
32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

Cutoff rigidities for Mercury-orbiting spacecraft
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Abstract: The Mercury environment has a complex charged particle radiation, since the planet has a magnetic field. In
particular, this acts as a shielding to the charged particles access, which can be quantified by computing cutoff rigidities.
The dual spacecraft ESA/Jaxa mission BepiColombo, to be launched in 2014 and to arrive in Mercury in 2020, will give
us the possibility to study the penetration of energetic ions and electrons into the magnetosphere in a broad range of
rigidities. The method of tracing particle trajectories has been applied to determine cutoff rigidities by assuming a tilted
dipole (14◦) as internal field. Comparison with cutoff rigidities obtained for a centered dipole field is provided, in order to
estimate the energetic charged particle transmission through the herman magnetosphere to a specific spacecraft location.
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1 Introduction

The effective cutoff rigidity is an important parameter to
characterize the penetration through the geomagnetic field
of both solar and galactic cosmic rays at a given point of
the near-Earth space [1]. Although the notion of the cut-
off rigidity has been introduced in the case of the Earth, it
can be extended to any planet containing a magnetic field
and it has to be quantified for space radiation environmen-
t studies. The cutoff rigidity represents the lower rigidity
limit above which cosmic rays can cross a planet’s magne-
tosphere and reach a specific position from a specific obser-
vational direction (being the rigidity of a particle defined as
the momentum per unit charge). Therefore, every planetary
position has a corresponding cutoff rigidity, which depend-
s on planetary internal [2] and external magnetic fields [3].
Higher rigidities are required to reach lower latitudes where
the field is stronger, and thus all particles with rigidities
larger than the minimum can penetrate to that latitude. In
general the cutoff rigidity of a particle is also a function of
its direction of arrival. Theoretical calculations have been
extensively done by tracing particles through models of the
Earth’s field; grids of estimated cutoff rigidities distributed
over the Earth at a given altitude were obtained over the
past fifty years [see [4] for a review]. Until now, the cutoff
rigidities were calculated both for the points of the glob-
al neutron monitor network, and for many typical orbits
of spacecraft, as the International Space Station [5, 6, 7].
On the other hand, to our knowledge, these kind of stud-
ies has not been applied to other planets. In this paper, we
compute rigidity cutoff grids at the Mercury’s surface as a

function of the planetary coordinates, by assuming a dipo-
lar internal field, in order to provide useful approximations
to characterize the cosmic rays access at the BepiColombo
spacecraft.

2 Cutoff rigidity at Mercury’s orbit

The cutoff rigidity calculations have been generally based
on the integration of the equations of motion of charged
particles in the geomagnetic magnetic field. In a dipolar
field geometry a special case solution exists [8] to obtain
the cutoff rigidity Rc (in MV) as follows:

Rc = [Mcos4λ]/r2[1 + (1− sin ε sin ξ cos3 λ)1/2]2 (1)

where M is the magnitude of the dipole moment in Gcm3,
λ is the latitude from the magnetic equator, ε is the an-
gle from the zenith direction (where the zenith direction
is radial from the position of the dipole center), ξ is the az-
imuthal angle measured clockwise from the direction to the
north magnetic pole and r is the distance from the dipole
center in centimeters (Note that this equation is in the old
mixed CGS units; necessary conversion constants include
109 eV per GV and 300 V per Statvolt). Note that when
Eq.(1) is normalized to distance in earth radii (from the
dipole position) and a ”‘vertical” (dipole radial) geomag-
netic cutoff (in units of GV) is desired, the denominator of
the Störmer equation reduces to a value of 4. As Eq. (1)
can be applied to most space applications [9], it was used to
compute cutoff rigidities at Mercury, whose magnetic field
is basically dipolar. By assuming the herman dipole to be
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M = 4.35 × 1022Gcm3, the vertical cutoff rigidity (Rcv)
can be expressed as:

Rcv = 55.3cos4λ/r2 (2)

Figure 1 shows the obtained cutoff values at the Mercury’
surface as function of the planetary longitude and latitude
in the planetocentric coordinate system (see [10]). It can be
seen that < 55 MV particles (having energies less than ∼ 2
MeV) cannot access the latitude range of about 40◦ around
the eqautor. The use of Eq. (2) is the most simple approxi-
mation for cutoff computation. The general manner for de-
termining cutoff rigidities is the trajectory-tracing method:
the orbit of a particle is traced, through numerical meth-
ods, in a model of the planetary magnetic field to deter-
mine if the particle from a specific zenith and azimuth can
reach a given location. The PLANETOCOSMICS Gean-
t4 application allows the computation of the propagation
of charged particles in the planet’s magnetosphere and the
cutoff rigidity as follows. First, the trajectories of cosmic
rays with different rigidities, arriving at the same observing
position and from the same direction of incidence are com-
puted backward in time. The trajectories are initiated in the
vertical direction from the same observing position. Gener-
ally, particles at high rigidity have a small trajectory bend-
ing before escaping the planetary magnetosphere. Lower
rigidity particle have a more important bending in the mag-
netic field, but can still escape the magnetosphere. Oth-
er trajectories make several complex loops before reaching
another point on the surface, meaning that for this specific
rigidity a cosmic ray can not reach the selected position,
from the vertical direction. Such trajectory is said forbid-
den, while trajectories of particles escaping the magneto-
sphere are allowed trajectories. Note that trajectories that
would normally be allowed in a pure magnetic field be-
come forbidden due the presence of the solid object (Mer-
cury). The direction at the last position of an allowed tra-
jectory represents the asymptotic direction of incidence of
the particle corresponding to this trajectory. The rigidity of
the last allowed computed trajectory before the first forbid-
den one is called the upper cutoff rigidity RU . The rigidity
of the last allowed trajectory, below which all trajectories
are forbidden is called the lower cut-off rigidity RL. An
effective cutoff rigidity RC characterising the structure of
the penumbra (i.e., where bands of allowed trajectories are
separated by band of forbidden ones) is defined by

RC = RU −NaΔR (3)

where Na represents the number of allowed trajectories en-
countered in the penumbra. When computing asymptotic
directions and cutoff rigidity with PLANETOCOSMICS,
backward trajectories are computed at different rigidities
values contained in a decreasing vector that should cov-
er at least all the penumbra region in order to determine
correctly the cutoff rigidities RU , RL and RC . Moreover,
over the penumbra the values in the rigidity vector should
decrease by a constant interval ΔR. We selected a rigid-

ity vector spanning the range of values from 10 GV to 1
MeV at a constant rigidity interval ΔR = 0.001GV . Note
that the estimated particle density at the surface of Mer-
cury is very low, i.e. the Hermenean atmosphere is very
close to the vacuum and can be neglected. In addition, par-
ticles are tracked in the magnetic field without considering
the hadronic and electromagnetic interactions with the soil.
Figure 2 illustates the vertical cutoff rigidities, at Mercury’s
surface, calculated as a function of latitude and longitude in
the planetocentric coordinate system at steps of 5◦. The in-
ternal magnetic field has been represented by a dipole not
tilted with respect to the planet’s rotation axis. Comparison
with Figure 2 shows slightly higher cutoffs at the same lati-
tudes through the trajectory-tracing method with respect to
those obtained from Eq. (1). Finally, we considered the
case of a dipole tilted of 14◦ [11], for which results are il-
lustrated in Figure 3. A latitudinal asymmetry is apparent
due to the diffent field geometry. These results are intend-
ed to be a reference for evaluating the effects attributable to
the quiescent internal magnetic field.

3 Test for the Earth case

In order to test the reliability of the code, cutoff rigidities
were computed also for the Earth to be compared with past
results. For instance, a world grid of vertical cosmic ray
cutoff rigidities was calculated for Epoch 1980 by using
the Definitive Geomagnetic Reference Field (DGRF) mod-
el, which is considered to be the most precise model of the
geomagnetic field1. The cosmic ray trajectory calculations
were initiated in the vertical direction at an altitude of 20 k-
m above the surface of the international reference ellipsoid.
The sensible atmosphere of the earth was considered to be
20 km, and any trajectory path that comes lower than this
distance was assumed to be re-entrant and hence forbidden.
The rigidity vector ΔR is set to 0.01 GV, as usual for the
Earth’s case. The derived cutoff values calculated each 5◦

in latitude and in longitude are shown in Figure 4. They
resulted to be accurate to within a few percent with respect
to those obtained by [12] for neutron monitor stations.

4 Conclusions

Effective cutoff rigidity grids were computed at Mercury’s
surface, by using the trajectory-tracing method in a cen-
tered and tilted dipole field. It is found that particles with
rigidity < 55MV cannot reach the Mercury’s surface in the
latitude range [−20◦, 20◦] from all longitudes, when as-
suming a centered dipole for the herman magnetic field. A
latitudinal asymmetry with respect to the equator is present
when the dipole is tilted by 14◦ with respect to the rotation
axis. As particles with < 55MV rigidity have energies
of ∼ 2MeV , the energy difference of the particles pene-

1. Data at the International Association of Ge-
omagnetism and Aeronomy (IAGA) web site:
http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html
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Figure 1: Cutoff rigidity grid at Mercury, calculated
through Eq. (1) for a dipole as internal field.
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Figure 2: Cutoff rigidity grid at Mercury, computed
through the trajectory-tracing method, by assuming a cen-
tered dipole as internal field.
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Figure 3: Cutoff rigidity grid at Mercury, computed
through the trajectory-tracing method, by assuming a tilted
dipole (14◦) as internal field.

trating the planetary environment is more than 3 orders of
magnitude than in the Earth case. These preliminary esti-
mations are useful to evaluate the cosmic ray particle ac-
cess to Mercury orbiting spacecraft, such as BepiColombo
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Figure 4: World map of iso-rigidity geomagnetic contours
for Epoch 1980.

to be launched in 2014. However, the external current sys-
tems present in the herman magnetosphere are additional
magnetic sources that generally reduce the cutoff rigidities.
In particular, given the small size of the herman magneto-
sphere with respect to the planet, the outer current system-
s are expected to have a great effect on the cutoff rigidi-
ties. Implementation of the PLANETOCOSMICS code is
in progress, with a magnetospheric model including con-
tributions from an image dipole to account for Chapman
Ferraro currents and a properly set tail current.
This paper is supported by the Italian Space Agency (con-
tract ASI/INAF n. I/022/10/0) for the BC Mission.
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