observations is that they are apparently feature-
less. Up to now, the spectra have been described
by a single power law for each species, with sim-
ilar spectral indices (v ~ —2.7) for protons and
heavier nuclei, up to energies of ~ 10'% eV (the
so called ‘knee’ region) as predicted by the shock
diffusion acceleration model and diffusive propa-
gation in the Galaxy. Recent PAMELA measure-
ments of the antiparticle component of the cosmic
radiation [2,25,26] have prompted a re-evaluation
of possible contributions from additional galac-
tic sources, either of astrophysical (such as pul-
sars [27]) or exotic (dark matter [28]) origin. A
precise determination of the proton and helium
fluxes, the most abundant components in cosmic
rays, is of crucial importance for the understand-
ing of astrophysical phenomena taking place in
the Galaxy, in the galactic neighborhood of the
Sun (1-2 kpc radius) and within the solar sys-
tem. With a detailed knowledge of cosmic ray
spectra it will be possible to: a) identify sources
and acceleration/propagation mechanisms of cos-
mic rays; b) estimate the production of secondary
particles, such as positrons and antiprotons, in
order to disentangle the secondary particle com-



364 M. Casolino et al. / Nuclear Physics B (Proc. Suppl.) 212-213 (2011) 362-367

T T T T T T T TT] T LB B
£
>
(] =
© i
= —
7 —
& SAAprotons ™,
§, Proton -
RS LRI TITITRPTor- I
E Helium ".'+ Cteeea.y %
[

He (rat.) el o 'T': ...... o

Electron * . " *

10" Positron (ra't.) o

I ][l"---._:

Antiprotons "

1 Lol L L Lol

10? 10°
E (GeVIN)

Figure 2. Differential spectrum of particles measured with PAMELA. The most abundant component is
due to protons of galactic origin, with solar particles increasing by several orders of magnitude for a short
time. Trapped particles in the inner Van Allen belt dominate in some regions of Low Earth Orbit. The
antiparticle component of antiprotons and positrons is the least abundant one. Deuterium, He® and et

fluxes have been calculated from the ratios.

ponent from possible exotic sources; c¢) estimate
the particle flux in the geomagnetic field and in
Earth’s atmosphere for in-orbit dose estimations
and to derive the atmospheric muon and neutrino
flux, respectively. In Figure 3 are shown the pro-
ton and helium fluxes measured with PAMELA
as function of the kinetic energy. Below about
30 GeV, the differences are due to different solar
modulation conditions between the various mea-
surements. At ~ 200 GV both spectra show an
increase of the flux, hinting probably to an ad-
ditional source which is injecting particles above
this energy.

In Fig. 4 the *He/*He ratio as a function of
both kinetic energy per nucleon and rigidity is
shown. The error bars show the statistical error,
and the shaded regions show the systematic un-
certainty of the measure. Previous experimental
measurements, with lower statistics and affected
by additional sources of systematic error like the
residual atmosphere present in balloon experi-
ments, are in agreement with PAMELA data. The

curves show the prediction of diffusive reacceler-
ation model and plain diffusion model evaluated
with GALPROP [42] (see the caption for further
details) for different values of the solar modula-
tion parameter in the spherical force-field approx-
imation [43] (450, 550, and 800 MV). The high
statistics collected by PAMELA allows for the first
time to discriminate between the standard theo-
retical models, in particular probing the presence
of reacceleration processes in cosmic rays propa-
gation. All measurements have been taken at the
minimum activity of Solar cycle 23 so, as expected
from models, there is no evident change with time
and even at solar maximum condition the model
predicts that the difference with respect to solar
minimum condition is ~ 20% at low energy and
decreases with increasing rigidity. Although the
data are in better agreement with the reaccelera-
tion model, a future comparison of D/H ratio will
help to better understand the phenomena taking
place in galactic propagation.
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Figure 3. Proton and helium absolute fluxes mea-
sured by PAMELA above 1 GeV/n, compared
with some previous measurements [29-36]. Error
bars are statistical, the shaded area represents the
estimated systematic uncertainty. From the plots
it is possible to see the different spectral indexes
for the two species and a change in the spectral
slopes above ~ 200 GeV /n.

4. Galactic cosmic rays and solar modula-
tion

Launch of PAMELA occurred during the XXIII
solar minimum; in this phase the magnetic field
of the Sun has an approximatively dipolar struc-
ture, currently with negative polarity (A<0, with
magnetic field lines directed toward the Sun in the
northern emisphere). We are currently in an un-
usually long solar minimum with various predic-
tions on the behavior of the intensity and peaking
time of next maximum. In the 2006-2009 period
PAMELA has been observing an increase of the
flux of galactic cosmic rays at low energy (< 10
GeV) due to solar modulation caused by the de-
creasing solar activity. A long term measurement
of the behaviour of the proton, electron and Z > 2
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Figure 4. 3He/*He ratio as a function of kinetic
energy per nucleon (top) and rigidity (bottom).
The error bars show the statistical error, and the
shaded regions show the systematic uncertainty
of the measure. Previous measurements [37-41]
are shown together with theoretical predictions
by Strong and Moskalenko. [42].

flux at 1 AU can provide information on propa-
gation phenomena occurring in the heliosphere.
The possibility to measure the antiparticle spec-
tra will allow to study also charge dependent solar
modulation effects.

In Fig. 5 the proton fluxes measured in various
periods of the mission are shown. The effect of
decreasing solar activity on the increasing flux of
cosmic rays is visible even at solar quiet period,
in agreement with the increase of ground neutron
monitor fluxes. From the flux J(E,t) it is pos-
sible to evaluate the solar modulation parameter
®(t). The heliosphere is thus approximated with
a spherical potential [43], assuming that particles
lose energy independently from the sign of the
charge and incoming direction to enter the helio-
sphere according to the following;:

E? — B3
(E+|Z|e®(t))? — Ef

Jis(E+|Z]e®(t))(1)

More detailed models involve numerical solu-
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Figure 5. Differential spectrum of protons mea-
sured in 2006 (black), 2007 (red), 2008 (green)
and 2009 (blue). Below 1 GeV it is possible to see
the effect of solar modulation on the flux varia-
tion. The dotted black line represent the assumed
local interstellar spectrum.

tions of the Parker’s transport equation taking
also into account drift effects. Eq. 1 can be used
to fit PAMELA proton data but a model of LIS
Jis has to be chosen, since it has never been di-
rectly measured. The resulting values of ® will
be strongly dependent on this choice. In this
work we will consider the LIS as determined us-
ing the GALPROP program with the propagation
parameters of the so called “conventional diffu-
sion model” [44]. The minimization of the fit of
Eq. 1 is done by using the program MINUIT [45].

o (MV)

>

N\

900

801

3

701

S

600

\\__\’
k.-\r)_

6 12/06 07/07 01/08 07/08 12/08 07/09 12/09
Time (mmlyy)

500

400

R/

S[TTTT T TTIT T[T [T TTTIf 11T
RN ENENR ANNNE ANNTR NS ANRNE ANRNL AT

Figure 6. Solar modulation parameter ¢ as a
function of time, calculated every Carrington ro-
tation from the fit of Eq. 1.

Fig. 6 shows the decrease of the solar modu-
lation parameter from 2006 to 2009 where & is
calculated every Carrington rotation from the fit
of Eq. 1.
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