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Abstract The heliosphere is full of galactic cosmic rays (GCR), high‐energy charged particles coming
isotropically from the galaxy. The GCR interact with the solar wind blown by the Sun carrying out plasma,
magnetic fields and transient structures such as interplanetary coronal mass ejections (ICMEs) and their
associated magnetic flux ropes (MFR). The GCR interaction with ICMEs has been extensively studied
particularly the GCR flux attenuation (known as Forbush decreases) as a result of interacting with the ICME
sheath and magnetic field. In this work, we investigate the opposite effect: the MFR's ability to generate GCR
anisotropies which an observer may detect as an increase in the GCR flux. To achieve this, we simulated a flux
of protons with energies in the 10–160 GeV range arriving from all directions to a cylindrical MFR (with and
without sheath) with plasma, magnetic field, and spatial dimensions found in average ICMEs observed at 1 au.
By following the individual trajectories of the injected particles we found that the MFR deviates the charged
particles preferentially in one direction parallel to the MFR–axis. We also found that the peak of this anisotropic
GCR flux depends on: the angle between theMFR and ambient magnetic fields; the presence or not of the sheath
region; the energy of the incident particles and the observer location inside the MFR.

1. Introduction
Energetic processes within the galaxy drive the acceleration of charged particles to exceedingly high energy
levels. These particles, known as galactic cosmic rays (GCR) reach the inner heliosphere as a quasi‐stationary and
‐isotropic flux. The GCR flux is mainly composed of protons with energy ranging from a few tens of MeV to PeV,
following a power‐law spectrum Eγ, where γ ∼ − 2.7 (Gaisser et al., 2016) with small hardening at the “knee”
(∼3 × 1015 eV) and a softening at the “ankle” (∼3 × 1018 eV).

The solar activity modulates the GCR flux in the lower part of the spectrum, from ∼30 MeV up to ∼150 −
300 GeV (depending on the solar cycle phase, Dorman, 2006), and throughout the entire heliosphere as shown by
Voyager 1 and Voyager 2 missions (see Dialynas et al., 2023, and references therein). Along with the well‐known
long‐term (11–22 years) solar modulation (e.g., Aslam & Badruddin, 2012, 2015; Thomas et al., 2014; Van
Allen, 2000), short‐term GCR modulations with time scales from hours to weeks are also observed in the GCR
flux (e.g., Alania et al., 2011; Guo et al., 2021).

These short‐term GCR modulations are mainly caused by the interaction of the GCR with the so‐called Inter-
planetary Coronal Mass Ejections (ICME, Arunbabu et al., 2015; Dumbović et al., 2012; Bhaskar et al., 2016),
which are large structures of plasma and magnetic field expelled by the Sun (e.g., Cane, 2000; Lara et al., 2005)
and expand rapidly reaching widths at 1 au of few tents of au. When the ICME speed is higher relative to the
ambient solar wind, the ICME usually have a three‐part structure composed of a leading shock wave, followed by
a turbulent sheath region and the driving structure (Luhmann et al., 2020) which often presents a core dominated
by enhanced magnetic fields. When this driver exhibits a coherent helical configuration, we refer to them as
magnetic flux‐rope (hereinafter MFR, Burlaga et al., 1981; Nieves‐Chinchilla et al., 2019), a very well studied
ICME subset (Marubashi, 2000; Kilpua et al., 2019, and references therein).

The GCR–ICME interaction has been extensively studied regarding the decreases in the observed GCR flux
known as Forbush decreases (FD, Arunbabu et al., 2013; Davies et al., 2023; Forbush, 1937). The FD magnitude
depends on the particle energy and charge (i.e., rigidity, Cane, 2000) with decreases up to 25% with lower (few
tents of GV) rigidity values. Commonly, FDs exhibit a step‐like behavior over time that starts with a sudden
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decrease that can last a few hours, followed by a gradual recovery of a few days (Cane, 2000) and a final
restoration of the GCR flux to its pre‐decrease value (Usoskin et al., 2008).

Several studies have been carried out to link the modulation of GCRs by ICMEs, and therefore the resulting FD
profile, with the different substructures comprising an ICME. In some of them, the FD magnitudes have been
estimated based on the GCR diffusion through the ICME turbulent sheath region (Arunbabu et al., 2013, 2015;
Subramanian et al., 2008) while in others depending on the topology and the intensity of the ICMEmagnetic field
(Petukhova et al., 2019). Moreover, the GCR–MFR interaction during FD events has been simulated numerically
establishing that the decrease of particles inside the MFR depends on the magnetic field strength (Kubo &
Shimazu, 2010) and the field outside the MFR (Laitinen & Dalla, 2021).

However, the GCR–MFR interaction has also been related to an opposite short‐term solar modulations: GCR flux
enhancements, which have been scarcely investigated. For instance, some studies have noticed that the GCR flux
increases are observed before the arrival of ICMEs which have been identified as FD precursors and attributed to
loss‐cone mechanisms (Munakata et al., 2000; Rockenbach et al., 2011). It has also be found that some of these
short‐time (of a few hours) GCR flux increases seems to be connected to the passage of large interplanetary
disturbances but were credited to changes in the geomagnetic field (Altukhov et al., 1963; Yoshida, 1959). A
related phenomena are the anisotropies observed during some FDs (see Munakata et al., 2022, and references
therein), which has been attributed to trapped particles inside MFRs, but there is no definitive explanation of this
effect. And finally, recent high‐accuracy measurements of the High Altitude Water Cherenkov (HAWC) array
(Abeysekara et al., 2023; Alvarez et al., 2021) have established that the short‐time GCR increases associated with
the passage of an MFR at the Earth vicinity were due to GCR anisotropies caused by the alignment of the charged
particles along the axis of the MFR (Akiyama et al., 2020).

To determine the origin of the short‐time increases and/or anisotropies observed in the GCR flux associated with
ICMEs, in this work, we follow the trajectories of protons with energy in the 10–160 GeV range when they enter
into a helical magnetic field with strength and size similar to a typical MFR observed at 1 au.

2. Simulating the GCR–MFR Interaction
As it is known, the movement of charged particles in electromagnetic fields accounting for relativistic effects can
be described by:

du
dt
=

q
m
(E + v × B) (1)

and

dx
dt
= v (2)

where x is the particle position, u = γv is the relativistic momentum vector divided by the particle rest mass m,
γ = 1/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − v2/ c2

√
is the Lorentz or relativistic factor, E and B are the electric and magnetic fields, respectively,

and q is the particle electric charge (see Ripperda et al., 2018, for details).

The numerical time integration scheme employed in this work corresponds to the well‐known Boris method
(Boris, 1970), particularized for the case of the null electric field. The integration process consists in advance in
time both, the position and velocity of the particle. Firstly, a particle half‐position update is performed, after step
n, for integration time step Δt:

xn+1/2 = xn +
un

2γn
Δt (3)

Secondly, a rotation step is included using the magnetic field calculated at xn+1/2 location,

un+1 = un + (un + (un × τ)) × s (4)
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where τ = B(xn+1/2) qΔt
2mγ, s = 2τ/(1 + τ ⋅τ). Then, the particle position is

finally updated,

xn+1 = xn+1/2 +
un+1

2γ
Δt (5)

Note that, in the absence of an electric field the speed remains unchanged and
consequently γ is constant along the integration process.

We carried out simulations in a cubic space with 1 au per side and using three
different magnetic field configurations (Figure 1 shows a sketch of our
simulations setup). The detailed simulations steps are in Appendix A but
basically these are:

• BG Only background field (BG) consisting in a constant magnetic field
magnitude of ∼10 nT, making an angle of 45° in the XY–plane (repre-
sented with dashed lines in the bottom panels of Figure 2). We note that
this magnitude is higher than the mean (∼5 nT) but lies in the upper part
(90 percentile) of the distribution of the solar wind magnetic field
magnitude observed at 1 au (Klein & Vech, 2019), and was chosen to
emphasize the impact of this field over the charged particles.

• MFR In this case we added to the BG magnetic field a cylindrical mag-
netic flux rope field (MFR), represented by the maroon, red and orange
helical curves in Figure 1 and the continuous lines in the bottom panels of
Figure 2, with a radius of 0.16 au; a maximummagnitude of 20 nT; its axis
aligned with the Z–axis; and centered at the coordinate system origin. The
total magnetic field and its components showing the field rotation are
plotted in panels (c and d) Figure 2. The MFR is imposed following the
equations described by Lundquist (1951).

• MFRSHWe impose a sheath region, as an enhancement in the BG field at
one side of the MFR. This field has a cylindrical‐parabolic topology with
the symmetry axis aligned with the X–axis and its vertex at 0.15 au away
from the MFR border (blue surface in Figure 1 and continuous lines inside
the beige shaded area in panel (d) of Figure 2).

• We added white noise of 10% to all the magnetic fields except in the ICME
sheath region where we added a noise up to 20% of the amplitude. We note
that there is not a typical value for these fluctuations, although we choose
conservative values in agreement with Borovsky (2012) who, studying
10 years of the solar wind data, found that δB/B = 0.16 for slow SW and
δB/B = 0.21 for CME plasmas.

Once the magnetic configuration is defined in the simulation space, we deployed a ring of injection points, that is,
we set up 48 injection points forming a circumference with a radii of 3.5 au, centered at the coordinate system
origin, with an angular separation of 7.6° (brown dash line circumferences in Figure 1). Each injection point ejects
protons with 16 different energies (going from 10 to 160 GeV) toward the center of the MFR within 10 azimuth
angles (from − 80° to 80°); and 11 elevation angles, limited to the − 45° to 45° range. For the sake of simplicity, we
do not consider angles larger than±45° due to the fact that most particles remain outside of the MFR. Both angles
are measured from the radial line which connects the injection point with the center of the MFR (green arrows in
Figure 1). To get a better idea of the 3D behavior of the system, we move the ring along the Z–direction in steps of
0.02 au from z = − 0.25 au to z = 0.25 au.

We follow the trajectory of each particle and flag the particles that were deflected by the magnetic field toward the
MFR–axis, i. e., particles whose Vz component is large enough to maintain a quasi‐parallel Z–direction during 50 s
(25 s before and 25 s after), during this time a 10 GeV proton travels a distance of ∼0.1 au. We flag the total

Figure 1. Sketch of the numerical simulations setup. The magnetic flux ropes
lines are represented by the maroon, red and orange helical curves along the
Z–direction; the blue surface corresponds the shock wave; the injection point
circumferences are shown in dashed brown lines; and the cyan line is the
trajectory of observation. The green arrows represent the direction of the
injected particles.
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number of particles traveling in direction quasi‐parallel to the Z–axis as well as the particles going in positive and
negative Z–direction.

Then in each point of the XY–plane, we integrate the flagged particles (total, positive and negative) along the Z–
direction (from z = − 0.25 au to z = 0.25 au). Next, we define the trajectories of observations, these are, line cuts
that mimic the trajectory of a detector crossing the MFR at distance dt (measured from the MFR center), in a
straight line that lies in the XY–plane and makes an angle αt with respect to the positive X–axis (cyan line in
Figure 1). Finally, we count the number of flagged particles along each trajectory.

3. Results
The number of particles deviated toward the Z–direction were counted along lines resembling the trajectories of
the Earth or one spacecraft crossing the MFR. These trajectories cross the MFR in a plane perpendicular to the
MFR–axis in two directions, αt = ±15° with respect to the X–axis. Taking in to account that the BG field is at
− 45°, these directions make an angle of 60° and 30° with the BG magnetic field direction. In each direction, the
trajectories cut the MFR at two impact distances from the MFR–axis: dt = 0.1 and 0.01 au. The results presented
in the rest of the paper correspond to these (4) trajectories.

As examples, the upper panels of Figure 2 show the number of particles with 40 GeV of energy, going in the Z–
direction as function of the distance to the MFR center, observed over a trajectory with αt= 15° and dt= 0.1 au. In
both panels the total, positive and negative number of particles going in the Z–direction for the BG case are
marked by the sea‐green, purple and thistle curves, respectively. The MFR is marked with a gray shadow rect-
angular area and it is important to note that the observed increase of the number of particles outside of the MFR, at
both extremes (∼200 and 300 particles at distances of ∼ − 0.36 and ∼0.26 au), these are artifacts created by the
limitations on the simulations set up, and are due to the fact that the low energy particles injected in directions
quasi‐parallel to the BG magnetic field, are forced to follow these lines creating the observed excess in all

Figure 2. The upper panels show the number of particles deviated by the magnetic flux ropes (MFR), and traveling ∼0.1 au along the Z–axis toward positive (+),
negative (− ) and both (T) directions. The simulation of the BG case is represented by the purple (+), thistle (− ) and sea‐green (T) curves. Whereas, the olive (T), dark‐
blue (+) and magenta (− ) curves, represent the simulations of the MFR and MFRSH (panel a, b, respectively). The result of the subtraction, that is, MFR–BG and
MFRSH–BG (panel a, b, respectively) are shown by the gray (T), royal‐blue (+) and tomato (− ) curves. The bottom panels show the total magnetic field and its
components for the BG (gray cyan, light‐green, and pink dashed lines for BT, Bx, By and Bz, respectively). And the black, dark‐green, blue and red curves represent the
magnetic field (BT, Bx, By and Bz, respectively) assumed for the MFR (c) and MFRSH (d) panels. These examples correspond to simulations of particles with energy of
40 GeV and an impact distance and angle values of 0.1 au and 15°. The gray shaded areas mark the MFR and the beige shadow areas on the right panels mark the SH.
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simulations runs, that is, only BG, BG +MFR and BG + SH+ FR. This artifact is canceled when we subtract the
BG to the MFR and SHFR runs. The dark‐blue, magenta and olive curves represent the number of particles going
toward positive, negative and both Z–directions for the cases of MFR and MFRSH, panels (a) and (b) panels of
Figure 2, respectively.

There is a clear effect of the MFR over the charged particles observed close to the coordinate system origin
(∼d = 0 au) where the total number of MFR particles is significantly lower than the total number of BG particles.
Furthermore, it is important to note that the difference between BG and MFR particles is larger for the particles
going in the Z+ than Z–direction. In contrast the number of particles are similar for the MFR and BG cases at
larger distances (d > ±0.2 au).

In order to obtain the best representation of the effect of the MFR magnetic field over the charged particles, we
have subtracted the BG number of particles to the MFR and MFRSH numbers of particles. The gray, royal‐blue
and tomato curves in the upper panels of Figure 2, represent the number of particles traveling quasi‐parallel to the
Z–axis with positive (N+

Z = FR+Z − BG+
Z ) ; negative (N−

Z = FR−Z − BG−
Z ) ; and both (NT

Z = FRT
Z − BGT

Z)

directions.

The gray curve (NT
Z) resembles the observed decrease of GCR during a Forbush decrease. Although, in this case

we only are taking into account particles deviated toward the Z–direction (ignoring particles in the X– and Y–
direction which are important in the Forbush decreases). The royal‐blue (N+

Z ) and tomato (N−
Z ) curves represent

the anisotropic flux of particles deviated by the MFR toward the ± Z–direction.

The lower panels of Figure 2 show the magnetic field implemented to simulate the BG (dashed curves) as well as
the MFR and MFRSH (continuous curves in panels (c and d), respectively), the colors represent the total (black),
and x, y, z components (blue, green and red curves, respectively), magnetic field. Panel (c) shows the case when
only aMFR is present and the magnetic field rotation of the components of the field is clearly seen. The case of the
MFR plus the sheath (MFRSH) is shown in panel (d), where a slight enhancement of the magnetic field is seen
starting at − 0.35 au and ending at − 0.2 au, where the MFR starts. In all cases, the gray‐shadow area delimits the
MFR while the beige‐shadow area corresponds to the ICME sheath.

Figure 2 shows in detail the simulations results for 40 GeV particles, whereas examples of the simulated number
of particles for the rest of energies are presented in Figure 3 (Note that negative numbers of NT

Z implies a deficit of
particles with respect to the background), the curves of each analyzed energy are labeled with the color code
shown in the right side of the figure. The thick cyan line corresponds to the total number of particles obtained by
adding the number of particles computed at each considered energy (from 10 to 160 GeV) and scaled by the power

law function N(E) = N0(
E
E0
)
− 2.7

where N is the number of particles, E the energy and N0 = 501 particles is

obtained when assuming N = 1 and E0 = 10 GeV.

Left and right panels of Figure 3 correspond to a trajectory crossing the MFR at an angle αt = − 15° and dt = 0.1
au; and the MFRSH at angle αt = 15° and an impact distance of dt = 0.01 au. The beige and gray shadow areas
mark the SH and MFR zones, respectively. As expected, the effect of the MFR on the CR number depends on its
energy, low energy CR are suppressed close to the center of the MFR and we count a reduction up to ∼100
particles less than the background. It is interesting to note that there is an energy threshold at 120 GeV, where
particles with energy higher than this threshold do not suffer large effect (diminishing) due to the MFR. This
threshold must be function of the MFR strength and will be investigated in future works. Another interesting
feature is the gradual decrease of the number of particles inside the sheath (orange shadowed area) as compared
with the opposite side of the MFR where only the ambient magnetic field is present and there is no particle
decrease outside the MFR.

The middle panels of Figure 3 show the relative difference of the number of particles traveling in the Z–direction
and defined as, Dr = (N+

Z − N−
Z )/ (N

+
Z + N−Z ) , plotted as function of the distance to the center of MFR for each

simulated energy. Even though that it is possible to see defined peaks of the Dr inside the MFR and SH, this
becomes noise outside of the structures of interest due to the fact that the number of particles goes to zero at these
regions.
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Observationally, the number of asymmetric particles defined as NA
Z = Dr|NT

Z |, is more relevant than the relative
difference and therefore, this anisotropy is plotted in the bottom panels of Figure 3. The NA

Z shows important
features:

• There is a clear anisotropy inside the MFR and part of the ICME sheath.
• The anisotropy has regular behavior with a well defined increase, peak and decrease of NA

Z .
• The anisotropy depends on the energy and the detector location inside the MFR.
• The sheath region makes an important change in the anisotropy as compared with the MFR–BG boundary.

The wide cyan curve in these figures represent the scaled sum of all energies and is similar to the asymmetry that
an observer without energy discrimination will detect when crossing a MFR. In contrast, an observer with energy
discrimination capability, will observe anisotropy peaks at different distances inside the MFR depending on the
particle energy. More examples of the anisotropies “observed” in different trajectories inside the MFRSH and
MFR can bee seen in (Lara, 2024).

A comprehensive view of the anisotropy generated by the MFR is presented in Figure 4 where the position (upper
panels) and amplitude (bottom panels) of the peak of the anisotropic flux are plotted as function of the particle
energy. The four trajectories crossing the MFR are represented by different colors for both cases; MFR and
MFRSH on the left and right panels of Figure 4.

The deviation of charged particles due to the MFR depends on the energy of the particles as:

• Low: The anisotropy peak of particles with energy ≤70 GeV is confined to the inner limit of the MFR–sheath
and MFR–BG interfaces, at d ∼ − 0.2 au. This anisotropy is due to the large discontinuity of the Bx and By

components at this distance, as seen in the bottom panels of Figure 2. Note that the transition between these
components is smoother on the opposite border of the MFR. The amplitude of the peak increases with the
energy up to ∼60 GeV where the maximum amplitude is reached.

• Medium: The anisotropic peak of particles with energy in the 70–130 GeV range is situated close to theMFR–
axis but at positive distances, where the BG–MFR transition is smoother. In this case the amplitude of the
peaks decrease with the energy.

Figure 3. Top panels show the total number of particles (NT
Z ) traveling parallel to the Z–direction for all energies as marked by the color code at the right of the figures.

The computed relative differences (Dr) for each energy are plotted in the middle panels. The asymmetric number of particles (NA
Z = Dr|NT

Z |) are shown in the bottom
panels. The cyan thick curves represent the scaled sum of particles (see the Text in Supporting Infromation S1).
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• High: The amplitude of the anisotropic peak for particles with energy higher than 130 GeV is low (<20
particles) and the position is randomly distributed, which means that the effect of the MFR on the high energy
particles is negligible.

As future work we have to analyze particular events taking into account all observed ICME parameters, but the
fact that the number of anisotropic particles seen in the lower panels of Figure 3 resembles the anisotropy
observed with world wide networks of neutron and muon detectors and air shower arrays makes us think that our
model is correct and that it is worth investigating this phenomenon further.

As instance, Munakata et al. (2022) reported important anistropies observed by muon and neutron detectors
during the passage of an ICME on November 2021. They found that the peak position and amplitude of the
anistropies depend on the rigidity of the particles as seen in panels (a) and (e) of Figure 3 of that paper where the
anistorpies measured at ∼15 and ∼60 GV (corresponding to proton energies of ∼13.97 and ∼58.59 GeV) are
shown, respectively. Furthermore the anisotropy direction is well related with the direction of the interplanetary
magnetic field as seen in panels (b) and (c) of the same figure.

Another example is the large GCR enhancement detected by HAWC during the passage of an ICME on October
2016, shown in Figure 3 of Akiyama et al. (2020). The authors claim that the high sensitivity of this array allowed
the detection of the enhancement produced by a GCR anisotropy caused by the MFR helical field. The
enhancement showed a double peak coincident with the arrival time of the MFR trailing part. The double peak
was caused by anisotropies of particles with different energy.

Note that in this work, we are not attempting to reproduce these events but there are similarities between
Munakata et al. and Akiyama et al. events with our results for low energy (10–80 GeV) anisotropies as shown at
the bottom panels of Figure 3, and similar Figures for other crossing paths that can be found in the electronic
supporting material (Lara, 2024).

Figure 4. Characterization of the anisotropy peak in terms of the energy, the position (upper panels) and the amplitude (bottom panels) computed for the four trajectories:
black plus and blue stars corresponding to impact distance of 0.1 au and angles of 15° and − 15°, respectively; green diamonds and red triangles correspond to a closer
impact distance of 0.01 au and same angles of 15° and − 15°, respectively. The curves represent the smoothed version of the same points. The left and right panels
correspond to the magnetic flux ropes and MFRSH cases, respectively.
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4. Conclusions
We investigate the ability of large scale (few tenths of an astronomical unit) magnetic structures with a well
defined helical magnetic topology known as MFR, to deviate the otherwise isotropic flux of galactic charged
particles and produce an anisotropic flux of these particles.

In this work, we simulated a constant background magnetic field; a cylindrical‐helical MFR and a cylindrical‐
parabolic sheath region with enhanced constant magnetic field. Then protons of energy in the 10–160 GeV
range were injected all around the cylindrical structure and their trajectory was followed, if any particle traveled
more than 0.1 au along the axis of the MFR in positive or negative direction was flagged and the anisotropic flux
was defined in terms of these particles. Finally, the number of anisotropic particles was computed along a set of
observation trajectories (straight lines crossing the MFR perpendicularly to its axis, at different distances and
angles).

We find that: There is an evident anisotropy in the flow of charged particles imposed by the MFR which guides
the particles toward a direction quasi‐parallel to its axis. The amplitude and position of the anisotropy peak
depends on the energy of the particle; the angle between the BG and MFR fields; and the presence of a sheath
region.

The guided flux of GCR explains naturally the presence of the precursors or GCR enhancements often seen prior
the arrival at 1 au of ICMEs. Furthermore, this anistropic flux explains the GCR enhancement observed by
neutron monitors since the 50s of the last century and that until now remains without a clear explanation, as well
as the GCR enhancement recently observed by HAWC during the passage of an interplanetary magnetic flux rope.

Appendix A: Methodology
The steps followed to obtain the asymmetry of protons due to the MFR are as follows:

1. Define the ambient magnetic field, in this case BBG= (0.7, − 0.7, 0.1), this is a magnetic field of∼10 nT, with
an angle of − 45° in the XY–plane.

2. Define the MFR structure, centered at the origin and with its axis parallel to the Z–axis, with a maximum
magnetic field of 21 nT along its axis.

3. Add white noise of 10% of the magnetic field amplitude.
4. In the case of SHFR, define a parabolic region at the front of the MFR at a distance (at the apex) of 1.4 au.

from the MFR border.
5. Generate injection points where protons with energy between 10 and 160 GeV are expelled at 10 azimuth

angles varying from − 80° to 80°; and at 11 elevation angles ranging from − 45° to 45° with steps of 15°. Both
angles are measured from the line going from injection point to the center of the MFR.

6. Distribute a set of injection points in a ring around the MFR at a distance of 0.5 au with an angular distance of
7.5° between the injection points.

7. Generate the injection volume (cylinder) by moving the injection rings along the Z–direction, from − 0.25 to
0.25 au in 25 steps of 0.02 au.

8. Follow the trajectory of each particle and label the particles which remain in the ± Z direction during 50 s, i.
e., a distance of at least ∼0.1 au (this is approximately the distance traveled by a 10 GeV in 50 s).

9. Define the “observation” trajectories as straight lines crossing the MFR, embedded in the plane perpendicular
to the MFR–axis, at two angles ±15° measured from the positive X–axis and at two impact distances: 0.01
and 0.1 au, measured (perpendicularly) between the trajectory and the MFR–axis.

10. Setting up 500 “observation” points along each trajectory and count the labeled particles (in step 8) which
crosses a circular area of 0.009 au radius around each point. The counted particles are reported as Ni

Z , where
i = − , +, T, A, throughout the work.

Data Availability Statement
The simulations code is available at github (Guennam, 2024). The data and the software to analyze and visualize
the results presented in this work is available in (Lara, 2024).
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