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Abstract. Regular measurements of cosmic ray fluxes in the
atmosphere have been performed at the Lebedev Physical
Institute since 1957. These experiments are briefly described.
In the atmosphere, secondary fluxes of charged particles are
detected, which are mainly (more than 99%) produced by
primary protons and nuclei. Long-term (11- and 22-year)
changes in cosmic ray fluxes in the atmosphere produced by
primary protons and nuclei and in primary electron fluxes are
analyzed. Data on primary electrons are obtained using high-
altitude balloons and satellites. The analysis shows that the time
dependences of positively and negatively charged particles in the
heliosphere have the same form, i.e., they are modulated in the
same way. This result contradicts the generally accepted model
of cosmic ray modulation in the heliosphere, which should be
significantly modified.
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1. Introduction

The Dolgoprudny Scientific Station (DSS) was opened at the
Lebedev Physical Institute, RAS (FIAN) according to the
closed resolution no. 503-208, March 4, 1946, of the Council
of People’s Commissars. The text of the resolution was very
short: “To organize a scientific station at the Lebedev Physics
Institute, USSR Academy of Sciences, in the town of
Dolgoprudny, Moscow region.” The resolution was signed
by I V Stalin, Chairman of the Council of People’s
Commissars. The creation of the station was initiated by
Academician S N Vernov and supported by Academicians
S I Vavilov and D V Skobeltsyn.
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At that time, the main task to be implemented by our
state was the creation of an atomic weapon. For this
reason, for the first decade, the researchers at the DSS
investigated the properties of cosmic rays (CRs) and their
interactions with nuclei of various elements. In these years,
CRs were in fact the only source of high-energy particles for
studying nuclear interactions. Rather heavy scientific instru-
ments were launched into the atmosphere on garlands from
meteorological balloons (Fig. 1). The results of measurements
were transmitted by radio to ground-based reception centers.
Scientific instruments were launched from the DSS, FIAN
territory, in the region of the town of Osh in the south, and in
the Indian Ocean from the deck of an ocean vessel. New
information was obtained on the nature of cosmic rays, cross
sections of their interaction with nuclei of air, etc. [1-8]. The
head of this work, S N Vernov, was awarded the State Stalin
Prize of the first degree for experimental investigations of
CRs in the upper layers of the atmosphere.

Studies of modulation effects in CRs by the method
of regular probing were initiated by S N Vernov and
A N Charakhch’yan in the middle of 1957. This year was
proclaimed the International Geophysical Year. A worldwide
network of CR stations (mainly neutrons monitors) was

Figure 1. (a) Vityaz ship deck, Indian Ocean, 1949. Preparations for
launching an instrument to study CR fluxes in the atmosphere.
(b) Launching of scientific instruments. The instruments were launched
to altitudes of 3035 km using lines from aerologic balloons.
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created for studying modulation effects. In the USSR, the
network of CR stations, including neutron monitors and
stations for probe CR measurements directly in the atmo-
sphere, was created by S N Vernov. Since then, continuous
measurements of CR fluxes and regular measurements of
charged particles in the atmosphere have been performed, i.e.,
for 65 years.

The question can be raised: why should measurements of
CRs in the atmosphere be performed at different latitudes
(from polar to equatorial latitudes) and different altitudes
(from Earth’s surface up to 30-35 km)? The answer is that
measurements at different latitudes use Earth’s magnetic
field to analyze particles over their energy or rigidity R.
(R. = pc/(ze), where R. is the geomagnetic cutoff rigidity in
gigavolts, p is the particle momentum, c is the speed of light,
ze is the particle charge, and e is the electron charge). The
geomagnetic field allows the existence of particles with the
rigidity R > R, at each point of observation on the atmo-
sphere boundary. During motion from the pole to the
equator, the value of R. changes from 0 to 5-17 GV.
Measurements performed at different latitudes allow us to
study modulation effects of CRs in different energy intervals.
On the other hand, Earth’s atmosphere is itself a natural
analyzer of particles over their energies. The lower is the
altitude of measurements (i.e., the greater the atmospheric
pressure), the higher the average effective energy of detected
particles. For example, in polar regions, where R. ~ 0, at
altitudes of ~ 30 km, protons with energies above 100 MeV
are detected. On Earth’s surface at the same latitude, to be
detected by its secondary neutrons or secondary charged
particles, a primary proton should have an energy above
1.5 GeV or above 9.0 GeV, respectively.

The next question is: why are long-term (several ten or
hundred years) observations of CR fluxes needed? The
answer to this question is quite simple: cosmic rays are
strongly affected by solar activity, which varies with periods
of ~ 11, =22, or 90 years and with longer periods.
Sometimes, approximately once every 180 years, the Sun
exhibits the deep minima of solar activity. Quite probably,
we are at present in one of these minima. Because CRs play a
significant role in atmospheric processes, atmospheric elec-
tricity, and global climate variation, it is necessary to have
information on their fluxes in the atmosphere over long time
intervals [9-13]. Our teachers, S N Vernov, A E Chudakov,
and A N Charakhch’yan, understood the necessity of long-
term CR measurements and supported these studies. Even in
the crime-ridden 1990s, regular CR monitoring in the atmo-
sphere did not cease. At that time, A E Chudakov was the
chairman of the Scientific Council on the complex program
Cosmic Rays, and only his support ensured regular CR
probing in the atmosphere.

The long series of data on CR fluxes and solar activity
provide a basis for understanding physical processes relating
variations in cosmic rays with solar activity and character-
istics of the solar plasma in the heliosphere, and give the
opportunity to verify the correctness of theoretical concepts
about CR modulation and the validity of theoretical predic-
tions. The long series of homogeneous experimental data are
used for physical (mathematical) simulations of 11- and
22-year variations of galactic cosmic rays (GCRs) and for
studying the nature of other long-term trends in various
indices of solar activity.

Note that long-term observations of various physical
parameters are performed in many scientific fields. For

example, solar activity (the number of solar spots) has been
regularly observed since 1740, the global temperature of the
surface atmospheric layer has been measured since 1880, and
the solar constant (the solar energy flux on Earth’s orbit) has
been studied since 1978. These long observation periods have
provided the required quantitative information on variations
in solar activity, global climate warming over several ten—
hundred years, and the change in the solar constant from the
maximum to minimum of solar activity during the 11-year
solar cycle.

Regular measurements of charge-particle fluxes in the
atmosphere at altitudes up to 30-35 km were started in the
northern polar regions (Murmansk region, the geomagnetic
cutoff threshold is R, = 0.5 GV) and the Moscow region
(town of Dolgoprudny, Moscow region, R, = 2.4 GV) in the
middle of 1957. Later, such measurements were performed at
the middle latitudes (Alma-Ata together with Kazakh
University, R. = 6.7 GV, 1962-1990) and in Antarctica
(Mirny Station, R, = 0.04 GV, from 1963 to the present). In
the second half of the 20th century, long-term measurements
(more than 10 years) of CR fluxes were performed in Tiksi
(together with the Institute of Cosmophysical Studies and
Aeronomy (IKFIA), Siberian Branch, USSR Academy of
Sciences), Erevan (together with the Erevan Physics Institute,
Armenian SSR Academy of Sciences), Norilsk (together
with the Irkutsk station of the Institute of Earth Magnet-
ism, the Tonosphere, and the Propagation of Radiowaves
(IZMIRAN), Siberian Branch, USSR Academy of Sciences).
In addition, the planetary distributions of fluxes of charged
particles at different altitudes in the atmosphere were
extensively studied. Radiosondes were launched from
research vessels on the way from Leningrad to Antarctica
and back [14-18].

Note that, at present, CRs are extensively studied at
many laboratories in the world in a broad energy range
from 10° to 102! eV. CR fluxes in the energy range of 0.1—
30 GeV depend on the solar activity level and considerably
decrease in the years of maximal solar activity. A certain
contribution to the CR flux detected in the heliosphere is
made by the Sun. Sometimes, the Sun exhibits high-power
solar flares releasing huge energies of ~ 10?2 erg, in which
charged particles (mainly protons) are accelerated up to
energies of ~ 20 GeV.

Thus, CR studies include the investigation of the genera-
tion of CRs in sources, their propagation in the Galaxy and
the Solar System, the generation of charged particles on the
Sun, and their propagation in the near-Sun and interplane-
tary space.

Since the middle of 1957 till the present, researchers at the
DSS, FIAN have launched more than 87 thousand CR
radiosondes at different places on Earth. Unique homoge-
neous experimental data about the fluxes of charged particles
at latitudes with different geomagnetic cutoff rigidities were
obtained at different altitudes in the atmosphere.

Regular probing of fluxes of charged particles in Earth’s
atmosphere was used to study the following issues:

(1) Long-term CR variations in the 11- and 22-year solar
activity cycles and the relationship of these variations with
parameters of solar activity and the interplanetary medium.

(2) Short-term CR variations (27-day, 24-day variations,
Forbush effects in CRs) and their relation to solar activity.

(3) Detection of solar CR flares in the atmosphere, studies
of acceleration mechanisms of particles in solar flares and
processes of their propagation in the heliosphere.
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(4) Precipitation of particles (electrons) from Earth’s
radiation belts to the atmosphere at high (and possibly
middle) latitudes.

(5) Relation between charge-particle fluxes and charac-
teristics of atmospheric electricity. Cosmic rays are the main
source of electric charges (ions) in Earth’s atmosphere.

(6) Role of charged-particle fluxes in atmospheric pro-
cesses and in the change in Earth’s climate. The importance of
this area has become especially clear in the last two decades.
At CERN, special CLOUD (Cosmics Leaving OUtdoor
Droplets) experiments were performed for over 10 years
(with the participation of researchers from the DSS, FIAN)
for studying the role of CRs in atmospheric processes and
climate variations.

(7) Operative control of the radiation situation in the
atmosphere and registration of radioactive clouds.

Below, we will discuss long-term CR variations, in
particular, the correctness of our concept of CR modulation
in the heliosphere. Other questions, such as the nature of CRs,
the propagation of CRs in the Galaxy, solar cosmic rays,
and the precipitation of particles in Earth’s atmosphere, are
considered in [19-22].

2. Equipment

Cosmic ray flux measurements in the atmosphere were
regularly performed at FIAN with a specially developed CR
radiosonde (Fig. 2) and ground-based receiving equipment.
During each flight of the radiosonde, charged-particle fluxes
were measured at different altitudes in the atmosphere.
Charged particles have been detected since the beginning of
experiments till the present with STS-6 gas-discharge coun-
ters produced in our country. These detectors do not require a
high-voltage power supply (the operating voltage of the
counter is 380 V), have a high stability, and can operate for
a few ten years. Before the 2000s, a radiosonde had two STS-6
counters forming a double-coincidence telescope. A 7-mm
aluminum filter absorbing radioactive particles (natural or
artificial) was placed between counters. Each charged
particle entering the upper counter or passing thorough
the telescope triggers a response in the electronics. A single
counter detects CRs and radioactivity, while the telescope
detects only CRs. Particles detected with a single counter
or the telescope have different durations of radio signals
[23]. The electronics forms the output pulse of a transmit-
ter, sending it to a ground-based receiving unit. The
ground-based receiving equipment separates these signals.
At present, the radiosonde weighs 600-700 g (before the
1970s, the radiosonde weighed 2-3 kg). Researchers at the
DSS, FIAN have fabricated about 500 radiosondes per
year in the last two decades. From the beginning of the
2000s, because of financial difficulties, only one counter
has been used in a radiosonde.

The receiving equipment consists of a P-313 AM receiver,
oscilloscope, and computer. Output signals from the receiver
fed to the computer have different durations: 300-500 ps from
the counter and 800-1000 ps from the telescope. A special
computer program separates these signals into two channels
and averages the counting of each channel for the time Az,
usually equal to 1 min. When an atmospheric pressure sensor
operates through certain intervals Ap, where p is the atmo-
spheric pressure [g cm™2], the duration of signals from the
telescope increases to ~ 1500 ps. Thus, the radiosonde
transfers information over three channels: data from a single

Figure 2. (Color online.) CR radiosonde developed by researchers at the
DSS, FIAN: ] — gas-discharge STS-6 counters, 2— electronic setup with
a 400-V voltage converter and a VHF transmitter, 3—atmospheric
pressures sensor, 4—power supply batteries, 5— VHF transmitter
antenna, 6 — foam housing.

counter (radioactivity and CRs) (1st channel), telescope data
(CRs) (2nd channel), and data from the atmospheric pressure
sensor (3rd channel). Data from each radiosonde flight are
recorded in the computer.

To obtain uniform series of experimental data for more
than 65 years, a system to calibrate the counters and
telescopes was developed (Fig. 3). After the introduction of
corrections to the counting rate of a single counter and the
telescope to the efficiency of these detectors, we can compare
data obtained at the current moment with data obtained in
the past. This is the concept of uniformity of long series
of experimental data. Corrections for each counter and
telescope used in radiosonde flights are introduced by the
average counting of five control counters and five control
telescopes.

3. 11- and 22-year cycles in cosmic rays

Cosmic ray fluxes in the heliosphere are controlled by solar
activity. The most large-scale changes in solar activity occur
during the 11-year solar cycle. In addition to the 11-year cycle,
the 22-year magnetic cycle is observed on the Sun, which is
distinctly manifested in CRs [24]. Below, we will consider
long-term CR variations in the 11- and 22-year cycles of
solar activity in more detail. This question is quite relevant
today, when the Sun has probably entered another grand
solar minimum. Such minima are observed once every
~ 180 years. Their duration can reach a few ten years. For
example, the Maunder minimum lasted from 1645 till 1710. In
this period, solar spots were in fact absent on the Sun [25].
During the last two minima of solar activity in 2009 and 2020,
the Sun was very quiet, and we detected the highest CR fluxes
for the entire history of their observations (over 60 years). The
high CR fluxes were observed with neutron monitors and on
near-Earth spacecraft.

As for the 22-year solar magnetic cycle, approximately at
the maximum of each 11-year solar cycle, the direction of
magnetic fields in the polar caps of the Sun change to the
opposite one. The solar magnetic field can be approximately
considered a dipole during the almost entire 11-year cycle of
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Figure 3. (Color online.) Devices for calibrating gas-discharge STS-6 counters (a) and double-coincidence telescopes (b). To obtain homogeneous
radiation fields, the device for calibrating gas-discharge counters is rotated at a frequency of about three revolutions per minute.

solar activity, except 2—3 years of the solar activity maximum.
The inversion of the solar polar magnetic field is followed by a
change of signs of the magnetic field in the heliosphere. As
shown below, the direction of magnetic fields on the Sun and
in the heliosphere strongly affects CR fluxes.

Figure 4 shows the time dependences of CR fluxes
(monthly average values) at the maximum N, of their
cascade curve in the atmosphere. The data were obtained at
the north (Murmansk region) and south (Antarctica, Mirny
Station) polar latitudes and at the middle north latitude
(DSS, FIAN, Dolgoprudny, Moscow region). These data
are presented on the FIAN site [26].

The time dependence of the CR flux exhibit several
features. First, in 2009 and 2020, the highest levels of CR
fluxes were detected for the entire period of their observation
since 1957. These fluxes proved to be approximately 10-15%
higher than those measured in May 1965 at the minimum of
the 20-year solar activity cycle. Second, the 11-year CR cycles
exhibit alternating spike and plateau shapes for time
dependences of CR fluxes. Such an alternation in the solar-
activity indices (for example, in the number of solar spots) is
not observed. Different shapes of time dependences of CRs
are caused by the 22-year solar magnetic cycle. The spike-
shaped time dependence is observed in the negative phases of
this cycle, when magnetic force lines come out of the south
polar cap of the Sun and enter the north polar cap (denoted as
A < 0). The plateau-shaped time dependence is observed in
the positive phases of the magnetic cycle, when magnetic force
lines come out of the north polar cap and enter the south polar
cap (A > 0). In negative phases (A < 0), the rotation axis Q
of the Sun is directed oppositely to the dipole component M
of the solar magnetic field, i.e., Q7] M. In positive phases
(A>0),QTTM.

Figure 5 shows the time dependence of CR fluxes with the
rigidity R = 0.73—2.4 GV (for protons with energies of 250—
1500 MeV). These data are the differences among the points
of the green and red curves in Fig. 3.

The spike-shaped and plateau-shaped time dependences
of CR fluxes in the negative and positive phases of the 22-year
solar magnetic cycle in periods of the solar-activity minima
and near these periods are presented in Fig. 6. Different
shapes of these dependences are distinctly observed.

Note that the change in the phase (inversion) of the solar
magnetic cycle occurs in or near the solar activity maximum.
The inversions of magnetic fields in the north and south polar
caps of the Sun can begin and end at different times. A new

R. =0.04,0.5,and 2.4 GV
1.5 1 1 1 1 1 1

1955 1965 1975 1985 1995

Year

2005 2015 2025

Figure 4. (Color online.) Time dependence of CR flux (monthly average
values) at maximum N, of their absorption curve in the atmosphere. Data
obtained at the north (green curve, R, = 0.5 GV) and south (blue curve,
Antarctica, R, = 0.04 GV) polar latitudes, and also at the middle north
latitude (red curve, R, = 2.4 GV). Dashed brown and red straight lines are
drawn through the maximum of CR fluxes observed in 1965. Numbers 19—
25 at the top of the figure denote numbers of 11-year solar cycles. A > 0
corresponds to the positive phase of the 22-year solar magnetic cycle,
A < 0 corresponds to the negative phase (see text).

solar cycle begins during the minimum of solar activity. Spots
of the new Il-year solar-activity cycle appear at high
heliolatitudes (¢ = 30°) and then descend during develop-
ment to lower latitudes (¢ ~ 10°).

4. Magnetic fields in the heliosphere
and processes determining the modulation
of cosmic rays

Data presented in Figs 3—6 show that the time dependences of
CR fluxes alternate, going from the spike-shaped depend-
ences for A < 0 to the plateau-shaped dependences for A > 0.
The period of such variations is approximately 22 years. A
question arises as to the physical reason of such CR
variations.

It is known that CRs propagating in the heliosphere from
its boundary to Earth’s orbit undergo diffusion, convection,
adiabatic deceleration (the last is related to the expansion of
solar wind with a magnetic field frozen in it), and drifts in a
quasi-regular solar magnetic field [27-30]. In the heliosphere,
two types of magnetic drifts take place, namely, gradient
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Figure 5. (Color online.) Timed dependence of CR flux at the maximum of
its cascade curve in the atmosphere (secondary particles from primary CRs
with rigidity R = 0.73—2.4 GV. Notations as in Fig. 4.

magnetic drift with velocity v, and centrifugal drift with
velocity v [28, 29]. Formulas describing these phenomena
have the form

2’wp eym (v))*[r x B]
e = 5g2 BxVH, Y=o Ripr

\/
where o is the pitch angle of a particle, Bis the induction of the
interplanetary magnetic field (IMF), r is the radius of
curvature of an IMF force line, ¢ is the particle charge, m is
the particle mass, ¢ is the speed of light, y is the Lorentz
factor, and wg = ¢B/(ymc) is the cyclotron frequency of a
particle in magnetic field B [29, 30].

Among all the four above-mentioned processes control-
ling the motion of particles in the heliosphere, only drifts
depend on the sign of a particle charge. Therefore, it is
reasonable to assume that it is namely the drifts of particles
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Figure 6. (Color online.) Monthly average time dependences of CR fluxes at the maximum of their cascade curves in the atmosphere at the minima and
near minima of solar activity in the negative (A < 0) (a, b) and positive (A > 0) (c, d) phases of the 22-year solar magnetic cycle. (a, c) Data on CR fluxes
obtained at north polar latitudes (green curve, R. = 0.5 GV), in Antarctica (blue curve, R. = 0.04 GV), and at the middle north latitude (red curve,
R, = 2.4 GV). (b,d) CR fluxes produced in the atmosphere by primary protons and nuclei with rigidities of 0.73-2.4 GV. Numbers 23, 24, and 25 denote
the numbers of 11-year solar cycles. For comparison, dashed straight lines show CR fluxes measured in the atmosphere in 1965.
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Figure 7. (Color online.) Schematic view of the expected time dependence A
of CR particles with a positive charge (protons and nuclei, blue curve) and A
electrons (red curve) in the negative (A < 0) and positive (A > 0) phases V2R
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The generally accepted types of modulation of positive
particles (protons and nuclei) and negative particles (elec-
trons) in the heliosphere is shown schematically in Fig. 7. One
can see that, in the 22-year solar magnetic cycle, protons and
nuclei have the spike time dependence in negative phases
(A < 0) (blue curve), while electrons should have the plateau
time dependence (red curve). In positive phases (A > 0), the
situation is the opposite [28].

According to the accepted concepts, the difference in the
expected behavior among particles in CRs with opposite signs
of the electric charge is caused by the fact that, in the
heliosphere, for A < 0, the drift fluxes of protons and nuclei
are directed from low heliolatitudes (from the heliospherical
current sheet (HCS) to high latitudes, while electron drift
fluxes are directed from high to low heliolatitudes (to the
HCS). For A > 0, the situation becomes the opposite: the
drift fluxes of protons and nuclei are directed from high to low
heliolatitudes (to the HCS), while electron drift fluxes are
directed from low to high heliolatitudes (from the HCS).

The relation of directions of magnetic fields in polar caps
on the Sun and in the heliosphere and directions of drift
currents for protons and electrons is schematically shown in
Figs 8a, b: the positive phase of the 22-year solar magnetic
cycle (A > 0) (Fig. 8a) and the negative phase (A <0)
(Fig. 8b). The dashed and solid vertical arrows show the
directions of the rotation axis Q of the Sun and its dipole
magnetic moment M, respectively. In positive phases, Q7T M,
while in the negative phases, Q7] M. Directions of the drift
currents of particles with electric charge ¢ > 0 are shown by
straight arrows to the left of the Sun, and, for particles with
q < 0, to the right of the Sun (dashed arrows). Figures 8c,d
show the expected time dependences for particles with ¢ > 0
(protons and nuclei) and ¢ < 0 (electrons) in positive and
negative phases of the solar magnetic cycle. According to the
drift theory, the time dependences for CR particles with
opposite electric charges have different shapes. This differ-
ence is distinctly demonstrated by the ratio of the flow of
particles with ¢ > 0 to the flow of particles with ¢ <0
(Figs 8e, f).

The transport equation describing the motion of particles
in the heliosphere does not have an analytic solution and is

_ N

N(g>0)/N(¢g<0)
N(g > 0)/N(¢q <0)

Time Time

Figure 8. (a, b) Schematic view of the 22-year solar magnetic cycle in its
positive (A > 0) phases (a) and negative (A < 0) phases (b). Circle denotes
the Sun, curves with arrows show the direction of the solar magnetic field
in polar caps on the Sun and in the heliosphere. Dashed and solid arrows in
the circle denote the rotation axis Q of the Sun and direction of its dipole
magnetic moment M, respectively. In positive phases (A > 0), these
vectors have the same direction, Q1TM, while in negative phases
(A < 0), they have opposite directions, 7| M. Directions of drift CR
currents in the north and south parts of the heliosphere are shown by
vertical arrows. Solid arrows in Fig. 8a correspond to particles with ¢ > 0,
and dashed arrows in Fig. 8b correspond to particles with ¢ < 0.
(c,d) Time dependences of CR particle flux in Earth’s orbit with electric
charges ¢ > 0 and ¢ < 0 in the positive (A > 0) and negative (A < 0)
phases of this cycle according to the drift theory. (e, f) Time dependences of
the N(g > 0)/N(g < 0) ratio of the proton, nuclear flux to the electron flux
in the positive (A > 0) and negative (A < 0) phases of the 22-year solar
magnetic cycle.

solved by numerical methods. The equation contains many
parameters which can be selected to describe the spike-
shaped and plateau-shaped time dependences of proton
and nuclear fluxes in CRs according to the scenario
described above [28].

5. What do experimental data show?

Currently, the scope of experimental data obtained for
electrons is great enough, and it is possible to compare the
time dependences of CR fluxes with electric charges of
opposite signs. This is illustrated in Fig. 9. The red curve
shows the time dependence for secondary CRs produced by
protons and nuclei with rigidity R = 0.7—2.5 GV [26]. The
difference between particle fluxes measured at the maximum
of transition curves in the atmosphere at polar latitudes and
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Figure 9. (Color online.) Time dependence of secondary particle flux I the
atmosphere produced by primary CRs with rigidities of 0.73-2.5 GV
(monthly average values, red dots, left axis) [26]. Electron flux is shown by
black symbols (right axis). Light squares correspond to electrons with
R. = 0.9—1.1 GV obtained with balloons [29]; shaded squares correspond
to electrons with rigidities R, = 0.9—1.1 GV obtained with a satellite [29];
circles correspond to electrons with R, = 0.9—1.1 GV (PAMELA experi-
ment [31]); triangles correspond to electrons with R, =1.0—1.2 GV
(AMS-02 spectrometer on the International Space Station) [32].

those at the middle latitude (see Fig. 4) gives the particle flow
in the rigidity interval presented above. Figure 9 also shows
electron fluxes with a rigidity of 1.0-1.1 GV obtained at
different times with balloons (squares), satellites (shaded
squares), and, in the last two decades in the cosmic
PAMELA (Payload for Antimatter Matter Exploration and
Light-Nuclei Astrophysics) experiment (circles) and AMS-2
(Alpha Magnetic Spectrometer 02) experiment (triangles).

A comparison of the time dependences of CR fluxes with
g > 0 and ¢ < 0 shows that these dependences have the same
shape. Indeed, in the period from 06.1972 to 06.1977, a
plateau was observed for both protons and electrons. The
spike-shaped time dependences for these particles were
observed in the mid-1980s and in 2008-2010. This result
contradicts the conclusion of the drift theory that particles
with opposite electric charges are modulated differently.
These data suggest that the modulation of particles with
electric charges of opposite signs in the heliosphere occurs in
the same way [33]. Note that the authors of [34] made the
opposite conclusion.

The presence of spiked and plateaued time dependences of
the CR flux is probably not related to drift currents. A
possible explanation for these shapes is presented below.
The same time dependences for particles with electric charges
of the opposite sign in the 22-year solar magnetic cycle do not
deny the existence of drifts.

To explain qualitatively the two different shapes of the
time dependence of the CR flux in periods with A > 0 and
A < 0, we will us the hypothesis about the existence of open
and closed heliospheres proposed in [35, 36].

It is assumed that, during negative phases of the 22-year
solar magnetic cycle (A < 0 and Q 7| M), the reconnection of
magnetic force lines of the heliospheric and galactic magnetic
fields occurs. The reconnection occurs at distances of
~ 100 au at heliolatitudes above the spot-formation zone,
i.e., at heliolatitudes 4 > 10—15°. Within approximately four
years after the reconnection of the solar magnetic field (after
the solar activity maximum), the solar spot-formation region

Galactic magnetic field

T

Open heliosphere
(A <0and Q7| M)

m

Closed heliosphere
(A >0and Q1TM)

Figure 10. Schematic view of open (a) and closed (b) heliospheres. Sun is at
the center. Dashed arrow is its rotation axis €, solid arrow is the dipole
magnetic moment M of the Sun. Grey ring in panel b shows the region
where the reconnection of the solar and galactic magnetic fields is absent
and a magnetic barrier for CRs appears.

descends to heliolatitudes 1 ~ 10—12°. Outside this region,
reconnection can occur. An open heliosphere is formed and
CR particles can enter the heliosphere quite rapidly. This
process is schematically shown in Fig. 10a.

In the positive phase of the 22-year solar magnetic
cycle (A >0 and Q1TM), the reconnection of magnetic
force lines of the heliospheric and galactic magnetic fields
on the heliosphere boundary is absent (closed heliosphere)
(Fig. 10b). On this boundary, a fairly thick (a few tens of
astronomical units (au)) spherical magnetic barrier is
formed. It is possible that the magnetic barrier occupies a
region from the inner shock wave (termination shock,
r~ 85 au) to heliopause (r~ 125 au) [37]. Cosmic ray
particles diffuse through this barrier quite slowly, producing
the plateau-shape of the time dependence of CR fluxes in
Earth’s orbit for protons, nuclei, and electrons.

Note that, at the minimum of the 24th solar cycle (2008—
2010) and at the minimum of the 25th solar cycle (2019-2021),
the solar polar magnetic field was weak compared to that
observed at the previous minima of solar activity [38]. For this
reason, the effect of a magnetic barrier (the absence of the
reconnection of magnetic fields) in the time dependence of
CRs in the last positive phase of the 22-year solar magnetic
cycle (2013-2015) was less distinct. This can be seen, for
example, in Fig. 4 by comparing CR plateaus observed in
periods from 1974 to 1977 and from 2019 to 2021.

Large-scale modulation effects in CRs are related to the
reconstruction of magnetic fields on the Sun and in helio-
sphere. Figure 11 shows the time dependences of electron and
positron fluxes. The data are taken from [32]. The 2011-2015
period is related to the increasing branch of solar activity of
the 24th 11-year cycle, when a decrease in the CR cycle was
observed. The 2011-2013 period corresponds to the negative
phase of the 22-year solar magnetic cycle (A < 0). The
configuration of the magnetic field in the heliosphere at that
time was stable, the drift velocity of electrons was directed
from high heliolatitudes to a heliospheric current layer, while
the drift velocity of positrons (protons and nuclei) was
directed vice versa, from the HCS to high heliolatitudes. The
positron flux Je+ for this period is normalized with respect to
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Figure 11. (Color online.) Time dependence of positrons (red dots) and
electrons (black dots) with rigidity R. = 1.01—1.22 GV [32]. Positron flux
is normalized to the electron flux (see text). Horizontal red straight line
shows the inversion period of polar magnetic fields on the Sun.

the electron flux Je-: Jo- = kJo+. The value x = 11.2 was
calculated over the 2011.5-2013.3 time interval. One can see
that the time dependences of electron and positron fluxes
occur synchronously from mid-2011 to mid-2013.

The period from 2015 to 2018 corresponds to the solar
activity decrease and the positive phase of the 22-year solar
magnetic cycle (A > 0). In this period, an increase in CR
fluxes was observed. The positron flux was also normalized
to the electron flux, Jo- = k;Je+. The value x| = 5.75 was
calculated over the 2017.0-2017.4 time interval. One can see
from Fig. 11 that the electron and positron fluxes change
synchronously in time from the end of 2015 to mid-2017. In
that period, the configuration of the magnetic field in the
heliosphere was stable, but directions of drift currents
changed to the opposite ones compared to the 2011-2013
period: the drift current of positrons was directed from high
heliolatitudes to the HCS, while the drift current of electrons,
on the contrary, was from the HCS to high heliolatitudes.
Positron fluxes began to grow faster than electron fluxes.

In 2012, the inversion of the magnetic field on the Sun
began [38, 39]. The duration of the inversion of the solar polar
magnetic field is shown in Fig. 11 by the horizontal line. In the
north polar cap of the Sun, this process took almost three
years (beginning of 2012-beginning of 2015). In the south
polar cap, the inversion occurred rather rapidly in May 2013
[38].

After the beginning of inversion on the Sun (after
approximately a year, from mid-2013), the reconstruction of
magnetic fields in the heliosphere began, which ended in
November 2015. The heliosphere extends up to the helio-
pause (r =~ 120 au), after which the interstellar medium
begins. For solar wind with a magnetic field frozen to it to
reach the heliopause, approximately a year is required.

In the heliosphere after the end of the magnetic field
reconstruction, a new configuration of the magnetic field was
established, and the heliosphere became closed (A > 0). The
directions of drift currents changed to the opposite ones: the
drift current of positrons was directed from high heliolati-
tudes to the HCS, while the drift current of electrons, on the
contrary, went from the HCS to high heliolatitudes. Positron
fluxes began to grow faster than electron fluxes.

Data presented in Fig. 11 show that electron and positron
fluxes (the latter are normalized with respect to electron fluxes
in 2011) began to diverge in mid-2013. This occurred within
approximately a year after the beginning of the magnetic field
inversion in the north polar latitudes of the Sun (at the
beginning of 2012) when CRs began to ‘feel’ the reconstruc-
tion of magnetic fields in the heliosphere. The magnetic field
inversion on the Sun ended at the beginning of 2015, while the
reconstruction in the heliosphere, at the end of 2015. Before
the beginning and after the end of the inversion of magnetic
fields in the heliosphere (mid-2013 and end of 2015, respec-
tively), the time dependences of electron and positron fluxes
are similar. During the reconstruction of heliospheric
magnetic fields (mid-2013 and end of 2015, respectively),
electrons and positrons behave differently.

6. Conclusions

Experimental data on CRs obtained from measurements in
the atmosphere and data on electrons (balloon and satellite
measurements) are analyzed. In the atmosphere, secondary
charged particles produced by protons and nuclei, i.e., by
cosmic particles with positive electric charges, were measured.
It is shown that particles with opposite electric charges are
modulated by solar activity in the same way. In positive
phases of the 22-year solar magnetic cycle, the time depend-
ences of particles of both signs have a plateau-shaped
character in the minimum of the solar activity and near it
for approximately four years. In negative phases of the solar
magnetic cycle, a spike-shaped time dependence is observed
for particles of both signs.

This effect is explained by assuming that, during negative
phases of the 22-year solar magnetic cycle (7| M), the
reconnection of magnetic force lines of galactic and solar
magnetic fields occurs, and the heliosphere becomes open.
Cosmic rays freely penetrate into it, and the spiked time
dependence of CR particles is observed independently of their
electric charge. In positive phases of the magnetic cycle on the
Sun (211 M), the reconnection is absent and the heliosphere
is closed to CRs. To enter the heliosphere, cosmic particles
must overcome a diffusion magnetic barrier. This barrier
gives the plateau-shaped time dependence of the CR flux
independently of the sign of the electric charge of particles.
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