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Abstract: We present a precise measurement of the under-cutoff protonfluxes with kinetic energy>70 MeV
performed by the PAMELA mission at low Earth orbit (350-610 km). The analyzed proton sample was classified
into three categories: stably-trapped protons from the inner radiation belt; quasi-trapped protons near the mag-
netic equator, inside and below the inner belt; and un-trapped protons spreading over all geomagnetic latitudes,
including the penumbra region. The properties of the different magnetospheric populations were investigated in
detail, including locations, energy spectra and pitch angle distributions. PAMELA results significantly improve
the description of the low altitude radiation environment and can be used to validate various existing models,
providing information on the trapping and interaction processes in the geomagnetic field, and also enhance the
knowledge of re-entrant albedo proton fluxes in the magnetosphere, including the penumbra region around the
local geomagnetic cutoff.
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1 Introduction
The radiation environment in Earth’s vicinity and, in par-
ticular, the Van Allen belts, constitute a well-known haz-
ard for the space missions, involving serious damages to
both human health and the spacecraft electronics. These
zones are in fact characterized by an intense flux of ener-
getic charged particles, experiencing long-term magnetic
trapping. Specifically, the inner belt is mainly populated
by protons, mostly originated by the decay of albedo neu-
trons according to the CRAND mechanism [1, 2]. The stan-
dard description of such a environment is still provided by
the NASA AP8 semi-empirical model [3], based on data
from a series of satellite experiments in the 1960s and early
1970s. Two versions of the model were developed: the for-
mer for solar maximum, the latter for solar minimum con-
ditions. Despite of recent improvements [4, 5, 6, 7], the
modeling of the low altitude environment is still uncom-
plete, with largest uncertainties concerning the high energy
(> 50 MeV) fluxes in the inner zone and the South Atlantic
Anomaly (SAA), where the inner belt makes its closest ap-
proach to the Earth’s surface.

In addition, the radiation measured in the magneto-
sphere includes populations of re-entrant albedo protons,
which have limited lifetime and less intense fluxes [8, 9, 10,
11]. Their description is considerably more complicated
due to the interaction with the atmosphere combined with
the asymmetry of the geomagnetic field with respect to the
geocentric frame1.

New accurate measurements of the charged cosmic-ray
radiation at low Earth orbits have been performed by the
PAMELA experiment [12, 13, 14]. Here we present the
measurement of the proton fluxes below and around the
geomagnetic cutoff.

2 Data analysis
PAMELA is a satellite-based experiment designed for a
precise measurement of the charged cosmic radiation in
the kinetic energy range from some tens of MeV up to

several hundreds of GeV [12]. Details about the apparatus
and its performances can be found elsewhere (e.g. [15, 16]).
The Resurs-DK1 satellite, which hosts the apparatus, has
a semi-polar (70 deg inclination) and elliptical (350÷610
km altitude) orbit. The spacecraft is 3-axis stabilized. The
orientation is calculated by an onboard processor with an
accuracy better than 1 deg which, together with the good
angular resolution (< 2 deg) of PAMELA, allows particle
direction to be accurately measured.

2.1 Data set
The analyzed data set includes protons acquired by
PAMELA between July 2006 and September 2009. In or-
der to account for the time variations of PAMELA detec-
tor performances, the data sample was dividend into 5 sub-
sets of about 244 days, in relation to the spacecraft orbit
precession. The last bin also comprises a few data from the
successive (incomplete) period. Measured rigidities were
corrected for the energy loss in the apparatus with Mon-
teCarlo simulations. The initial considered sample conser-
vatively included downward-going protons with rigidities
lower than 30/L−2 GV, whereL is the McIlwain’s param-
eter [17], in order to investigate, besides of populations
well below the geomagnetic cutoff, also particles from
the penumbra region, where particles of both cosmic and
atmospheric origin are present. McIlwain’s coordinates
(B,Beq,L) were calculated on an event-by-event basis us-
ing the IGRF-05 model [18].

2.2 Particle classification
The trajectories of all selected protons were reconstructed
in the Earth’s magnetosphere using a trajectory tracing
program [19, 20]. They were propagated back and forth
from the measurement location, and followed until one of
three conditions was satisfied:

1. they reached the Earth’s surface;

1. The Earth’s magnetic dipole axis is tilted by∼10 deg from the
terrestrial rotational axis, and its center is offset by∼500 km
from the Earth’s core.
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2. they reached a radial distance of 25RE , where
RE=6371.2 km is the Earth’s radius;

3. they performed several revolutions around the Earth.

Events satisfying condition 2 (galactic protons) were ex-
cluded from the analysis. The rest of the sample was ana-
lyzed according to the adiabatic theory of particle motion
in the geomagnetic field: for each event, the numbers of gy-
rations, bounces and drifts were evaluated to estimate cor-
responding frequencies and check trajectory behaviors. In
order to account for the absorbing atmosphere, only parti-
cle paths above an altitude of 40 km were considered.

Then the proton sample was classified into 3 categories:

• protons satisfying the condition 3 without inter-
cepting the absorbing atmosphere (40 km), were
identified as “Stably-Trapped” (ST). Their trajec-
tories were verified to satisfy the adiabatic condi-
tions, in particular the hierarchy of temporal scales:
ωbounce/ωgyro ≤ K1 andωdri f t/ωbounce ≤ K2, where
ωgyro, ωbounce andωdri f t are the frequencies associ-
ated to the gyration, the bouncing and the drift mo-
tion, respectively;K1 andK2 values are of the order
of ∼ 0.1. Their distribution is limited to the SAA at
PAMELA altitudes.

• Protons with similar trajectories, but originated and
re-absorbed by the atmosphere during a time larger
than a bounce period were considered as “Quasi-
Trapped” (QT). They are concentrated in the near
equatorial region.

• The rest of the sample was considered as “Un-
Trapped” (UT), including both a short lived com-
ponent spreading over all latitudes, together with a
long lived component concentrating in the region
corresponding to rigiditiesR ≥ 4/L2 GV, and char-
acterized by complex trajectories of non-adiabatic
type: such protons can perform several drift cycles
(up a few hundreds) and reach large distances from
the Earth before being absorbed by the atmosphere.

The lifetime of the QT and UT populations was esti-
mated from the tracing procedure, as the time between the
particle origin (traced backward) and its subsequent ab-
sorption (traced forward) in the atmosphere (i.e. the trac-
ing timeτ). Results are reported in figure 1, where the life-
time for the measured sample is shown as a function of
kinetic energy for both low (Λ<35 deg) and middle-high
(Λ>35 deg) latitudes (top and bottom panel, respectively).
QT protons lifetime is typically shorter than a drift period
(τ ∼ 0.3÷30 s), while the upper bands (τ up to∼ 2 min)
correspond to QT particles performing more than a revolu-
tion around the Earth. Since the QT proton lifetime is of
the order of a half drift period, which scales with∼ 1/γβ 2

[21], lifetime and energy have an approximately inverse
proportional relation. Differently, the UT proton lifetime at
low latitudes ranges from some fraction ofs to a fews and
it is shorter than the typical bounce period, which scales
with 1/β , resulting in a weaker dependency on energy. In
particular, their distribution is given by two superimposed
bands, corresponding to particles crossing the magnetic
equator once and twice, respectively. Indeed, a population
of very-short-lived (< 30 ms) equatorially mirroring pro-
tons emerges at high energies (0.8÷ 8 GeV), with a trac-
ing time increasing with energy: because of the large gyro-
radius with respect to the magnetic field curvature, such
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Figure 1: Count distributions as a function of the tracing
time and of kinetic energy, for both low (Λ<35 deg, top
panel) and high (Λ>35 deg, bottom panel) latitudes.

particles have no stable bounce motion (ωbounce ∼ ωgyro,
largeωdri f t values). Finally, the long-lived (τ up to 103 s)
UT component concentrates at higher latitudes, resulting
in a much broader distribution.

2.3 Flux calculation
Since fluxes inside and near the SAA are significantly
anisotropic, the gathering power of the apparatus [22] de-
pends on the spacecraft orientation with respect to the ge-
omagnetic field. Consequently, a PAMELA effective area
(cm2) was evaluated as a function of particle energyE, lo-
cal pitch angleα and orientationΨ:

H(E,α,Ψ) =
1

2π

∫ 2π

0
dβ [A(E,θ ,φ) · sinα · cosθ ] (1)

whereβ is the gyro-phase angle, andθ=θ (α,β ,Ψ) and
φ=φ(α,β ,Ψ) are respectively the zenith and the azimuth
angle describing particle direction in the PAMELA frame2,
and A(E,θ ,φ) is the apparatus response function. The
effective area was evaluated with Monte Carlo integra-
tion methods [22], averaging overβ . The calculation was
performed by varying the local pitchα in steps of 1
deg in the range 0÷180 deg. The satellite orientation
Ψ = (θΨ,φΨ), whereθΨ andφΨ denote respectively the
zenith and azimuth angles. of geomagnetic field direction
in the PAMELA reference frame, was varied in steps of
∆θΨ,∆φΨ=1 deg, over the ranges of possible values (0≤

2. The PAMELA frame has the origin in the center of the spec-
trometer cavity; the Z axis is directed along the main axis of
the apparatus, toward incoming particles; the Y axis is directed
opposite to the main direction of the magnetic field inside the
spectrometer; the X axis completes a right-handed system.
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Figure 2: Proton integral fluxes (m−2s−1sr−1, E > 70
MeV) as a function of equatorial pitch angle and McIl-
wain’s L-shell, for the different under-cutoff populations.

φΨ <360 deg, 0≤ θΨ <180 deg). The dependency of the
effective area on particle rigidityR was studied by estimat-
ing H(E,α,Ψ) in 40 logarithmic bins (R = 0.35÷30 GV).

Finally, in order to account for effects due to the large
particle gyro-radius (up to several hundreds of km), fluxes
were evaluated by shifting measured protons (L, B, Beq) to
corresponding guiding center positions (Lgc, Bgc, Beq,gc).

3 Results
Directional integral fluxes (m−2s−1sr−1, E > 70 MeV) of
under-cutoff protons as a function of equatorial pitch angle
αeq and McIlwain’sL-shell are reported in figure 2. In par-
ticular, the top panel reports results for ST protons. Since
PAMELA orbit reaches the equator only forL-shell values
up to∼1.18RE , the coverage of data in (L,αeq) is incom-
plete, so that distribution of stably-trapped is a strip of lim-
ited width parallel to the drift loss cone3 PAMELA trapped
fluxes were compared with predictions from the AP8-min
[3] and SAMPEX/PET PSB97 [6] semi-empirical models.
As example, the energy spectrum evaluated atL=1.16RE
andαeq=73.5 deg is reported in figure 3.

As a consequence of the lack of symmetry of the geo-
magnetic field with respect to the Earth’s rotational axis,
QT and UT fluxes depend on longitude as well, so 2D maps
do not adequately describe such populations: in fact, re-
sulting distributions are given by a convolution of fluxes
measured in regions characterized by different bounce loss
cone values, from the SAA (highestL-shells), where the
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Figure 3: Stably-trapped proton energy spectrum
(GeV−1m−2s−1sr−1) evaluated atL=1.16RE andαeq=73.5
deg. Predictions from AP8-min (black dotted line) and
SAMPEX/PET PSB97 (blue solid line) models are also
reported for a comparison. Model calculations from the
SPENVIS on-line system [23].

geomagnetic field is minimum, to the side of the Earth op-
posite to the SAA (lowestL-shells), where the geomag-
netic field has a local maximum. QT flux intensities are
2÷3 orders of magnitude lower with respect to ST fluxes,
and concentrate in the near equatorial region (L < 2 RE ).
Their fluxes result to be quite isotropic, except for the SAA,
where distributions are similar to those of ST protons. Sim-
ilar features characterize the UT population, which spreads
over all latitudes with a peak of low energy protons in the
SAA region, and an additional increase at highest energies
andL-shells.

Fluxes were also mapped using the Altitude Adjusted
Corrected Geomagnetic (AACGM) coordinates [24], de-
veloped to provide a more realistic description of high lati-
tude regions, by accounting for the multipolar geomagnetic
field. The energy spectra calculated for different latitude
bins are reported in figure 4. They were estimated by aver-
aging over the AACGM longitude range [-60,120] deg in
order to exclude the SAA, so results include only QT and
UT components. Spectra show some structures at highest
energies: in particular, a significant peak is present in the
penumbra region, around the geomagnetic cutoff.

Finally, figure 5 shows the integral fluxes of the differ-
ent populations as a function of geographical coordinates,
averaged over the ranges of altitudes and pitch angles cov-
ered by PAMELA.

4 Conclusions
PAMELA measurements of energetic (> 70 MeV) under-
cutoff proton fluxes at low Earth orbits (350÷610 km) have
been presented. The detected sample, corresponding to
data acquired by PAMELA between July 2006 and Septem-
ber 2009, was analyzed according to the adiabatic theory of
charged particle motion in the geomagnetic field, and clas-
sified into three components on the basis of trajectory be-
haviors in the magnetosphere evaluated with particle trac-
ing techniques.

3. The (bounce) loss cone is given byαeq values along the same
field line for which magnetic trapping does not occur. The drift
loss cone corresponds to the maximum loss cone along a given
drift shell.
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Figure 4: Proton energy spectra (GeV−1m−2s−1sr−1) cal-
culated for different AACGM latitudes (see text for de-
tails).

PAMELA results extend the observational range for the
trapped radiation down to lowerL-shells (∼ 1.05RE ) and
up to highest kinetic energies (∼ 4 GeV), significantly im-
proving the description of the low altitude radiation envi-
ronment in regions where models suffer from the largest
uncertainties. PAMELA measurements provide important
information on the trapping and interaction processes in
the geomagnetic field, and also enhance the description of
re-entrant albedo protons in different regions of the mag-
netosphere.
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