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Summary. — The access of cosmic-ray particles to a medium-latitude observatory
is analysed from results coming from the numerical solution of the charged-particle
motion in the geomagnetic field. Evaluations are performed mainly for the Lomnicky
Stit neutron monitor location (LS: 2634 m a.s.l., geographic coordinates 49.20° N,
20.22° E), but some results for the Antarctic Laboratory for Cosmic Rays (LARC:
40 m a.s.l, 62.20° S and 301.04° E) are also given. Particular attention is paid to the
variability of the magnetospheric screening appearing when the external magnetic
field is added to the internal one.

PACS 96.40.-z — Cosmic rays.
PACS 93.30.Ge — Europe.
PACS 93.30.Ca — Antarctica.

1. — Introduction

Cosmic-ray (CR) trajectory computations are the usual tool to evaluate the magneto-
spheric screening effect for arriving charged particles on the Earth ground. To this end,
there exist several computational codes for particle tracing in a given geomagnetic-field
model (e.g. [1-6], among others). Recently Shea et al. [7] reviewed the subject. All these
codes are based on the numerical solution of the equation of motion for charged particles
in a selected model of the geomagnetic field. Here we discuss a method based on the
Runge-Kutta (RK) 6th-order approximation of the above equation (sect. 2). The influ-
ence of the geomagnetic activity level on the penumbra structure (sect. 3), on the asymp-
totic directions of the vertically incident particles (sect. 4), as well as on their oblique
directions (sect. 5), are described for a cosmic-ray observatory located at a medium ge-
omagnetic latitude (i.e. included in the 30°-60° geomagnetic latitudinal range). Also
possible effects affecting the cosmic-ray penumbra induced by energy losses during com-
plicated particle trajectories in the residual atmosphere are discussed (sect. 6). Evalua-
tions are performed mainly for the Lomnicky Stit neutron monitor location (LS: 2634 m
a.s.l., geographic coordinates 49.20° N, 20.22° E), but some results for the Antarctic
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Laboratory for Cosmic Rays (LARC: 40 m a.s.l; 62.20° S and 301.04° E; [8,9]) are also

given.

2. — Our trajectory computation method

For the accessing particles to a detector (position: z,y,z), the sign of the particle
charge, as its velocity vector, is inverted; the trajectory is numerically traced with the
initial conditions (z,y, 2, vy, vy, v;) in the field model B(z, y, z) to obtain the solution of
the equation

(1) m-dv/dt=2-q-[v x B],

where m, q, Z, v, B are the relativistic mass, elementary charge, particle charge in elemen-
tary charge units, velocity and magnetic-field induction, respectively. For the simplest
case of a homogeneous static magnetic field the gyroradius is

(2) Gr=(m-v)/(Z-q-B).

For the solution of the differential equation system the Runge-Kutta method of 6th-
order (RK6) approximation was used. The elementary step (namely the n value) is
defined in the following way: within its elementary step the trajectory is approximated
as a straight line along the length interval: Al = Gg - 27/n, or during the time interval:
At =2m-m/(Z-q-B-n) and the new position values (2n, Yn, Zn, Uzn, Uyn, Vzn) are found.
In the next step the new point is adjusted as the initial one, and the same procedure is
repeated from that point with the new velocity. For a description of the initial code, and
a comparison of RK4 and RK6 methods (pointing to advantages of RK6 use), see [10].

Since the geomagnetic field is inhomogeneous and the n value is derived from the initial
point, another restriction was put into the computations: at each new point the angle
(a) between the initial and new vector v is measured and compared with a limit value
that we will call e. When «a < ¢, the elementary step is taken as a half of that adjusted
according to the local field value at the initial point and the procedure is repeated from
the begining. The € value was taken as 0.01 rad and n = 100. Another parameter of our
computations is the limiting number of elementary steps (IV) considered for each one of
the trajectories (see below). Finally, the computation is ended in any one of the three
cases:

i) the particle is crossing the Earth’s surface (forbidden trajectory),
ii) the particle is crossing the magnetospheric boundary (allowed trajectory), or
iii) after N steps neither decision of allowed or forbidden trajectory is obtained.

During the particle trajectory computations the conservation of v (velocity module)
is checked by 7 = |(Vinitial — Vcurrent )/ Vinitial] < 9, being usually 6 = 1074, If 5 is larger
(seldom case), the computation is stopped for this trajectory and the computation pro-
cedure is repeated with refined parameters. The boundary condition for ii) is either the
magnetopause crossing on the dayside (using the analytical model of Sibeck et al. [11]),
or 25 Re (Re: Earth radius) sphere crossing on the nightside magnetosphere. Since near
the magnetopause the field is relatively weak and the elementary step rather high, a
refinement near the border (shortening the step) is applied to cross the model border
at a distance less than 0.002 Re. At this point the asymptotic directions according to
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TABLE 1. — LARC location (62.20° S and 301.04° E): Ry, Ru, and Rc for different N wvalues
and 1995 epoch.

cut-off/ N 5000 25000 100000 500000 Ref. [22]
Ry, 2.927 2.671 2.290 1.891 2.57
Ry 3.215 3.208 3.208 3.208 3.21
Rc 3.136 2.972 2.890 2.881 2.97

the concepts reported by Shea and Smart [2, 3] are obtained (see [12], for a detailed
description of the cut-off terminology).

The initial value of the velocity module is taken from the particle rigidity (R) which
is stepwise. Hence, trajectory calculations are initiated at a rigidity value well below the
expected cut-off, and continue at discrete intervals () of rigidity. We used S = 0.001 GV
till rigidity values above which no forbidden trajectories exist.

In the following we denote Ry, Ry, and Rc as lower, upper and effective cut-off
rigidities [12]. They are the first (in the order of increasing rigidity) forbidden/allowed
transition, the last allowed/forbidden transition, and Rc = Ry — XAR;, where AR; are
allowed trajectory intervals between Ry, and Ry.

The distribution of the magnetic field B(x, y, z) is given by the gradient of the scalar
magnetic field potential being a sum of two terms: 1) related to the currents within the
core (internal field) and 2) connected to the magnetosphere (external field, i.e. flowing
on the magnetopause, within the tail and within the ionosphere). The three components
of the resulting field vector are obtained as partial derivatives of the total potential [13].

The internal magnetic field is adjusted by IAGA in the form of Gauss coefficients
of the spherical harmonic expansion of the potential up to the 10th order and with the
epoch time step of 5 years. IGRF (International Geomagnetic Reference Field) and
consequently DGRF (Definitive Geomagnetic Reference Field) are commonly used for
the approximation of the internal field. Its main variability, which is of a long-term
character, is due to secular effects of the internal current systems [14].

The external field is approximating the short-term variations of the magnetospheric
current systems and introducing the local time asymmetry of the magnetosphere. Here
we use the Tsyganenko 89 model (Tsyg89 [15]), which is giving the spatial distribution
of B by using the geomagnetic Kp index as a parameter (see [16-18], for a more detailed
description of the external field model and [19-21], among others, for early studies on
cut-off changes during magnetospheric disturbances).

Finally, we notice that, particularly for the rigidity penumbra (P = Ry — Ry,) region,
the number of steps (V) selected in the trajectory computation is a relevant parameter.
Its adjustement gives also information on the consistency of the obtained results with
those coming from other methods of computations. While for high rigidities (i.e. not
complicated particle trajectories) N is not a critical parameter and even N = 5000 gives
a sufficient accuracy, for a medium-latitude geomagnetic observatory (characterised by a
large rigidity penumbra) it is not the case. As an example, we report in table I the values
of Ry, Ry, and Rc, obtained with different N values for LARC, assuming the vertical
direction for the particle arrival and the IGRF model for epoch 1995. The last column
reports values obtained by another evaluating method applied by Storini et al. [22].

The upper and effective cut-off rigidities are relatively stable and we notice a slightly
decrease with the N increase. It arises because with the IV increase a part of the computed
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Fig. 1. — The projection of a particle trajectory of 2.25 GV rigidity computed for the vertical
direction at LS position (49.20° N, 20.22° E) to XY (GSM coordinates; unit: 1 Earth radius)
plane and a zoom of a part (top pannel). The total length of the trajectory was 3.5 x 10° km
before its stopping (N = 250000), corresponding to 12.6 s time-history of the tracing.

trajectories originally adjusted as iii)-category becomes of ii)-category. Instead, the lower
cut-off is systematically and strongly decreasing with N. This effect should be related
to the small rigidity step used by us in the penumbra region (i.e. 0.001, to compare with
0.01 applied by [22]). It seems that the refinement of the rigidity step and the N increase
lead to a strong decrease of Ry,.

Using the above comparison we adjusted in most of the computations listed below
N = 25000 which, at least for Ry and R¢, gives from one side a good consistency with
another independent evaluating method, from another side it is not drastically increasing
the computing time consumptions. There are however cases of complicated trajectories
at medium latitudes which, even after 250000 steps, remains to be unresolved (quasi-
trapped particles). Figure 1 exemplifies the trajectory for a 2.25 GV charged particle.
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TABLE II. — Results for LS location (49.20° N, 20.22° E) using DGRF models and the correspon-
ding local L value for five different epochs.

Value/Epoch 1965 1970 1975 1980 1985 1990
Ry, 3.634 3.636 3.642 3.624 3.599 3.498
Rc 4.044 4.047 4.054 4.033 3.994 3.883
Ry 4.172 4.178 4.184 4.160 4.117 4.005
L 2.031 2.028 2.025 2.028 2.034 2.039

3. — More on the cosmic-ray penumbra

The region between Ry, and Ry (the penumbra) is often complicated and its structure
depends on the geomagnetic-field model used. Here we summarise results obtained for
LS location, both from internal and external magnetic-field models.

Using only DGRF models, calculations with our code were done with a 5-year step
(from 1965 to 1990) and compared with the local McIlwain (L) value [23] in these periods.
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Fig. 2. — Long-term L trend (lower left panel) for LARC (1945-2000), Rc for LARC vs. L at
20 km (lower right panel) and comparison between different Rc evaluations (upper panel) for
LARC and LS. See the text for details.
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Fig. 3. — LS location (49.20° N, 20.22° E): allowed (black) and forbidden (white) particle rigidities
evaluated with 1 h step for March 21, 1990 using Tsyg89 for the lowest (Kp = 0,07; left panel)
and highest (Kp > 57; right panel) levels of the geomagnetic activity. The rigidity interval
3.1-4.0 GV (for which S = 0.001 and N = 25000) is shown.

Results are shown in table II and reported as open diamonds in the upper panel of fig. 2.
For the L calculations a CADR code was used [24].

The long-term change of the local L value at LS has a minimum around the 1975 year,
which corresponds to the maximum cut-off at the effective, lower and upper rigidities.
These results are consistent with past estimations of the Rc and Ry dependence on
Mcllwain’s parameter, at least on a first approximation. In fact, for different periods,
and based on data for many locations (epochs 1955, 1965 and 1980), it was derived that
the three cut-off rigidities Ry, Rc and Ry follow a time dependence proportional to
L~% with a ~ 2 [25]. However, the L changes for LS are relatively small and the test
of the proposed approximation is not very decisive [26]. Moreover, we performed more
computations starting at three different altitudes: 20 km, 50 km and 100 km above the
LS observatory. As expected, a systematical decrease of all the cut-offs, especially of the
effective and upper rigidities, was obtained with the increasing altitude.

Returning to the long-term variability of cut-off rigidities, Shea and Smart [27] re-
cently have computed vertical effective cut-off rigidities (from 1955 to 1995) for a long list
of neutron monitor stations, using only the internal geomagnetic field described by IAGA
coefficients. LS and LARC locations were considered; the new values are reported by
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Fig. 4. — LS location (49.20° N, 20.22° E): Ry changes in the DGRF90 and Tsyg89 field models
for March 21 and June 21, 1990 and Kp = 0,0" (lower panel) and the corresponding Ry decrease
for Kp > 5~ (upper panel).

filled triangles in the upper panel of fig. 2 (2001 evaluations). From there, it is possible to
confirm the slowly variable and the decreasing R¢ trends for LS and LARC, respectively.
Hence, we evaluated the L parameter at the 20 km altitude for LS and LARC locations
(http://www.spenvis.oma.be/) from 1945 to 2000 epoch (see fig. 2 for LARC, lower left
panel) and we found that the L change, which was < 0.02 for LS, resulted to be > 0.1 for
LARC between 1965 and 1990 and the suggested test for the cut-off/L relationship was
performed, using the 2001 R¢ evaluation. Results show that indeed cosmic-ray cut-offs
follow the L values and the dependence is more steeper than L~2 for LARC location (see
fig. 2, lower right panel). We remind that the origin of the cut-off and the L variability
is in the long-term temporal change of the geomagnetic field, which is often referred to
as the the secular variation (e.g. [28] and references therein).

In the following we will concentrate our investigation on the 1990 epoch only. From
the internal geomagnetic-field model we obtained: Ry = 3.498 GV, R¢c = 3.883 GV and
Ry = 4.005 GV, for LS. Including the external field values (the Tsyg89 model) compu-
tations were performed for March 21, June 21, September 21 and December 21, using
the following rigidity steps: S = 0.001 for 2.000-4.100 GV, S = 0.01 for 4.11-4.50 GV,
S = 0.1 for 4.6-10.0 GV and S =1 for 11-20 GV. Figure 3 shows the daily penumbra
variability for March 21, 1990 in the two extreme cases of the Tsyg89 model. We observe
that there exists an asymmetry in MLT (magnetic local time; for 1999 epoch the MLT
midnight (MN) can be assumed as 21:47 UT, http://nssdc.gsfc.nasa.gov/space/model/),
which is increasing with the Kp index. Moreover, the whole pattern of the penumbra
is shifted to the lower-rigidity range when the external field is perturbed. Thus, the
magnetospheric transparency for cosmic rays is improving with increasing geomagnetic
disturbances, especially at low rigidities, and their access becomes more sensitive to the
MLT of the detector location. This is better seen in fig. 4, where the Ry variability is
reported for March 21 and June 21, 1990 for Kp = 0,0" (lower panel) and compared
with the Ry value for DGRF90 only. For Kp values greater than the one reported, the
Ry is decreasing with the Kp increase. The upper panel of fig. 4 shows the maximum
decrease obtained, which corresponds to Kp > 5. In the same figure it is possible to
check that the seasonal variation has a lower importance than the diurnal one (similar
results were obtained for September 21 and December 21, in agreement with findings for
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Fig. 5. — LS location (49.20° N, 20.22° E): asymptotic directions for March 21, 1990 from 00
UT (top) to 23 UT (bottom), for Kp = 0,0" level (upper left panel) and Kp > 5~ (upper right
panel); data trends were shifted downward by 10° x h (h = 0,...23). In the lower panels the
asymptotic directions for R > 5 GV up to 20 GV for particles arriving at LS at 08 UT and
20 UT are shown for the same Kp levels used in the upper panels.

other locations, e.g. [29]).

From the lower panel of fig. 4 it is also seen that the minimum transparency for LS
location is expected around 8-9 UT, and the maximum at 20-22 UT. The upper panel
of fig. 4, instead, gives prominence to the most sensitive MLT sector for cut-off changes
(and consequent variations in the recorded CR intensity): the 18-24 UT. In other words,
small changes in the geomagnetic activity level lead to changes in the counting rate of
the detector which are larger during the night side sector than the ones occurring during
the morning side. On the other hand, the net magnetospheric effect is indeed more
complicated, due to the fact that also the particle asymptotic directions are changing
simultaneously with the geomagnetic activity level (see sect. 4).

4. — Asymptotic directions in a disturbed geomagnetic field

It was earlier recognized that asymptotic directions of charged particle arriving on
the terrestrial ground are affected by the magnetospheric state [29-36]. However, few
evaluations were performed for cosmic-ray detector locations. For the vertical direction
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Fig. 6. — Evaluated cardinal access of charged particles at LS (top) and LARC (bottom) locations
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levels for March 21, 1986. The zenith angle is changed by steps of 10° and the allowed rigidities
are reported by filled boxes.

of LS the effect is illustrated in the top panels of fig. 5 for rigidities greater than 4.001 GV
(i.e. for the ones nearly out of the penumbra region) up to 20 GV (from top to bottom
in each upper panel: 00 UT, 01 UT,... 23 UT; i.e. shifted downward by 10° x h with
h=0,..23).

The above patterns indicate a clear westward shift of the asymptotic directions for
the vertical particle access to the detector with the Kp increase, which is particularly
well pronounced for the low-rigidity part of the arriving particles. On the other hand,
we remind that the threshold is lowering for increasing geomagnetic activity (as shown
in fig. 4, using the daily Ry variability). Also, the tendency to narrow the longitudinal
extent of asymptotics with the Kp increase clearly emerges, when the left and right
panels of fig. 5 are compared.

The lower panels of fig. 5 illustrate, instead, the asymptotic directions for charged
particles with R > 5 GV arriving at the LS detector only for 8 UT and 20 UT of March
21, 1990 (i.e. those for which the maximum differences in the Kp dependence of cut-offs
are expected). At 10 GV the difference is about 2.9° in latitude and 6.1° in longitude
for Kp=0,0", and it decreases to about 2.5° and 2.1°, respectively, for Kp > 5~. Also
at 20 GV some differences, depending on the UT evaluation, remain. We should go well
above 20 GV to find negligible differences between results from models with and without
the external geomagnetic field.

5. — Particle oblique directions

In previous sections we assumed only vertically incident charged particles arriving
at the detector. For particles not arriving from the zenith (which are also important
for ground-based detectors, but particularly for low-altitude satellite measurements) the
cut-offs and penumbra structure are differing from those related to vertically incident
particles. These effects, including also the real neutron monitor response to the oblique
directions, have been recently examined (see, for instance, [37,38]).
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Using a method similar to the one described by Bieber et al. [37] the change of the
magnetospheric transparency for cosmic rays arriving obliquely at the LS and LARC
detectors was also checked, using March 21, 1986 as a date for evaluation. Figure 6 gives
an example of the obtained results, where it is possible to observe that the cosmic-ray
transparency is improving with the Kp increase (Kp = 0,07 to Kp = 47,4,47) for the
same rigidity. Considering only the geometry and adjusting the weights of the respective
directions as cos© (© being the appropriate zenith angle), the relative transparency
increase resulted to be 21% at 4.5 GV for LS location. Nevertheless, this feature is
decreasing with the rigidity. For 5.0 GV the net effect is only 5% at LS. This simplified
estimate, however, refers to a directionally sensitive detector oriented with its normal to
the zenith (such as for low-altitude satellite measurements). For the ground observatories
the coupling functions, which are depending on the thickness of the atmosphere above
the detector, must be considered.

6. — Particle trajectories affected by the residual atmosphere

The trajectory computations are usually done assuming only the particle motion in
the geomagnetic field disregarding the terrestrial atmosphere. For the ground-based sta-
tions, having in mind their natural atmospheric cut-off (causing no measurable detector
response to the low-energy range of primaries) this assumption is appropriate. Neverthe-
less, within the cosmic-ray penumbra there are complicated particle trajectories which,
after a sufficiently high step number, appear to be allowed to leave the magnetosphere
and which spend during their trajectory evolution some time at relatively low altitudes.

Figure 7 shows, for example, results for charged particles at 100 km altitude (70° N,
30° E), for which energy losses coming from the residual atmosphere may affect the
escape from the magnetosphere or its arrival to the measurement site, due to the induced
velocity variability and, hence, the conditions of the motion. To estimate the above effect
we used a simplified atmospheric model (the exponential density decrease with the e-fold
altitude of 8 km) and the Bethe-Bloch formula for the differential ionization losses of
heavy particles (dE/dx; see the upper panel of fig. 7 for the energy/speed relationship);
the obtained path length for 0.1-0.4 GV and the corresponding travel time are shown
in the lower panels, while the depth of the mass penetration is reported in the upper
right panel, all for Kp > 5~ level. The summation of the energy lost was derived by
using the product of the elementary trajectory length and of the differential energy loss
at its central point, along the whole trajectory. In this way the total energy losses can be
estimated. For R > 0.4 GV the energy lost is lower than 1 MeV. Hence, this effect is not
relevant for ground-based detectors, since it becomes more apparent at high latitudes
where the natural atmospheric cut-off (induced by the whole atmosphere) is eliminating
such kind of particles. However, for low-altitude satellite measurements the estimation
of the charged-particle access to the detector should include also the described effect. It
is certainly worth of further study. We only show in fig. 8, as an example of the relevance
of the effect, the possible change of the penumbra structure due to ionization losses at
higher latitudes when ionization losses are considered for the two extreme Kp levels of
Tsye89 (upper panels). If the level of 1 MeV kinetic energy is taken into account for
particle energy losses the penumbra region disappears (lower panels).
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Fig. 7. — Characteristic parameters for charged particles at 100 km altitude: speed and energy
losses in the residual atmosphere (upper left) for 0.1GV < R < 20 GV, path length (lower left),
mass penetration (upper right) and travel time (lower right) for 0.1GV < R < 0.4 GV and
Kp > 57, using the Tsyg89 model for 70° N-30° E.
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Fig. 8. — The structure of penumbra computed at the position 70° N, 30° E and 100 km a.s.l. The
upper panels are obtained from trajectory computations in the Tsyg89 model with Kp = 0,0%
and Kp > 57, respectively. The lower panels are displaying the corresponding final structures
if particles lossing at least 1 MeV of kinetic energy by ionization in the upper atmosphere are
excluded.
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7. — Conclusions

We have investigated the cosmic-ray transparency through the magnetosphere using
a numerical code procedure for the solution of the equation of cosmic-ray particle motion
in the geomagnetic field. It has similar properties of earlier codes using other techniques.
Its application for Lomnicky Stit and LARC positions shows that

i) the long-term variability of the effective rigidity cut-offs using DGRF models cor-
responds to the local L value evolution; the time dependence of R¢ is proportional to
L=, with o ~ 3 at LARC location (fig. 2);

ii) the magnetospheric particle transparency increases with the geomagnetic activity
level and there exists a significant daily variation in the terrestrial transparency (figs. 3
and 4); the largest cut-off variabilities are observed around the 20 UT and the smallest
ones at 8 UT for LS;

iii) increasing the Kp values the particle asymptotic directions shift westward, with
a tendency to narrow the coordinate range (fig. 5);

iv) above 10 GV the influence of the external field on asymptotic coordinates is small
but not negligible, as can be checked in fig. 5 for LS;

v) particle energy losses in the lower residual atmosphere for latitudes above 70°
(fig. 7) may influence the structure of the cosmic-ray penumbra, irrespectively of the
Kp level (fig. 8); the effect may have some importance for high-inclination low-altitude
energetic particle measurements.

Nowadays, space weather studies demand a refinement of cosmic-ray cut-offs and
asymptotic directions. This is particularly true for the worldwide evaluation of inter-
planetary induced effects in the terrestrial environment. Our work is a contribution to
that topic.
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