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Abstract

Simulating the irradiation of planetary atmospheres by cosmic ray particles requires, among others, the ability to
understand and to quantify the interactions of charged particles with planetary magnetic fields. Here we present a
process that is very often ignored in such studies: the dispersion and focusing of cosmic ray trajectories in
magnetospheres. The calculations were performed using our new code CosmicTransmutation, which has been
developed to study cosmogenic nuclide production in meteoroids and planetary atmospheres and which includes
the computation of the irradiation spectrum on top of the atmosphere. Here we discuss effects caused by dispersion

and focusing of cosmic ray particle trajectories.

Unified Astronomy Thesaurus concepts: Cosmic ray nucleosynthesis (326); Geomagnetic fields (646)

1. Introduction

The interactions of cosmic ray particles, either galactic
cosmic ray (GCR) particles or solar cosmic ray (SCR) particles,
with matter produce a large variety of so-called cosmogenic
nuclides. The range of possible applications is impressively
large, including the study of meteorites and the lunar surface,
where cosmogenic nuclides are used to constrain cosmic ray
exposure histories, sizes, collision events, and terrestrial ages.
In addition, studies of cosmogenic nuclides in terrestrial surface
rocks are often used to constrain ages, glacial coverages,
erosion rates, and uplift rates. Nuclide production in the
terrestrial atmosphere is an useful tool for archeology,
hydrology, and oceanography. While this short list is already
impressive, it is by far not complete. For recent reviews see,
e.g., Dunai (2010) and David & Leya (2019).

While understanding and quantifying cosmogenic nuclide
production in meteorites and the lunar surface is relatively
straightforward (for some critical aspects see, e.g., Ammon
et al. 2009; Leya & Masarik 2009; Li et al. 2017), it is more
difficult for the surface of Earth and its atmosphere due to the
interactions with the Earth’s magnetic field (Masarik &
Beer 1999; Argento et al. 2015a, 2015b).

A major necessity for cosmogenic nuclide studies is the
precise knowledge of the cosmic ray particle spectrum for
proton and alpha particles between 100 MeV and 100 GeV at
the top of the atmosphere. One can mention the data from the
AMS (Aguilar et al. 2015) and PAMELA (Marcelli et al. 2020)
collaborations using detectors orbiting Earth on the Interna-
tional Space Station and the Russian Resurs-DK1 spacecraft,
respectively. In addition, some balloon-borne experiments have
been carried out in the suitable energy range before 2000 in
North America (mainly in Canada) (Webber et al. 1972; Smith
et al. 1973; Seo et al. 1991; Papini et al. 1993; Bellotti et al.
1999; Boezio et al. 1999; Menn et al. 2000) and in 2004 and
2007/2008 above the Antarctic by the BESS experiment (Abe
et al. 2016). The thus determined particle spectra are for a given
location. For example, the BESS data are only valid for the
flight trajectory of the balloon, which was in the latitude range
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between 60° and 80° and in the range of zenith angles between
0° and 35° (all in the coordinate system of the magnetic field).
From such local data, the particle spectra for all other locations
must be calculated using sophisticated models. Thus, the model
calculations must, first, quantify the effect of the magnetic field
on the galactic particle spectrum at the measured location to
calculate the (original) cosmic ray spectrum without magnetic
interactions, i.e., the spectrum outside the magnetosphere. In a
second step, the magnetic interactions must be understood and
quantified to calculate galactic particle spectra at any point of
interest inside the magnetosphere.

The Earth’s magnetic field shields us almost completely
from solar wind and SCR particles and partly from GCR
particles. The minimum energy needed for a GCR particle to
cross the Earth’s magnetic field and to reach the top of the
atmosphere decreases while the geomagnetic latitude increases,
resulting in a cosmic ray flux that is minimal at the equator and
is increasing toward the poles. In practice, the minimum energy
also depends on the direction of incidence and the particle type.
For studying particle trajectories in magnetic fields, rigidities
are better units than energies because particles with the same
rigidity follow the same trajectory, independent of particle type.
The rigidity R is given by

rR=L— B (1)
q

with p the particle momentum, g the particle charge, p the
gyroradius of the particle, and B, the intensity of the
orthogonal magnetic field.

As a first (relatively crude) approximation, the Earth’s
geomagnetic field can be seen as a simple dipole field centered
in the Earth with an axis ~11° tilted relative to the planetary
spin axis. Note that this dipole approximation is far too simple
because the interaction of the Earth’s magnetic field with the
solar wind results in various significant modifications of the
Earth’s magnetic field. For example, there is a compression of
the magnetic field lines on the day-side and a stretching of the
magnetic field lines on the night side. Consequently, the
magnetic field that should be used in the calculations is not the
Earth’s internal magnetic field but a modified version of it,
usually called the external geomagnetic field or magnetospheric
field. For more details on magnetospheric and atmospheric
effects see, e.g., Scherer et al. (2006).
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Figure 1. Example showing the penumbra, i.e., the region of allowed and forbidden trajectories calculated for the location: latitude = 40° and longitude = 0°. The
direction of the trajectory is zenith = 45° and azimuth = 0°. The calculation is for a planetary radius of Ry = 6448 km, i.e., for the top of the Earth’s atmosphere. The
magnetic field is approximated as a dipole with field strength By = 30.2 T centered at the Earth’s core. Focusing and dispersion are not considered.

Approximating the geomagnetic field by a simple geocentric
dipole, we can calculate the effective cut-off rigidity using the
Stormer cut-off formula:

M x cos*())
R, = 2
21 + (1 = cosP(N) x cos(e) x sin(n))!/2)2 @

where M is the dipole moment, r is the distance from the dipole
center, A is the geomagnetic latitude, ¢ is the azimuthal angle,
and 7 is the angle from the local magnetic zenith direction
(Stormer 1955; Cooke et al. 1991). This cut-off effect produces
large variations in the cosmic ray particle spectrum as a
function of latitude and longitude. For example, assuming a
magnetic field strength of By~ 30 uT, i.e., comparable to the
Earth’s geomagnetic field at the top of the atmosphere, most
cosmic ray particles with energies below 20 GeV are dispelled
near the magnetic equator. This energy range represents ~99%
of the GCR particle spectrum (in particles, not in energy) and
the entire SCR particle spectrum. This clearly demonstrates
why it is so important to study cut-off effects in detail.
Unfortunately, the picture of a simple cut-off rigidity calculated
via the Stormer cut-off formula is far too simple, as discussed
below.

For a more precise estimate of the cut-off rigidity, theoretical
approaches using backward trajectory calculations are employed.
The fundamental problem is that the integration of the equation
of motion of a charged particle in a magnetic field has no
solution in closed form. To circumvent the problem, the usual
approach is to calculate many individual trajectories and to
distinguish them into allowed and forbidden ones. Doing so and
starting in reverse kinematics from the top of the atmosphere at
the location of interest, various trajectories are calculated
backward in time considering only effects caused by the
magnetic field. In this way, trajectories are tested for different
impact parameters: the zenith and azimuth angles and the
rigidity. If a tested trajectory connects the top of the atmosphere
to a location outside the magnetosphere in reverse kinematics,
the same trajectory can be followed by a cosmic ray particle
having the same rigidity in the reverse direction, i.e., in normal
kinematics. This is the case of an allowed trajectory. In general,

the trajectories for high-energy particles experience only little
magnetic bending before escaping the magnetosphere. With
lower rigidities, i.e., lower energies and/or higher charge states,
the particles will suffer more geomagnetic bending before escape
and finally, for those below a certain rigidity, escape from the
magnetosphere is no longer possible, defining so-called
forbidden trajectories. In such calculations, there is a series of
allowed and forbidden trajectory bands called the cosmic ray
penumbra. An example is shown in Figure 1, where we plot the
penumbra at 40° latitude and 0° longitude. The zenith and
azimuth of the incoming particle trajectories are 45° and 0°,
respectively. The calculation is for a planetary radius of
Ry= 6448 km, i.e., for the top of Earth’s atmosphere. For the
magnetic field we assume a dipole field of strength By = 30.2 T
centered at the Earth’s core. This figure clearly demonstrates that
the geomagnetic cut-off is not sharp but is defined by allowed
and forbidden trajectory bands. For computational reasons,
however, the penumbra is often approximated by an effective
cut-off (R.), which is an average between the lowest (R)) and the
highest (R,,) rigidity of the penumbra (Smart et al. 2000). In the
calculations, the effective cut-off rigidity R.. is then considered as
a hard cut-off: all rigidities above R, are allowed and all rigidities
below R, are forbidden.

After comparing our new approach to earlier approaches, we
discuss in some detail the newly developed algorithm
(Section 3). The results are analyzed in Section 4 and some
possible consequences are discussed in Section 5. Finally, we
present some conclusions and perspectives in Section 6.

2. New versus Previous Approaches

In this paper, the used coordinates refer to latitude and
longitude in the magnetospheric reference frame, not in the
geographic coordinate system.

As mentioned above, the usual approach to calculate the cut-
off effect is by using an inverse kinematics approach and testing
for allowed and forbidden trajectories. For a given impact
location (latitude and longitude) and direction (zenith and
azimuth angles), the distribution of allowed and forbidden
trajectories always follows the same structure (Smart et al.
2000), i.e., from high to low rigidities, there is the first forbidden
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Figure 2. Tllustration of trajectories in an imaginary magnetosphere in which all trajectories are allowed but in which at some impact parameters (latitude, longitude,

azimuth, and zenith) there is focusing while at others there is dispersion.

trajectory at the so-called upper cut-off R,,. All trajectories above
R, are allowed. Then there is the penumbra, in which allowed
and forbidden trajectories alternate. The lower end of the
penumbra is the so-called lower cut-off (R)); below (R;) all
trajectories are forbidden. Figure 1 depicts a typical example of a
calculated penumbra. For practical applications, for each
location of interest (latitude, longitude), such a penumbra
calculation must be performed for all possible zenith and
azimuth angles.

In the original approach, trajectories can only be allowed or
forbidden. This is illustrated in Figure 1, where allowed
trajectories are given the value 1 and forbidden trajectories are
given the value 0. However, there are more physical effects due
to the Earth’s geomagnetic field than just simply allowing or
forbidding trajectories. An interesting and relevant effect is that
trajectories can be focused or dispersed. For example, protons
with the same rigidity and the same direction of motion starting
from a surface area of 1 m? at the top of the magnetosphere can
reach the top of the atmosphere on a surface of 0.1 m?, i.e., they
are focused, or they can reach the top of the atmosphere on a
surface area of 2 m?, i.e., they are dispersed. This is illustrated in
Figure 2, where we suppose, first, that the flux in interplanetary
space is homogeneous and, second, that all trajectories are
allowed. In this imaginary case, bending of trajectories due to the
magnetosphere results in focusing of trajectories for some impact
parameters (latitude, longitude, azimuth, and zenith) and
dispersion of trajectories for other impact parameters. In the
standard approach, one accounts for magnetospheric shielding
only by propagating the particles outward and asking whether
they reach interplanetary space. Applying this simple approach
to our example gives a simple result: all trajectories are allowed.
Consequently, according to this simple picture, in our example
the flux densities would be the same for all impact parameters.
However, this is clearly not the case as seen in Figure 2. Ignoring
focusing and dispersion induces a bias in the deconvolution of
magnetic field effects.

For the following discussion, we introduce the focusing
coefficient, which we define as the ratio of the flux of cosmic
ray particles having a certain rigidity on top of the atmosphere
relative to the flux of the particles with the same rigidity outside
the magnetosphere:

foO\ i, €, 1, R)
~ Jop\s s €, 1, R)[(emPsst(MV /)1
B Jout (R) [(cmZssT(MV /¢))~']

3

where A is the geomagnetic latitude, p is the geomagnetic
longitude, € is the azimuthal angle, 7 is the angle from the local
magnetic zenith direction, and R is the rigidity. Ji,, is the
particle flux a the top of the atmosphere and J,,, is the particle
flux outside the magnetosphere. In our approach, we assume
that the particle flux outside the magnetosphere is homo-
geneous. However, the approach could be refined with a Joy
value which would depend also on other variables.

With this definition, a focusing coefficient larger than 1
indicates focusing, i.e., the flux density is (locally) increasing
while the particles interact with the geomagnetic field. In
contrast, a focusing coefficient lower than 1 indicates
dispersion, i.e., the flux density is (locally) decreasing due to
the interactions with the geomagnetic field. In all previous
calculations (e.g., Figure 1), allowed trajectories are given a
focusing coefficient equal to 1 (no focusing or dispersion). In
our new approach, focusing coefficients in the range ]0, + oo[
correspond to allowed trajectories while focusing coefficients
equal to O correspond to forbidden trajectories. In the
following, the effect that causes focusing and dispersion of
cosmic ray trajectories due to interactions with the geomagnetic
field is called the funnel effect.

Considering the funnel effect adds an additional step to the
standard algorithm computing the map of allowed and
forbidden trajectories. This step includes testing whether a set
of particle trajectories that are initially close in phase space is
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focused, dispersed, or remains similarly close when traveling
through the geomagnetic field. Note that interactions with the
geomagnetic field are not changing particle rigidities. With this
additional step of testing and with the definition of the focusing
coefficient, the distribution of allowed and forbidden trajec-
tories with values of only O and 1 (Figure 1) becomes a
continuous distribution with values in the range [0, +oo[ as
shown by an example in Figure 3.

Interestingly, a focusing effect of the magnetic field on the
trajectories has been seen before (Kasper 1959). This author
found in his early numerical trajectory calculations that some
particles with rigidities a factor of two higher than the cut-off
rigidity that have been started outwards from the Earth with
different azimuth and zenith angles reached nevertheless a
similar asymptotic direction far from the Earth (see also Smart
et al. 2000). However, to our knowledge, there have been no
follow-on studies on this topic.

3. Algorithm

This section presents the algorithm we developed to compute
the funnel effect. As mentioned above, the algorithm first tests
if a particle that propagates backward from the top of the
atmosphere reaches interplanetary space. Second, the algorithm
tests whether a set of particle trajectories that are initially close
in phase space is focused, dispersed, or remains similarly close
when traveling frontward through the geomagnetic field. The
particle trajectories are described with continuous parameters
and there is no general solution of the equation of motion of
charged particles in a magnetic dipole. Therefore, a compro-
mise between precision and CPU time has to be made. A
trajectory calculated at a given rigidity and with a given
direction of motion is assumed to be representative for a finite
range of rigidities and directions, i.e., for a finite angular space.
For example, for producing Figures 1 and 3, we used a rigidity
binning of 10 MV ¢ " and a zenith binning of 5° for the first
stage of the algorithm. The binning of the azimuth depends on
the zenith angle and is minimal at 12° for radial trajectories. An
important question is whether binning is a good approach for
studying the chaotic behavior of the penumbra. For a
comprehensive discussion of the limitations and the accuracy
of such calculations see Smart et al. (2000). This first stage
takes some minutes of runtime for each impact location studied

7 72 74 176 78 8
Rigidity (GV/c)

Figure 3. Same as Figure 1 but this time considering the funnel effect, i.e., the focusing and dispersion of particle trajectories in the geomagnetic field.

(latitude—longitude) on a laptop computer using parallelization
on four cores.

In a second step, the funnel effect for a given trajectory is
computed by comparing this trajectory to other trajectories
having very similar initial conditions when entering the
magnetosphere. This step is done in direct kinematics. In
practice, eight trajectories with slightly different initial
positions but with the same initial direction as well as eight
trajectories with slightly different initial directions but with the
same initial position are tested for each allowed trajectory. We
then start the trajectory calculations of the 16 particles at a
location far away from Earth where the magnetic field is weak.
In practice we choose nine times the Earth radius for this
location. We then calculate the trajectories until the particles
reach the top of the atmosphere. This calculation is done twice,
once without any effects by the geomagnetic field (purely
geometric calculation) and once by fully considering the
interactions with the Earth’s magnetic field.

Here we give a very rough numerical example on how to
understand focusing coefficients. Let us assume a set of eight
particles all with the same initial position and the same rigidity.
We assume for the eight particles slightly different travel
directions, i.e., they form a cone. In our example, the particles
cover a solid angle of 10~ sr and we start with a distance of
5000 km above the Earth’s atmosphere. Without magnetic field
and without funnelling, these particles cover, after a journey of
5000 km, an area of 25,000 km?>. Adding now the interactions
with the geomagnetic field, changes this area. The ratio of areas
calculated without considering magnetic field interactions
relative to those calculated by fully considering magnetic field
interactions corresponds to the focusing coefficient. The new
area covered by the set of particles can be larger than
25,000 kmz, which indicates that fewer particles will reach the
area. In this case, the ratio of areas calculated without magnetic
field relative to those calculated with magnetic field, i.e., the
focusing coefficient, is lower than 1, indicating dispersion. The
ratio can also be larger than 1, indicating that trajectories are
focused on a smaller area.

Calculating allowed and forbidden trajectories can be very
CPU time consuming. The computational time depends on the
precision required for the trajectories but also and predomi-
nately on the complexity of the Earth’s magnetic field used for
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Figure 4. Example showing the penumbra for the location: latitude = 80° and longitude = 0°. The direction of the trajectory is zenith = 45° and azimuth = 0°. The
calculation is for a planetary radius of Ry = 6448 km, i.e., for the top of the Earth’s atmosphere. The magnetic field is approximated as a dipole with field strength
By =30.2 uT centered at the Earth’s core. The funnel effect is considered. The red line, which is shown to guide the eye, corresponds to a focusing coefficient of 1

(see the text).

the calculations (Smart et al. 2000). Trajectories are defined via
three parameters (zenith, azimuth, and rigidity), which are all
continuous. For practical applications, these parameters are
binned, with all the problems and shortcomings discussed
earlier. Considering the funnel effect requires the computation
of additional trajectories, which significantly increases CPU
time consumption. To be more precise, the CPU time needed in
our examples to calculate the funnel effect (Figures 1 and 3)
was approximately one order of magnitude larger than for the
computation of the penumbra without considering the funnel
effect. In other words, the computing time went from a few
minutes to some tens of minutes with a laptop computer using
parallelization on four cores. This running time will likely be
significantly higher using a more realistic description of the
magnetosphere.

One word of caution: the algorithm developed by us is likely
biased. We checked the results for robustness by using slightly
different versions, varying the initial phase space, and
performing the same tests in reverse kinematics. We found
that the focusing coefficient converges relatively quickly for
the different tested versions with increasing energy, i.e., our
approach can be considered robust at higher energies. We also
observed, however, that our approach using direct kinematics
to compute the funnel effect is more sensitive to dispersion of
trajectories than to focusing, especially in the penumbra.
Therefore, the focusing coefficient might be underestimated
with decreasing rigidity in our approach.

In summary, there are two major differences between our new
approach and earlier approaches. First, and most important, is the
consideration of focusing and dispersion of trajectories, called
funnelling. Second, all earlier approaches approximated the
penumbra by a hard cut-off rigidity R, to save computer time. In
contrast, our model considers the complete structure of the
penumbra.

4. Analysis

Here we discuss some of the possible consequences of the
funnel effect by simply comparing results obtained in calcula-
tions performed by considering the funnel effect to results
obtained in the same type of calculations but without considering

the funnel effect. Because of practical importance, we focus in
this discussion on the effect of the funnel effect on the calculated
GCR spectrum on top of the Earth’s atmosphere.

By comparing the data shown in Figure 1 that were obtained
without considering the funnel effect to the results given in
Figure 3, which were obtained by considering the funnel effect,
it becomes clear that the latter calculations give much more
complex results. Without the funnel effect, trajectories are
either allowed or forbidden, i.e., the focusing coefficient can
only be zero or 1. This on—off behavior naturally results in
significant non-physical discontinuities. The results obtained
by considering the funnel effect are much more physically
reasonable. The changes from allowed to forbidden trajectories
occur at small focusing coefficients, producing fewer disconti-
nuities. By comparing both figures, it is important to emphasize
that trajectories that are allowed in the calculation without the
funnel effect are still allowed in the calculation with the funnel
effect and vice versa, i.e., trajectories that are forbidden without
the funnel effect are still forbidden with it. The major impact of
the funnel effect is on the focusing coefficient and this effect
can be very significant. For example, in the rigidity range of
about 7GV ¢ all trajectories are allowed in Figure 1. For the
calculations with the funnel effect, the trajectories are still
allowed but the focusing coefficient is of the order 1072, ie.,
the cosmic ray flux is reduced by two orders of magnitude due
to the dispersion of trajectories (Figure 3). This finding holds
true for all tested and calculated penumbra regions.

Figure 4 depicts the results of our trajectory calculations
obtained by fully considering the funnel effect. The calculation is
for a latitude of 80° and a longitude of 0°. The direction of the
trajectories in zenith angle is 45° and the azimuth is 0°. The
Earth’s magnetic field is again approximated as a dipole field
with a strength of By =30.2 iT. At this latitude there is no real
penumbra of allowed and forbidden trajectories but a region of
chaotic behavior. This is especially true at low rigidities where
quick oscillations can be observed. However, the approximation
of the Earth’s magnetic field by a simple dipole together with the
limited numerical precision makes an interpretation of the
significance of the quick alternating focusing coefficients
difficult. We are much more confident discussing average
values, which is 2 in this special case. Consequently, in this
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Figure 5. Same as Figure 4 but for a zenith angle of 0°.

picture there is an increase of the cosmic ray flux on top of the
atmosphere by a factor of 2 over the rigidity range [0-20 GV ¢ '].

Considering the rigidity range between 3 and 12GV ¢ ',
there are some clear physical structures which are relatively
narrow and which seem to follow a certain pattern (Figure 4).
Above 12GV ¢, the structures almost completely disappear
and the focusing coefficient converges to 1, as is expected
because there is only very little magnetic bending and therefore
only very little focusing or dispersion at such high rigidities.
This expected convergence toward 1 at high rigidities has been
observed for all studied configurations. However, the rigidity
where the rapidly alternating structures end and the conv-
ergence starts depends on latitude.

That the resonances are not numerical artefacts but are more
general features can be seen in Figure 5, where the parameters
for the calculation are the same as in Figure 4 but this time for a
zenith angle of 0°. At first glance, the resonances are very
interesting structures but we do not consider them relevant for
the calculation of GCR particle spectra because, first, the
structures are too narrow and, second, the occurrence and the
size of the resonances are highly dependent on the structure of
the Earth’s magnetic field. In this respect, the geocentric dipole
approximation is likely not precise enough for a reliable
interpretation of such resonance structures and further studies
with more realistic magnetic field configurations are needed.

A second, and likely even more relevant, change caused by
the funnel effect is for the amplitude of the focusing coefficient
and therefore for the flux densities of the determined cosmic
ray particle spectra. Recall that without considering the funnel
effect the focusing coefficient is either O for forbidden
trajectories or 1 for allowed trajectories. Consequently, the
average value will be below 1. In contrast, by considering the
funnel effect, the focusing coefficient can reach very large
values; in principle the value can be in the range from O to
+ oo . For most of the studied cases the trajectories are either
globally focused or dispersed for a large range of rigidities (for
a given latitude). For the example shown in Figure 4,
essentially all trajectories are allowed and the focusing
coefficient below 10GV ¢ ' is roughly a factor of 2.
Consequently, the cosmic ray spectrum calculated for the top
of the atmosphere by considering the funnel effect would be a
factor of ~2 higher than the spectrum calculated without
considering the funnel effect in this rigidity range. Besides the

overall increase in cosmic ray flux, the change in spectral shape
is negligible if the (unphysical) resonances are ignored. This,
indeed, will have some consequences for cosmogenic nuclide
production in the Earth’s atmosphere.

By considering the funnel effect we calculate a global
decrease of the cosmic ray flux for latitudes below 40° and a
global increase in the cosmic ray flux above 40°. The total
cosmic ray particle flux reaching the top of the atmosphere
integrated over all latitudes is slightly increased. However, the
significance of this finding is difficult to judge because it is
based on the approximation that the Earth’s magnetic field is a
simple geocentric dipole.

It is obvious that both effects found, the resonance-type
structures and the high average focusing coefficient, are of
importance because they both have the ability to change the
shape and the magnitude of the cosmic ray particle spectrum on
top of the atmosphere and therefore might affect cosmogenic
nuclide production in the Earth’s atmosphere. However, both
effects might also be of importance for studies of the cosmic
ray particle spectrum outside the geomagnetic field. We will
briefly elaborate on this topic in the next section.

5. Consequences for GCR Spectra Calculations

The two effects discussed above, the occurrence of resonances
and the modification of the total cosmic ray spectrum on top of
the atmosphere, can also be of importance for studies of the
GCR particle spectrum itself. We demonstrate this using a
concrete example. To do so, we focus on the BESS balloon
experiment (Abe et al. 2016), which is well suited for our
purpose because the latitude of the flight was relatively constant
(in the coordinate system of the magnetic field), which makes the
computation of the funnel effect easier. The flight was carried
out in the latitude range [60°-80°] and in the range of zenith
angles [0°-35°] (all in the coordinate system of the magnetic
field). We computed the funnel effect and calculated averages for
the focusing coefficients. Since we expect that some (or all) of
the resonances disappear by using a more realistic version of the
Earth’s magnetic field and especially by considering time and
space variations (see below), we ignore the resonances and
produce a smooth analytical function describing the baseline of
the focusing coefficients, i.e., a baseline cutting essentially all
resonances. Using such a smoothed version for the focusing
coefficient avoids over-interpreting the results. Figure 6 depicts
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Figure 6. Cosmic ray proton spectrum in the energy range 100 MeV-200 GeV. The blue bullets show the results given by the BESS collaboration calculated without
considering the funnel effect. The red line is the result obtained by us calculated by fully considering the funnel effect (but by using a simplified magnetic field

configuration).

our results for the GCR proton spectrum outside the magneto-
sphere calculated based on the experimental BESS-I data (Abe
et al. 2016) (red line). The original result given by the BESS
collaboration, which has been calculated using the standard
approach without considering the funnel effect, is shown by the
blue dotted line. By considering the funnel effect, the total GCR
flux outside the geomagnetic field is calculated lower, and for
some energies significantly lower, than the spectrum calculated
without considering the funnel effect. For the lowest considered
energies, the flux calculated by us is about one order of
magnitude lower than the BESS result. The reduction in intensity
holds up to energies in the range ~30-40 GeV, where it is still in
the range 10%—40%, i.e., the reduction is still significant.

Here we must emphasize that the deconvolution of the
BESS-I data done by us is clearly an oversimplification, and
more realistic and reliable approaches must be based on more
realistic magnetic field configurations. However, the results
clearly demonstrate that the funnel effect must be considered
for a high-quality deconvolution of the cosmic ray spectrum
measured in the geomagnetic field for obtaining the original
spectrum outside the magnetosphere.

6. Conclusion

This study aims at demonstrating the importance of the
funnel effect, i.e., the focusing and dispersion of cosmic rays in
the magnetosphere. This effect, which has the ability to
significantly modify the amplitude and the shape of the
irradiation spectrum, is important in two directions. First,
starting with the (original) GCR spectrum outside the Earth’s
magnetic field, the funnel effect changes the amplitude and the
shape of the cosmic ray particle spectrum on top of the
atmosphere. This has some consequences for nuclide produc-
tion in the Earth’s atmosphere and on the Earth’s surface. Since
the funnel effect is less pronounced for high-energy particles,
which are the dominant source particles for cosmogenic nuclide

production on the Earth’s surface (via the production of
secondary neutrons and muons), the changes for the terrestrial
cosmogenic production rates are expected to be only small to
moderate. However, the so-called scaling factors, i.e., the
dependence of the terrestrial nuclide production on geomag-
netic latitude and altitude, need to be carefully re-studied in
view of our new results by considering the funnel effect in a
realistic magnetic field configuration.

Second, the funnel effect also has the ability to affect
deconvolution procedures needed to determine the cosmic ray
particle spectrum outside the geomagnetic field from data
measured inside the geomagnetic field. In this paper we studied
the BESS balloon data as an example. Starting with the data
measured inside the Earth’s geomagnetic field, we calculated, by
considering the funnel effect, a cosmic ray particle spectrum
outside the geomagnetic field that is up to one order of
magnitude lower than the particle spectrum calculated without
considering the funnel effect. The differences depend on the
energy; they are largest at low energies and they disappear above
~40 GeV for the latitude considered here. It is therefore safe to
conclude that the process of dispersion and focusing of cosmic
ray trajectories in the magnetosphere can have a major impact on
the cosmic ray particle spectrum at the top of the atmosphere,
especially at high latitudes. This calls for a revisit of the data
obtained in experiments that have been performed deep inside
the magnetosphere, like BESS (Abe et al. 2016), AMS (Aguilar
et al. 2015), and PAMELA (Marcelli et al. 2020).

It is important to clearly mention the limitations of this
analysis. For the current study we assume that the Earth’s
magnetic field is a perfect dipole, which is not true; the
magnetosphere is much more complex than this. For example,
the solar wind induces strong asymmetries and significant time
variations. This oversimplification clearly limits the predictive
power of our analysis and, therefore, the results are not
considered quantitatively accurate. The real impact of the funnel



THE ASTROPHYSICAL JOURNAL, 927:120 (8pp), 2022 March 1

effect is likely less than what appears in Figures 3, 4, 5, and 6
considering the results obtained so far are often consistent with
experimental data. However, most of the earlier studies used the
spectral fluence as a free parameter and therefore, strictly
speaking, only production rate ratios are calculated. Never-
theless, we consider the major finding, that the funnel effect must
be considered for high-quality cosmic ray studies, to be robust
and relevant enough to warrant further studies using more
realistic and possibly even dynamic magnetic field
configurations.
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