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Comparison of models and measurements of protons of trapped
and secondary origin with PAMELA experiment.
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Abstract. 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-700 GeV, electrons
50 MeV-400 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 10

−8). The
experiment, housed on board the Russian Resurs-
DK1 satellite, was launched on June, 15

th 2006 in
a 350 × 600 km orbit with an inclination of 70
degrees. In this work we present the measurement
of galactic and reentrant albedo proton spectra in
the energy range between 100 MeV and 300 GeV.
The galactic protons refer to the period 2006-2008,
showing evidence of Solar modulation effects even
during the solar minimum.
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solar particle events, trapped cosmic rays

I. M EASUREMENT OF COSMIC RAYS INEARTH’ S

MAGNETOSPHERE

Earth’s magnetic field can be used as a spectrometer
to separate cosmic rays of various nature and origin.
To separate the primary (galactic) component from the
reentrant albedo (particles produced in interactions of
cosmic rays with the atmosphere below the cutoff and
propagating along Earth’s magnetic field line) compo-
nent it is necessary to evaluate the local geomagnetic
cutoff. This is estimated using the IGRF magnetic field
model along the orbit; from this the McIlwainL shell is
calculated[1]. In this work we have used the vertical
Stormer (defined asG = 14.9/L2) approximation[2]
to separate between particles of different nature. Figure
2 shows the rigidity of particles as function of the
evaluated cutoffG. The primary (galactic) component,
with rigidities above the cutoff is clearly separated
from the reentrant albedo (below cutoff) component,
containing also trapped protons in the South Atlantic
Anomaly (SAA).

Cuts in the energy loss (dE/dx) vs rigidity remove
positrons, pions andZ ≥ 2 as shown in figure 1.
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Fig. 1: Energy loss in tracker (mean in all planes hit)
vs tracker rigidity for positively charged particles. The
Proton and Helium bands are clarely visible. The black
lines represent cuts used to select protons.

Since energy loss of a charged particle follows Bethe
Block formula, dE/dx ∝ Z2/β2 (neglecting logarith-
mic terms), the measurement of the average energy
released in the tracker planes for a given event at
a given rigidity can be used to discriminate between
different particles. The topmost band in the Figure is
due to helium nuclei which have energy loss in the
tracker Z2

= 4 times the protons, identified in the
cental band. Bottom left releases are due to positrons,
relativistic also at low rigidities and the background of
pion and secondary particles. The black line shows the
energy dependent cuts used to select a proton sample.
From the Figure it is also possible to identify at low
rigidites the deuterium contribution, resulting in a band
with higher energy releases due to the lowerβ for a
given rigidity due to the double atomic numberA of
deuterium. In this analysis deuterium and protons have
been considered together with the term proton implying
Z = 1, A = 1, 2, 3.

A. Trapped particles in the Van Allen Belts

The high energy (> 80MeV ) component of the
proton belt, crossed in the South Pacific region can
be monitored in detail withPAMELA . In figure II
is shown the differential energy spectrum measured in
different regions of the South Atlantic Anomaly. Proton
selection criteria are the same used in the determination
of the absolute galactic spectrum. It is possible to see the
increase of the flux toward the centre of the anomaly.
Particle flux exceeds several orders of magnitude the
flux of secondary (reentrant albedo) particles measured
in the same cutoff region outside the anomaly and it
is maximum where the magnetic field is lowest. The
trapped component at the center can be fitted with
energy dependent power law spectrum of the form
φ = AE−γ−δE . This measurement can be used to
validate various existing models[3], [4] providing in-
formation on the trapping and interaction processes in
Earth’s magnetosphere. These studies will be expanded
to address temporal and spatial variations as well as

Region A γ δ χ2

G p/cm2s srGeV GV −1 /ndf
0.19 < B 4.0± 0.4 3.6± 0.6 2.0± 0.4 0.04

0.19 < B < 0.20 1.0± 0.1 4.6± 0.8 1.6± 0.5 0.17
0.20 < B < 0.21 0.05± 0.008 5.6± 1.5 0.8± 1.4 0.40

TABLE I: Fit of the core regions of the SAA according
to a rigidity dependent power law spectrum.

different particle species such as antiprotons[5]. These
results can be scaled to larger but less directly accessible
- magnetospheres such as Jupiter or pulsars. In Table I
are shown the values obtained fitting the trapped spectra
with a rigidity dependent power lawφtr = AR−γ−δR.
In figure 4 is shown the comparison between the fluxes
measured withPAMELA at the center of the SAA
and the model described in [4]. In order to have a
detailed comparison we have restricted to a small range
in latitude, longitude and altitude. It is possible to see
that there is a good agreement, especially below 600
MeV between model and experimental data. At higher
energies the model gives a lower flux, possibly due to
the finite aperture ofPAMELA or a limit in the trapping
mechanism. Future work will involve the comparison of
this model also for antiprotons.

B. Secondary particles production in the Earth’s atmo-
sphere

In figure 3 is shown the particle flux measured in
different cutoff regions. It is possible to see the primary
(galactic - above cutoff) and the secondary (reentrant
albedo - below cutoff ) component. At the poles, where
field lines are open and cutoff is below the minimum
detection threshold ofPAMELA the secondary compo-
nent is not present. Moving toward lower latitude regions
the cutoff increases and it is possible to see the two
components, with the position of the gap increasing with
the increase of the cutoff. The secondary component
of cosmic rays contributes to the atmospheric neutrino
production[6]. Therefore an accurate measurement of the
secondary component is of relevance in the reduction of
the uncertainties of the expected flux on the ground[7]
and in the estimation of hadronic cross sections (protons
on O or N) at high energies, not otherwise determinable
on ground.
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Fig. 2: Histogram of the rigidityRtr measured in the tracker vs vertical Stormer Cutoff. Particles with positive
charge (p,e+) haveRtr > 0 and particles with negative charge haveRtr < 0. The effect of the geomagnetic
field on galactic particles is clearly visible. Primary particles, of galactic or solar origin, have a rigidity above the
local Stormer cutoff (see text) and are well separated from reentrant albedo events (below the cutoff) produced in
the interaction of primaries with the Earth’s atmosphere. It is also possible to see the spot of high fluence of low
(R < 2 GV) protons trapped in the inner Van Allen belt, crossed byPAMELA in the South Atlantic Anomaly
(SAA) region.
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TABLE II: Left: Plot of the differential energy spectrum ofPAMELA in different regions of the South Atlantic
Anomaly. Selection regions (shown in right panel) are selected according to decreasing intensity of the magnetic
field from bottom to top: Black B> 0.3 G - outside the SAA, Red 0.22 G< B < 0.23 G, Blue 0.21 G< B <
0.22 G, Green 0.20 G< B < 0.21 G, Pink 0.19 G< B < 0.20 G, Turquoise 0.19 G> B ) in the cutoff region
10.8 GV < G < 11.5 GV. Flux of trapped particles can exceed the secondary particle flux in the same cutoff
region outside the anomaly (black bands) of about four orders of magnitude at low energy.
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Fig. 3: Plot of the differential energy spectrum ofPAMELA at different values of geomagnetic cutoffG. It is
possible to see the primary spectrum at high rigidities and the reentrant albedo (secondary) flux at low rigidities.
Only statistical errors are shown.

Fig. 4: Comparison of the differential spectrum measured with PAMELA and evaluated using the method described
in [4].


