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Abstract
The thesis is focused on the reconstruction of long-term cosmic ray variability
using proxy data.
The 11-year solar cycle in production/deposition rates of cosmogenic nuclides
10
Be and 14 C has been modelled for the conditions of grand minima and maxima
of solar activity (namely, Maunder Minimum and Grand Modern Maximum). The
result shows that contrary to the observed strongly suppressed amplitude of the
solar cycle in sunspots during Maunder Minimum relatively to Grand Modern
Maximum, the cosmic ray proxies have the comparable amplitudes during the
two periods. This phenomenon is caused by the nonlinear relation between solar
activity and production of cosmogenic nuclides.
In addition to well-established proxies of cosmic rays, nitrate in polar ice has
been recently proposed as a new proxy for the long-term variability of galactic
cosmic rays. The thesis contains two tests of its applicability for this purpose with
TALDICE and EPICA-Dome C ice core data from Central Antarctica. The results
support the proposal for the multimillennial time scales.
Lunar samples acquired during the Apollo missions are important data for estimating the averaged energy spectra of galactic cosmic rays and solar energetic
particles at the Earth’s orbit. The development in modelling of the interaction
between energetic particles and matter makes it necessary to revise the earlier results. Because of that, new production rates of 10 Be and 14 C in lunar samples by
galactic cosmic rays and solar energetic particles have been computed.
New accurate cosmic ray reconstructions from natural archives containing cosmogenic nuclides use sophisticated climatic models requiring yield functions of the
nuclides with high altitude resolution. These functions have been computed for
7
Be, 10 Be, 14 C, 22 Na, and 36 Cl in the Earth’s atmosphere.
Overall, the major purpose of the studies presented in the thesis is to increase
the quality of reconstructions of the long-term cosmic ray variability for better
understanding of the solar and heliospheric physics.
Keywords: cosmic rays, galactic cosmic rays, cosmogenic isotope, cosmic ray
proxy, yield function, solar physics, heliospheric physics.
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1 Introduction
Energetic particles in space are known as cosmic rays (CR). Most of them arrive
from the interstellar space and are called galactic cosmic rays (GCR). Those particles are highly energetic and, although their number density in the interstellar
space is quite low, the energy density is of the same order as the densities of
the visible starlight, galactic magnetic field and cosmic background radiation (the
order of eV/cm3 ) [Castellina and Donato, 2011]. Because of that, they play an
important role in the dynamics of galaxies. Galactic cosmic rays are mainly nuclei
(i.e. fully ionized atoms) with most abundant species being protons (hydrogen nuclei) and α-particles (helium nuclei). They are detected with energies in the very
wide range from 106 to 1020 eV, and there is no experimental evidence against the
existence of particles with even higher energies [e.g., Blümer et al., 2009].
For us, being situated inside the heliosphere, there is another important type
of cosmic rays to be considered — solar energetic particles (SEP). Although their
origin is local (the Sun), the relatively high energy makes them important along
with galactic cosmic rays, and often they are studied together by the same methods
and instruments. I note that using the term "cosmic rays" in this thesis, I include
both galactic cosmic rays and solar energetic particles. I do not consider anomalous
cosmic rays accelerated near the heliospheric boundary due to their negligible
contribution to the production of cosmic ray proxies studied in the thesis.
Cosmic rays were experimentally discovered by Victor Hess with co-workers
and independently by Dominico Pacini in 1912. They conducted measurements of
ionization with balloons (Hess) and underwater (Pacini). Based on the results of
the experiments, suggestions were made that there is a dominant source of ionizing
radiation coming from above, later named as "cosmic rays". After the discovery,
many cosmic rays experiments were conducted, and the topic has expanded from
purely geophysical to a subject of solar-, astro- and high-energy physics.
During approximately 100 years of real-time measurements, it became clear
that the cosmic rays flux is not constant in time. Sporadic solar energetic particle
events of short duration, 11-year heliospheric modulation galactic cosmic rays, and
many other effects and processes were discovered. The length of existing data of
real-time measurements limits studies of longer-period variations. Fortunately,
we have an opportunity to use natural archives with stored proxies of energetic
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particles and, thus, go back in time in the sense of studying cosmic ray variability
before the instrumental era. This allows to make CR reconstructions spanning up
to tens of thousands of years before present.
When a cosmic ray particle enters the Earth’s atmosphere or dense matter in
general, it may initiate a cascade of consequent reactions there. Secondary particles of such a cascade, in turn, may drive production of nuclides or molecules,
which can stay in situ, if they where produced in, e.g., ice or rock, or be transported and then stored in other locations, as it happens in the atmosphere. Such
cosmic ray proxies are an object of a great interest from the scientific community.
Measurements of their abundances, for instance, in tree trunks or ice cores give
data for reconstructions of the flux of energetic particles in the past considering
atmospheric transport models and other geophysical processes taking place after
their production by cosmic rays.
In this thesis I review the work done by myself and my colleagues related to
the method of reconstructing the energetic particle flux from the proxies, to the
production of cosmogenic nuclides under different conditions, and to nitrate in ice
cores as a new proposed chemical proxy of cosmic rays.

2 Cosmic rays
2.1 Galactic cosmic rays
Cosmic rays originating from the Galaxy or beyond, so-called galactic cosmic rays,
are the most energetic particles in the Universe. They are composed of nuclei,
mostly hydrogen (protons) and helium (α-particles), with energies in the range
from 102 up to 1020 eV [Abraham et al., 2008].
The differential energy spectrum of galactic cosmic rays near the Earth compiled from several measurements is shown in Figure 2.1. It is seemingly simple,
but contains a number of interesting features. For the energy above 1010 eV the
differential spectrum J(E) can be roughly represented by a power-law function:
J(E) ∝ E γ ,

(2.1)

where E is the particle’s kinetic energy, and γ is the spectral index, which conveniently represents the slope of J(E). The low-energy galactic cosmic rays below 1010 eV has the flux suppressed due to the heliospheric modulation (see Section 3.1).
In order to highlight other features of the energy spectrum, it is often multiplied
by the energy in power ≈ 2.5 to remove the dominant slope (Figure 2.2). This curve
has a "knee" at ≈ (3–5) · 1015 eV and an "ankle" at ≈ 4 · 1018 eV distinguishable.
Particles with ultra-high energies at the "ankle" are extremely rare, their flux is
about ten orders of magnitude smaller than the flux at the "knee" region and
twenty orders of magnitude lower than the flux of numerous 1 GeV cosmic rays.
The "knee" at ≈ (3–5) · 1015 eV is formed by a flux decrease of the most abundant
light galactic cosmic rays with the atomic number Z < 6 [Antoni et al., 2005],
but the heavy fraction of galactic cosmic rays (Z > 13) has the "knee" at higher
energies of about 8·1016 eV [Apel et al., 2011]. The spectrum has the slope γ ≈ −2.7
before the "knee" and γ ≈ −3.1 after it [Blümer et al., 2009]. After the "ankle"
one can see a suppression of the flux (Figure 2.2), which is likely related to the
Greisen-Zatsepin-Kuzmin (GZK) cutoff, theoretically predicted at 4 · 1019 eV due
to interaction of cosmic rays with the microwave background radiation [Watson,
2014, and references therein]. After intensive debates about the existence of
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Fig. 2.1. Differential energy spectrum of galactic cosmic rays at the Earth’s
orbit [modified after Swordy, 2001].

the effect, the experiments HiRes I, II [Abbasi et al., 2008] and the Pierre Auger
Observatory [Creusot, 2012] have made measurements fitting in the prediction.
The physical explanation of the spectral "knee" is still unclear: it can be superposition of cosmic ray fluxes originating from our galaxy and from other extragalactic sources, or change in the efficiency of acceleration, or features in the
GCR transport. The hypothesis of the superposition of the Milky Way’s and extragalactic cosmic rays suggests that cosmic rays below a "knee" are accelerated
within our galaxy, and particles with the energies above it are mostly extragalactic.
The cause of "ankle" is unclear as well partly because of very poor observational
statistics [e.g., Müller, 2001; Blümer et al., 2009, and references therein].
Although exact origins of galactic cosmic ray particles are still under discussion,
there are evidences that the major source of them (in the energy range below the
"knee") in our galaxy are supernova remnants [e.g., Ackermann et al., 2013]. The
acceleration sites of extragalactic cosmic rays with energies above the "knee" are
less clear [e.g., Diehl et al., 2001, and references therein]. They can be shocks in
radio-galaxy jets [Ostrowski, 1998], in gamma-ray bursts [Vietri, 1995; Pelletier
and Kersalé, 2000], in the hotspots of active galaxies [Wilson et al., 2001] and in
many other objects [Blümer et al., 2009].
The spectrum near the Earth is approximately equal to the local interstellar one
above several tens of GeV and, thus, can be measured with balloon-, space-borne
instruments and extensive air shower setups. On the low-energy end propagation
of cosmic rays in the heliosphere alters the spectrum, and measurements at the
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Fig. 2.2. Differential energy spectrum of galactic cosmic rays at the Earth’s
orbit tilted with E2.5 in order to highlight its features [Blümer et al., 2009, and
references therein for the data].

Earth cannot give its direct representation. Theoretical estimates of the local interstellar spectrum (LIS) are made in two ways: modelling of galactic sources and
propagation of cosmic rays in the galaxy (e.g., the code GALPROP [Strong and
Moskalenko, 1998]) [e.g., Strong et al., 2007] and inverse modelling of propagation
of cosmic rays in the heliosphere (demodulation) using the GCR energy spectrum
measured at the Earth [e.g., Herbst et al., 2010]. Until recently, only these theoretical options were available for estimate of LIS, but in 2012 the space probe Voyager
1 went out from the heliosphere [Stone et al., 2013], and its measurements of energetic particles outside give a low-energy reference for LIS models [e.g., Corti et al.,
2015; Bisschoff and Potgieter, 2016]. LIS of GCR hydrogen, helium and carbon
compiled from measurements made with Voyager 1 and PAMELA space-borne instruments are shown in Figure 2.3. PAMELA is situated inside the heliosphere at
1 AU, thus, particles measured with it below 10 GeV/nuc are an object of the heliospheric modulation. This is likely a main cause of the discrepancy seen between
the Voyager 1 and PAMELA data at 0.1–1 GeV/nuc in the figure.
In the local interstellar medium the flux of galactic cosmic rays is essentially
isotropic because of the diffusive propagation in the galaxy [Swordy, 2001]. Inside
the heliosphere its anisotropy rises up to the order of 1 % due to the motion of
the Solar system in the interstellar space and heliospheric propagation effects [e.g.,
Grieder, 2001].
Figure 2.4 shows relative abundances of galactic cosmic ray nuclei in comparison with element abundances in the Solar system and local interstellar medium.
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Fig. 2.3. Local interstellar spectrum of hydrogen, helium and carbon measured
with Voyager 1 (solid point marks) and PAMELA (open point marks). The GALPROP plain diffusion model with and without reacceleration option (solid and
dashed lines, respectively) is fitted to the observations [Bisschoff and Potgieter,
2016].

Hydrogen nuclei are dominant GCR species — their abundance is about 90 %
of total particle number. After them, the second important fraction is helium
nuclei (≈ 9%), then all heavier fully-ionized nuclei (≈ 1%). Lithium, beryllium
and boron, the next elements after hydrogen and helium according to the atomic
number, are very rare in the Solar system and local interstellar medium. Their
abundances are more than 5 orders lower than the abundance of subsequent carbon. In contrast to this, lithium, beryllium and boron are significantly more
numerous in galactic cosmic rays, though they are still less abundant than carbon
due to production of these light elements in collisions of primary galactic cosmic
rays with matter.
Along with ordinary matter, antiprotons have been found in galactic cosmic
rays. Their abundance, measured as the antiproton-to-proton ratio in CR radiation, varies in the range 5 · 10−6 –5 · 10−4 for energies 0.1–3 GeV [e.g., Grieder,
2001, and references therein]. The existence of cosmic ray antihelium and heavier
antiparticles is not experimentally confirmed so far. The balloon-borne measurements set the upper limit of the ratio antihelium to helium at 2.7 · 10−7 [e.g.,
Sasaki et al., 2008]. It is commonly believed that GCR antinuclei are secondaries
of interactions of ordinary cosmic ray nuclei with interstellar matter.
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Fig. 2.4. Relative abundances of galactic cosmic rays in comparison with abundances of elements in the Solar system and local interstellar medium [Beer et al.,
2012]. The data are normalized to GCR carbon, which is set as 100.

2.2 Solar energetic particles
Along with the Galaxy, the outer source of energetic particles in the heliosphere,
there is also the inner source — The Sun. Particles produced by is are called solar
cosmic rays (SCR) or solar energetic particles (SEP). While the flux of galactic
cosmic rays is roughly constant in time, solar energetic particles are emitted sporadically, and thus, their flux varies greatly. Typically, they are less energetic than
galactic cosmic rays: most of them are in the range 1–100 MeV, and rarely above
1 GeV. Figure 2.5 shows the energy spectrum of proton fluence integrated over the
event on 20 January 2005, one of the strongest SEP events instrumentally registered at the Earth (the low-rigidity1 /energy part is not shown). During that event
the fluence of solar energetic protons in the range 100 MeV–1 GeV was 4 orders
of magnitude higher than that of galactic cosmic rays, but at approximately 1–2
GeV they become comparable, and above this value galactic cosmic rays are totally
1 The

magnetic rigidity of a particle is its momentum per unit charge.
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dominating over solar particles. The maximal energy of SEP is about 10 GeV with
more then 3 orders of magnitude lower fluence in comparison with galactic cosmic
rays.
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Fig. 2.5. SEP event corresponding to GLE 69 on 20 January 2005. The left-hand
panel: event-integrated solar proton fluence from space-borne and ground-based
measurements (the marks); model curve fitted to the measurements (the solid line).
The right-hand panel: daily fluence of solar (the solid line) and GCR protons (the
doted and dashed lines). The doted line denotes the fluence for 20 January 2005
including the effect of a Forbush decrease, the dashed line corresponds to the
average fluence during January 2005 [modified after Usoskin et al., 2009b].

The average annual fluence of low-energy cosmic rays (up to tens MeV) is dominated by solar energetic particles, though their emission has a sporadic character.
Considering only high-energy cosmic rays above several hundred MeV at the multiannual scale, the SEP fluence is negligible and galactic cosmic rays form the
overwhelming majority of particles. As discussed in Section 3.1, the intensity of
galactic cosmic rays in the heliosphere varies in the opposite phase to solar activity.
In contrast to this, emission of solar energetic particles depends on solar activity
directly.
Most of SEP events do not have particles with energies above the atmospheric
cutoff threshold (several hundreds MeV, see Section 3.3). Because of that, they
cannot be registered on the ground, and only balloon- and space-borne instruments
can be used to study them. The discovery of solar energetic particles happened
as registration of a relatively rare intensive event containing particles with energy
sufficient to pass the atmosphere and cause an enhancement in routine cosmic ray
measurements (the effect named as a ground level enhancement/event, GLE). Since
the first detection in 1942, 71 GLE have been registered so far around maxima and
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the declining phase of solar activity, but rarely during solar minima (Figure 2.6).
The magnitude of GLE varies from a few percent up to a factor of 50 above the
GCR background in 5-minute resolution data. The strongest GLE was registered
on 23 February 1956 (GLE 5), it was observed as an increase of up to 5110 %
relative to the pre-event level (Leeds neutron monitor station, 5-minute resolution,
Figure 2.7). It had a fast rise lasting 15-25 minutes for different stations, and a
declining phase of several hours long.

Monthly mean sunspot number
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Year

Fig. 2.6. Monthly mean sunspot numbers (the curve) and GLE (circles with
the area corresponding to the magnitude). The sunspot data from WDC-SILSO,
Royal Observatory of Belgium, Brussels (v.1, www.sidc.be/silso/datafiles),
the GLE data from gle.oulu.fi.

Acceleration of solar energetic particles is believed to happen in flares and on
shocks driven by coronal mass ejections (CME). These processes are not related
directly to each other and cause different types of SEP events observed at the
Earth.
A flare is an explosive event in the solar atmosphere, during which large amount
of magnetic energy is released due to magnetic reconnection. This energy can lead
to rapid acceleration of nuclei and electrons. Those particles propagate outward
or inward the Sun. Impulsive SEP events are formed by them going outwards
to the interplanetary space. Particles going inward the solar atmosphere, can be
trapped in a magnetic "bottle", and partly released back to the interplanetary
space. They can be responsible for gradual flare-induced SEP events. Although
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Fig. 2.7.
The strongest GLE 5 observed at 23 February 1956 with neutron
monitors (the GLE database, gle.oulu.fi).

the mechanism of acceleration in a flare is generally clear, many details are not
well understood yet. An example of the impulsive flare-associated type of SEP
events, which happened on 13 August 1982, is shown in Figure 2.8 (right-hand
panel). This type of events is characterised by the fast rise, gradual decline and
relatively short total duration.
Propagation of solar energetic particles has very preferable directions along lines
of the heliospheric magnetic field, which have a shape of the Archimedean spiral
(see Section 3.1.1). Because of this, observation of a flare-induced SEP event at
Earth is possible only if it takes place in a narrow range of solar longitudes over
the western limb, where the site of acceleration and the observer are connected
with magnetic field lines, otherwise energetic particles pass by.
Another type of gradual SEP events is originated from coronal mass ejections.
In comparison with a flare, CME has the particle population less energetic and
much more numerous. During propagation of the ejecta in the interplanetary
medium, a foreshock and aftershock are formed because of its interaction with
solar wind. Particles can be accelerated on its shocks in a similar way as it happens
with galactic cosmic rays and shocks formed by supernova remnants. A notable
difference between flare- and CME-originated SEP is the duration of acceleration
processes. While in flares SEP are accelerated almost instantly, in shocks particles
have continuous acceleration, and it is reflected in the shapes of intensity time
profiles.
A typical SEP event driven by CME is shown in Figure 2.8 (left-hand panel).
When CME approached, its escaping energetic particles were registered as a gradual rise of the flux. The additional peak over the enhanced background (on 8 December 1981) corresponds to the time when CME with trapped particles passed by
the detector. After that CME propagated away, and the flux of particles declined
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Fig. 2.8. Gradual SEP event associated with CME (left-hand panel) and impulsive SEP event associated with a flare (right-hand panel) [Reames, 1999; Beer
et al., 2012]. The measurements are made on International Sun/Earth Explorer-3
(ISEE-3).

correspondingly. The particular shape of the intensity time profile of a CMEassociated gradual SEP event depends on many factors, including the relative
longitude position of the observer and CME. In contrast to flare-induced events,
gradual ones caused by CME can be seen in the significantly wider range of solar
longitudes. More details of the SEP propagation are discussed in the review given
by Reames [1999].
Different types of acceleration of solar energetic particles are not isolated one
from another, and often the complex effect of a flare and CME takes place. It seems
that most energetic solar particles occur in the following way: a seed population
of particles comes to CME from a flare, and shocks additionally accelerate them.
Solar energetic particles consist in ionized hydrogen, helium, heavier atoms, and
also electrons. The latter are very effectively accelerated to relativistic energies,
but they have high energy loss during propagation and, thus, only a small fraction
of them reaches the Earth. The relative abundances of SEP nuclei are shown in
Figure 2.9. Hydrogen and helium are clearly dominant in the composition. The
lack of data about light elements lithium, beryllium, and boron (Z = 3, 4, 5) in the
figure can be likely explained by their extremely low abundances in solar energetic
particles, and this is confirmed by the Solar system abundances in Figure 2.4.
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These nuclei are rare in comparison to galactic cosmic rays because SEP traverse
less amount of matter and, thus, produce less secondary light elements. The
abundances of heavier elements in SEP events generally follow the trend of the
photospheric composition reproducing relatively high values for iron and odd-even
alternation, although the abundances for Z > 10 are systematically higher for SEP
events than for the photosphere.
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Fig. 2.9.
Relative abundances of elements in the photosphere, gradual and
impulsive SEP events measured on International Sun/Earth Explorer-3. Oxygen
is set as 1000. Large squares and triangles indicate the upper estimates of values.
The data from [Reames, 1995].

Contrary to galactic cosmic rays, not all solar energetic particles (atoms) are
fully ionized. While hydrogen and helium are totally "stripped" [Oetliker et al.,
1997], heavier atoms have the ionization states most commonly below the maximal
values. For instance, Table 2.1 shows average ionization states of iron in different
SEP events. Typically, impulsive events with rapid acceleration produce higherionized particles than gradual ones: in the energy range 0.3–2 MeV/nuc iron nuclei
have the charge about 20 and 14 in average, respectively (the maximal value is
26).
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MeV/nuc Ion. state
Large gradual events
0.3–2
14.1 ± 0.2
0.3–5
11.0 ± 0.2
15–70
15.2 ± 0.7
200–600 14.1 ± 1.4
Impulsive-flare events
0.3–2
20.5 ± 1.2

N events

Reference

12
2
2
3

[Luhn et al., 1987]
[Mason et al., 1995]
[Leske et al., 1995]
[Tylka et al., 1995]

~26

[Luhn et al., 1987]

Table 2.1. Average ionization states of iron in gradual and impulsive SEP events
[modified after Reames, 1999].

3 Cosmic ray related phenomena
3.1 Modulation of galactic cosmic rays in the heliosphere
3.1.1 The heliosphere
The Sun constantly emits solar-wind plasma with frozen-in magnetic field. During
radial outward propagation in the interplanetary medium its pressure decreases
and at some distance from the Sun becomes comparable with the pressure of the
local interstellar medium. This forms the heliosphere, whose structure is schematically shown in Figure 3.1. The innermost space with the boundary called the
termination shock is totally controlled by the Sun. It has a sphere-like form with
the radius of approximately 80–100 AU [e.g., Decker et al., 2005; Burlaga et al.,
2008]. The region beyond the termination shock is the heliosheath, where solar
and interstellar matters interact with each other. Because of the motion of the
Solar system in the interstellar space, it is suppressed in the upstream direction
and stretched downstream. The heliosheath is bounded by the heliopause, which
is also the outermost boundary of the entire heliosphere. In 2012 the space probe
Voyager 1 crossed the heliopause and went outside the heliosphere giving the estimate of its upstream radius as 120–130 AU [Krimigis et al., 2013; Stone et al.,
2013]. Until recently, the heliospheric bow shock was widely believed to exist
ahead of the heliosphere, but in 2012 the lack of it was shown by measurements
from the space probe Interstellar Boundary Explorer (IBEX). Instead of the bow
shock, the bow wave was proposed [McComas et al., 2012].
The intensity of heliospheric magnetic field (HMF) decreases with the distance
from the Sun. At 1 AU it is approximately 5 nT and can vary in time mostly within
3–10 nT, but sporadically up to hourly-averaged values of 30 nT (GSFC/SPDF
OMNIWeb database, omniweb.gsfc.nasa.gov). Beyond several solar radii away
from the Sun the heliospheric magnetic field is frozen into solar wind and, subsequently, carried with it [e.g., Owens and Forsyth, 2013]. Because of rotation of the
Sun, the field lines have the shape of the Archimedean spiral predicted by Parker
[1958]. This structure is simplistically illustrated in Figure 3.2. The regions of the
heliosphere with oppositely directed magnetic field lines are separated with a relatively thin layer called the heliospheric current sheet (HCS). It has a wavy shape
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Fig. 3.1. Heliospheric boundaries [modified after McComas et al., 2012]. Thin
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not to scale.

(Figure 3.3) explained by rotation of unipolar magnetic regions nonuniformly distributed in the longitudinal direction on the solar surface. The solar magnetic field
changes its polarity with the 22-year periodicity (the Hale cycle, [Hale and Nicholson, 1925]). The polarity reversals happen during high solar activity periods, and
between them, when activity is low, magnetic field is approximately dipolar with
the axis close to the Sun’s rotation axis. It makes the heliospheric current sheet
almost flat during solar minima and extended to high heliolatitudes during solar
maxima [e.g., Owens and Forsyth, 2013].

3.1.2 Transport of galactic cosmic rays in the heliosphere
Magnetic field affects propagation of charged cosmic ray particles. Starting from
the heliopause and inwards, the heliospheric magnetic field reduces the galactic
cosmic ray flux relatively to its value in the local interstellar space. This effect is
known as the heliospheric modulation. Particles are affected by the heliospheric
magnetic field according to their rigidities: in the inner heliosphere at 1 AU the
flux of galactic cosmic rays with the rigidity about 100 MV can be an order or
two lower than in the local interstellar medium, while particles with rigidity higher
than 50 GV have negligible modulation effect.
The intensity and structure of the heliospheric magnetic field vary in the course
of the solar cycle, leading to corresponding changes in the modulation of galactic
cosmic rays. During low activity periods the modulation effect is weaker than during periods of active Sun. Consequently, the highest intensity of galactic cosmic
rays is observed during solar minima, and vice versa. This dependence is shown
in Figure 3.4. The flux of 1 GeV protons is two times lower at the Earth’s orbit than outside the heliosphere during solar minima and ten times lower during
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The Sun

Fig. 3.2. Heliospheric magnetic field in the solar ecliptic plane [modified after
Schatten et al., 1969; Owens and Forsyth, 2013]. Their regions are separated with
the heliospheric current sheet (denoted as dashed lines with labels HCS). The
sketch is not to scale.

maxima. For lower energies the difference is even greater. Because of the effective
modulation of low-energy particles, the spectra of protons in the inner heliosphere
have clear suppression of the flux below several hundreds MeV and the maximal
intensity of galactic cosmic ray protons at 1 AU within 200-1000 MeV depending
on the level of solar activity.
The theory of the energetic particle transport in the heliosphere was formulated
by Eugene Parker [Parker, 1965] in the form of the transport equation:
∂f
~ · ∇f
~ − h~vD i · ∇f
~ +∇
~ · (K · ∇f
~ ) + R (∇
~ ·V
~ ) ∂f ,
= −V
∂t
3
∂R

(3.1)

where f (~r, R, t) is the cosmic ray number density, ~r is the position vector, R
~ is the solar wind velocity, h~vD i is the
is the particle’s rigidity, t is the time, V
mean drift velocity, and K is the diffusion tensor. In this equation the term
~ · ∇f
~ represents the convection of cosmic rays driven by solar wind and frozen−V
~ is the average CR drift in the
in magnetic field outwards from the Sun, −h~vD i · ∇f
~
~
heliospheric magnetic field, ∇ · (K · ∇f ) is the CR diffusion on HMF irregularities,
~ ·V
~ ) ∂f is the adiabatic energy loss of cosmic ray particles [e.g., Jokipii
and R3 (∇
∂R
et al., 1977; Moraal, 2013].
This equation can be solved in different ways, by analytical and numerical approaches, though including various simplifications [e.g., Moraal, 2013]. For studies
of long-term cosmic ray variability not pretending for a detailed description of
the processes, the most widely used approach is the force-field approximation, developed by Gleeson and Axford in 1967–1968 [Gleeson and Axford, 1967; 1968;
Caballero-Lopez and Moraal, 2004]. It is based on several assumptions including
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Fig. 3.3.
Artist’s view of the wavy heliospheric current sheet (Werner Heil,
Wikimedia Commons/GFDL, original [Wilcox et al., 1980]). The picture is not to
scale.

isotropic GCR distribution, spherical symmetry of the heliosphere, quasi-steady
conditions and some others. The force-field solution of the transport equation
(3.1) is obtained in the form of characteristic curves, and the differential energy
spectrum of cosmic rays of a given type (protons, α-particles, heavier nuclei) at 1
AU in particles/(m2 s sr MeV) is given as:
J(E, Φ) = JLIS (E + Φ)

E(E + 2E0 )
,
(E + Φ)(E + Φ + 2E0 )

(3.2)

where E is the particle’s kinetic energy, E0 is the particle’s rest energy (≈ 938
MeV for a proton), JLIS is the differential energy spectrum of cosmic rays in the
local interstellar space (see Section 2.1), and Φ is so-called modulation function
or the force-field energy loss that the particle has during its propagation into the
inner heliosphere (in the energy units).
The local interstellar spectrum of a given type of cosmic rays JLIS is believed
to be constant in time and, consequently, the variation of the entire spectrum
J at 1 AU depends only on one parameter Φ, which represents the heliospheric
modulation (Figure 3.4). The modulation function can be described as
Φ=

eZ
φ,
A

(3.3)

where e is the elementary charge, Z is the atomic number of given cosmic ray
particles, A is its mass number, and φ is the modulation potential in volts. Since
Φ depends on the type of cosmic ray particles (A and Z), the most convenient way
is to use the invariant modulation potential φ for all GCR species to describe the
heliospheric modulation with a single value. Similarly to the modulation function,
the modulation potential represents the rigidity loss of the cosmic ray particle in
the heliosphere.
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Fig. 3.4. Heliospheric modulation of galactic cosmic rays using the force-field
approximation. Differential energy spectra of galactic cosmic ray protons at 1 AU
for quiet (φ = 300 MV, the line with circles) and active Sun (φ = 1000 MV, the
line with triangles), and their local interstellar spectrum (the thick solid line). The
plot is based on the LIS reconstruction from [Burger et al., 2000].

The parameter φ is convenient for quantification of solar activity reconstructed
from cosmic ray data [e.g., Beer et al., 2012; Usoskin, 2013]. The reconstruction
based on the measurements made with ionization chambers and neutron monitors
since the 1930s is shown in Figure 3.5 (top panel) [Usoskin et al., 2011]. One can
see a distinct 11-year variability, following that in the sunspot data (the bottom
panel of the figure) with a delay of approximately 1 year, (the time needed for
propagation of solar wind and galactic cosmic rays in the heliosphere). Solar
activity represented with φ is within 200–500 MV during quiet periods, but it can
be as high as 1100–1500 MV when the Sun is active. The modulation parameter
φ is model-dependent of JLIS (Equation 3.2), and therefore, any intercomparison
of solar activity series represented with φ should takes this into account [Usoskin
et al., 2005; Herbst et al., 2010].
The heliospheric current sheet plays a notable role in modulation of galactic
cosmic rays [e.g., Jokipii and Thomas, 1981]. Although drifts of energetic particles
take place in all parts of the heliosphere, this region is particularly important for
that. The mechanism of the HCS drift is simplistically illustrated in Figure 3.6.
Cosmic ray particles drift along the current sheet outwards or towards the Sun
according to the polarity of the heliospheric magnetic field. When the northern
solar hemisphere is negative (the solar polarity A < 0), positively charged particles
drift inwards and vice versa. The shape of the current sheet changes during a solar
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Fig. 3.5. Heliospheric modulation (top panel) and solar activity (bottom panel)
represented by the modulation potential φ and monthly mean sunspot number,
respectively. The modulation potential is reconstructed from cosmic ray measurements with ionization chambers and neutron monitors [Usoskin et al., 2011].
The top panel is split into sections from left to right: reconstruction based on
ionization chambers (IC), on a few IGY-type neutron monitors (NM), and on
the worldwide network of NM64-type neutron monitors (NM network). The
sunspot data are from WDC-SILSO, Royal Observatory of Belgium, Brussels (v.1,
www.sidc.be/silso/datafiles).

cycle. Only when it is flat during quiet Sun periods, the drift along it has a notable
effect on the total cosmic ray propagation. The current sheet facilitates the cosmic
ray access into the heliosphere during solar minima with the polarity A < 0 and
impedes to it during minima with A > 0. Its action is seen in the cosmic ray data
over last several solar cycles (Figure 3.7). In particular, because of the HCS drift,
during periods of low solar activity the shape of maxima of cosmic ray intensity
alternates as flat (around 1976, 1998) and sharp (around 1987, 2009).

3.2 Cosmic rays and the Earth’s magnetosphere
The Earth’s magnetic field has the intensity 25000–60000 nT at the surface [Finlay et al., 2010, and references therein]. In the first approximation, it can be
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Fig. 3.6. Drift of a positively-charged cosmic ray particle along the heliospheric
current sheet [Usoskin, 2014]. Circles with dots and crosses denote magnetic field
~ pointing upward and downward from/to the page, respectively.
vectors B

represented as a dipole, which slowly varies in time. According to paleomagnetic
reconstructions, the virtual axial dipole moment1 varied within 3–12 · 1022 A·m2
during the past 50000 years (Figure 3.8) [Knudsen et al., 2008], and even polarity
reversals take place on the multi-million year time scale [e.g., Cande and Kent,
1995]. At the distance of several Earth’s radii the geomagnetic field evolves from
the dipole-like to an elongated form under the pressure of solar wind (Figure 3.9).
This structure is called the magnetosphere.
The strength of the Earth’s magnetic field is sufficient to protect the planet
from most of solar wind particles and partly from cosmic rays by bending their
trajectories and reflecting them back into the interplanetary space. The rigidity
dependence of the effect on charged particle motion caused by the magnetosphere
is illustrated in Figure 3.10. Trajectories of particles vary from slightly curved
for high rigidities (curves 1–3 in the figure) to very twisted for low rigidities,
especially in proximity to the Earth. The geomagnetic shielding effect is not
uniform over the Earth’s surface. It is the strongest at the geomagnetic equator
and vanishes at the geomagnetic polar regions, where almost vertical field lines are
open to the interplanetary space and particles with any rigidity can easily enter the
atmosphere. The atmospheric cutoff at the level of several hundreds MeV becomes
dominant at the poles (see Section 3.3).
The magnetic cutoff phenomenon is anisotropic. Positively charged cosmic rays
coming from geographic East can get assistance from the geomagnetic field to
reach a given location at the Earth and, contrary, particles from West can get
additional deviation away from the planet because of the direction of gyration
around field lines. The specified location can have the cone of forbidden directions,
from where particles with a given rigidity cannot arrive, and the cone of allowed
directions, from where particles mostly come (Figure 3.11) [Cooke et al., 1991].
1 Virtual axial dipole moment is an approximation of the true dipole moment of the geomagnetic field used when the inclination data is not available for paliomagnetic reconstruction. The
field is assumed to be produced by an geocentric dipole, whose axis coincides with the axis of
Earth’s rotation [Valet, 2003].

NM count rate,
cts/min

30
7000
6500
6000
5500
5000

Monthly mean
sunspot number

4500
1965

A>0
drift
outwards

A<0
drift
towards

A>0
drift
outwards

A<0
drift
towards

1975

1985

1995

2005

2015

1975

1985

1995

2005

2015

200
150
100
50
0
1965

Year

Fig. 3.7.
Cosmic ray flux (top panel) and solar activity (bottom panel)
represented by the neutron monitor count rate and monthly mean sunspot
number. A denotes the magnetic polarity of the Sun: A > 0 corresponds
to the northern hemisphere being positive. The neutron monitor data are
from Oulu cosmic ray station (Rcutoff = 0.8GV, cosmicrays.oulu.fi). The
sunspot data are from WDC-SILSO, Royal Observatory of Belgium, Brussels (v.1,
www.sidc.be/silso/datafiles).

The transient region between the cones is called penumbra. It has a complex
structure of forbidden and allowed directions [Kudela and Usoskin, 2004].
The geomagnetic cutoff effect can be quantified via the minimal particle’s rigidity needed to reach the atmosphere known as the cutoff rigidity [Störmer, 1950;
Cooke et al., 1991; Grieder, 2001], whose latitudinal dependence in the dipole approximation can be formulated as the Störmer equation2 [Smart and Shea, 2005]:
Rcutoff =

M

r2

cos4 λ

1+

2 ,
p
1 + sin  sin ξ cos3 λ

(3.4)

where M is the geomagnetic dipole moment (in G cm3 ), r is the distance from
2 Strictly speaking, the Störmer equation corresponds to the Störmer cutoff rigidity, a threshold, below which particles cannot reach a given location from any direction. In contrast to this,
the main cutoff rigidity is the threshold, above which particles can arrive to the location from any
direction. There is also the effective cutoff rigidity between these two extrema, which respects
the penumbra structure [Cooke et al., 1991; Grieder, 2001] and is the most useful in studies of
cosmic rays at the Earth.
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Fig. 3.8. Variation of the virtual axial dipole moment (VADM) for the past
50000 years (black line) and its error estimate 2σ (grey areas) [Knudsen et al.,
2008].

the dipole center, λ is the geomagnetic latitude,  is the zenith angle, and ξ is the
azimuthal angle relatively to the geomagnetic north.
The worldwide distribution of effective cutoff rigidity values is shown in Figure 3.12. As mentioned above, the cutoff rigidity is lower in polar regions than
at the equator. One can see also, that its maximal values are not distributed
uniformly along the magnetic equator, but are located at the Asian-Pacific region,
and Southern America has lower cutoff comparing to the theoretically symmetrical
model. This fact is known as the South-Atlantic magnetic anomaly [Vernov et al.,
1967].

3.3 Cosmic rays in the Earth’s atmosphere
The Earth is surrounded by the atmosphere, 99 % of which are formed by a gas
mixture of nitrogen, oxygen and argon (Table 3.1). The relative abundances of the
air species do not change significantly within the atmospheric layer important for
cosmic ray studies (0–100 km above the sea level). Air is distributed with altitude
according to the approximately exponential law: while the total thickness of the
atmosphere is 1033 g/cm2 , the half of it (516 g/cm2 ) is in the layer 0–6 km above

32

Fig. 3.9. Magnetosphere of the Earth [Beer et al., 2012].

the lea level.
The atmosphere is constantly bombarded by energetic cosmic rays with the
intensity modulated by the geomagnetic field (see Section 3.2). Such particles with
the energy above the threshold of several tens MeV can cause nuclear reactions with
ambient atoms. In the case of highly energetic particles, typically, galactic cosmic
rays, products of the primary reaction have sufficient energy to cause consequent
secondary reactions, forming a nuclear cascade (Figure 3.13). A developed cosmicray cascade consists of three components: hadronic (protons, α-particles, neutrons
and pions), electromagnetic (electrons/positrons, photons), and muons. Some
of their properties are gathered in Table 3.2. Pions and muons are short-living
particles. Pions decay almost instantly after production in several possible ways to
muons, electrons/positrons, photons and neutrinos. Muons have high penetration
ability and can reach the ground or even be registered at shallow underground.
They are also unstable particles with the lifetime approximately 2 µs decaying to
electrons and neutrinos.
The development of an averaged cascade3 in the atmosphere is quantified via
the number of particles crossing an altitude/depth level (Figure 3.14).The intensity
3 In this section I consider an averaged cascade from the isotopic distribution of primary
particles, which represents the realistic case of cosmic rays.
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Fig. 3.10.
Cosmic ray trajectories in the magnetosphere reconstructed from
vertical direction on the top of the atmosphere backward into the space. The
numbers 1–15 indicate trajectories of particles with different rigidities (1 and 15
correspond to the highest and lowest rigidities, respectively) [Smart et al., 2000;
Beer et al., 2012].

of the cascade increases gradually with the atmospheric depth until the kinetic
energy of the primary particle is fully distributed among secondaries. This depth
corresponds to the maximum of the cascade intensity. Below this point the cascade
rapidly decreases due to the effective energy dissipation of its numerous, but lowenergy particles. At the sea level the number of secondaries is typically several
orders of magnitude lower than in the maximum, but this ratio depends strongly
on the energy of the primary particle (Figure 3.14, right-hand panel). A weak
cascade with the primary’s energy less than approximately 400 MeV cannot be
detected at the sea level altitude because almost all its secondaries are stopped
before they reach the ground (the atmospheric cutoff effect). The altitude of the
average cascade maximum is also energy-dependent: it descends from 100 km to
20 km (the depth from 0 to 60 g/cm2 ) with the energy of primaries increasing from
100 MeV to 1 GeV, and is within 10–20 km (60–300 g/cm2 ) above the sea level
(upper troposphere–lower stratosphere) for 1–100 GeV primaries, as well as for
the typical entire galactic cosmic ray spectrum depending also on the geomagnetic
latitude. For high-energy particles (> 100 GeV) the average maximum can be even
lower.
During propagation of a particle in the atmosphere, its kinetic energy dissipates mostly into electromagnetic radiation, heating and ionization of ambient
air. Ionization of the atmosphere is caused by charged species of the cosmic ray
cascade. The relative impacts of cascade components into the atmospheric ionization depend on the primary’s energy and the depth (Figure 3.15). Ionization by
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Fig. 3.11. Allowed and forbidden cones of acceptance of monoenergetic cosmic
rays for a given location in the Earth’s magnetosphere. [modified after Cooke
et al., 1991; Smart and Shea, 2005].

low-energy cosmic rays (up to several GeV) is dominated by the cascade hadrons.
For primary particles with the energy about 10 GeV all three fractions make a
significant impact, namely, the strongest factor of ionization of the top 300 g/cm2
(above 10 km from the sea level) is the electromagnetic component, from 300 to
900 g/cm2 (1.15–10 km) it is the hadronic component, and the low troposphere
near the sea level (0–1.15 km, 900–1033 g/cm2 ) has the most intensive muon
ionization. High-energy cascades (100 GeV and higher) induce ionization mainly
by the electromagnetic component within 0–600 g/cm2 (above 4.5 km) and by
muons within 600-1033 g/cm2 (0–4.5 km) [Usoskin and Kovaltsov, 2006]. On the
whole, the cosmic ray cascades are the dominant source of the atmospheric ionization in the troposphere and stratosphere (0–40 km, 2–1033 g/cm2 ) globally [e.g.,
Mironova et al., 2015, and references therein], but their effect is particularly
strong at high altitudes in the polar regions because of the lack of the geomagnetic cutoff [Bazilevskaya et al., 2008]. The altitude of the maximum of ionization
(the Regener-Pfotzer maximum [Regener and Pfotzer, 1935]) is latitude dependent
being lower at the equatorial region and higher at the poles.
Electromagnetic radiation induced by propagation of cosmic rays in the atmosphere can originate from different processes. Along with γ-ray emission due to
decays of neutral pions, they can be fluorescence (caused by excitation of molecules
of air species), synchrotron radiation (due to gyration of electrons and positrons
around Earth’s magnetic field lines), Cherenkov emission (due to propagation of
charged particles with the speed higher than the phase velocity of light in air),
and bremsstrahlung (due to deceleration of charged particles, typically electrons,
in matter). All types of cosmic-ray induced electromagnetic radiation (except for
the neutral pion decay) are caused by charged species of the cascade.
The lateral extent is another notable parameter of the atmospheric cascade,
especially on the ground level. Usually it is measured in studies of rare, but
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extensive "air showers" produced by high-energy cosmic rays (hundreds GeV and
higher). The lateral extent is different for each component of the cascade: the
hadronic one is the narrowest and the muon one is the widest. The total lateral
extent strongly depends on the energy, type and arrival direction of the primary
particle. Figure 3.16 shows three vertical showers caused by an energetic γ-ray,
proton and iron nucleus. All of them have the total energy 100 TeV and only
secondaries with the energy ≥ 10 GeV are shown. The lateral extend increases
with the primary’s atomic number Z: the proton- and iron-induced cascades shown
in the figure are approximately 0.4 and 2 km wide at the sea level (the widths are
defined by the widest muon component). The cascade "footprint" increases with
the energy of the primary particle because of the increase of the entire cascade
intensity. Thus, measurements of the lateral extent make it possible to estimate
the initial energy and arrival direction of ultra-energetic primary particles [Grieder,
2010].
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Molecule
air
N2
O2
Ar
CO2
Ne
He
Kr
Xe

molecule density,
1/cm3
2.687 · 1019
2.098 · 1019
5.629 · 1018
2.510 · 1017
8.87 · 1015
4.89 · 1014
1.41 · 1014
3.06 · 1013
2.34 · 1012

Percentage
100
78.1
20.9
0.9
0.03
1.8 · 10−3
5.2 · 10−4
1.1 · 10−4
8.7 · 10−6

Table 3.1. Composition of the atmosphere with the temperature 273.16 K and
pressure 100 kPa [Grieder, 2001, corrected].
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Particle
Pion
Muon
Neutron
Proton
α-particle
Electron
Photon

Electromagnetic
interact.
×
×
×
×
×
×

Strong
interact.

Weak
interact.

Mass,
MeV

Lifetime

Atm. absorb.
length, g/cm2

×

×
×

≈ 134
≈ 106
932
938
3727
0.511
0

≈ 26 ns
≈ 2µs
881 s
stable
stable
stable
stable

≈ 115
≈ 260
≈ 125
≈ 110
≈ 72
≈ 100
greatly varies

×
×
×

Table 3.2. Most important particles in a cosmic ray induced cascade. Compiled
from [Usoskin, 2014; Grieder, 2010, A. Mishev, private communication, 2016].
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Fig. 3.14.
Altitude distribution of the cascade induced by cosmic ray protons in the atmosphere. The left-hand panel: the hadronic and electromagnetic
components of the 1 GeV proton cascade (curves with circles and triangles, respectively). The right-hand panel: the hadronic components of 0.1, 1 and 10 GeV
proton cascade (curves with circles, triangles and crosses, respectively). Modelling
with the GEANT4 toolkit[Agostinelli et al., 2003]. The model includes the spherical atmosphere NRLMSISE-2000[Picone et al., 2002], and isotropic distribution of
primaries. The particle fluxes are integrated over the energy within 1 keV–1 GeV.
The altitude 0 km corresponds to the sea level.
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Fig. 3.15. Computed yield functions Y of the atmospheric ionization induced
by isotropic cosmic ray protons with the energies (A) 200 MeV, (B) 10 GeV, and
(C) 100 GeV. Curves represent ionization by the electromagnetic (dotted), muon
(grey), and hadronic (open dots) components of the cascade. The solid curves
denote their sum [Usoskin and Kovaltsov, 2006].

Fig. 3.16. Simulated vertical showers induced by a γ-ray, proton and iron nucleus
with the total energy 100 TeV each (from left to right). Only ≥ 10 GeV secondary
particles are shown. [Grieder, 2010].

4 Cosmic ray measurements
4.1 Detection of cosmic ray particles
The basis principle of detection of a particle is the following: the particle causes
a physical effect and deposits its energy (partly or all) in a detector that can be
then registered. Such processes can be nuclear reactions, Cherenkov radiation,
transition radiation, scintillation, ionization, etc. Measurements of them make it
possible to identify the particle (i.e., its mass and atomic numbers), to estimate
its charge, energy and direction of arrival.
Direct measurements imply that properties of particles are measured using their
direct interaction with a sensor. Consequently, indirect measurements are made
of products or parameters of reactions/processes initiated by particles, which are
the object of interest, outside the detector. In the present time direct and indirect
measurements of cosmic ray particles are provided for the energies up to 1 TeV
(by the space-borne instrument AMS-02 [Ambrosio et al., 2013]) and the indirect
measurements cover the range from hundreds MeV and up to the maximal registered so far energy of about 1020 eV (Pierre Auger Observatory [Abraham et al.,
2008]).

4.2 Real-time measurements
Real-time cosmic ray measurements are conducted with ground- and undergroundbased, balloon- and space-borne instruments.
Most of important pioneer studies of cosmic rays have been made with balloons. Victor Hess with colleagues discovered1 cosmic rays by conducting balloon
experiments in 1912. Hess registered enhance of ionization at altitudes above 2 km,
and associated the observations with energetic radiation coming from above [Hess,
1912]. Balloon-borne instruments allow to measure cosmic rays both directly and
1 Although Dominico Pacini discovered cosmic rays with ground-based measurements independently of Victor Hess a few months earlier in 1912.
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indirectly, depending on the flight altitude or, in other words, on the thickness of
the atmosphere above. Talking about the direct measurements, balloons are still
significantly cheaper and easier to launch than spacecrafts, which are another option to measure cosmic rays directly, but they can keep flying up to several tens of
days forming the campaign character of experiments as, for example, the balloons
BESS (Balloon-Borne Experiment with Superconducting Spectrometer) launched
systematically in Antarctica since 1993 until 2004 [e.g., Yamamoto et al., 2007].
Most of the space-borne instruments for direct observation of the cosmic ray
flux are orbiting the Earth onboard satellites and the International Space Station (projects IMP, GOES, POES, AMS, PAMELA, etc.) or staying in the first
Lagrangian point2 (e.g., projects SOHO, ACE). In addition to them there are
space probes such as Pioneers, Voyagers, Ulysses, and some other missions. Those
spacecrafts travel through space collecting data on the way.
The majority of cosmic ray experiments are conducted with ground-based instruments. Limitations of a carrying craft do not affect their design and lifetime.
The unavoidable interaction of incoming energetic particles with the atmosphere
defines the indirect character of such measurements. The location of a groundbased instrument, mostly its geomagnetic latitude and elevation, affects the measurements strongly because it defines the geomagnetic and atmospheric cutoffs and
opens an opportunity to conduct cosmic ray latitude and altitude surveys.
During the 1910s–1940s in first cosmic ray experiments scientists used ionization
chambers, proportional and Geiger-Müller counters to register ionizing radiation.
In 1951 for the particular purpose to detect secondary cosmic rays, namely, the
hadronic component of the CR cascade, John Simpson and his colleagues invented
a new instrument named as neutron monitor (NM) [Simpson et al., 1953; Simpson,
2000]. It was designed as a proportional counter surrounded with light-elementrich and lead layers optimized for detection of epithermal neutrons, though it
is also able to detect cascade protons and muons. The first neutron monitor
was installed in Climax, Colorado, USA in 1951. Soon after that the Simpson’s
design of neutron monitors was taken as a standard cosmic ray detector for the
International Geophysical Year (IGY) 1957–1958. In the early 1960s H.Carmichael
in Deep River Laboratory (Canada) significantly improved the efficiency of the
standard neutron monitor. The device of his design was taken as the neutron
monitor for the International Quiet Sun Year (IQSY) 1964–1965 [Carmichael,
1964] and is commonly called as NM643 .
Although a single neutron monitor is a useful instrument for studies of the
cosmic ray variability, it cannot identify types of arriving particles, measure their
direction and energy. However, several units placed in locations with different
rigidity cutoffs, can estimate, e.g., the rigidity spectrum of the particle flux. The
most effective use of existing neutron monitors is considering them as a worldwide
network. During the last decades the network consisted in 50–70 stations located
at different geomagnetic latitudes (Figure 3.12). Most of them are equipped with
2 The first Lagrangian point is a position between the Sun and Earth, where a small body can
stay stable relatively to those bodies because of superposition of their gravitational forces.
3 The neutron monitor designed in Deep River Laboratory has a Soviet analogue CNM-15 also
considered as NM64, but with a slight difference in electronics and gas pressure.
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neutron monitors of the types IGY or NM64 doing homogeneous measurements
since the 1950s–1960s. The network allows to measure the cosmic ray rigidity
spectrum within the range of the geomagnetic and atmospheric cutoffs available on
the Earth’s ground (approximately 0.5–17 GV). Additionally, taking into account
the acceptance cones of cosmic ray stations, the network makes it possible to study
the anisotropy of transient events (SEP events, Forbush decreases) [e.g., Moraal
et al., 2000, and references therein].
Neutron monitors register relatively numerous cosmic rays in the energy range
0.5–100 GeV as rate of particle counts. Single arriving particles with the energy
above several hundreds GeV are studied with much more sophisticated setups
measuring parameters of induced extensive air showers (EAS) in detail. EAS
instruments use the atmosphere as a sensor body in the same way as neutron
monitors. They are designed for detection of not only the hadronic, but also muon
and electromagnetic components of the cosmic ray cascade. Examples of EAS
experiments are Pierre Auger Observatory, KASCADE, KASCADE-GRANDE,
IceTop (over IceCube), TUNKA.
An EAS instrument is made in the form of an array of particle detectors spread
in the area from a few tens thousand square meters to several thousands square
kilometers. The size defines the maximal size of the cascade projection on the
ground able to be measured and, consequently, the maximal energy of primary
cosmic ray particle initiated that cascade. Each unit of an EAS setup array is
usually a so-called hybrid detector, which consists of several instruments for registration of cosmic-ray-induced nuclei, muons and radiation (calorimeters, muon
detectors, scintillation detectors, Cherenkov light detectors, fluorescence detectors,
radio receivers and others).
The EAS setups are usually placed in sites with high elevation in order to
increase their efficiency. The maximal particle energy ever registered in history
(about 1020 eV) was detected by an EAS instrument [Abraham et al., 2008]. The
minimal energy of a primary particle for reliable estimate of their properties is
approximately 100 GeV, which overlaps with the direct measurements conducting with, e.g., AMS-02 (maximal energy about 1 TeV). Cosmic rays with energies
of several TeV do not change significantly their trajectories being in the heliospheric and Earth’s magnetic fields, and since the EAS detector array is able to
roughly estimate their arrival directions, it becomes possible to plot a map of
origins [Creusot, 2012].
The capability of muons to penetrate deep into matter is used for underground
cosmic-ray muon measurements. The key feature of such experiments is the rejection of the low-energy component of muons and other particles (except neutrinos)
by placing detectors underground. This allows one to study the high-energy particles. The Experiment of MultiMuon Array (EMMA) conducting in Pyhäsalmi
mine, Finland since 2009, is an example of such measurements [Enqvist et al.,
2008].
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4.3 Reconstruction of cosmic rays in the past
As mentioned above, systematic real-time measurements of cosmic rays last eight
decades from the 1930s. Their length is not enough for many purposes, including
studies of secular and millennial variability of cosmic rays and solar activity, past
extreme events. Fortunately, there is an opportunity to reconstruct the cosmic ray
flux in the past using its proxies discussed in this section.

4.3.1 Cosmic ray proxies
When a cosmic ray cascade develops in matter, its species, mostly protons, αparticles and neutrons, can react with ambient atoms and produce new nuclides.
In the absence of other sources, such nuclides can be used as cosmic ray proxies
providing information about the initial cosmic ray flux, which, in turn, gives hints
about the magnetic field, solar activity and other related phenomena.
An estimate of the cosmic ray flux can be done via modelling of the production
rate Q of a cosmogenic nuclide at a given depth d in a given matter [Masarik and
Beer, 1999]:
∞
X X Z
Q(d) =
ni
σi,k (Ek )Jk (Ek , d)dEk ,
(4.1)
i

k E
cutoff k

where i is the index of the target atom (e.g., nitrogen, oxygen, etc. in the case
of the atmosphere), k is the index of the type of CR secondaries (e.g., protons,
neutrons, α-particles), ni is the number of the target atoms per gram of matter,
Ecutoff k is the geomagnetic cutoff for k-th particles in units of energy, σi,k (Ek ) is
the cross-section of reactions between k-th particle with energy Ek and i-th atom
leading to production of the nuclide, and Jk (Ek , d) is the differential flux of k-th
particles with energy Ek at depth d.
At present time we can measure cosmogenic nuclides produced in the Earth’s
atmosphere, ice and rocks, meteorites, lunar ground. The cosmic ray proxies
can stay where they were produced (the in-situ production), or be transported
and stored at remote archives. Table 4.1 shows some commonly used cosmogenic
nuclides. They are not stable, their half-life times vary widely from tens of days
to thousands of years and even longer.
Isotopes 14 C and 10 Be produced in the Earth’s atmosphere are the most widely
used in studies of long-term cosmic ray variability. Their production, transport and
deposition are schematically shown in Figure 4.1. Both 14 C and 10 Be are generated
mostly in the lower stratosphere and upper troposphere, where the intensity of
secondary cosmic rays is maximal. Their production rate has also the latitudinal
dependence. Because of the nonuniform geomagnetic cutoff (see Section 3.2), it is
higher in the polar regions and lower at the geomagnetic equator.
The global production rate of 14 C is about 1.6 atoms/(cm2 s) in conditions of
the moderate level of solar activity φ = 550–650 MV and the present value of the
Earth’s magnetic dipole moment M = 7.8 · 1022 A m2 [Kovaltsov et al., 2012b,
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Article V]. The overwhelming amount of 14 C is produced in the reaction of neutron
capture by a nitrogen nucleus:
14

N(n, p)14 C.

After being generated, 14 C is oxidized to 14 CO2 and becomes involved into the
global carbon cycle between the atmosphere, biosphere and ocean [e.g. Beer et al.,
2012; Usoskin, 2013]. Atmospheric 14 C is well mixed globally due to relatively
high residence time in the stratosphere (approximately a few years) and, because
of that, the global distribution of 14 C is nearly uniform near the Earth’s surface.
The atmosphere effectively exchanges carbon with the ocean, which is the largest
reservoir containing about 95 % of total amount of all carbon isotopes [Siegenthaler
et al., 1980, and references therein]. The presence of the ocean makes the carbon
system inertial to changes of the content of cosmogenic 14 C with the period of
several years. For instance, the 11-year variability corresponding to the solar cycle
has the attenuation factor of about 100 in the 14 C signal and, thus, is hardly seen
in such data [Beer et al., 2012]. Nevertheless, rapid and strong SEP events lasting
about a day may be relatively well registered in 14 C from trees because plants
absorb carbon from the troposphere much faster than the ocean and troposphere
exchange it [Siegenthaler et al., 1980].

Fig. 4.1.
2012].

Production, transport and deposition of

10

Be and

14

C [Abreu et al.,

In the 20th–21st centuries in addition to natural production of 14 C by cosmic
rays the anthropogenic sources, such as burning of fossil fuel and nuclear explo-
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sions, became important making the natural signal greatly distorted. Burning of
fossil fuel releases additional amount of carbon free of 14 C to the atmosphere and,
correspondingly, decreases the natural ratio 14 C to 12 C. Contrary to this, nuclear
bomb explosions produce large amount of anthropogenic 14 C during very short
time periods.
10
Be is produced from nuclei of nitrogen and oxygen mainly via reactions of
spallation in the upper troposphere and lower stratosphere, which require cosmic
ray particles with the energy at least a few tens MeV, more energetic than nearly
thermal neutrons producing 14 C [e.g., Beer et al., 2012; Usoskin, 2013]:
14

N(n, 2n3p)10 Be,

14

N(p, 1n4p)10 Be,

16

O(n, 3n4p)10 Be,

16

O(p, 2n5p)10 Be.

The global production rate of 10 Be is much lower than that of 14 C: approximately 0.03 atoms/(cm2 s) for the moderate solar activity (φ = 550–650 MV)
and the modern geomagnetic field intensity (M = 7.8 · 1022 A m2 ) [Kovaltsov and
Usoskin, 2010, Article V]. Generated 10 Be is believed to be captured by atmospheric aerosols and transported/precipitated with them (Figure 4.1). Its mean
residence times in the troposphere and stratosphere are approximately a few weeks
and one-two years, respectively [Raisbeck et al., 1981; Usoskin, 2013]. Thus, the
tropospheric 10 Be precipitates mostly in regions where it was produced, and the
stratospheric 10 Be is partly or totally mixed before that. Transport of 10 Be can be
modelled in detail [e.g., Heikkilä et al., 2013, and references therein] that allows
one to use measurements of this nuclide in cosmic ray studies. Deposition of 10 Be
to the Earth’s surface with possible consequent preservation can be via wet and/or
dry mechanisms. Wet deposition (with rain or snow) is notably more efficient than
dry deposition (adhesion from the near-surface air), and it takes place mostly in
the middle and low latitudes. Thus, the total deposition rate of 10 Be is maximal
(up to 0.035 atoms/(cm2 s)) within latitudes 50◦ S–50◦ N, though is not uniform
there because of spatial variability of the precipitation rate (Figure 4.2). In the polar regions with low precipitation rate (e.g., Central Antarctica) it is much lower,
about 0.005 atoms/(cm2 s), because wet deposition of 10 Be is negligible, and only
dry deposition plays a major role there [Heikkilä et al., 2009].
Nuclides 7 Be, 26 Al, 36 Cl and 22 Na, produced in the atmosphere and mentioned
in Table 4.1, are also used for cosmic ray studies, but not so widely as 14 C and
10
Be discussed above. The half-life times of 7 Be and 22 Na are 0.146 and 2.6
years, respectively, they can be hardly applied at long time scales and, thus, are
beyond the scope of this thesis. Long-living 26 Al and 36 Cl have the production rate
several orders lower than 14 C and 10 Be because they are produced in spallation
reactions with argon, which abundance in air is only about 1 % (Table 3.1). This
makes uncertainties in the variabilities of measured nuclide records, as well as in
subsequent reconstructions of cosmic rays, high.
In addition to well-established cosmic ray proxies, nitrate (NO−
3 ) has been pro-
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Fig. 4.2. Latitudinal distribution of the production and deposition rates of 10 Be
denoted as solid and dashed lines, respectively [modified after Heikkilä et al., 2009;
Beer et al., 2012].

posed as another potential candidate [e.g., Traversi et al., 2012, Article IV]. Contrary to nuclides, it is a chemical product. The cosmic ray cascade ionizes air and
can significantly affect the chemistry in the stratosphere and upper troposphere.
It can drive generation of nitrogen oxides NOx (NO and NO2 ) from molecules N2
and O2 . NOx is oxidized to NO−
3 , which can be transported to the troposphere and
deposed in polar ice cores [e.g., Vitt and Jackman, 1996; Vitt et al., 2000]. Cosmic rays are not the strongest source of nitrate in the atmosphere. Along with it
there are anthropogenic emissions, lightning activity at low and middle latitudes,
and several others [e.g., Wolff , 1995; Röthlisberger et al., 2000]. At the global
scale these terrestrial sources are dominant over cosmic rays except for Central
Antarctica. That region is remoted from main sources of anthropogenic nitrate,
has negligible lightning activity and is partly isolated by polar vortex during the
winter season from air masses coming from lower latitudes. Because of that, the
content of nitrate in Antarctic air is likely keeping a track of cosmic ray production.
Although galactic cosmic rays seem to be a sufficiently strong source of nitrate
in the polar regions [Vitt and Jackman, 1996], there are speculations about the
possibility of solar energetic particles to drive the nitrate production in notable
amounts [e.g., Zeller and Parker, 1981; McCracken et al., 2001; Shea et al., 2006;
Kepko et al., 2009]. The atmospheric cascade initiated by solar energetic particles
has the maximum at higher altitudes and usually is less intensive comparing to
the cascade of galactic cosmic rays, and thus, SEP-driven production of nitrate
takes place mostly in the polar stratosphere. SEP events are short in time and
they cannot be confirmed by nitrate data from ice cores because it requires unrealistically fast precipitation of nitrate from the stratosphere [e.g., Wolff et al., 2008;
Wolff et al., 2012]. In addition to that, nitrate signal in ice cores has significant
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climatic and postdepositional distortion smoothing the short-term features, but
on the millennial time scale nitrate can work as a proxy of galactic cosmic ray
variability [Traversi et al., 2012, Article IV].

4.3.2 Dateable archives of proxies
Paleoreconstructions of the cosmic ray variability require access to proxies generated in the past, which is possible using measurements of the content of proxies
preserved in natural stratified archives. Measurements of the chemical and isotope
composition in independently dated layers provide useful information about the
past variability of many parameters of the environment including the cosmic ray
flux. Table 4.2 presents dateable archives that are most commonly used for cosmic
ray studies.
The most useful archives of radionuclides 14 C and 10 Be discussed above are
trunks of trees and ice cores from the polar regions, respectively.
Wood composition includes carbon absorbed by a tree in the form of CO2
from air and stored layer by layer during the growth period (forming so-called
annual growth rings). Thank to them, trunk layers can be absolutely dated by
counting. Carbon captured by a tree has the same relative isotope abundances
as air around it. Tree samples are analysed for estimate of the abundance of
cosmogenic isotope 14 C relative to stable one 12 C corresponding to the age of a
layer4 . The measurements can be done using detection of decay products, which
is a relatively simple method but has limitations for old samples with low decay
activity, and more precise accelerator mass spectrometry technique that is able to
register nuclides directly without waiting for an act of decaying [e.g., Beer et al.,
2012]. The data provided by 14 C from tree trunks is a result of a complex analysis
of a large number of trees and covers the past 50000 years (e.g., the project IntCal13
[Reimer et al., 2013]).
Polar ice sheets are well-known archives for many air tracers important for
geophysical studies [e.g., Legrand and Mayewski, 1997, and references therein].
Drilled ice cores can also be dated, though not so straightforward as tree trunks
because of variable snow accumulation rate and postformation processes. The time
range covered by these archives varies greatly from core to core, and can span up to
a million years back in time [Bazin et al., 2013]. Particularly in cosmic ray studies,
ice cores drilled in Greenland and Antarctica provide the most useful records of
10
Be (e.g., Camp Century, Greenland [Beer et al., 1988]; GRIP, Greenland [Yiou
et al., 1997]; Dome Fuji, Antarctica [Horiuchi et al., 2007; Horiuchi et al., 2008],
etc.). Low concentration of 10 Be in ice and its very slow decay make measurements
of the abundance of the nuclide via detection of decay products almost impossible,
and only the accelerator mass spectrometry technique can be applied leading to
high expenses in data acquisition.
Intercomparison of 14 C and 10 Be records in independent archives shows common
variability associated with the cosmic ray flux at the centennial-millennial time
4 Taking

decay of

14 C

into account.
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scales [e.g., Usoskin et al., 2009a; Steinhilber et al., 2012]. It is illustrated with
reconstructions of the heliospheric modulation potential φ as an index of solar
activity from 10 Be and 14 C over the Holocene (Figure 4.3).
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Fig. 4.3. Reconstructions of the heliospheric modulation potential φ based on
records of cosmogenic nuclides 10 Be and 14 C. Isotope 10 Be is from a Greenland ice
core, the project GRIP [Yiou et al., 1997], reconstruction of φ is from [Steinhilber
et al., 2008]. Isotope 14 C is from the project IntCal09 [Reimer et al., 2009], reconstruction is of φ from [Kovaltsov et al., 2012a]. BP denotes "Before Present", i.e.,
before 1950 AD.

4.3.3 Proxies produced in solid matter
Cosmogenic nuclides can be generated not only in the Earth’s atmosphere, but
also in solid matter exposed to cosmic rays. Examples available for measurements
are meteoroids, comets, asteroids, lunar rocks, terrestrial rocks and ice, etc. In
this case atoms produced by cosmic rays stay preserved where they were generated
experiencing only decay in time. Those objects do not provide direct time sampling
of the nuclide content as, for instance, ice cores, tree trunks or corals. However, it
is possible to deal with them estimating the cosmic ray flux at different time scales.
Their samples usually have complex chemical composition and, therefore, several
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types of cosmogenic nuclides can be produced simultaneously during exposition to
cosmic rays. The products have different lifetimes and, assuming their generation
and decay being in equilibrium (in other words, no significant variations in cosmic
rays happen over their several lifetimes), we can estimate the average cosmic ray
flux for those time scales. As an advantage over stratified archives, the depth
distribution of isotope abundances gives a hint for reconstruction of the cosmic
ray energy spectrum because the depth development of the cosmic ray cascade
strongly depends on the primary particle’s energy.
Meteoroids, comets, asteroids, lunar soil contain cosmogenic nuclides produced
due to exposition to energetic particles during millions and billions years. Some
meteoroids, comets and asteroids can become meteorites survived in a passage
through the Earth’s atmosphere, and then be available for further measurements
of cosmogenic nuclide abundances. Lunar samples have been studied after their
acquisition during the series of US Apollo missions and Soviet programme Luna.
As an illustration of generation of cosmogenic nuclides in lunar soil, Figure 4.4
shows the measured content of 14 C in two cores drilled by mission Apollo-15.
The uppermost data point corresponds not to locally produced, but to directly
implanted 14 C from solar wind to the surface, and is not considered. Except for
this, the data have a clear pattern that allows to distinguish isotope’s production
by galactic cosmic rays and by solar energetic particles. Near the surface (the depth
1–4 g/cm2 ) 14 C is produced mostly by numerous solar energetic particles. The SEP
flux is strongly attenuated with the depth due to the relatively low average energy
and, consequently, at 2–7 g/cm2 the nuclide content rapidly decreases. Contrary
to this, production of 14 C by galactic cosmic rays increases within the depth range
0–30 g/cm2 because their more energetic cascades have higher penetration ability
than SEP-induced ones. Although the measurements deeper than 30 g/cm2 are
not shown in the figure, the GCR-driven production of 14 C reaches the maximum
and then decreases there. Since the average galactic cosmic ray energy spectrum
is more or less well defined, data provided by those samples make it possible to
reconstruct the spectrum of solar energetic particles averaged at the time scale of
several lifetimes of the nuclide [e.g., Jull et al., 1998; Nishiizumi et al., 2009].
Considering the terrestrial solid matter, where production of cosmogenic nuclides is possible, rocks and ice should be mentioned. Production rates therein
are low because of the weak flux of energetic particles near the ground, but still
enough to measure the abundances using accelerator mass spectrometry, though
with relatively high uncertainties [e.g., Lal, 1988; Beer et al., 2012]. For instance,
polar ice contains 14 C produced in situ via a spallation reaction with oxygen nuclei
[Lal et al., 2005] and can be potentially used for reconstruction of solar activity in
the past, however those measurements can be notably influenced by atmospheric
14
CO2 captured in air bubbles. As to 10 Be, the major source of it is the deposition
from the atmosphere, but the production in situ is quite significant. In ice cores
GRIP and RGISP2 in Greenland the concentration of the in situ-produced 10 Be
is estimated as 600 atoms/g (4 %) with the mean total measured amount of 15000
atoms/g. For Dome C ice core in Antarctica the estimated value is 5000 atoms/g
(10 %) with the mean total measured amount of 50000 atoms/g [Beer et al., 2012].
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Fig. 4.4. Content of cosmogenic 14 C measured in units of decays per minute
(dpm) per kilogram of the sample in the top 35 g/cm2 of Apollo-15 lunar cores
15008 and 15001-6 (circles), and best-fit calculations for solar and galactic cosmic
rays (lines) [Jull et al., 1998].

4.4 The yield-function formalism
Theoretical computation of production of a cosmogenic nuclide or neutron monitor
count rate contains two general uncertainties: in the energy spectrum of primary
energetic particles and in the probability of a nuclide to be produced (or of a
shower to be registered by a neutron monitor)5 . The yield-function formalism
allows to separate them. The method was introduced by John Simpson and his
colleagues as a concept of the "specific yield function" in the view of neutron
monitor measurements [Simpson et al., 1953], but it is applicable for many cosmic
ray driven effects (ionization of air, production of cosmogenic nuclides, etc.).
The formalism means that the algorithm of computation of production consists
of two steps: (1) computation of yield function values for a set of monoenergetic
unit fluxes of energetic primary particles; (2) convolution of the yield function
and a given energy spectrum of primary particles. The approach puts the most
computationally difficult work into one part (the first step of the algorithm) — the
yield function. Before the 1990s it was quite problematic to estimate the neutron
monitor yield functions for energies above the maximal rigidity cutoff reachable on
the ground (approximately 17 GV), but then development of computers allowed
to solve this with extensive Monte Carlo numerical methods simulating the cosmic
ray induced cascade.
Once computed, a yield function is easy to use with any spectrum of primary
particles. For instance, the production of a nuclide Q at depth d is often formulated
5 Including

the uncertainty related to modelling of the cosmic ray cascade.
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[e.g., Kovaltsov et al., 2012a] as
Q(d) =

X

Z∞

Yk (E, d)Jk (E)dE,

(4.2)

k E
cutoff k

where k is the type of primary energetic particles (protons, α-particles, etc.),
Ecutoff k is the geomagnetic cutoff for k-th particles in units of energy, Yk (E, d) is
the yield function for a given nuclide at depth d, Jk (E) is the differential flux of
k-th primaries with energy Ek , E is the energy of primaries.
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. Nuclide

Half-life,
years

Be
Be
14
C
22
Na
26
Al
36
Cl

0.146
1.387 · 106
5730
2.6
7.2 · 105
3.01 · 105

7

10

Global
production rate,
atoms/(cm2 s)
0.065
0.029
1.6
5.4 · 10−5
4.7 · 10−5
2.5 · 10−3

Global
inventory, g

Reference

25.8
156 · 106
50 · 106
1.20
0.34 · 106
10.5 · 106

[Article V]
[Article V]
[Article V]
[Article V]
[Beer et al., 2012]
[Article V]

Table 4.1. Several cosmogenic nuclides produced by galactic cosmic rays in the
atmosphere. Steady-state conditions of moderate solar activity and the present
geomagnetic field intensity are assumed.

Archive

Accumulation
rate

Ice

2–200 cm/year

High altitude,
high latitude

0.1–1 cm/year

Global

≈ 100 kyr

0.1–10 cm/kyr

Oceans

≈ 100 Myr

1–10 cm/kyr
1–10 cm/kyr
1–6 cm/year

Global
Middle latitude
Tropics

≈ 100 Myr
≈ 2 Myr
≈ 20 Myr

10

<1 cm/Myr

Pacific ocean

≈ 100 Myr

10

Be

10 cm/kyr
0.1–2cm/year

Global
Global

≈ 100 kyr
≈ 50 kyr

C,

10

Lake
sediments
Deep sea
sediments
Speleothems
Loesses
Corals
Manganese
nodules
Peat bogs
Tree trunks

Archive location

Covered
time period
≈ 1 Myr

Cosmogenic
nuclides
10
Be, 14 C,
26
Al, 36 Cl
10
Be, 14 C,
32
Si
10

Be,

26

Al

C
Be
14
C

14

14

14

C

Be

Table 4.2. Most commonly used dateable archives of cosmogenic nuclides [modified after Beer et al., 2012]. Myr and kyr denote a million and thousand years,
respectively. Note that the length of 14 C records is practically limited by several
tens of thousands of years before present due to the half-life of 5730 years.

5 Summary
The thesis consists of research results obtained by applying well-established proxies
to study the long-term cosmic ray and solar variability, on the development of
production models, and on the investigation of the possibility to use nitrate in
polar ice as a new cosmic ray proxy.
In particular, Article I contains a study and discussion of the amplitude of
the 11-year solar cycle during the Maunder minimum in sunspots and cosmic rays.
Modelling of the production and deposition rates of two cosmogenic nuclides (10 Be
and 14 C) shows that, while in Maunder minimum the cycle was strongly suppressed
in sunspots, its amplitude in cosmogenic isotope data remains comparable with
the amplitude during the active Sun. This effect is explained by the nonlinear
influence of solar activity on the production of 10 Be and 14 C, and it is important
when making long-term reconstructions of solar activity and sunspot numbers from
isotope data.
In Articles II and IV we test nitrate in Antarctic ice cores as a possible cosmic
ray proxy at long-term scales. In Article II the multimillennial nitrate record from
TALDICE ice core is analysed with a number of climatic and cosmic ray proxies
attempting to distinguish the factors of cosmogenic production and climate. The
results show a good relation between nitrate and cosmic ray proxies 10 Be and
14
C. No clear signature of the variability of nitrate transport from lower latitudes
is found at multimillennial time scales. The variability of nitrate with periods
up to a thousand years is likely caused by the local production, deposition and
post-deposition processes, and the cosmic ray influence is not distinct in it. In
Article IV we study the EPICA-Dome C ice core data covering 38000–45500 years
BP. The period corresponds to the Laschamp geomagnetic excursion, when an
enhanced intensity of cosmic rays increased the production of cosmogenic nuclides
at the Earth. The analysis of the data shows that the event is presented in the
10
Be and nitrate data, but not in climatic proxies. Articles II and IV confirm the
hypothesis that nitrate from polar ice cores can be used as a chemical cosmic ray
proxy at long-term scales complementing well-established cosmogenic nuclides.
Article III revises the earlier computations of the production rates of cosmogenic
isotopes in lunar samples with modern software and model. The result provides
a base for a pending estimate of the averaged energy spectrum of solar energetic
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particles from on lunar data with better accuracy than in earlier works.
Article V presents altitude profiles of new yield functions for cosmogenic nuclides
7
Be, 10 Be, 14 C, 22 Na, and 36 Cl in the Earth’s atmosphere. The profiles with high
energy and altitude resolutions are important for the present generation of climate
models and, consequently, for the precise reconstruction of the cosmic ray flux
from proxy data.
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