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Volume 2013, Article ID 680435, 2 pages

Diffusion Coefficients, Short-Term Cosmic Ray Modulation, and Convected Magnetic Structures,
John J. Quenby, Tamitha Mulligan, J. Bernard Blake, and Diana N. A. Shaul
Volume 2013, Article ID 429303, 10 pages

On the Onset Time of Several SPE/GLE Events: Indications from High-Energy Gamma-Ray and Neutron
Measurements by CORONAS-F, Viktoria Kurt, Karel Kudela, Boris Yushkov, and Vladimir Galkin
Volume 2013, Article ID 690921, 15 pages

Cosmic Ray Investigation in the Stratosphere and Space: Results from Instruments on Russian Satellites
and Balloons, Yu. I. Logachev, L. L. Lazutin, and K. Kudela
Volume 2013, Article ID 461717, 20 pages

Latitudinal Dependence of Cosmic Rays Modulation at 1 AU and Interplanetary Magnetic Field Polar
Correction, P. Bobik, G. Boella, M. J. Boschini, C. Consolandi, S. Della Torre, M. Gervasi, D. Grandi,
K. Kudela, S. Pensotti, P. G. Rancoita, D. Rozza, and M. Tacconi
Volume 2013, Article ID 793072, 12 pages

Thirty-Year Periodicity of Cosmic Rays, Jorge Pérez-Peraza, Vi’ctor Velasco, Igor Ya. Libin,
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Cosmic ray (CR) discovery in 1912 initiated the experimental
and theoretical studies in various fields of physics. The issue
call was targeted to variability of CR reflected in low energy
CR measurements. To understand the propagation of CR in
the heliosphere, the knowledge of the diffusion coefficients
is important. A paper by J. J. Quenby et al. indicates the
new possibilities of probing the fine structure of CR prop-
agation when using the high count rate CR measurements
on satellites (below the atmospheric cutoff) with the detector
having a large geometrical factor. Implications for different
descriptions of particle behavior studied in the three cases are
reported. The method proposed, that is, using local particle
conditions to check diffusion coefficients with locally derived
plasma parameters, is a new way of validating the ability
to model cosmic wave-particle interaction in a collisionless
regime. Solar modulation is described using a 2D (radius
and colatitude) Monte Carlo approach to solve the transport
equation including diffusion, convection, drift, and adiabatic
energy loss, in a paper by P. Bobı́k et al. In addition to earlier
papers by the group, the IMF is here modified with latitudinal
components and its effect is discussed.

Time variability and related modulation effects have
been studied using the ground-based CR measurements
in three papers. A. Vecchio et al. using Climax neutron
monitor data proposed a new, combined application of the
wavelet technique and an empirical mode decomposition.
The authors were able to discern the CR variations induced
by the solar activity and those possibly related to drift in
large scale IMF of heliosphere. H. Mavromichalaki and E.
Paouris used for the analysis data from another neutron
monitor and CME SOHO catalogue for the period of 23rd

and a part of 24th solar cycle. The authors found that the
best reproduction of CR intensity is obtained when using
sunspot number, IMF, CME-index, and tilt angle of the
heliospheric current sheet. For the temporal variability of CR,
the paper by J. Pérez-Peraza et al. is using another source

of information, namely, records of cosmogenic isotopes 10Be

and 14C suitable to check CR variability on longer time
scales. Using wavelet as well as ARMA technique, the authors
revealed the persistence of ∼30-year periodicity in CR flux
that is of importance, for example, in a possible connection
with climatic phenomena.

Two papers have been related to solar high energy
particle emissions. V. Kurt et al. analyzed the high energy
gamma and neutron emissions from solar flares as observed
by low altitude polar satellite CORONAS-F in 2001–2005
(device SONG). The authors showed that SONG response
was consistent with neutral pion-decay gamma ray and
neutron emissions from a couple of flares and the onset
times of GLEs were compared with the time of high energy
photon emissions. The observations of solar neutrons on
satellites are an important but not an easy task. One type
of such measurements on ISS is described in a paper by Y.
Muraki et al. Three years of observations are summarized by
the authors. Their analysis shows that solar neutrons were
possibly observed in connection with two solar flares, namely,
March 7 and June 7 in 2011.

In addition to ground-based measurements, many of the
results on CR variability were obtained on balloons and
satellites. A review paper by Y. I. Logachev et al. summarizes
selected results of CR research obtained over long time period
by the Russian satellites and balloons.
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We believe the papers collected in this issue constitute a
good sample of relevant contemporary problems in the field
of cosmic ray variability and could therefore give the readers
a broad view of the topics under discussion in this important
field of CR research.

Karel Kudela
Badruddin

José F. Valdés-Galicia
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Three cases of large-amplitude, small spatial-scale interplanetary particle gradients observed by the anticoincidence shield (ACS)
aboard the INTEGRAL spacecraft in 2006 are investigated. The high data rates provided by the INTEGRAL ACS allow an
unprecedented ability to probe the fine structure of GCR propagation in the inner Heliosphere. For two of the three cases, calculating
perpendicular and parallel cosmic ray diffusion coefficients based on both field and particle data results in parallel diffusion
appearing to satisfy a convection gradient current balance, provided that the magnetic scattering of the particles can be described by
quasi-linear theory. In the third case, perpendicular diffusion seems to dominate. The likelihood of magnetic flux rope topologies
within solar ejecta affecting the local modulation is considered, and its importance in understanding the field-particle interaction
for the astrophysics of nonthermal particle phenomena is discussed.

1. Introduction

A Forbush Decrease (FD) is a global transient decrease in
Galactic Cosmic-Ray (GCR) intensity followed by a substan-
tially slower recovery. Since Scott Forbush’s discovery and
description of these phenomena in the late 1930s, FDs have
been put into context with increasing developments within
heliospheric physics. In particular, detailed observations of
coronal mass ejections (CMEs) and in situ observations of
the solar wind and energetic particles have greatly increased
understanding of the underlying physics of FDs (see review
articles by [1–3]).

This investigation focuses on small amplitude and high-
frequency variability in the GCR corresponding to timescales
less than a few hours, much shorter than that described by
the classical FD. However, small-amplitude, mHz variability
in the GCR is an experimental challenge in that very large
instrumental geometric factors are required in order to make
statistically significant measurements of the GCR in time
periods of a few minutes or less. Therefore, only a few of
these investigations can be found in the literature. Among
these studies, [4] establishes the existence of short-spatial-
scale GCR intensity gradients of a few percent amplitude

(at >200 MeV energies) convecting with the solar wind past
the Earth, coincident with the observation of an FD. This
study correlates magnetic substructures within interplane-
tary CMEs (ICMEs) with short-scale intensity variations in
the GCR. The authors in [5] investigate four simple magnetic
field models for explaining short-term reductions in the
GCR intensity and associated energetic particle propagation
concluding that only a magnetic flux rope topology similar to
that found in magnetic cloud ICMEs provides the magnetic
conditions most likely to explain the overall depth of an FD.

Exploring the detailed relationship between particle
intensity and magnetic field variability within the substruc-
ture of solar wind transients exhibiting large, short-period
GCR fluctuations may yield new insight into energetic
particle propagation within the Heliosphere. The authors
of [6] originally derived energetic particle diffusion coeffi-
cients described by resonant wave scattering and field line
wandering under the quasi-linear approximation. However,
discrepancies of up to a factor four have been found by [7]
in a strong scattering regime. In an attempt to represent
observed conditions, the authors of [7] use coefficients
derived empirically from solar particle propagation studies
and numerical trajectory investigations in model solar wind



2 Advances in Astronomy

fields. Computational models solve the transport equation
describing three-dimensional long-term GCR modulation by
employing empirically justified diffusion coefficients, based
on the goodness of fit to the overall spatial, temporal, and
energy dependence of the modulation (e.g., [8]). However,
these approaches do not attempt to relate the coefficients
to in situ field data. A preferred method is the more direct
derivation of the radial coefficient by McDonald et al. [9],
who relate the radial gradient of the long-term modulation
to the convective term directly.

In Section 2 of this paper, we discuss the instrumentation
and data used in the analysis. In Section 3, we discuss the
observations, first focusing on the particle observations and
then focusing on solar wind observations and the connection
with solar wind transients. In Sections 4 and 5, we use
a version of the approach in [9] to estimate the diffusion
coefficients locally and then compare the result with the
prediction of quasi-linear theory. In Section 6, we present our
conclusions.

2. Particle and Field Data

Particle data for this investigation is obtained from the large-
area ACS of the SPI spectrometer mounted on the ESA
INTEGRAL gamma-ray satellite. With a 24 𝑅𝐸 apogee, near
continuous GCR monitoring is achieved. SPI consists of an
array of 19 cooled Ge detectors, hexagonal in shape and of
side 3.2 cm and height 7 cm [10]. The ACS is comprised of 91
bismuth germinate blocks. Several types of signals are avail-
able for GCR monitoring. The highest energy signals include
the saturated counts of the ACS (ACSSAT) and the saturated
counts of the Ge detector system (GEDSAT). Here “saturated”
means that the amplitude from the energy deposited in the
detector is sufficient to saturate the amplifier systems. The
ACSSAT threshold is ∼150 MeV [11]. The GEDSAT signal has
an energy threshold of 200 MeV (a consequence of the energy
required to penetrate the spacecraft shielding to reach the Ge
detectors and subsequently lose an additional 10 MeV to the
Ge detectors) [12].

In addition to ACSSAT and GEDSAT, the system has
an ACS channel that counts all triggers in the system above∼100 keV. Much higher counting rates occur in this ACS
channel because of the low-energy threshold. However, the
lower-energy threshold also means that there are events in
the run of the ACS data due to energetic magnetospheric
electrons. Lucikly, ACS counts due to magnetospheric elec-
trons have a spikey nature and time periods when they
occur are easily identified and removed or ignored. The
three INTEGRAL SPI channels, GEDSAT, ACSSAT, and
ACS, make omnidirectional measurements with a broad and
poorly known energy response. Since the GCR energy spectra
peak in the energy range of hundreds of MeV per nucleon,
this is not a serious issue. The compelling reason to use these
INTEGRAL data is the stunning statistics provided by the rel-
atively huge count rates that permit unprecedented temporal
resolution of temporal changes in the GCR [4]. Solar wind
magnetic field and plasma data are obtained from the MAG
and SWEPAM instruments aboard the ACE spacecraft.
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are plotted for Orbit 427.
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are plotted for Orbit 427.

3. Observations

3.1. GCR Study Intervals. Three periods of very rapid GCR
intensity decrease were selected from 2006 INTEGRAL data,
DOY 103 (orbit 427), DOY 117/118 (orbit 432), and DOY
1276/127 (orbit 435). Figure 1 compares the 5-minute sums
of the GEDSAT and ACSSAT count rates for orbit 427
showing excellent agreement including the fine structure.
The ACSSAT count rate is approximately twice that of the
GEDSAT. Figure 2 similarly compares the ACS and ACSSAT
rates. Excellent agreement is again found except for some
spikes we ascribe to magnetospheric-related events. The
orbits chosen for this analysis were selected based upon
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the striking short-term temporal changes in the GCR, and
in the solar wind plasma and magnetic field. However the
general tracking of the three channels lends confidence to the
integrity of the measurement of the rapid flux variation.

The amplitude of the FD in which the sudden drop seen
in both figures is encompassed is of magnitude ∼3%. The
extraordinarily large number of counts in 5-minute sums of
the ACS data provides a marvelous statistical accuracy to
the measurement of the GCR time history. Clearly many of
the wiggles and bumps are real. Figure 3 illustrates this last
point in more detail where conventional 1𝜎 error bars are
employed.

It has long been known that an FD has a similar time
history to the evolution of Dst during the time period of the
Forbush effect [13]. Sometimes they are nearly simultaneous
while at other times there is a significant delay as was seen
here (see Section 3.2 for more details on the Dst signature).
To compensate for this effect, in Figure 4, we show the
actual data for ACSSAT and Dst, while in Figure 5, Dst is
shifted 14 hours earlier. The fact that such a time shift brings
about a similarity in shape adds evidence for the convection
model for the GCR-solar plasma structure over a time scale
comparable to the duration of the rapid flux decrease studied.

Figure 6 plots the ACS data for orbit 427 along with the
magnitude of the interplanetary field recorded by ACE. The
field magnitude is seen to have increased abruptly at the
time of the FD and remained high until the ACS recovered.
This recovery did not return to pre-FD levels. (The spikes
in the ACS count rate in this interval are due to leakage of
magnetospheric electrons out of the radiation belts and can
be safely ignored for this analysis.) To add to our confidence
in the observed, rapid variability, we plot INTEGRAL in
comparison with the lower statistical accuracy McMurdo
neutron monitor data during the event in Figure 7.
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Figure 5: ACSSAT for Orbit 427 plotted with the time history of Dst
shifted to earlier time by fourteen hours.

3.2. Connection with Transient Solar Events. Looking at the
solar wind data during this time shows the existence of
an ICME. The interplanetary magnetic field and plasma
conditions during a four-day period bracketing the ICME are
shown in Figure 8. The bottom panel of the figure shows the
ACS data. The transient spikes in the ACS data (occurring
around midday of DOY 104) occur at the trailing boundary
of the ICME indicated by the vertical lines. Note that the ACS
data has not been time shifted to correspond to the particle
signature observed at by ACE at the L1 Lagrangian point sev-
eral hundred Re sunward of the Earth. The region prior to the
ICME contains slow, cold plasma. The proton speed increases
near the leading edge of the ICME, which causes a compres-
sion region, but no shock exists. In passing, we comment that
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there is evidence that a shock front cannot be the basic cause
of an FD. Close examination of the ICME reveals that the
leading edge corresponds to the leading edge of the FD, but a
simultaneous depression in Dst is not expected (see Figure 5)
due to the presence of a strong northward component of the
magnetic field (positive Bz) during the first half of the ICME.
The drop in Dst is expected to occur when the field turns
southward (negative Bz), which is some 12–15 hours after
CME onset, consistent with the Dst drop shown in Figure 5.

A faster, warmer region is observed just downstream of
the trailing ICME boundary. Taking a closer look at days
103 and 104 (04-13-06 and 04-14-06) shows some interesting
details in the electron heat flux and ACS data during the
period around the ICME. Inside the leading edge, sporadic

bidirectional electron heat flux persists through the end of
day 103, as shown in Figure 8. During this period, the heat flux
has intermittent regions of unidirectional and bidirectional
streaming indicating that the spacecraft is passing through
alternately open and closed magnetic field lines in rapid
succession. This changing topology may correspond to the
short-period oscillations in the ACS count rates. It is difficult
to assess the exact correspondence without first determining
the time delay from L1 (ACE) to the location of INTEGRAL.

At the beginning of day 104 (Figure 8), the electron heat
flux is primarily unidirectional but then switches to counter-
streaming near the trailing end of the ICME (marked with
a vertical line). It is also during this time that the plasma
temperature increases, although the proton speed remains
nearly constant. At the ICME trailing boundary, the magnetic
field reaches a minimum and the field turns northward.

Figure 9 plots the ACS count rate over the period
encompassing the three events studied, together with field
components and magnitude, solar wind speed, temperature
and density, and low-energy electron heat flux. The two
vertical bands in the figure mark periods when a simple flux
rope model may be fitted. The first is in good coincidence with
the day 103 event but there is no simple rope configuration
fitting the day 117/118 (ICME 2) or day 126/127 (ICME 3)
events. At this stage, we are only able to say that the latter two
events coincide with complex transient magnetic structures
likely to exist over significant regions of space.

4. Derivation of the Quasi-Linear
Diffusion Coefficients

The most basic derivation of the parallel diffusion coefficient
can be found in [14]. We will first outline their approach
because it both provides the most accessible expression to
estimate this coefficient and illustrates the problems in any
representation of the scattering in a realistic field model. The
work of [14] assumes that particles follow helical trajectories
along a nearly uniform field line, directed in the 𝑧 direction,
but suffer a series of small changes in pitch angle as they
encounter transverse wave packets where the spatial wave-
length of the wave along the field matches the projection
of the cyclotron radius along the field. A perturbing force
changes the parallel component of velocity and hence via
conservation of the first adiabatic invariant, the pitch angle,
depending on the spatial extent of the field perturbation. This
extent of the wave-particle resonance is estimated as being
within a spatial wave number range ±𝑘||/2 where 𝑘|| = 𝜔𝐵/𝑣||
for gyrofrequency 𝜔𝐵 and particle velocity 𝑣|| along field

B. Random pitch angle scatters summing to 90∘ to achieve
“reflection” and evaluated for an average pitch angle lead
to a parallel diffusion coefficient, which we call the Kennel-
Petscheck estimate 𝐾𝐾,𝑃

||
:

𝐾𝐾,𝑃|| = 𝑣𝑉𝐵2
12𝜋𝑃 (𝑓)𝑓2 , (1)

where the resonant frequency 𝑓 = 𝑘||𝑉/2𝜋 for wind velocity𝑉 allows the particle gyration to match the spatial wave-
length, and 𝑃(𝑓) is the power in waves perpendicular to B
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Figure 8: Wind and ACE IMF, plasma, and electron strahl (165 eV) data for 04-13 through 04-14 2006. INTEGRAL ACS data (unshifted) is
shown in the bottom panel. The leading and trailing boundaries of the ICME are shown by vertical lines.

at 𝑓. The field model is known as a slab model where there is
no dependence on 𝑥 or 𝑦.

Even within the context of the assumption of transverse
waves, the 𝐾𝐾,𝑃

||
model fails to account in detail for the

differing strength of scattering power at different pitch angles,
and therefore the result must depend on spectral slope.
Scattering at 90∘ is zero on the model because wave power falls
to zero at very large 𝑘||. A more general approach to finding
the parallel diffusion coefficient, allowing the effects of waves
and turbulence in three dimensions, starts with the Hall-
Sturrock relation usually employed in a weakly turbulent field
for the pitch angle diffusion coefficient 𝐷𝜇𝜇 where 𝜇 is cosine
of pitch angle:

𝐷𝜇𝜇 (𝜇) = 𝑅𝑒∫∞
0

𝑑𝜖⟨𝑑𝜇 (𝑡)
𝑑𝑡

𝑑𝜇⋆ (𝑡 + 𝜖)
𝑑𝑡 ⟩ . (2)

Using the equation of motion for particles with unper-
turbed positions 𝑥 and 𝑦 with the mean field in 𝑧, the
quasilinear approximation which picks out the dominant
term perturbing the helical orbit leads to [15]

𝑑𝜇
𝑑𝑡 = 𝑖𝜔𝐵20.5𝐵∘ ((1 − 𝜇2)0.5)

× [𝛿𝐵𝑅 (𝑥 (𝑡)) 𝑒𝑖Φ − 𝛿𝐵𝐿 (𝑥 (𝑡)) 𝑒−𝑖Φ] ,
(3)

where Φ is phase angle. Left- and right-handed polarisation
is allowed for the wavelike parts of the perturbed field
components:

𝛿𝐵𝐿 = 1
20.5 (𝛿𝐵𝑥 + 𝑖𝛿𝐵𝑦) ,

𝛿𝐵𝑅 = 1
20.5 (𝛿𝐵𝑥 − 𝑖𝛿𝐵𝑦) .

(4)

Various models are then chosen which define the per-
turbed fields via Fourier transforms representing the wave
motion or turbulent, convected field structure. The integral to
be performed in (2) picks out the resonance of the stationary
wave and convected structure patterns with the helical orbit.
Here we concentrate on the simplest or slab model which
attributes the perturbations to Alfven waves propagating with𝑘 vectors parallel to the mean field which means that all
change is in 𝑥 or 𝑦. In [6], it was then found that

⟨(Δ𝜇)2⟩
Δ𝑡 = (1 − 𝜇2)𝜇 𝑣

𝑒2𝑉
𝑚2𝑐2𝑃𝑥𝑥 (𝑓 = 𝑉𝜔∘2𝜋𝜇𝑣) , (5)

where 𝑚 = 𝛾𝑚∘ and 𝜔∘ = 𝑒𝐵/𝑚𝑐, 𝛾 is the Lorenz factor, and𝑃𝑥𝑥 = 𝛿/𝑓𝑛 is here the power in one perpendicular compo-
nent with 𝑓 running from −∞ to +∞. A parallel diffusion
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coefficient is then obtained by studying the relaxation of a
small anisotropy in pitch angle space and Hasselmann and
Wibberenz [16] obtain

𝐾|| = 𝑣2
2 ∫1
−1

[
[
∫𝜇


0

1 − 𝜇2
⟨(Δ𝜇)2⟩ /Δ𝑡𝑑𝜇]]

𝜇𝑑𝜇. (6)

Substituting (6) into (5) yields (e.g., [17])

𝐾𝐻𝑊|| = 𝑣3−𝑛 𝑉𝑛−1 𝐵2
(2𝜋)𝑛

𝜔𝑛−2∘𝛿
1

(4 − 𝑛) (2 − 𝑛) . (7)

The symbol 𝛿 is the coefficient arising from one of three
field components obtained in a Fourier transform, and it is
assumed that perpendicular power dominates power in the
field magnitude. Note that axial symmetry has been assumed
for the perturbation spectrum and also that the cyclotron
radius of the scattered particles lies in a range of spatial wave
frequencies which can be described by a single power law.
This assumption is satisfied by the particle and magnetic data
used subsequently in this work.

Under the approximation that the power spectrum of
transverse fluctuations was proportional to 𝑓−1, the author’s
result (6) leads to a𝐾|| value which is close to (1) and has been
commonly used in the past. While values of 𝑛 ≈ 1.1 have been
found during disturbed periods, a Kolmogorov-like value of
5/3 is more usual.

Subsequent work, on 𝐾||, realised that the quasi-linear

theory employed did not produce scattering through 90∘
pitch angles. However, Alfvenic waves propagating at a
variety of angles to the mean field are found in the Solar Wind,
and also compressional, longitudinal waves may provide 10%
of the fluctuation power. Moreover, rotational discontinuities
may occur several times in a CME. All these disturbances
can provide “mirroring” to particle propagation where the
pitch angle relative to the mean field is near 90∘. Hence
the scattering mechanism at large pitch angles may be the
dominant influence on the rate of diffusion, and because
such corrections to quasi-linear theory tend to decrease 𝐾||
(e.g., [18]), (7) could be treated as an upper limit [18], unless
most turbulence is purely Alfvenic with |B| preserved so that
scattering at large angle is only due to a small, compressive
component of the field turbulence. However, the authors of
[19] introduce a two-component field model, one describing
the slab approximation and the second an axisymmetric
power spectrum describing variations perpendicular to the
mean field. Different correlation lengths are introduced for
the two components. These workers compared the quasi-
linear result (QLT) and their two component model, based
on average solar wind conditions at 1 AU with the “Palmer
Consensus” mean free paths, as determined by a compilation
of determinations from particle propagation. They found
that a model with 90% of power corresponding to the slab
model gave 𝜆|| in the ∼100 MV range at the bottom of
the “Palmer” range while a model with 90% of the power
concentrated in perpendicular direction fluctuations laid a
factor three higher, at the top of the “Palmer” range. While
the results of [19] might encourage us to believe that our use

of QLT may be only a factor two to three in error, previous
numerical simulations by [7] appeared to confirm a series of
investigations suggesting a larger underestimate (e.g., [17]). In
[7], a field model was employed whereby each short segment
of particle trajectory experienced a field obtained from actual𝐵 and 𝑉 measurements as the wind flowed past a spacecraft.
An equilibrium pitch angle distribution was then set up by
numerically following particles within the field model after
injection and until removal at boundaries. The slope of the
distribution function in pitch angle space then gave 𝐷𝜇𝜇.
Solar particle propagation data used to deduce the spatial
diffusion coefficient came from a contemporary solar particle
event. The use of (7) gave an estimate a factor 8 less than that
derived from the particle data and a factor 4 less than that
obtained by the numerical model.

The approximation of (7) applies to an axisymmetric slab
model of transverse fluctuations with no net polarisation and
varying only parallel to the mean field, and we assume that
corrections due to a finite Alfven speed, as implied in the
equations of motion of [15], can be neglected because the
particles move close to 𝑐. Our subsequent use of (7), moti-
vated by the complexity of the subsequent approaches which
are beyond the scope of this paper, must be tempered by the
knowledge that it is very likely to only represent a lower limit.

Concerning perpendicular diffusion, we again start by
describing the well-known and easily accessible approxi-
mation, before mentioning analytical improvements to the
theory and computational approaches which will allow an
assessment of the error involved with the adopted equation.
Since particles of small Larmor radii compared with the
dominant scale of field fluctuations attempt to follow field
lines, it is not surprising that deviation from a mean direction
is thought of as a combination of motion of guiding cen-
ters following wandering field lines and diffusive scattering
perpendicular to these lines. In [6], it was found that the
dominant cause for perpendicular diffusion lays in the power
at spatial frequencies of the turbulence approaching zero,𝑃𝑥𝑥(𝑓 = 0), corresponding to the description of field line
wandering. Resonance scattering similar to that described in
the pitch angle case was found by Jokipii [6] to be relatively
small. The result given for the perpendicular displacement⟨𝛿𝑥⟩ at cosine pitch angle 𝜇 was

⟨𝛿𝑥2⟩
𝛿𝑡 = 𝜇𝑣𝑉𝑃𝑥𝑥 (𝑓 = 0)

𝐵2∘ . (8)

Later, Foreman et al. [20] reevaluated this result and quote

𝐾⊥ = 4 × 1020 (𝑣𝑐 ) cm2, sec−1 (9)

for 𝑃𝑥,𝑥(𝑓 = 0) = 4 × 10−6 Gauss2/Hz longitudinal power,

𝑉 = 4 × 107 cm/sec, and𝐵 = 4×10−5 Gauss. We shall use (9),
scaled to fit the actual field and wind parameters, according
to (8).

Subsequent analytical work, especially [21], finds that the
interplay between parallel and perpendicular scattering can
suppress the perpendicular motion, for example, if the rever-
sal along the field allows the gyromotion to cause the particle
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to sample field lines closely similar to those encountered
before the scatter of parallel motion. Matthaeus et al. [21]
define 𝐾⊥ according to the Taylor-Green-Kubo formulation
which in their case they write as

𝐾𝑥𝑥 = 𝑎2
𝐵∘ ∫
∞

0
𝑑𝑡 ⟨𝑣𝑧 (0) 𝑣𝑧 (𝑡)⟩
× ⟨𝑏𝑥 [𝑥 (0) , 0] 𝑏𝑥 [𝑥 (𝑡) , 𝑡]⟩ .

(10)

It has been assumed that the relation between the per-
pendicular velocity and the perpendicular field perturbation,
assuming axial symmetry, is

𝑣𝑥 (𝑡) = 𝑎𝑣𝑧 (𝑡) 𝑏𝑥 [𝑥𝑚 (𝑡)]𝐵∘ , (11)

where 𝑥𝑚 is a mean of the gyromotion. This formula clearly
describes motion following wandering field lines if 𝑎 = 1,
but in the work based on the approach outlined, a value 𝑎 =1/3 is taken as fitting numerical simulations corresponding to
the analytical model adopted, and no theoretical justification
seems to be supplied as yet for the value of the constant.

The work of [22] is the most recent and general analytical
approach to finding 𝐾⊥ in a medium of arbitrary turbulence,
without the restrictions of, for example, the slab model or
the two component model mentioned before. His nonlinear
model leads to the following expression involving the power
spectrum with arbitrary propagation vector 𝑃𝑥𝑥(k):

𝐾⊥ = 𝑎2𝑣2
3𝐵2∘ ∫𝑑3𝑘 𝑃𝑥𝑥 (k)𝐴 (k) + (4/3)𝐾⊥𝑘2⊥ + 𝑣/𝜆|| , (12)

where

𝐴 (k) = (𝑣𝑘||)23𝐾⊥𝑘2⊥ . (13)

Suppressing the effects of parallel scattering allows this
equation to tend to the field line wandering limit while
restricting the power spectra to slab and axisymmetric
perpendicular disturbance allows the results of [21] to be
recovered. In a 3D turbulence model, the interplay of parallel
and perpendicular effects is illustrated by considering the
terms after the integral sign.

An alternative approach to incorporating 3D turbulence
lies in computations similar to those described in [7]. The
authors of [23] suppress variability in one of the three
dimensions, so that B(𝑥,𝑦) is constant in 𝑧. Diffusion in𝑧 due to field fluctuations in the 𝑥-𝑦 plane was measured
again by numerically tracking particles again in a steady-state
experiment while drift in 𝑧 was measured by following the
time evolution of the distribution function. The numerical
experiment had deliberately suppressed field line wandering
in 𝑧. The result was a 𝐾⊥ of similar magnitude to the field
line wandering estimate. Net drift was consistent with the
combined effects of field gradient and curvature drifts due to
the 𝑥-𝑦 plane variability averaged over the one day sample
used, calculated on guiding center theory. Our conclusion is

that employment of (9) could result in approximately a factor
of two underestimate.

In applying the aforementioned expressions to field data,
we employ ACE 4-minute component averages, using 0.71 of
a day’s data for convenience relating to the Matlab algorithm
employed. We obtain the power in a typical perpendicular
component by doing fast Fourier transforms to find the
power in solar radial, tangential, and normal components
as a function of frequency and then finding the sum of
resolving each component in a direction perpendicular to
the mean field. Power laws are used to fit these summed
components. Field magnitudes are found from averages of
the 4-minute total field magnitudes because the particles are
actually attempting to follow the fluctuation field direction,
rather than the mean field over 0.71 of a day. Solar wind data
from ACE is used to determine the mean flow velocity of each
selected period. Applying the aforementioned results to the
field/plasma data of DOY 103, 2006 and the pairs of DOY
117, 118 and 126, 127 yields for 200 MeV protons the results
of Table 1. Here 𝜓 is the mean field-radial direction angle.
It is noteworthy that the perpendicular power spectra with
a negative slopes up to 1.7 are obtained, considerably steeper
than for the 𝑛 = 1 assumed in (1). Hence the scattering at

high pitch angles is less effective and 𝐾𝐾,𝑃
||

is likely to be an

underestimate.

5. Diffusion Coefficients, the GCR Gradient,
and Short-Term Modulation

The maximum GCR drop in intensity during day 103 occurs
between 103.6 and 103.8 Assuming that this is due to spatial
convection of the feature, as is likely from previous studies
of such events [4], the radial spatial gradient of the ACSSAT

intensity is 3.43 × 10−14/cm or 52 percent/AU, corresponding
to 200 MeV GCR.

If we assume that a quasi-equilibrium is still maintained
between convective outflow, adiabatic energy loss, and diffu-
sive inflow,

𝐶𝑉𝑈 = − (𝐾cr
|| cos
2𝜒 + 𝐾cr

⊥ sin
2𝜒) 𝜕𝑈𝜕𝑟 , (14)

where 𝐶 is the Compton-Getting factor appropriate to the
differential number density spectrum, 𝑈, at 200 MeV and𝜒 is the field-radial direction angle. 𝐶 = 0.81 close to
the previous solar minimum, while 𝜒 = 68∘ on average
during the interval of the rapid GCR decrease. We will
now separately investigate whether parallel or perpendicular
diffusion is the most important in maintaining the assumed
quasi-equilibrium with small radial streaming by successively
ignoring each term on the right-hand side of the above.
Putting in values yields

𝐾cr
|| = 8.4 × 1021 cm

2, sec
−1,

𝐾cr
⊥ = 1.4 × 1021 cm2, sec−1. (15)

Similar estimates are made for the other events, days
117/118 and 126/127. These cosmic-ray-derived diffusion coef-
ficients,𝐾cr

|| and𝐾cr
⊥ , are also entered in Table 1. For DOY 103,
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Table 1: Diffusion coefficients obtained from power spectra and particle gradients in cm2, sec−1.

DOY 103 DOY 117 DOY 118 DOY 126 DOY 127

𝐾𝐾,𝑃|| 6.3 × 1020 9.66 × 1020 2.41 × 1020 1.0 × 1020 3.40 × 1020
𝐾𝐻,𝑊|| 5.5 × 1021 9.39 × 1021 2.8 × 1021 1.7 × 1021 1.99 × 1021
𝐾⊥ 4.1 × 1020 1.38 × 1020 1.71 × 1020 1.54 × 1021 1.12 × 1021
𝜓 68 24.8 45.5 75.8 45.7

𝐾cr
|| 8.4 × 1021 1.1 × 1021 2.19 × 1021 3.73 × 1022 7.13 × 1021

𝐾cr
⊥ 1.4 × 1021 5.17 × 1021 2.15 × 1021 2.39 × 1021 6.79 × 1021

and assuming the validity of the power spectral-based esti-
mates, neither the perpendicular diffusion value nor the
simple, 𝐾𝐾,𝑃

||
parallel diffusion case can satisfy the quasi-

equilibrium. However, because the field-based 𝐾𝐻,𝑊
||

and

gradient-based, 𝐾cr
|| estimates are close, parallel diffusion

seems to satisfy quasi-equilibrium. For the event of days
117/118 parallel diffusion again seems to give a better agree-
ment between power spectrum calculated and gradient-
derived diffusion coefficients, especially as the major part
of the observed sharp decrease best corresponds to day
118 power spectral analysis. However for the event of days
126/127, perpendicular diffusion seems to give a little better
accord, especially as the major drop lies around the day
126/127 boundary. Note the high 𝜓 angle on day 126 which
might indicate the reason for the dominance of perpendicular
diffusion. On the other hand, previously noted, marked
discrepancy between quasi-linear theory and diffusion com-
putations based on actual field values may be in play here.

Inspection of Figure 8, Section 3.2, shows a rapid field
rotation at the time of the rapid decrease with radial com-
ponent going through zero and with the dominant field
component normal to the ecliptic in the event of day 103. It is
possible to imagine that nearer the sun the GCR intensity was
significantly reduced by a field configuration unfavourable to
radial diffusion. This allowed a new quasi-equilibrium to be
set up with inflow from a large angle to the ecliptic plane and
radial direction from some entry point at the boundary of
the traveling large magnetic disturbance. What we see during
the three events is the quasi-equilibrium expressed by (14)
as it is convected past the Earth. The short-term modulation
under consideration here is thus essentially due to a barrier
mechanism, because true radial diffusion is largely inhibited
during the events.

All three field components exhibit large changes but only
one event clearly fits a flux rope model. A bidirectional heat
flux persisting through to the end of day 103 has already been
noted. We have already discussed the flux rope as a suitable
GCR barrier [4, 5], although the detail of the proposed
mechanism is different here.

6. Conclusions

We have set out to demonstrate the likely validity of a model
for significant short-term reduction of the GCR intensity and
the use of this model to obtain information on energetic
particle diffusion. Approximate theoretical values of the
parallel and perpendicular diffusion coefficients have been

obtained appropriate to the actual field turbulence present
at the time of passage of three selected events. Reference to
previous analytical and Monte Carlo numerical studies taking
into account 2- or 3-dimensional field representations, not
present in the slab approximation of the adopted calculation
of the coefficients, allowed an assessment of errors in our
procedure to be made. A sufficiently satisfactory explanation
of the three events was provided by the idea of a quasi-
equilibrium field/particle structure being convected past the
Earth with a single, dominant mode of diffusive propagation,
either parallel or perpendicular to the mean field of the event.
Reasonable self-consistency between diffusion coefficients
derived by particle gradient and analytic theory was achieved.
Nevertheless, there is every reason to urge the application of
more comprehensive modeling, for example, by the methods
of [7, 19, 22], to better check the extent of this agreement.

Three-dimensional models of the overall heliospheric
modulation assume diffusive scattering varying smoothly
over large spatial scales with at most a dependence on
angle with respect to the solar equatorial plane. The relative
importance of this, near isotropic and homogeneous turbu-
lence model, compared with barrier effects discussed in this
work must depend on the abundance of flux rope magnetic
topologies within the solar wind.

In terms of the wider, astrophysical significance, the
method proposed here of using local particle conditions
to check diffusion coefficients with locally derived plasma
parameters seems unprecedented as a way of validating the
ability to model cosmic wave-particle interaction in a colli-
sionless regime. One only has to point to the extensive use
made of quasi-linear theory for the interaction in nonthermal
astrophysical shock modeling to appreciate the worth of the
investigation.
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We analyzed the high-energy gamma and neutron emissions observed by the SONG instrument onboard the CORONAS-F satellite
during August 25, 2001, October 28, 2003, November 4, 2003, and January 20, 2005 solar flares. These flares produced neutrons
and/or protons recorded near Earth. The SONG response was consistent with detection of the pion-decay gamma emission and
neutrons in these events. We supposed that a time profile of the soft X-ray derivative was a good proxy of time behavior of the flare
energy release. Then we showed that time intervals of the maximum both of energy release and pion-decay-emission coincided
well. We determined the onset time of GLEs 65, 69 on the basis of neutron monitor data using the superposed epoch method. The
time of high-energy proton onset on November 4, 2003 was found from the GOES data. The time delay between the high-energy
gamma ray observation and the high-energy protons onset time was <5 minutes. This time lag corresponds to the least possible
proton propagation time. So, we conclude that in these events both protons interacted in the solar atmosphere and the first protons
which arrived to Earth, belonged to one and the same population of the accelerated particles.

1. Introduction

Solar energetic protons, as Solar Proton Events (SPE) or
Ground Level Enhancement (GLE), are observed directly
over long time, most probably since the events on February 28
and March 7 in 1942 were identified by Forbush [1] and named
later as GLE 1 and 2, respectively. Altogether during the
systematic investigation of the GLEs 71 events were recorded.
Lower energy of particles, detected by high-latitude neutrons
monitors (NM), is ∼450 MeV (this threshold is determined
by atmospheric absorption), but the effective energy exceeds
1 GeV. The minimum energy for medium and low-latitude
NM is even higher; it is determined by the geomagnetic
cutoff. Satellite measurements allowed us to study accelerated
particles below the atmospheric threshold (∼400 MeV). A
list of SPE events (N(>10 MeV) > 10 protons cm−2 s−1 sr−1)
beginning from 1976 can be found, for example, at [2],
http://umbra.nascom.nasa.gov/SEP/, and of GLE events at
http://neutronm.bartol.udel.edu/∼pyle/GLE List.txt.

GLE connection with solar flares is not in doubt, but still
debated question is whether the protons are accelerated up
to subrelativistic energies directly during flare energy release
or acceleration occurs later when the shock waves propagate
in the upper corona. Direct study of the GLE dynamics does
not answer this question, because particles’ propagation in
the interplanetary magnetic field (IMF) is a complex process
controlled by a variety of factors. The onset time depends
in particular on particle mean free path, angular separation
between the site of observation and the Sun (e.g., [3]). In addi-
tion, the magnetospheric transmissivity has to be included to
interpret the measurements correctly when observations are
done within magnetosphere or on the ground.

However, there are two other channels which allow one
to study the scenario of ion acceleration. During solar flares
accelerated ions due to interaction with solar atmosphere are
producing secondaries, among them neutrals (gamma-rays
and neutrons); part of them can also be observed at the
Earth’s orbit. The advantage of these observations is that there
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is no need of any assumptions on particle propagation in
the interplanetary medium and the trajectory change in the
magnetosphere. Protons are accelerated to >300 MeV in the
lower corona or they get there after being accelerated in the
shock front. They interact with the matter and produce pions
which in their turn decay and generate high-energy gamma-
rays with specific spectrum [4, 5]. The cross-section of
pion production increases rapidly to about 1 GeV and then
continues to increase slowly. Thus, the high-energy gamma-
rays are generated by protons with energies typical for GLE.
Neutrons with energies accessible for detection with NMs can
be only produced in the same inelastic interactions of high-
energy protons.

The first solar neutron signal at the Earth’s orbit was
detected by Chupp et al. [6] using measurements with
Gamma-Ray Spectrometer (GRS) on Solar Maximum Mis-
sion (SMM) during the solar flare on June 21, 1980. Second-
time GRS recorded a solar neutron signal after the June 3,
1982, flare (X8.0/2B, E72S09) [7]. The solar neutron response
was observed for the first time at the surface of Earth also
in this event by neutron monitor (NM) measurements at
Jungfraujoch with 1 min time resolution [8]. The air thickness

along the line of sight to the Sun was 745 g cm−2 for the event
at Jungfraujoch. Another high mountain NM located in cen-

tral Europe, namely, Lomnicky Stit (883 g cm−2), observed in
5 min records an ∼3% increase in 11:45–11:50 (all times here-
inafter are UT). This increase was consistent with charac-
teristic rigidity of accelerated particles ∼200–250 MV [9].
The energetic protons observed in interplanetary space from
this eastern flare were interpreted as the decay products of
neutrons. This event was discussed by Evenson et al. [10, 11]
and the spectrum of neutrons was obtained in the range 10–
100 MeV.

The June 3, 1982, flare motivated many neutron monitors
to make measurements with higher statistical accuracy and
better temporal resolution. It has also demanded the con-
struction of new ground-based detectors (e.g., [12]) and new
observation of gamma high-energy emission onboard the
satellites. However, the neutron fluxes change significantly as
a result of the velocity dispersion and decay of neutrons on
the way from the Sun to the Earth (the half-life time of free

neutrons is 103 s, which is comparable to the transit time of
1 AU for neutrons with energies 100–1000 MeV).

There are two “windows” in the electromagnetic emission
spectrum which allow us to observe an appearance of acceler-
ated protons in the solar atmosphere. Protons accelerated up
to 10–50 MeV excite nuclei in the ambient solar atmosphere.
These excited nuclei immediately emit narrow gamma-lines
in the energy range of 2–7 MeV [4, 13]. The most intense

lines are at 4.4 MeV (C12∗) and 6.1 MeV (O16∗) as well as
the delayed neutron-capture line at 2.2 MeV. It seems that
Hirasima et al. [14] were the first to observe solar gamma-
ray lines accompanying the solar flares. Then these lines were
also observed by Orbiting Solar Observatory (OSO-7) [15].

A second “spectral window” appears only when the
energy of the accelerated protons reached 300 MeV. At such
energies proton interactions with a matter of the solar
atmosphere create neutral pions which decay immediately

and generate a broad gamma-ray line with a maximum
near 70 MeV [4, 5]. Charged pions are also produced in
the same interactions, and their decay produces electrons
and positrons, which, in turn, generate high-energy brems-
strahlung with a broad energy spectrum extending up to
the energies of the electrons and positrons themselves. The
pion-decay gamma-ray spectrum could ride on top of the
continuum deriving from primary electron bremsstrahlung.

Thus, observations of the pion-decay emission during a
solar flare provide doubtless evidence of the proton acceler-
ation up to high energies, and of the interaction with dense
medium. No other process can produce a spectral feature
similar to the pion-decay emission. When high-energy protons
interact with a matter, pion-decay gamma-rays are emitted
almost instantaneously. So the temporal behavior of the
pion-decay emission follows the behavior of the acceleration
mechanism intensity. Eliciting pion-decay component in the
flare successive spectra allows us to determine with high
accuracy the appearance of high-energy protons in the solar
atmosphere.

Thus, in the hands of researchers, there are three tools
to study processes of proton acceleration to relativistic ener-
gies—investigations of GLEs themselves, observations of
high-energy gamma-rays, and observations of high-energy
neutrons.

The first flare with convincing evidence of pion pro-
duction was observed with GRS on June 3, 1982, as well
as the neutron production [8, 16, 17]. More recently, the
pion-decay emission was detected by SMM/GRS [18, 19],
GRANAT/Phebus [20–22], Compton Gamma-Ray Obser-
vatory (CGRO) with Energetic Gamma-Ray Experiment
Telescope (EGRET) [23, 24], and GAMMA/GAMMA1 [25,
26]. This emission was also detected during the declining
phase of the solar cycle 23 with the Solar Neutrons and
Gamma-rays (SONG) spectrometer [27] on the Complex
Orbital Observations of the Active Sun (CORONAS-F) space
mission from four solar flares [28, 29]. A brief review of these
observations can be found in [30, 31]. The latest pion-decay
emission observation in two flares during current solar cycle
was performed onboard the Fermi mission with Large Area
Telescope (LAT) [32]. The reviews of energetic ion properties
in the solar atmosphere deduced from observations of neu-
trons and gamma-rays can be found in [33, 34].

The SONG spectrometer on CORONAS-F space mission
was working from July 2001 until February 2005 and has
increased considerably a poor statistic of the solar events with
the data on the pion-decay gamma emission and neutrons.
Our team highlighted the pion-decay component during
the impulsive phase of August 25, 2001, October 28, 2003,
November 4, 2003, and January 20, 2005, powerful flares
as well as appearance of neutron fluxes after the first three
events.

This work is to some extent a review of our results. Here,
after short description of the SONG instrument we discuss
the observations of gamma-rays and neutrons during above-
mentioned events. These observations indicated the presence
of protons accelerated up to high energy in solar atmosphere.
The association of SPEs and GLEs with these flares is
considered.
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2. CORONAS-F/SONG Data:
Analysis of Observations and Method of
Spectra Restoration

A CsI crystal with a diameter of 20 cm and a height of 10 cm is
the main detecting element of the SONG instrument [27]. The
crystal was surrounded by an anticoincidence plastic scintil-
lator shield to reject signals from charged particles. Neutrons
with energies >20 MeV produce recoil protons and other
heavy nonrelativistic particles in a CsI(Tl) crystal, whereas
gamma photons produce relativistic electrons. The intensity
ratio of the fast and slow components of the scintillation
pulses in the CsI(Tl) crystal depends on the particle ionising
power, which in turn is different for relativistic electrons and
slow heavy particles. This allows us to make discrimination
between neutrons and gamma photons. Secondary particles
produced by neutrons have a wide energy distribution below
the energy of incident neutron. Therefore, the energy of a
neutron cannot be determined from its energy deposition.

The time resolution of the SONG detector was 1 or 4 s
depending on the observation mode. In-flight observation
conditions and background subtracting procedure are pre-
sented in [35].

We studied the flare gamma-ray emission using the
response function of the detector simulated with the help of
the GEANT 3.21 program. To restore the incident gamma-ray
spectrum, we used a two-component model:

(i) a continuum component caused mainly by the pri-
mary electron bremsstrahlung;

(ii) a pion-decay component in the form of a broad “line”
due to neutral pion decay, peaking at 67 MeV [5], plus
a continuum due to bremsstrahlung from electrons
and positrons produced in charged pion decay (Mur-
phy, 2009 private communication to VGK).

The continuum components were represented by a power
law with gradual steepening at high energies. The latter func-
tion was applied in two forms: as a power law with an index
gradually changing with energy or as an exponential high-
energy cutoff (see more detailed description of the spectra
restoration in [35, 36]). The fitting procedure allows us to
obtain both a shape of the continuum spectrum and intensity
of the pion-decay component.

We note that it is easier to elicit the pion-decay emission
of the flare’s spectrum if maximum energy of primary accel-
erated electrons does not exceed 30–40 MeV. If a large
number of electrons were accelerated to higher energies, it
is sometimes difficult to select small fluxes created by pion-
decay emission. In these cases, we can specify only an upper
limit of the pion-decay component fluxes.

Let us consider four particular events in more detail. In all
cases, the total time of flares’ observation in our experiment
did not exceed 10–15 min. This limit is caused by the pecu-
liarities of the satellite orbit with an altitude of ∼500 km and
polar inclination. Observations of flare that generated gamma
emission by SONG were restricted due to contamination of
the detector count rate by high-energy particles during a
passage of CORONAS-F through the radiation belts or due
to arriving of solar high-energy particles.

To compare the time behavior of energy release mani-
fested by hard X-ray emission and derivative of soft X-ray
emission with time profile of the pion-decay emission, we
used, in addition to SONG data, the Solar Spectropolarimeter
(SPR-N) [37] data and GOES soft X-ray measurements. SPR-
N is a monitor of hard X-ray emission. It had two energy
bands of 15–40 and of 40–100 keV and operated also onboard
the CORONAS-F. It has never been saturated during the
events under consideration.

3. SONG Observations during the Solar Flares

3.1. Solar Flare on August 25, 2001. The impulsive phase of
the August 25, 2001, solar flare (GOES X5.3/3B, S17E34) was
characterized by a gradual increase in the total intensity and
energy of accelerated particles (see [38–41]). It lasted in high-
energy emission band not more than 4-5 min. Time profiles
of soft X-rays, the soft X-ray derivative, 𝑑𝐼SXR/𝑑𝑡, hard X-ray,
and gamma emissions observed during the flare are presented
in Figure 1. The background in the CORONAS-F data has
been subtracted. The time profile of 𝑑𝐼SXR/𝑑𝑡 normalized
hereinafter to its maximum value shows that maximum
energy input into emitting volume took place near 16:31:30.
This time moment corresponds to maximum intensity of hard
X-ray (40–100 keV) and gamma-ray (>60 MeV) emissions.
Peak time of gamma emission with energies 0.3–2 MeV is
slightly delayed. This time difference of hard X-rays with
various energies is a consequence of the magnetic trapping of
electrons near the loop top and the subsequent precipitation
into the footpoint. Unlike the no-diffusion case, electrons
can escape from the magnetic trap via pitch-angle scattering
which is strongly energy dependent. A detailed discussion of
this issue is out of scope of this work.

The incident energy spectra of gamma-ray emission
accumulated in three time intervals are shown in Figure 2.
These spectra were calculated with fitted parameters of the
incident spectra in the two-component model discussed
above. Figure 2 demonstrates changing in the spectrum shape
and intensity of the pion-decay emission which dominates
at energies above 60 MeV. Maximum of pion-decay emission
was at 16:31:38–16:31:46, that is, close to the peak time of𝑑𝐼SXR/𝑑𝑡 and hard X-rays with energy of 40–100 keV. The
time interval of energy release maximum can be defined
hereinafter as an interval when 𝑑𝐼SXR/𝑑𝑡 value exceeds 0.9
of its maximum. Thus, time intervals of maximum energy
release and of maximum pion-decay emission overlap.

We got an opportunity to build a combined spectrum
using GOES soft X-ray, SPR-N, SONG, and Yohkoh (Hard
X-ray Spectrometer (HXS) and Gamma-Ray Spectrometer
(GRS) [42]) data. Figure 3 shows this spectrum, accumu-
lated over 16:31:38–16:31:46. To restore SPR-N and SONG
spectrum we used an algorithm described in [43]; spectra of
Yohkoh/HXS and Yohkoh/GRS were restored by Kashapova
(private communication). This spectrum demonstrates that
the primary electron continuum with power law lasts up to
60–100 MeV. The narrow gamma-lines and the line of pion-
decay were identified over it. The flare also provided clear
signals of neutron production with sufficient intensity to be
recorded by CORONAS-F/SONG [28] after 16:35 and by the
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Figure 1: Time profiles of selected emissions from the August
25, 2001, flare: (a) soft X-ray flux (hereinafter black curve and
right 𝑦-axis) and its derivative (hereinafter red curve and left𝑦-axis); (b) hard X-ray 40–100 keV from CORONAS-F/SPR-N;
(c) gamma-rays 0.5–1.3 MeV (CORONAS-F/SONG, black curve,
left 𝑦-axis) and 0.27–1.04 MeV (Yohkoh/GRS, blue curve, right𝑦-axis; http://solar.physics.montana.edu/sxt/); (d) gamma-rays>60 MeV (red, left 𝑦-axis) and neutrons (black, right 𝑦-axis) from
CORONAS-F/SONG. Shaded rectangle in bottom panel denotes
hereinafter the interval of undoubted observation of the pion-decay
gamma-emission.

Chacaltaya NM in 16:35-16:36 [44]. This time lag relative
to 16:31:30 corresponded to neutron energies >300 MeV. No
GLE was observed after this eastern event.

3.2. Solar Flare on October 28, 2003. This prominent flare
(X17.2/4B, S16E08) was observed in the soft X-ray and in
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Figure 2: Restored energy spectra of gamma-rays for different time
intervals. Thin lines correspond to 16:31:02–16:31:14, thick lines to
16:31:38–16:31:46, and dashed lines to 16:32:02–16:32:10. Red curves
represent the total spectra, black curves electron bremsstrahlung,
and blue curves the pion-decay component.
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Figure 3: Combined spectrum of the August 25, 2001, flare. The total
flux (blue curve) was restored from CORONAS-F data, the pion-
decay flux—from SONG data.

𝐻𝛼 ranging from 09:40 to 18:00 (http://spidr.ngdc.noaa.gov/
spidr/). According to measurements within various ranges,
the beginning of the impulsive phase (the beginning of the
main energy release of this flare) was determined as 11:01-11:02
(see, e.g., [45–47]).

The increase in the hard X-ray emission over the back-
ground level caused by the solar flare was reliably detected
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Figure 4: Normalized time profiles of selected emissions from
October 28, 2003, flare: (a) soft X-ray flux and its derivative; (b)
hard X-ray 40–100 keV from CORONAS-F/SPR-N (black curve);
gamma-rays from CORONAS-F/SONG 0.75–2 MeV (red) and 6–
10.5 MeV (green); (c) gamma-lines from INTEGRAL/SPI [46]; (d)
gamma-rays > 90MeV (red, left 𝑦-axis) and neutrons (black, right𝑦-axis) from CORONAS-F/SONG; (e) magnetic field change rate
[48].

by the SONG instrument beginning from 11:02:11 to 11:12:30
(see Figure 4). This Figure presents also summarized intensity
of the 4.4 + 6.1MeV gamma-lines (INTEGRAL with the
SPI spectrometer [46]) and the magnetic field change rate
obtained with ∼1 min cadence [48].

The detailed study of SONG hard X-ray and gamma-
ray emission measurement of this flare and neutrons can be
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Figure 5: The restored incident gamma-ray spectra of the flare on
October 28, 2003 (from [35]). Red curves represent the total spectra,
black curves electron bremsstrahlung component, and blue curves
the pion-decay gamma-ray spectrum. The thin curves correspond
to a power law with varying index and the thick curves correspond
to a power law with an exponential cutoff.

found in [35]. The important interval is 11:02:21–11:03:40,
when power law spectrum caused by the electron brems-
strahlung extended up to very high energies of photons
(100 MeV) was observed. We could not distinguish pion-
decay contribution in this spectrum; consequently we could
estimate the upper limits of pion-decay flux if any. At
11:03:51 a sharp increase of gamma-ray emission with energies
above 40 MeV occurred. The shape of the spectrum changed
substantially in this moment: a characteristic feature has
appeared at energies above 30 MeV caused by the decay of
neutral pions (see Figure 5). It was very surprising that the
continuum created by primary electrons became more soft
with a break around 40 MeV during this second energy
release episode.

Comparing narrow gamma-line intensities [46] with the
pion-decay flux at 100 MeV energy Kuznetsov et al. [35]
has showed that the spectrum shape of the accelerated pro-
tons had also changed from exponential (11:02:21–11:03:40)
to power law with spectral index equal to ∼3 after 11:03:51.
This spectrum shape remained virtually unchanged, whereas
the total intensity was decreasing gradually till 11:12, which
was the end of our measurements. Regarding the time profile
of hard X-rays and 𝑑𝐼SXR/𝑑𝑡 it is evident that both curves
reach their maximum values at 11:05-11:06 simultaneously
with the time interval of maximum intensity of the pion-
decay emission.

High-energy neutrons were measured by the SONG
detector beginning at 11:06:20 [28, 35] and by the Tsumeb
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Figure 6: Time profiles of selected emissions from the November
4, 2003, flare measured by Ulysses and CORONAS-F. Left 𝑦-axis is
suitable to Ulysses and SPR-N (15–40 keV) data; right 𝑦-axis to SPR-
N (40–100 keV) and SONG data.

NM [49]. Bieber et al. [49] estimated the onset time of the
neutron generation on the Sun to be 10:56:30 ± 1 min, which
corresponded to the time of the significant increase in the
pion-decay emission (11:03:50–500 s) observed by the SONG
detector.

3.3. Solar Flare on November 4, 2003. A new possibility
to study the behavior of high-energy gamma-rays appeared
during an unusually powerful flare on November 4, 2003 (X>
28/4B, S19W83), which occurred at the active region NOAA
10486 that approached the limb. The soft X-ray detectors
onboard the GOES satellites were saturated within the 19:43–
19:58 interval. However, soft X-ray importance>X28 was later
attributed to this flare. In addition to a very powerful soft
X-ray burst, radio emission up to 405 GHz frequency was
observed [50].

CORONAS-F satellite came out from the radiation belt
region at 19:42:14 and was observing high-energy gamma-
rays from this flare till the arrival of the intense flux of solar
neutrons at 19:48:00–19:48:30. Beginning from this moment
we could not reliably separate the detector signals with
energies >20 MeV caused by photons from the signals caused
by neutrons.

Since the flare was partly a behind-the-limb one, a ques-
tion arises: do our measurements cover a time interval of the
flare main energy release or they do not? We compared our
data with the measurements of the 25–150 keV hard X-ray
emission by the Ulysses spacecraft located at ∼114∘ westward
from the Earth-Sun line at a distance of 5.28 AU from the Sun
and measured X-ray emission from 19:33 [51]. The maximum
of the Ulysses count rate was observed at approximately 19:44
(see Figure 6) taking into account the distance to Ulysses.

Figure 6 also shows the count rates of the hard X-
ray emission measured by the SPR-N and SONG detectors
onboard the CORONAS-F. One can see that a small intensity
flare preceded the major flare (see also [52]). The main flare
energy release onset was at 19:38:30. CORONAS-F started its
observation at 19:42:14. This time by a lucky occasion is close
to the beginning of the main energy release. Thus, 10 min of

our measurements covered practically the total time interval
of the flare impulsive phase except the very beginning of the
event between 19:38:30 and 19:42:14. Figure 7 shows in more
detail the time behavior of various flare emissions.

Spectral analysis revealed a small contribution

of the pion-decay component at the level >1 ⋅ 1−4

photons cm−2 s−1MeV−1 within the time interval 19:42:14–
19:42:40. The maximum of the gamma-rays from the pion

decay is equal to 1 ⋅ 10−3 photons cm−2 s−1MeV−1 (see
Figure 8).

The high-altitude NMs at Mexico and Haleakala [53] and
the SONG instrument [28] recorded intense fluxes of solar
neutrons whose energy was estimated as 200 MeV on the
basis of the time of flight method.

GLE associated with this flare was not observed, though
the fluxes of solar protons with energy >700 MeV were
recorded with High-Energy Proton and Alpha Particles
Detector (HEPAD) on GOES (http://umbra.nascom.nasa
.gov/SEP/).

3.4. Solar Flare on January 20, 2005. Throughout the history
of flare studies the solar flare which occurred on January
20, 2005, (X7.1/3B, N14W61) is apparently the event with the
best set of various experimental data (see, e.g., [36, 54, 55]).
Radio data [54] and Ramaty High-Energy Solar Spectro-
scopic Imager (RHESSI) measurements indicated that intense
acceleration of electrons up to energies 100 keV and protons
up to energies 10–30 MeV began at approximately 06:42.
Time profiles of selected emissions are presented in Figure 9.
The increase of hard X-rays (>40 keV) and gamma-rays in
the SPR-N and SONG data could be distinguished over the
background count rates after 06:43:30.

Several distinguished episodes of energy release which led
to the change in the emission spectrum shape are clearly seen
in Figure 9. The maximum time of 𝑑𝐼SXR/𝑑𝑡 coincides well
with the maximum time of the energetic emission at 06:47:10
(see panels (c), (d), and (e)). At the same time the intensity
of hard X-rays (40–100 and 100–300 keV) falls dawn. This
decrease was probably caused by the reverse current, created
by a very intense electron beam (see, e.g., [43, 56]). We merely
note that accelerated protons can carry an additional input in
the cumulative energy budget of the emitting plasma and we
do not discuss this experimental fact in more detail, since it
is beyond the scope of the present work.

Figure 10 presents four successive emission spectra cal-
culated with various forms of continuum spectrum. Each of
them was accumulated over 1 min. The figure demonstrates
a gradual increase in the total intensity of gamma-rays. The
plateau caused by pion-decay becomes distinctly pronounced
over 06:44:40–06:48:40 time interval. This spectral peculiar-
ity was distinguished even within the 06:44–06:45 interval

at the very low level of (1–3) ⋅ 10−4 photons cm−2 s−1MeV−1

at the 100 MeV energy. Beginning from 06:45:40, a substan-
tial increase of intensity of photon with energies >10 MeV
is observed. The maximum of the high-energy gamma-
ray emission was observed at 06:46–06:47 and was 3.6 ⋅10−3 photons cm−2 s−1MeV−1 at the 100 MeV. Note that the
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Figure 7: Time profiles of selected emissions from the November 4,

2003, flare: (a) hard X-ray measured by Ulysses (blue curve, right 𝑦-
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Figure 8: The restored incident gamma-ray spectrum of the flare
on November 04, 2003. Red curve represents the total spectra, black
curve electron bremsstrahlung component, and blue curve the pion-
decay gamma-ray spectrum.

intensity of the pion-decay emission does not depend appre-
ciably on a choice of continuum spectrum. Maximum pion-
production coincided with time of maximum energy release.

The protons accelerated on the Sun were observed by the
world NM network (GLE69) [2].

4. GLEs and SPE Onset Associated with
the Discussed Flares

The time profile of the pion-decay gamma emission corre-
sponds to the time evolution of the population of the interact-
ing protons and can be used to determine, at least, the onset
time of proton acceleration. Further, the most important issue
is to know the timing between the particle acceleration up to
relativistic energies and time of release of protons, in some
cases connected with GLE observations.

Suppose that a certain number of the accelerated protons
escaped immediately into space after acceleration. So, if the
onset or maximum time of the pion-decay emission was
observed, we know the escaping time of the particles. In
fact, this assumption means that protons interacting at the
Sun (and generating pions) and protons responsible, at least
for the initial phase of the GLE, should belong to the same
population of accelerated particles.

Usually, when one analyzes the propagation of solar
cosmic rays in the interplanetary space the ideal Parker model
of the solar wind (SW) is used. It suggests that the IMF lines
are in the form of Archimedean spirals. Their parameters
(length and heliolongitude of magnetic field line connecting
the Sun and Earth) are determined by averaged values over
few days prior to the flare. The mean free path of individual
particles may be less than the length of the nominal values of
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IMF line, but not less than the distance from the Sun to Earth
in this epoch (see, e.g., [57]).

It should be added that relativistic particle events are
observed at times of high solar activity, when transient
magnetic structures such as CMEs disrupt often the IMF
structure as, for example, in the intervals August 1972, August
1989, June 1991, and October-November 2003. Therefore, in
these cases it is unlikely to assume the regularity of the spiral
structure of IMF. Sun-Earth magnetic connections can be
rooted far from the nominal Parker spiral (see, e.g., [58, 59]).

The time lag between the onset of particles detected on
Earth with respect to the particle release time from the Sun
can be estimated from the following suggestions.

(i) Let us assume that accelerated particles escaping from
the Sun get on the shortest IMF lines with a small
pitch angle.

(ii) Particles are propagating with small or without scat-
tering. Therefore, their trajectory lengths are close to
the length of the IMF line.

(iii) The threshold energy of the particles detected by
high-latitude NM is ∼450 MeV due to an atmospheric
absorption, but the effective energy of the particles
detected by high-latitude neutron monitors exceeds
1 GeV (see, e.g., [60]). The latter energy corresponds
to the particle velocity not less than the 𝑣 = 0.875𝑐 (𝑐
is the speed of light). The energies of particles detected
by the medium and low-latitude NMs are even higher,
and these energies are determined by the geomagnetic
cutoff.

(iv) The propagation time of protons with energy of 1 GeV
assuming the path length between 1 and 1.3 AU is
equal to 581–755 s, respectively.

(v) If this is true, we expect that a little short impulse
or raising intensity springs out before the main event
enhancement (i.e., a kind of precursor). It can be
observed by one or several NMs with the lag, approx-
imately 670 ± 80 s relative to particle release time.

Let us compare the release time of these leader particles
with the time of an efficient generation of protons in the
flare (as determined by timing of the pion-decay emission).
Remember that the propagation time of 1 AU for gamma
photons is equal to∼500 s. Thus, if we find that the precursor’s
particles were delayed with respect to gamma-rays at the ≈3–
5 min, we get the reason to believe that these protons were
accelerated in the flare. Given the spread of path lengths and
the uncertainty of data on the velocities of the first recorded
particles, their delay relative to the observation time of the
pion-decay gamma-rays should fall within the interval of 1–6
minutes.

Let us compare GLE 65 and 69 onset as well as SPE onset
of November 4, 2003, with the time of pion-decay emission
measurements during associated flares which occurred on
October 28, 2003, January 20, 2005, and November 4, 2003.

First of all we determined the beginning of observation of
GLEs 65, 69 [61]. We have carefully studied the excess above
the background level in the analysis of all available NMs data.
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If this excess is seen just in data of a single NM, it may
be random, even if its value exceeds 3𝜎 level. To determine
the interval of first particles arrival, we used the method of
superposed epoch for the data from several stations hinting a
notional excess.

Figures 11 and 12 illustrate our method and the results
obtained in GLE65 and GLE69. For GLE65 data of Hermanus,
Irkutsk-2, McMurdo, Cape Shmidt, and Calgary NMs were
used. The proton acceleration time and the maximum energy
release were 11:04–11:06, and we determined the statistically
significant time of the first particles’ arrival as 11:06–11:08.

For GLE69 data of Oulu, Norilsk, Apatity NMs were used.
In addition we show the NM South Pole data because these
data are commonly used to demonstrate the onset of GLE 69
at 06:48-06:49. Our method determined the time of the first
particle arrival as 06:47-06:48.

The proton acceleration time and the maximum energy
release were 06:46–06:48.

To check the possibility of direct observation of solar
neutrons by selected NMs we calculated an angle between
the local vertical and the direction to the Sun at the time
of the event under consideration [61]. Practically all cases of
solar neutron observations were performed by high-altitude

NMs located near the subsolar point (e.g., the Tsumeb NM
during the event on October 28, 2003 [49]). NMs whose data
were used in this work had not a possibility to observe solar
neutrons.

No GLE event associated with the November 4, 2003, flare
was reported. We used data of the HEPAD detector onboard
GOES-10 and -12 and found the high-energy (>700 MeV)
proton onset of the SPE between 19:45 and 19:55 (see
Figure 13). The proton acceleration time and the maximum
energy release were 19:44–19:48.

In Table 1 we summarize the timing of pion-decay emis-
sions and high-energy particle onsets for events examined in
this work.

5. Discussion

Before the launch of CORONAS-F data set of the flares
with the pion-decay emission consisted only of 8 events.
CORONAS-F measurements extended this set essentially.
120 flares with hard X-ray emission were observed with
CORONAS-F, and high-energy electron bremsstrahlung with
photon energy >5 MeV was observed in 15 flares. We were
lucky and have measured gamma-rays with energies up to
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Figure 11: GLE 65, October 28, 2003. The left part, upper panel: SONG gamma-rays (black curve) and the soft X-ray derivative (red curve).
The second panel: count rates of five NMs obtained by the method of superposed epoch. Five panels below: data of each NM separately. Right
part: two upper panels from the left part displayed with better time resolution.

100–200 MeV when the impulsive phase of 4 powerful flares,
namely, August 25, 2001, October 28, 2003, November 4,
2003, and January 20, 2005, was in progress. All these flares
produced neutrons and/or protons, recorded near the Earth.
We demonstrated that the SONG response was consistent

with detection of the pion-decay emission and high-energy
neutron fluxes.

High-energy neutrons and pion-decay photons are pro-
duced in the same interactions of accelerated protons with
ambient matter instantly. So it would be reasonable to expect
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Table 1: Timing of pion-decay gamma emission and high-energy particle onsets.

Date August 25, 2001 October 28, 2003 November 4, 2003 January 20, 2005

Flare importance, location
X5.3/3B
S17E34

X17.2/4B
S16E08

X > 28/4B
S19W83

X7.1/3B
N14W61

Time of the pion-decay emission 16:31:10–16:32:30 From 11:04:50 19:42:30–19:48:00 From 06:44:40

Time of proton onset No 11:06–11:08 19:45–19:55 06:47-06:48

Time of neutron onset 16:35-16:36 11:07:00–11:07:30 19:48:00–19:48:30 No

the observation of both in one and the same event. Indeed,
neutrons were observed by SONG and NMs after three flares.
On January 20, 2005, neither ground-level detectors nor
CORONAS-F/SONG observed neutrons though the observa-
tion conditions were favorable for their detection by SONG. It

is difficult to understand the absence of neutrons, since GLE
69 accompanying this flare reached 5400%.

One can use any model of the incident photon spectrum
to restore it from the detector pulse spectrum. In our simula-
tion methods we performed the usual procedure of spectrum
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Figure 13: Time profiles of high-energy proton channels recorded
by GOES-10 and -12 on November 4, 2003. Upper two panels: proton
time profiles over 4 hours around the solar flare. Red curve in upper
panel shows the increase observed in gamma-ray channel >90 MeV.
Two lower panels: proton time profiles measured by HEPAD during
enlarged time period. 𝑇0 = 19:42:30.

restoration, accepted by the scientific community studying
high-energy gamma emission (see, e.g., [16, 22–24]). The

fitting procedure including standard 𝜒2 permits to calculate
the total incident spectrum and the pion-decay contribution.
To elicit a pion-decay feature in the gamma-ray emission
spectrum the intensity of the pion-decay emission must
exceed the bremsstrahlung background. SONG spectrometer
had the appropriate sensitivity and energy resolution for these
purposes.

Exploring four flares we distinguished several accel-
eration episodes with substantially different characteristics
during the time evolution of these flares which implies a
substantial change in the spectrum shape of accelerated
electrons as well as ions. We define maximum energy release
as maximum 𝑑𝐼SXR/𝑑𝑡 in this work. It is known that at the
beginning of the flare impulsive phase the value of 𝑑𝐼SXR/𝑑𝑡
does not exceed 20–30% of its peak value. Electrons are
mainly accelerated during this time, which is manifested by
bremsstrahlung hard X-ray and gamma-ray emission. The
photon energy of such “pure electron spectrum” can reach
60–100 MeV. This was demonstrated earlier in June 21, 1980,
May 24, 1990, and March 26, 1991, powerful flares [16, 21, 62].

The measurements of the narrow gamma-lines performed
by SPI during October 28 and November 4, 2003, as well
as RHESSI during January 20, 2005, events indicated the
presence of protons accelerated up to 10–30 MeV near the

beginning of these events. We discovered that in the rise
phase of August 25, 2001, and October 28, 2003, flares the
energy of photons reached at least 80–100 MeV without any
deposit from the pion-decay emission. At the beginning of
November 4, 2003, and January 20, 2005, flares the spectral
feature associated with the pion-decay process was very faint.
It means that the number of ions accelerated up to the energy
above the threshold of pion production (∼300 MeV) was very
small in these time intervals.

We emphasize that observation of the pion-decay gamma
emission is the method of investigating proton acceleration
up to hundreds of MeV and more because this spectral feature
cannot be imitated by other processes.

We determined the time of the sharp increase of the
pion-decay component intensity. Since pion-decay gamma-
rays are emitted by accelerated ions almost instantaneously,
the moment of the sharp rise of the pion-decay component
indicates the time of the proton bulk appearance in the low
corona. Neutron generation function (or more precisely the
injection function) can be determined by solving the inverse
problem (e.g., [49, 63]). The time of neutron production can
be determined by this method with accuracy ≥1 min; the
accuracy derived from the pion-decay emission data is higher.

We found that the time of the maximum efficiency of
proton acceleration is close to the time interval when the𝑑𝐼SXR/𝑑𝑡 value exceeds 0.9 of its maximum. If our definition
of flare energy release is correct, then this time closeness
indicates that maximum efficiency of ion acceleration occurs
in the time of flare energy release. The strong correlation
between pion-decay flux time profile and magnetic-flux
change rate was observed in October 28, 2003, flare (see
Figure 5). Certainly it is only one case, but it implies that
acceleration of high-energy protons may be an intrinsic
property of the impulsive energy-release process, and it seems
to be important for particle acceleration models.

We clearly saw that the increase in the electron energy
(hardening of the spectral index) is not necessarily consistent
with the episodes of the maximum efficiency of proton
acceleration as it is clearly seen in October 28, 2003, flare.

Comparing the timing of pion-decay emission with the
arrival time of the first energetic particles at 1 AU we found
that these particles lagged ≈3–5 min behind the gamma-rays
emission. So we proved that these protons were accelerated in
the flare simultaneously with the interacted protons (or they
both belong to the same population of accelerated particles).

Our investigation of three events revealed that the max-
imum pion production indicating the maximum efficiency
of proton acceleration was observed within the time interval
of maximum energy release determined by 𝑑𝐼SXR/𝑑𝑡. This
conclusion can be extended to the flare on November 4, 2003,
if we assume that maximum energy release was determined
from data on hard X-rays.

It is well known that for most of GLEs measurements
of high-energy gamma emission from associated flares were
absent. We showed in the present paper that the time of the
most efficient proton acceleration coincided with the time
interval of maximum energy release manifested by 𝑑𝐼SXR/𝑑𝑡.
Taking this result as the “null” hypothesis, we have used it
as a working tool for determining the time delay of the first
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particles of GLE relative to the time of maximum efficiency
of proton acceleration. We carried out a detailed study of
the onset time of 43 GLEs and found that this delay did not
exceed 10 minutes in 28 events [64]. This means that proton
acceleration to relativistic energy starts typically within the
time interval of maximum flare energy release.

The indirect methods of the initial moment determina-
tion and time duration of heavy particle acceleration up to
relativistic energies (i.e., the analysis of radio emission, the
determination of CME lift-off time, and the time of type II
onset that are usually considered to be an indication of a
shock wave in the corona, etc.) do not provide such a time
accuracy.

6. Conclusions

We have analyzed high-energy gamma emission and neutron
flux measurements of four solar flares: August 25, 2001,
October 28, 2003, November 4, 2003, and January 20, 2005,
obtained by CORONAS-F and combined with other obser-
vations of these flares. We showed that the SONG instrument
response had been consistent with the detection of the pion-
decay gamma emission and neutron fluxes in these events.
We determined the onset time of GLEs 65 and 69 which
accompanied October 28, 2003, and January 20, 2005, flares
on the basis of the Neutron Monitor World Network data. For
reliable determination of this time we used the superposed
epoch method. We used data of HEPAD detectors onboard
GOES 10 and 12 to determine the onset time of high-energy
protons during SPE on November 4, 2003. We obtained the
following results.

(1) Observations of both pion-decay gamma-rays and
high-energy neutrons in one and the same event
prove undoubtedly that protons were accelerated up
to relativistic energy, and then they interacted with
solar matter. Detection of high-energy neutrons in
the considered events proves that the observed feature
in the gamma-ray spectrum was caused by the pion-
decay process. Acceleration of protons responsible for
GLE/SPE serves as an additional argument to ascribe
this feature to the pion decay.

(2) The pion-decay emission was observed within the
time interval of the maximum flare energy release,
which was manifested particularly by 𝑑𝐼SXR/𝑑𝑡 time
evolution. Hence, proton acceleration begins in the
course of the flare but not later. However, we recog-
nize that this conclusion is not the general rule. There
are flares in which the pion-decay emission appeared
only after the end of the main energy release.

(3) GLEs/SPE onset was observed with a short <5 min
delay in respect to the time of the pion-decay gamma-
rays’ observations, which is the least possible value.
So, we suggest that in the events which took place
on October 28, 2003, November 4, 2003, and Jan-
uary 20, 2005, both protons interacted in the solar
atmosphere, and the first protons which arrived to the
Earth belonged to one and the same population of
the accelerated particles.

Revealed relationship between high-energy gamma-rays
and GLE may serve as an additional element for short-time
forecasts of radiation hazard storms in addition to those
based on ground-based devices (NMs) and lower energies
emission measurements. Thus, it makes sense to continue
to provide regular patrol of high-energy “neutral emissions”
from the Sun on various satellites and spacecraft in order to
investigate space weather.
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Selected activities aimed to investigate cosmic ray fluxes and to contribute to the understanding of the mechanisms behind, over a
long-time period using space research tools in the former USSR/Russia and Slovakia, are reviewed, and some of the results obtained
are presented. As the selection is connected with the institutes where the authors are working, it represents only a partial review of
this wide topic.

1. Some Milestones until the Middle of
the Last Century

The investigation of cosmic rays began in 1900-1901, more
than 100 years ago. During the first ten years the researchers
were not aware that what they were studying were cos-
mic rays. All began at the time of measurements of the
conductivity of various gases including the air, when some
“residual” ionization, that is, a weak “dark current,” was
observed even without ionizing sources. First publications
of those experiments relate to the period of 1900-1901 [1–3].
One of the first researchers of the “dark current” was Charles
Wilson, well known as the inventor of Wilson chamber (1911),
which was widely used for studying various types of radiation,
including cosmic rays. Later, in 1927, Wilson received the
Nobel Prize in physics for this finding. Thanks to those
experiments it became clear that at sea level some not intense
but strongly penetrating radiation is always present (which
was also observed in strongly shielded chambers). At the
beginning it was thought that the radiation is emanating from
the soil, similarly to Earth’s radioactivity, and that is why it
must be declining above the Earth’s surface. However, the
radiation was decreasing just up to the altitude about one km,
while above this level its intensity was increasing. The fact
that radiation intensity increases with altitude was discovered
in 1912 after by the experiments of the Austrian physicist
Hess [4], who measured radiation by ionization chamber up

to more than 5 km. Hess called it “altitude radiation.” This
name was used until 1925. The nature of that radiation was
not clarified for a long time. Several hypotheses of its origin
have been proposed (e.g., it originated in the upper layers
of the atmosphere due to atmospheric electricity). Finally,
the extraterrestrial origin of “altitude radiation” was proved
by Millikan et al. (USA) in 1923-1924, who introduced the
term “cosmic rays” [5, 6]. At that time Millikan was already
awarded the Nobel Prize (in 1923 for the measurement of
the charge of electron). Cosmic rays remained the “mystery
effect” for a rather long time. This is argued by the fact that
Nobel Prize for his discovery was awarded to Victor Hess in
1936 only, that is, 24 years after his experiments were per-
formed.

In this short review a few selected milestones in the cos-
mic ray research are discussed, to which the authors of the
present paper among many other scientists of the former
USSR and Czechoslovakia contributed.

In 1926, physicists in Leningrad Myssowsky and Tuwim
found that the intensity of cosmic rays was changing with the
pressure of air. They discovered barometric effect of cosmic
rays which is well known at present [7]. Skobelzyn in 1927
when working with a Wilson chamber put it into a magnetic
field and found that cosmic rays at the sea level are composed
of electrically charged particles of very high energy [8].

Starting from the 1920s, scientists in the former USSR
began to deal with cosmic ray research intensively. Let us
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mention the works of several groups in Leningrad, Kharkov,
and Moscow. The basic successes of the groups are results of
Myssowsky and his colleagues, Skobelzyn, and of the group of
Vernov. The work in the former USSR was conducted along
the same scientific directions as in other countries of the
world, however, with some delay due to the tense interna-
tional and domestic situation as well as to the complicated
exchange of information during that time. Until the works
of Myssowsky the dominant opinion was that the altitude
radiation is close to the radiation of radioactive nuclei.
Myssowsky and Tuwim in 1926 accomplished measurements
of the absorption coefficient of the altitude radiation in the
water at Lake Onega [9], which appeared to be by one order
lower than that for gamma rays of Ra, indicating that the
altitude radiation possesses much higher penetration ability
as compared to gamma rays emitted by radioactive nuclei.
These works, along with the experiments by Millikan and
Cameron [10, 11] on the absorption of altitude radiation in
water at various levels above the sea level led to the conclusion
that the altitude radiation is coming to the ground from above
and that it has a very high penetration ability.

In 1927, Skobelzyn found in a Wilson chamber inserted in
magnetic field that a couple of tracks of relativistic particles
were not bent by the magnetic field. He determined the
energy of particles and came to the conclusion that these
are particles of altitude radiation [8], which, according to
Millikan, obtained the name “cosmic rays” [12].

In 1929, Skobelzyn published a paper where he showed
that cosmic rays (CR) may create several particles, forming
showers of cosmic rays [13]. After several years with the help
of a Wilson chamber, controlled by the system of coincidence
of detectors surrounding the chamber, various researchers
obtained photographs of cosmic ray showers with high
number of particles (see, e.g., [14]). The importance of the
discovery of cosmic ray showers lies in the awareness of the
fact of the processes in cosmic rays which do not exist in
particle interactions at lower energies. Cosmic rays allowed
to get in deeper into the structure of elementary particles and
initiated the development of acceleration technique.

The third group of cosmic ray researchers was established
and led by Vernov. It was especially that group which in
the following period carried out the most exhaustive and
numerous cosmic ray research in the USSR: on the ground,
at mountain altitudes, in the stratosphere, and subsequently
on satellites and other space vehicles. These investigations are
shortly described below.

We should like to say few words about the leader of the
works of the group—Sergey Nikolaevich Vernov (SNV, 1916–
1982), who started his cosmic ray studies at the age just above
20. SNV was a student at Skobeltsyn. He was familiar with the
works and results of physicists in Leningrad, and he has seen
how distinguished scientists deal with cosmic ray physics, and
thus his choice proved quite appropriate. In the first half of
1930s only hypotheses about the primary cosmic rays existed,
that is, particles accessing the Earth’s atmosphere from outer
space. Thus, for understanding the nature of cosmic rays,
experiments had to be performed closer to its source, near
the boundary of the atmosphere. That is, why SNV decided to
carry out measurements in the upper stratosphere. However,

on this way there was a serious difficulty because at that time
the experimenters had no chance to raise instruments to high
altitudes. That is, why experimental devices with automatic
recording system have been developed which could provide
measurements without human assistance.

The research of stratosphere was started also by other
researchers and flights of stratostats began. Near Moscow on
September 30, 1933, a stratostat named “SSSR-1” was launched
and reached an altitude of 19 km. Astronauts helped by the
electrometers of Hess and Kohlhoester measured cosmic ray
intensity and confirmed the data about cosmic (extraterres-
trial) origin of the rays and about the role of atmosphere
in their attenuation. One of the flights of stratostats ended
with tragedy—three astronauts died. Vernov found a solution
for this problem—to transmit the results of measurements
by radio waves. He utilized the experience of Leningrad’s
professor P. A. Molchanov, who, in 1930, for the first time
in the world constructed a radiosonde transmitting meteoro-
logical information by radio. SNV developed an instrument
jointly with Molchanov and Mysovsky in 1934 and, for the
first time, cosmic ray measurements in the atmosphere were
transmitted to Earth by radio. The report of the Academy of
Sciences of USSR for the year 1934 wrote that “experience with
detection of cosmic rays was provided by the PhD student of
Radio Institute Vernov.” The first automatic-adjusting flight
of a radiosonde took place on April 1, 1935 [15, 16]. In the
same year Vernov defended his PhD thesis on the subject
“Investigation of cosmic rays in the stratosphere by means
of radiosondes.” Academician S. I. Vavilov liked the thesis
by Vernov and invited him for a doctoral study to FIAN
(Physical Institute of Academy of Sciences) to continue his
research of cosmic rays. This was the end of the research by
Vernov in Leningrad. In 1935, he moved to Moscow where he
continued working until his death.

By improving the method of measurement of cosmic rays
on the stratospheric balloons, Vernov and Mironov con-
ducted a successful study of the latitudinal effect of cos-
mic rays in the stratosphere in 1936–1938 at several sites:
Leningrad, Yerevan, and in the region of the Equator [17]. For
that purpose Vernov organized and led a nautical expedition.
A tanker named “Sergo Ordzhonikidze” sailed from Odessa
to Vladivostok and back and in the Indian ocean stratospheric
balloons were flown from the board. Experiments made in
the stratosphere have shown that the flux of cosmic rays
near the Equator is by ∼4 times lower than at high latitudes.
This suggested that the magnetic field of the Earth reduces
the intensity of cosmic rays and consequently, cosmic rays
should consist of charged particles. Similar experiments were
done somewhat earlier by Bowen et al. [18], which definitely
proved that cosmic rays are not neutral particles as, for
example, gamma quanta. First balloon observations showing
the protons to be the main component of primary cosmic rays
were by Schein et al. [19].

In that period Vernov’s group was concerned with
the research of cosmic rays in the upper layers of atmosphere
by means of instruments flown on radiosondes. In Figure 1
the moment of launch of the instrument on the garland
of balloons is seen which required quiet conditions of
the atmosphere and the known expertness to get rid of
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Figure 1: The moment of launch of the instrument for cosmic ray
research on the garland of balloons.

the pendulum effect and avoid impact with neighboring
structures.

The way in cosmic ray research by SNV was not easy.
There were only a few experimental facts and they were fre-
quently contradictory, so that his viewpoints were changing
in accordance with the emerging new facts. First he supposed
that cosmic ray particles have small mass so they are light
particles like electrons. Later it appeared that the particles
passing through materials are not behaving as electrons, as
their “multiplication” is not described by quantum theory
assuming even relativistic effects. SNV was moving towards
the idea that primary cosmic rays are heavier, that is, pro-
tons, and proving it requires determining the charge of
particles. This was done by using the geomagnetic field as a
giant magnetic analyzer sensitive to the charge of analyzed
particles. For that purpose an instrument was elevated into
the stratosphere, where the effect is more pronounced, from
the board of the research vessel “Vityaz.” The first flight
confirmed the assumption about positive electric charge of
primary particles, which, by augmentation during passage of
atmosphere, produce secondary particles, that is, electrons
[20].

At present the knowledge about the composition of pri-
mary cosmic rays is almost complete. We know that primaries
consist of nuclei of all elements of the Mendeleev table, pre-
dominantly protons and alpha particles; however, oxygen
and nuclei up to iron are also present, and very rarely,
even uranium nuclei. We now know that cosmic rays arrive
to the vicinity of Earth from distant space and that they

bring negligible flux of energy (108 times lower than that of
solar light). We also know that individual particles can carry

enormous energies (more than 103 times higher than those in
the collider at CERN). We also know that these particles with
enormous energy collide with the nuclei of the atmosphere
producing extensive air showers, but no black holes. Cosmic

rays have been interacting with the Earth for millions of years
and did not crash anybody.

Regular registration of cosmic rays in the stratosphere
started in the former USSR in 1957 and is still running regu-
larly till today. This allowed obtaining continuous long-time
records of cosmic ray data, studying the mechanisms of pri-
mary cosmic ray interactions with the nuclei of atmosphere,
finding that the Sun is also generating cosmic rays with
somewhat lower energies than the primary galactic CRs. The
year 1957 marked the start of the space era. SNV immediately
used the new technical tool for cosmic ray studies. The takeoff
of those investigations was amazing; the scientific group led
by SNV accomplished more than 300 experiments onboard
various spacecrafts. The weight of the developed scientific
devices carrying out measurements in space, depending on
the tasks and possibilities, ranged from 500 g to 10 tons. Some
of these experiments have not been repeated, and in this
paper they are mentioned shortly.

For the investigation of very high-energy particles SNV
created a—for that time—huge equipment at the lomonosov
Moscow State University, consisting of hundreds of units
placed over the territory of university campus, each of them
with a complex device detecting each secondary particle
produced in the Earth’s atmosphere by a primary particle.
Such equipments have been installed later on in Yakutsk
(in Moscow there was no sufficient area available) and in
Samarkand (for better atmospheric conditions). In this man-
ner SNV’s scientific activity splitted into three competitive
directions: cosmic ray research in the atmosphere of Earth, in
space, and on the ground. Due to his brilliant experience and
large effort all three directions were successfully developed.
More details about his papers and scientific results can be
found in [20].

The experiments performed in the stratosphere and in
space are shortly described below. The research of extensive
atmospheric showers is not touched since the authors of the
paper did not participate in that scientific direction.

2. Cosmic Ray Research on Artificial
Satellites of Earth, on Other Spacecrafts,
and in the Upper Atmosphere

2.1. Galactic Cosmic Rays. The preparation of experiments
for satellites began in USSR in 1956. At a meeting of the
Academy of Sciences of USSR a task was formulated for the
leading specialists on upper atmosphere physics, magnetic
field, ionosphere, and cosmic rays to give suggestions, that
is, to create projects for experiments on artificial satellites
of Earth. Academician Skobeltsyn, who participated in the
meeting, authorized Vernov to conduct these activities.
Along with one of the authors of the paper (Yu. I. Logachev),
SNV stepped up to design and develop a device to detect
cosmic ray particles. The trajectories of the first satellites
were at altitudes of 300–1500 km. At these altitudes, beyond
cosmic ray particles, particles trapped in geomagnetic field
are present and form the radiation belts of Earth. However,
during the development of the measuring device for the
first artificial satellites of Earth, this was yet unknown and
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Figure 2: Block diagram of detectors and electronics placed
onboard the second Soviet satellite. A: amplifier of the signal from
counter, T: trigger of the reducer of count rate.

the apparatus was targeted only to cosmic ray research.
Figure 2 shows the block diagram of the detectors and of the
electronics for the instruments installed aboard the second
Soviet satellite flown into orbit on November 3, 1957. The
deadlines were tight, the technology was new, and naturally,
the suggestions of the authors on the construction of the
instrument were limited by very simple understanding: to
utilize gas discharge counters and semiconductor electronics
as detectors. Vernov fully supported these suggestions. Let us
remark that presently rather sophisticated complex detector
systems are working in space, utilizing practically all recent
methods of particle detection: scintillation and semicon-
ductor counters, magnetic spectrometers, track detectors,
and their combinations. The orbital elements of orbit of the
second Soviet artificial satellite were the following: altitude
at perigee 225 km, at apogee 1670 km, and the apogee was
located in the southern hemisphere at latitude ∼45∘. The
telemetry system was switched on 2 to 3 times per day along
the parts of orbits passing over the territory of the USSR. The
points of acceptance of telemetry information were deployed
also above the territory of USSR. There were no memory
elements onboard the satellite and thus the information
about the cosmic rays encompassed only the latitudes and
longitudes of the USSR and the altitudes in the range of 225
to 600 km.

The flight of the second satellite confirmed the existing
pieces of knowledge about cosmic rays: the observed latitu-
dinal and altitude dependence of cosmic ray intensity did not
contradict data obtained earlier, and already on a single orbit
an anomalously high counting rate of detectors was registered
(Figure 3), which was interpreted to be due to the penetration
of solar particles into the polar regions of the magnetosphere
of the Earth. Later it became clear that on November 7,
1957, the satellite observed the precipitation of radiation belt
particles into the upper layers of the atmosphere due to
moderate geomagnetic activity [21, 22].

The discovery of the radiation belts of the Earth (RB)
substantially changed the plans for future research works,
pushing cosmic ray investigations aside. Nevertheless, in
all possibilities, during the flights of various space vehicles,
cosmic ray measurements were carried out as well. Space
flights, where detectors of primary (galactic) as well as of solar
cosmic rays were used, are as follows:

(i) flights to the Moon;
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Figure 3: Variations of cosmic ray intensity along one of the orbits
of the second satellite over the northern regions of the USSR.
Nowadays it is clear that they were due to the precipitation of the
particles from the outer radiation belt during geomagnetic activity.
Numbers 1 and 2 correspond to the read-outs of the two detectors.

(ii) interplanetary flights: to Venus, Mars, and interplan-
etary probes;

(iii) heavy Proton satellites;

(iv) selected satellites of the Cosmos series.

2.1.1. Lunar Programme. By the launch of three satellites and
thus demonstrating the possibilities of cosmic technology
of USSR, which was important during the nonquiet time
period, it became necessary to provide new steps in the
space programme, since the launch of just a few satellites
would not induce large resonance. And the task number one
became the Moon. It was necessary to send out a rocket to the
Moon to demonstrate that Moon was reached. Also discussed
were versions to explode an atomic bomb on the lunar
surface. Fortunately, such suggestions did not find support.
The first successful launch took place on January 2, 1959.
The second one happened on September 12, 1959, and the
third on October 4, 1959, exactly two years after the launch
of the first artificial satellite of Earth. The task of the first
two flights was to reach the surface of the Moon; the third
was aimed to take photos of the reverse side of the Moon.
Although the first space vehicle did not reach the Moon,
it approached relatively close to its surface (5000 km). The
second device reached the lunar surface, and before it crashed
and destroyed by hitting the ground, it succeeded to measure
the magnetic field and radiation in the vicinity of the Moon.
The flight of that device was observed by the Jodrell Bank
Observatory in UK. In Europe this was the only observatory
which had a sufficiently large antenna capable to receive
weak radiosignals. The Observatory confirmed the hit of the
apparatus on lunar surface just in the computed time. The
flight of lunar station and its “meeting” with the Moon on
September 14, 1959, were absolutely important events in the
history of space research and they became the triumph of
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Figure 4: Ionization in NaI(Tl) crystal during the flights of the space
Luna-1 (02/01/1959) and Luna-2 stations (12/09/1959) through the
radiation belts of Earth.

the Soviet rocket and electronic technology. More details
about the lunar flights can be found in [23].

The third device made snapshots of the lunar surface, and
although not very bright, they were the first ever pictures
of the reverse side of the Moon. It became clear that the
reverse side of Moon is similar to the visible one; there were
craters, seas, and other peculiarities as well. In the Atlas of
the reverse side of the Moon issued, the peculiarities were
assigned the names of important persons, who contributed to
the discussions on origin of the Moon, to the new hypotheses,
and so forth.

Aboard all the three of the Soviet lunar devices, named
subsequently as Luna-1, Luna-2, and Luna-3, our scientific
instruments were placed to measure cosmic ray particles and
particles of radiation belts of Earth.

A particularly large complex of the instruments was put
onboard the Luna-1 and -2 spacecrafts. Among the instru-
ments there were scintillation and gas-discharged counters
with various shieldings. The complex of devices of the first
lunar missions is described in [24]. The main task of the flight
of the station Luna-3 was to take photographs of the Moon
and that is why the place and weight for other devices were
very limited.

Aboard all the three lunar missions our device was work-
ing very well and interesting results were obtained. Along
with the US probes Pioneer-1 and -3, the Soviet spacecrafts
flew through the whole thickness of radiation belts and
they determined the spatial distribution of the radiation at
large distances from Earth and at slightly higher latitudes. In
Figure 4 the dependence of ionization in the NaI(Tl) crystal is
shown along the trajectory from the distance and latitudinal
projections of geomagnetic field lines for Luna-1 and Luna-2
stations.

It is obvious that the two different flights at close tra-
jectories have shown different structures of outer radiation
belt, indicating the instability of the outer belt—temporal
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Figure 5: Radiation flux in the interplanetary space and on the lunar
surface according to data of the gas-discharge counter onboard the
station Luna-9.

variations of the particle fluxes within the trapping region.
Measurements aboard Luna-1 for the first time allowed deter-
mining the altitude profile of the intensity of trapped particles
along the geomagnetic field line. Luna-1 crossed the same
geomagnetic field line three times, namely, at altitudes 8700,
11000, and 18250 km, respectively. At those altitudes the
scintillation detectors observed the energy deposited in the
crystal corresponding to 30, 65, and 145 GeV. Such values
of energy deposition show that the altitude profile at larger
distances from the Earth is weaker than that observed at low
altitudes on the same field line; possibly the Earth’s atmo-
sphere plays a more important role in the losses of trapped
particles.

This part of the lunar mission programme laid the foun-
dations of the beginning of systematic research of the radia-
tion belts of Earth, which was subsequently continued inten-
sively using other space vehicles (Electron, Molnija, geosta-
tionary satellites, etc.). Onboard these satellites studies not
only of radiation belts were carried out, but also the magneto-
sphere was explored in its complexity, including its structure,
variations, relation to the solar activity processes, and other
effects.

Later on the research of radiation belts of Earth was not
conducted in the frame of lunar programmes which were
targeted exclusively for studies of the lunar environment. The
studies of the Moon, however, included also that of the fluxes
of galactic and solar cosmic rays, the radioactivity of the lunar
surface, and fluxes of lunar albedo particles, that is, secondary
particles emitted from the surface due to the interaction of
galactic and solar cosmic rays with nuclei of the materials
of the surface. Such measurements were performed aboard
all stations from Luna-4 through Luna-16 as well as during
the flight of automatic interplanetary station Zond-3 (July–
December 1965) which provided pictures of the reverse side
of the Moon once again. Among the Luna missions a specific
place belongs to the Luna-9 station which landed softly on
the lunar surface on February 3, 1966. The results of our
experiment operated there are depicted in Figure 5. The flux
of cosmic rays in the interplanetary space should be two times
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higher than on the lunar surface where the field of view of
the instrument was lower by factor of 2 due to screening
by the body of Moon. It appears that the surface flux was
lower only by a factor of 1.6 instead of 2 as expected due to
the radioactivity of the surface and the albedo cosmic ray
particles. Based on these factors it was possible to estimate
the radioactivity emission of the surface of Moon, which was
found to be close to the radioactivity of the Earth’s ground
[25]. This result proved that there was no dangerous radiation
on the lunar surface, and that a man can stay there for a long
time without specific problems.

Speaking about the investigations of the Moon from a
more general point of view, not only in the context of cosmic
rays, it is necessary to recall the phenomenal success of US
scientists accomplishing the first landing on the Moon and
the safe recovery of all astronauts visiting the Moon to the
Earth. For the first time man came to Moon in 1969 and after
that the expeditions were repeated five times. There is an
extended literature describing these activities. These flights
have shown the theoretical possibility to establish scientific
stations on the Moon for long-term operations, including
cosmic ray observations as well. Cosmic ray research on the
Moon would possess a number of substantial advantages
in comparison with Earth-based research, since the Moon
stays more than 80% of the time in the interplanetary space,
and only 20% of the total time within the distant magne-
tospheric tail, where the shielding by the magnetic field is
not significant. This means that measurements of cosmic rays
by lunar satellites on the Moon or in its vicinity are not
affected by the influence of Earth’s magnetosphere, which is
not the case of inner-magnetospheric satellites of the Earth
flying even within the magnetospheric boundaries into near
interplanetary space (Soviet Prognoz satellites, US IMP satel-
lites, etc.). Because of that onboard all lunar space stations
that landed on the Moon, on lunokhods, and on the artificial
satellites of the Moon, instruments were installed for investi-
gations of solar and galactic cosmic rays.

2.1.2. “Proton” Satellites and Other Spacecrafts Studying Very
High-Energy Cosmic Rays. In the former USSR on the initia-
tive of Vernov studies of cosmic rays were performed aboard
heavy artificial satellites for the first time. It started with
the 4 heavy satellites of the Proton series, which provided
the first direct measurements of the energy spectra of all

particles of cosmic rays up to energy 1014 eV and measured
the dependence of proton-proton interaction cross section in
the range of 1011–1012 eV.

In the sixties an intensive development and testing of
new rockets took place both in the USSR and in the US. In
the USSR, along with the rocket which launched into the
space the first satellites of Earth and sondes towards Moon,
in 1962, the rocket of the type Kosmos was constructed, and
in 1965 the tests of a new rocket started which was at that
time the most powerful one and was later used to launch
heavy satellites not only of Russian production but also many
satellites of other countries—rocket Proton. Its name was
originated from the name of satellites of the type Proton
launched by that rocket in 1965. The history of those launches

is the following: when the time for the tests of the new rocket
capable to launch into the Earth’s orbit approached several
tons, two possible loads were discussed: several tons of sand
or scientific instruments. Of course sand was the simpler load
having no risk if the launch proved unsuccessful. Nobody at
that time has constructed any scientific instrument of such
weight so to launch a unique scientific instrument for the
first testing flight was risky. What would happen if the launch
fails? And the deadline of the flight was approaching; only
less than a year remained. However, the Institute of Nuclear
Physics of the lomonosov Moscow State University suggested
a scientific task, requiring to build the heavy device, and com-
mitted oneself to construct such apparatus by the required
deadline (it was already hoped that people dealing with the
construction of rockets would also be delayed). The scientific
task consisted in the research of the energy spectra and

composition of galactic cosmic rays in the energy range 1011–

1014 eV. The measurement of the energy of such particles
requires its stopping within the volume of the detector system
itself. Stopping the particles in the device allows determining
their energy; however, the range of protons and production
of secondary particles inside the system at such high energies
is equivalent to the thickness more than a meter of iron;
that is, the absorption requires a device of very large volume
filled with heavy material (lead, iron, etc.). To accelerate
charged particles to such high energies was impossible
by means of accelerators in laboratories, and the planned
experiments, aside the astrophysical tasks as measurements
of energy spectra and of chemical composition of cosmic
rays, were promising in the sense of nuclear physics aspects,
as understanding the behavior of cross section of proton
and/or nucleus-nucleus interactions of heavier elements at
high energies.

At that time for the measurement of the energy of cosmic
rays in ground-based experimental equipments ionization
calorimeters developed earlier in USSR laboratories were
widely used [26]. The same methodology was also applied
on Proton satellites as well as on a couple of others, launched
later on with the purpose of similar-type studies. The method
of measurement was proposed by Grigorov et al. who led the
research oriented on the construction of this type of devices
and the analysis of data obtained [27]. Aboard Proton-1
satellite the device SEZ-14 was placed (an acronym of Russian

words spectra, energy, and charge, up to 1014 eV) weigh-
ing about 7 tons. The complex device SEZ-14, along with
the calorimeter, included also charged particle detectors-
ionization chambers and the target composed of graphite and
iron, where the interactions with the material took place. The
construction of SEZ-14 is schematically shown in Figure 6.
Even for the Institute of Nuclear Physics of lomonosov
Moscow State University (Institute in what follows), the
design and construction of such a complex device within the
short time interval required an enormous effort. According
to the instruction of headquarters (Vernov) to construct that
apparatus all the resources of the Institute have been thrown
up including financial ones. Almost the whole potential
of mechanical workshops (and in 1960s it was by far not
negligible) as well as the large group of electronic engineers
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was involved in the work manufacturing the apparatus for
Proton-type satellites. The authority of Vernov and Grigorov
made it possible to prepare a prototype of the device SEZ-14
and of its basic elements (construction elements, fixation of
the iron absorber) by utilizing the power of the construction
department, where the rocket-carrier and the satellite itself
were manufactured. This was a significant component of
the successful “production” of the device; however, all the
main questions of the equipment design were discussed and
decided within the institute: the device was equipped by
extensive electronics: for example, it involved several hun-
dreds of pulse amplifiers. Never before the Proton satellites
had such extensive and complicated devices been constructed
and launched. The team of the institute accomplished a scien-
tific record by constructing the device within a very short
time—9 months. That device was operating for around 3
months in space without failure.

During the flights of Proton-1, -2, and -3 satellites a uni-
que result about the change of the slope of the energy spectra

of protons around 2 × 1012 eV was obtained. Until now
this result has not been either confirmed or declined. At
the same time the slope of the energy spectra of the sum
of all cosmic ray primaries (protons, He, heavier elements)
remained without that break, in agreement with the results
of other indirect measurements. If the spectra of protons
were really bent with significant change of the slope, that
would mean that in the high energy part of the spectra
of primary cosmic rays a significant change of chemical
composition of primaries with enrichment of heavy elements
had to take place, since the fraction of protons at high
energies is negligibly small. This means that corrections in the
mechanisms of acceleration in the source must be included,

requiring predominant acceleration of nuclei with 𝑍 > 2. The
importance of those conclusions is evident; however, it is
desirable to have higher confidence in this respect.

To confirm that result and to shift towards the measure-
ments at higher energies, a new device with a 10 times larger
geometric factor named IK-15 (ionization calorimeter up to

1015 eV) was constructed for Proton-4. However, the results
from Proton-4 did not give unambiguous result about the
spectral break of the proton spectra. A couple of more flights
with the device (Table 1) could provide no clear reply to that
question either.

The methodological reasons of the change of slope of
energy spectra may lie in the nature of the energetic particles
themselves, namely, in the so-called reverse flux in the
detector of charge—“converting” the event of detection of
proton into an event of particle with higher charge which
may reduce the count rate of protons. The importance of this
effect increases with energy. The analysis of tracks in photo
emulsions exposed to cosmic rays aboard Intercosmos-6 was
done in collaboration with other laboratories; one of them
was IEP SAS Kosice.

To cope with the reverse flux, in the device named SOKOL
(acronym from the Russian words of the main target of
the experiment—composition of cosmic rays) directional
Cherenkov detectors with small dimensions were used to
measure protons and alpha particles. Such devices were work-
ing on Cosmos-1543 and Cosmos-1713 satellites launched
10 years after the Proton satellites (Table 1). This allowed
eliminating the effect of reverse flux when determining the
charge. Furthermore, the passage of the particle through the
device was visualized, so that it was possible to set off the
particles as well as the electromagnetic cascades produced by
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Table 1: Earth orbiting satellites with measurements of high-energy cosmic rays.

Satellite Year Device Weight of device (in tons) Time of active work in space Comment

Proton-1 1965 SEZ-14 7 3 months

Proton-2 1965 SEZ-14 7 3 months

Proton-3 1966 SEZ-14 7 3 months

Proton-4 1968 IK-15 12,5 8 months

Intercosmos-6 1972 Photoemulsions 2,4 4 days Device returned to the Earth

Cosmos-1543 1984 SOKOL 2,4 27 days

Cosmos-1713 1986 SOKOL 2,4 25 days

them in the alignment of the device. This approach allowed
determining the energy of particle with better confidence.

The experiments aboard Cosmos-1543 and Cosmos-1713
with the SOKOL device confirmed that this device reduced
the effect of reverse flux effectively. However, no unambigu-
ous reply to the main question about the shape of primary
proton spectra was achieved because the operational time
of the satellites was less than one month and the statistics
of protons obtained were insufficient to draw substantiated
conclusions. In order to obtain a conclusive settlement about
that important question the launch of a similar experiment
with longer time measurement in space is required. Up to
now no such experiment has been carried out yet. As an
alternative the experiment ATIC that runs in the frame of
international collaboration on balloons detecting cosmic rays
at high altitudes over Antarctica may be considered [28, 29].
Figure 7 exhibits the energy spectra of C, O, and the Fe group.
By fitting the spectra with power law the index is 𝛾 = 2.5.
Nearly the same slope is obtained for the energy spectra of
He nuclei. The ratios of cosmic ray fluxes at different energies
characterizing the composition of particles at a particular
energy are practically the same as those at low energies. This
means that in the frame of that approximation, the cosmic
ray composition remains practically the same throughout
the energy range of 1 GeV/nucl to 1000 GeV/nucl. At higher
energies there are indications for the enrichment of heavy
nuclei in galactic cosmic rays.

Let us mention that these experiments allowed increasing
the observed energies of cosmic rays up to about 2 TeV/nucl
for C and O nuclei. The statistical errors in this energy range
are still large. Such type of measurements has to be continued
to accumulate better statistics, especially at high energies.
Using the SOKOL equipment for this aim is an adequate
approach for this task: it is necessary to enhance the duration
of the measurements by factor of 10–20, which is fully possible
with using the existing tools of space technology. Along
with that, the institute prepared proposals for a couple of
new experiments qualified to move to even higher energies
of cosmic rays aboard satellites [30, 31]. The experiments
described in the aforementioned publications are now under
discussion and they are planned to be accomplished in
nearest years. On satellites Cosmos-1543 and Cosmos-1713
He, C, O, and Fe nuclei were also observed in the energy range
of 50–1000 GeV/nucl [32].

Important data on primary cosmic rays have been
obtained recently from the experiment Pamela installed on

the Resurs-DK1 satellite launched onto a low altitude nearly
polar orbit in June 2006. More details about that mission,
international collaboration, and publications can be found
at http://pamela.roma2.infn.it/index.php/. The description of
the experiment can be found, for example, in [33]. The
recent results of the ATIC and PAMELA experiments prove
that the spectra of protons and He are different and have
peculiarities at energies of several hundred GeV/n (e.g., [34]).
The new results do not seem to confirm the Proton findings.
Nevertheless, the Proton results stimulated investigations
enormously.

In the Pamela mission the increase of the fraction of
positrons in electron-positron component of cosmic rays
with increase of energy, ratio J+/(J++J−), was discovered [34].
This might be a signature for the existence of dark matter. Or,
alternatively, another additional source of positrons may exist
producing them with efficiency increasing with the energy.
The data on the positron component are reliable thanks to
the high statistical accuracy of the measurements. The spec-
trometer has a permanent magnet and separation of electrons
and positrons is reliable. The energy of particles is measured
sufficiently accurately with the help of the calorimeter. The
excess of positron fraction and its increase with energy has
been confirmed recently in the Fermi mission [35].

2.2. Solar andGalactic Cosmic Rays at Lower Energies. One of
the admirable properties of galactic cosmic rays is the relative
stability of their intensity in time. Above this “background”
sudden strong increases of cosmic ray intensity related to
powerful processes on the Sun were observed. It became clear
that from time to time the Sun generates strong fluxes of
energetic particles; they received the name solar cosmic rays
(SCR). Powerful solar energetic particle (SEP) events appear
relatively rarely, while less powerful ones are observed more
frequently, as it is usual for nature.

The first observations of SCRs have been carried out
with the help of instruments on the ground sensitive only
to higher primary energies (>1 GeV). Experiments on bal-
loons in the stratosphere could observe particles with a
lower energy threshold (>100 MeV). Measurements at high
altitudes utilizing satellites and other space vehicles allowed
to observe less powerful effects, and until now more than
1000 SEP events with energetic particle emissions connected
to solar flares have been registered. While the first observed
events of energetic particles have been related to effects of
very high power and still those could only be detected with
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Figure 7: Energy spectra of carbon C (a), oxygen O (b), and iron Fe (c) nuclei at high energies according to the results of flights equipped
with the complex device SOKOL.

ground-based devices, nowadays instruments on satellites
and space probes allow observing practically all increases
of SCR flux reaching the vicinity of Earth. At present they
remain unnoticed only in a few cases of small SEP events on
the reverse hemisphere of Sun, from which energetic charged
particles cannot reach the Earth’s orbit or an interplanetary
probe. To exclude these gaps it is proposed to “patrol” the
space around the Sun at various heliolongitudes including the
reverse hemisphere of the Sun. The solar mission STEREO is
already fulfilling this programme.

Usually, the energy of accelerated solar particles does not
exceed 10 MeV/nucl (1 MeV for electrons). Such SEP events
during the solar activity maximum occur about once per
week. The associated particles are observed beyond the mag-
netospheric boundaries, within its peripheral regions or in
the polar cap. Less frequently, typically once a month flares
accelerating particles up to energies ∼100 MeV/nucl and
higher are observed. Such particles penetrate into the atmo-
sphere of Earth in the polar latitudes and can be observed
during the flights of high-altitude balloons. In even more
rare events, observed typically once per year, particles
are accelerated to 1 GeV. Extremely powerful SEP events,
occurring 2-3 times per 11-year cycle of solar activity, are
characterized by very high fluxes of accelerated particles with
a maximum energy 10 GeV or even more. Most frequently

they are observed by neutron monitors distributed all over the
world.

2.2.1. Ground-Based Observations of CR Variability and SCR.
The interplanetary magnetic field (IMF) is partly screening
the flux of galactic cosmic rays. This shielding effect, espe-
cially at lower energies, is varying in time and thus the cosmic
ray intensity observed near the Earth is temporary variable.
Both regular and quasiperiodic (e.g., diurnal, ∼27 day, ∼11
year) variations are connected with solar activity and provide
information about the structure of interplanetary magnetic
field and on the solar wind in the heliosphere. More detailed
reviews on cosmic ray variations can be found in [36, 37] and
in monographs [38, 39]. The research of cosmic ray variations
requires long-time series of homogeneous measurements.
The first instrument devoted to this task was the ionization
chamber developed and constructed by A. Compton in 1934.
In USSR the measurements of cosmic ray flux with purpose
to study its variations started in 1936 by Yu. G. Shafer in
the Yakutsk Pedagogical Institute with an independently
constructed ionization chamber—electrometer. These works
have been broken by the World War, in which Shafer went
through the fighting course from Stalingrad to Berlin, and
he recovered the measurement of cosmic rays in 1947 in the
Yakutsk Institute of Space Physics and Aeronomy by building
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Figure 8: Neutron monitor in Yakutsk.

the ionization chamber named ASK. By this instrument the
network of stations over the whole territory of USSR was
equipped.

Before and during the International Geophysical Year
(1957) the whole world network of cosmic ray stations was
equipped by neutron monitors (NMs) developed by J. Simp-
son in 1948. Such equipments were installed also in USSR,
for example, in IZMIRAN (Troitsk, near Moscow), at Apatity
(Polar Geophysical Institute), where the measurement is
continuous until present. One of NMs operating in Russia
until now is seen in Figure 8.

A neutron monitor consists of the group of proportional
counters. Two types of counters are used, namely, those filled

with gas having a high concentration of the isotope 10B or
3He. The counters are surrounded by the moderator serving
to slow down the neutrons before entering the counter and
also to reflect low-energy neutrons. The moderator is inserted
into the lead producer surrounded by the outer moderator-
reflector. This rejects unwanted low-energy external evapo-
ration neutrons produced in the local environment. During
the years the neutron monitor design has been changed. First
the IGY monitors were used and in some places they are
still in use. For that the moderator and reflector material is
paraffin. In 1964, the network of neutron monitors with larger
counting rate, named supermonitors (NM64), replaced the
original IGY NMs in many places.

The network of NM64 in the USSR was created under the
leadership of Vernov while the main role in the construction
work was done by I. N. Kapustin, the engineer in Polar
Geophysical Institute. The NM64 monitor has a low-density
polyethylene moderator and reflector. The differences are also
in geometry and tubes. More information about neutron
monitors can be found, for example, in [39].

High mountain NMs having higher statistics play an
important role. One of them was constructed at Lomnický
št́ıt (2634 m above sea level, High Tatra mountains, run by
IEP SAS, one of the authors—K. Kudela—is the PI of it
since 1982) during IGY as a contribution of Czechoslovak
physicists to IGY activity. It is operating until now (data
are available at http://neutronmonitor.ta3.sk/). Let us men-
tion just one result: since 1950s it was assumed that solar
protons accelerated to high energies and interacting with
residual solar atmosphere can produce neutrons which can

be detected even at the Earth’s orbit. After 30 years, during
the solar flare on June 3, 1982, the increase corresponding to
solar neutrons at two high altitude NMs in central Europe,
namely, at Jungfraujoch and at Lomnický št́ıt, been observed
in coincidence with satellite measurements of increased flux
of high-energy gamma rays reported by E. L. Chupp. The high
statistical accuracy of the measurements (5 min resolution
at that time) at Lomnický št́ıt contributed to that finding
[40, 41]. Selected results obtained with use of that NM are
presented in [42].

2.2.2. SCRs Observed on Balloons. The measurements of
SCRs on balloons are filling the energy gap of 100–1000 MeV
between those observed by ground-based devices and on
satellites and space probes. The first SCRs in the stratosphere
were registered independently in the US, Minneapolis, Fort
Churchill, and in USSR, Murmansk, in 1958. Regular mea-
surements in the stratosphere in USSR started in 1957 by the
group of A. N. Charakhchyan in Moscow (Dolgoprudnyj),
in the vicinity of Murmansk and episodically in Yakutsk and
Tixie (Yu. G. Shafer, V. D. Sokolov, and A. N. Novikov) as well
as in Simeiz, Crimea (Stepanyan). Later on, from 1962, regular
flights of radiosondes began in Apatity (L. L. Lazutin, one of
the authors). The measurements have been conducted during
short-time flights on rubber balloons by radiosondes with the
use of two Geiger counters; a short pulse was transmitted
to the Earth in the case of single detector count; longer
pulse meant the coincidence of two counters. A metallic
shield was placed between the counters to register charged
particles in two energy channels. The needle of the barograph
interrupted the transmission on seven contacts—serving for
the measurement of residual pressure of air above the balloon.
Figure 9 shows the scheme of radiosonde RK-2 by A. N.
Charakhchyan using valves, which were replaced later by
semiconductors in all devices of regular measurements in
Moscow, Mirnyj, and Apatity. Figure 10 shows the results
of measurement—the altitude profile in the coincidence
channel during four solar flares with SCR emission. Figure 11
shows the moment before the launch of radiosonde of cosmic
rays in Apatity observatory.

Along with the measurements of SCRs described shortly
above, regular stratospheric measurements of cosmic rays
are running with the purpose to check cosmic ray variations
at different depths in the atmosphere by the group at the
Lebedev Physical Institute of Russian Academy of Sciences,
Moscow (G. V. Bazilevskaya and Yu. I. Stozhkov). Figure 12
exhibits such registrations [44, 45].

2.2.3. SCR Observed on Satellites and Space Probes. In the
USSR, Vernov established the service of continuous monitor-
ing of cosmic rays in the upper layers of the atmosphere—
daily launches of the same type of device in Moscow, Apatity,
and sometimes also in the southern part of the country
(region of Alma-Ata). Along with that, during each flight of
the satellites where it was possible to put the scientific device
measuring cosmic rays, such device was installed on board.
By this way the detection of solar and galactic cosmic rays
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was conducted during all flights to Venus and Mars as well as
during the flights of several Zond interplanetary stations.

Figure 11: Academician B. M. Pontecorvo visiting the launch site of
radiosondes in Apatity before one of the launches.

Particularly successful was the flight of Venera-4, where
the measurement of cosmic rays was performed over the
whole route. This was a period of enhanced solar activity
(1967) and the devices observed a large number of solar
energetic particle events. During the subsequent flights to
Venus many measurements were carried out; however, the
flight of Venera-4 was the most impressive because it was
the first really successful and interesting information that was
obtained over a long-time period including the landing on
Venus.

In the majority of events the particle increases at relatively
low energies were not intense. Thus, they were observable
only outside the magnetosphere. In particular, low inclination
satellites could not see them because of geomagnetic field
filtering. Aboard Venera-4 protons and heavier nuclei were
detected using two identical semiconductor detectors that
looked into opposite directions and thus allowed to observe
partial spatial anisotropy. If the particles are emitted by
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Figure 12: Temporal profile of cosmic ray intensity measured over Murmansk since 1957 at different depths of the atmosphere [44, 45].

Sun, their motion is directed by the field lines of IMF
approximated by an Archimedean spiral (with an angle of
about 45∘ to the sunward direction at 1 AU). These field
lines are not smooth—irregularities of various dimensions
are superimposed on them, and charged particles are scat-
tering on the irregularities, sometimes changing direction
of velocity to the opposite. Due to such scattering during
their lengthy stay in the IMF, particles “forget” their initial
direction of motion, and their angular distribution becomes
nearly isotropic. Thus, in such cases the anisotropy is equal
to zero. The flight of the space probe Venera-4 has shown
that such situation is found relatively frequently; however, at
the same time the devices looking toward the Sun observed
much higher particle fluxes over several hours in comparison
with those looking in the opposite direction (Figure 13). This
means that in the given events the Sun emitted rather large
fluxes of particles over an extended time period, sometimes
up one day, and the lines of IMF controlling their motion
were sufficiently smooth. This way these particles propa-
gated without scattering, so that there was low number of
particles flowing from the opposite direction. Such picture
corresponds to a high positive anisotropy of particle fluxes
from solar flares. Such type of events was later observed
quite often; they obtained the name of SEP events without
scattering; however, Venera-4 was the first space probe which
observed these phenomena. Now it has became clear that the
anisotropy of solar flare particles in the interplanetary space
is developing in general quite regularly. First the anisotropy
is sufficiently high and it is directed from the Sun along the
interplanetary field lines, later it is decreasing and becomes
radial, and finally, the angular distribution takes a form with
maximum flux perpendicular to the field lines, which is
connected with the drift of charged particles in the crossed
electric and magnetic field (the electric field arises due to
motion of the magnetic field line together with the solar wind
plasma).

The previous flights around Venus did not give a reply
to the question about existence of the trapped radiation in
its vicinity. Venera-4 has shown that near Venus there is no
trapped radiation even at the smallest distances to its surface:
when the device was approaching the surface the radiation

was not increasing but even decreasing in accordance with
geometry (because of the screening by the solid body of
Venus). This important result is in agreement with the lack
of noticeable magnetic field of Venus measured by the team
of IZMIRAN during the same mission.

Data from Venera-4 have shown that while the Sun pro-
duces charged particles with large diversity, it also creates
conditions in the interplanetary space that control the motion
of the particles in the heliosphere. Those particle fluxes which
are observed along the Earth’s orbit or in another point of
space are determined by both the conditions of the source
(solar flares) as well as by the properties of interplanetary
medium, which they pass through on their way from the Sun
to the periphery of heliosphere. The propagation of particles
brings significant “corrections” into their fluxes: at the Earth’s
orbit we do not observe identical temporal profiles of the
fluxes of accelerated particles, the energy spectra formed at
the site of their generation changes, part of the accelerated
particles is not escaping from the Sun, and so forth. Let us
treat, for example, the instant generation and outflow of
particles from the solar surface. In the simplest case of dif-
fusive propagation of particles, an extended time profile
will be observed on the Earth’s orbit (so-called diffusional
wave, Figure 14): high-energy (high velocity) particles arrive
first, later followed by lower energy particles, and so forth.
The comparison of observed temporal profiles of particle
fluxes with computed ones assuming diffusion indicates that
sometimes particles are released really instantaneously on the
Sun and propagate further diffusively, as it is, for example, in
the flare on November 22, 1977, and in the couple of other
cases.

The Prognoz satellites started to be launched in 1972,
constructed to study SCRs and in particular to develop a
method for forecasting powerful solar flares, representing
estimates of radiation hazard during space flights. Table 2
gives basic information about the satellites Prognoz launched
in USSR.

We must admit that the primary task of the Prognoz
project—to obtain reply on the question about the causes of
solar flares and to elaborate the method of the prediction
of solar flares with potential of radiation hazards—was not
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Table 2: Dates of launch and orbits of the satellites Prognoz—measurements out of the magnetosphere.

Satellite Date of launch Initial apogee altitude (103 km) Orbital period (days) Time of active operation (months)

Prognoz-1 14.04.1972 ≈200 ≈4 4,4

Prognoz-2 29.06.1972 ≈200 ≈4 5,5

Prognoz-3 15.02.1973 ≈200 ≈4 12,5

Prognoz-4 22.12.1975 ≈200 ≈4 2,5

Prognoz-5 25.11.1976 ≈200 ≈4 7,8

Prognoz-6 22.09.1977 ≈200 ≈4 5,3

Prognoz-7 30.10.1978 ≈200 ≈4 6,8

Prognoz-8 25.12.1980 ≈200 ≈4 8,8

Prognoz-9 01.07.1983 ≈720 ≈27 8,0

Prognoz-10 26.04.1985 ≈200 ≈4 9,3

achieved. However, it gave an opportunity to step forward
in the understanding of some acceleration processes and
especially of propagation of accelerated particles in the
interplanetary medium, in the research of recurrent particle
fluxes, and other phenomena. A summary of the results of the
experiments can be found in proceedings [46, 47]. Below we
list some important results obtained with the help of satellites
Prognoz.

Protons Are Accelerated in All Flares. It was shown that in all
solar flares both accelerated electrons of relatively low energy
(>40 keV) and protons appear (on satellites Prognoz protons
with>1 MeV were measured). This fact enabled to exclude the
term “electron flares” from the terminology which supposed
that flares accelerate electrons exclusively. Until the flight of
the Prognoz satellites this opinion was widely accepted and
it was assumed that particle acceleration in such flares is
due to betatron mechanism which has a low efficiency for
the acceleration of heavy particles. It was shown that for all
flares detected on Prognoz satellites, including the weakest
events, electrons were accompanied by protons [48]. Further
research showed that the energy spectra of electrons and
protons are similar if represented as dependence on kinetic
energy of particles and this requires a mechanism completely
different from betatron acceleration.

Coherent Propagation of Particles. An unusual mode of fast
propagation of particles was discovered: in a narrow angular
interval near the magnetic field line connected to the region
of flare, electrons are propagating practically without scatter-
ing, that is, conserving their angular distribution along most
of their path from the Sun to the Earth. This assures high
velocity of their motion through space. During propagation
such a “bubble” of particles generates radiowave emission of
type III, for which the frequency depends on the density of
medium where the propagation takes place. This mode of
propagation was named coherent. On Prognoz satellites the
coherent propagation was observed also for protons [49, 50].

Detecting the coherent propagation of particles is diffi-
cult, since to cross a narrow beam of the particles has low
probability. Such an event on the Earth’s surface takes place
just for 10–20 min, and subsequently, the beam flowing over
the space vehicle is stretched along the field line only at 0.5-
1 AU. Near the Sun the beam has even smaller dimensions,

because due to propagation in space it is broadening. Further-
more, for the existence of energetic particle “huddles” there
are necessary specific conditions in space, sufficient smooth-
ness of the magnetic field and its focusing in the ecliptic plane.

Energy Spectra of Protons in the Interplanetary Space during
Quiet Sun. In the absence of intensive particle fluxes acceler-
ated at the Sun, that is, in periods of quiet Sun, there are low
fluxes of energetic particles in interplanetary space still exist.
The origin of such particle fluxes has not been identified for a
long time. Before the launch of Prognoz satellites the energy
spectra of protons and other particles was known only above
500 keV/nucl. If one artificially extrapolates energy spectra
of protons from 500 keV towards lower energies (Figure 15),
such spectra will coincide with the solar wind one. Thus, it
was natural to assume that the observed spectra of protons
and heavier particles are just the continuation—a tail—of the
solar wind particles. The nonthermal character of this tail
was assumed because with using the Gaussian distribution

of solar wind protons with measured temperature (104 K) the
proton flux would decrease so sharply with energy that it is
impossible to speak about any agreement with the observed
proton flux at energies 0.5–1 MeV—the difference would be
several orders of magnitude. In this case the energy spectra of
particles during quiet time another minimum should appear
in the energy range about 30–100 keV. It would be interesting
to find such a minimum its existence would have principal
implication because it would separate populations of different
nature, that is, having different origin.

The Interplanetary Medium during Periods of Quiet Sun.
Studies of variations of solar particle flux suggested that the
interplanetary space in each given period of time is in a
certain dominant (characteristic) state, to which it tends to
recover after various disturbances. Such a dominant state is
controlled by the magnetic field of the Sun and by solar wind,
which in general are not changing very frequently. On the
average one can assume that during low solar activity the
structure of the interplanetary medium remains stable for
1-2 or more solar rotations. The structure of interplanetary
medium is closely associated with various active regions on
the Sun, thus affecting the properties of the interplanetary
medium in the solid angle formed by the magnetic field lines
flowing out from active regions. The structure near the Sun
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Figure 14: Sketch of the diffusional wave of solar protons—temporal
profiles of various energy proton fluxes at 1 AU for impulsive
acceleration at the Sun at 1 AU.

is bound to its surface and is rotating together with that. This
is clearly observed in the solar particle fluxes at various time
scales. In the Prognoz 1 and 2 data the fine structure of
interplanetary medium was clearly demonstrated. The Prog-
noz satellites registered the long-lasting quasi-stationary
structure of interplanetary medium as well. This emerges
from the rate of decay of solar particle fluxes in events
associated with flares after reaching the diffusive maximum.
The decay rate is an independent feature of the extent of
disturbance of the IMF and solar wind velocity. It was found
out that for the majority of solar particle increases (>1 MeV)
during the year 1972 the decay followed the exponential law
with the same characteristic time of about 16 hours [51]. Even
after the largest solar flares in 1972 when the interplanetary
space was disturbed due to passage of strong shock waves, just
after a few days all characteristics recovered to their original
state and the characteristic time of decay rate was again about
16 hours (Figure 16).

The decay phase of the SEP event after the maximum
contains information about solar wind velocity, turbulence of
the IMF, and other parameters of the interplanetary medium.
The level of disturbance of IMF is one of the main factors
of the state of interplanetary medium characterized by the
diffusion coefficient of particles in the medium, and the solar
wind velocity determines the form of temporal profile of
particle flux, the rate of its increase, and decay after maxi-
mum.

Various models of particle propagation predicted various
shapes of the decay profile during the late stage of the event.
The temporal profile of particle flux in solar events usually has
a characteristic form. At 1 AU for a SEP event connected with
a single flare, the particle flux has a rather fast onset, reaching
the maximum and subsequently decreasing to the level before
the event. Events with a picture adequately described by dif-
fusion approximation are frequently observed. In such cases,
assuming an impulsive injection of particles (the time of

generation is much shorter than the transit time to the site of
observation), the temporal profile 𝐽(𝑡) in the decay phase has

a power-law profile and the flux is proportional to 𝑡−3/2. For
prolonged injection, one has to assume an injection function
of particle source leading thus to the prolongation of the
event; however, it is negligibly reflected on the late stage of
the event.

If the influence of the solar wind is essential, the con-
vective outflow of particles and their adiabatic cooling may
be important. Then the decay form can be approximated by

𝐽(𝑡) ∼ 𝑒−𝑡/𝜏 [52–55]. Power law works sufficiently well for
high-energy particles (>100 MeV). For lower energy particles
of (<10 MeV), however, the convective outflow process begins
to play much more important role, and the decay becomes
exponential. It turns out that in the majority of solar energetic
particle events, lower energy (<10 MeV) proton fluxes decay
exponentially, while at 30–60 MeV the convective outflow,
although less pronounced, is observed too. Often the particle
propagation is accompanied by various processes of addi-
tional acceleration which leads to the modification of the
“smooth” temporal profile so that decay cannot be described
by any single functional form. Apart from sufficiently fre-
quent observations of events with exponential decays, in
many studies until now no adequate attention has been paid
to that form of intensity decrease.

If in the decay phase of the SEP event convective outflow
of particles and adiabatic cooling dominate over the diffusion,
for the characteristic time of decay the following relation was
found [52]:

𝜏 = 3𝑟
2𝑉 (2 + 𝛼𝛾) , (1)

where 𝑉 is solar wind speed, 𝛾 is the index of energy spectra
of particles, 𝑟 stands for the distance of the site of observation
to the Sun, and𝛼 ≈ 2 for nonrelativistic particles. The analysis
performed indicates that in a considerable fraction of events
(up to 50%), when 𝑉 remained constant during the whole
decay phase, 𝜏 is satisfactorily well described by the above
expression.

Due to rotation of the Sun, real measurements carried
out near the Earth take place in different flux tubes, where
the magnetic conditions are usually different. In some cases
the stability of particle fluxes along the longitudes is observed
only over a short-time period. In such cases two devices
located within a small angular distance (sometimes ≤ 10∘)
observe entirely different fluxes. At the same time, relatively
frequently, same conditions for particle propagation appear
over a wide latitudinal extent, what is confirmed by simulta-
neous measurements of different space devices. In such cases
the particle fluxes are constant over the large angular extents
(even up to >100∘) [56].

Long-term studies, including almost three full solar
activity cycles, have shown that for a remarkable fraction
(almost half of the solar energetic particles events), the value𝜏 for energies 1–10 MeV is 16–20 hours, in agreement with
the above formula for the typical values of the parameters
involved. This means that the interplanetary medium remains
in the state corresponding to the same value of 𝜏 during these
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Figure 15: Energy spectra of protons at 1 AU during quiet Sun according to understanding in 1970s (a) and at present (b). 1: solar wind, 2:
suprathermal particles, 3: energetic particles of solar origin, 4: galactic cosmic rays. One of the tasks of the Prognoz-3 satellite consisted of
measurements of particle flux at energies as close as possible to the energies of solar wind particles. The experiment conducted allowed to
measure spectra during the quietest periods within the active interval of Prognoz-3. Energy spectra were measured down to 30 keV and the
minimum of the proton flux was found. Presently it is clearly confirmed that there are no peculiarities in the energy spectra of particles in
the energy range between energetic particles (<1 MeV) and solar wind. The energy spectra of protons measured in quiet time period of the
Sun according to recent observations are shown in (b).

time periods. Around 20% of events have larger values of 𝜏
reaching sometimes 50 hours or more [57].

Recurrent Solar Particle Fluxes. The flights of the first two
Prognoz satellites took place in the period of decreasing solar
activity, and the devices on board often observed recur-
rent fluxes of particles in the interplanetary space, that is,
fluxes persisting over long-time periods, which were rotating
together with the Sun. Several different series of such type
of fluxes were observed, their characteristics obtained, and
it was shown that a part of them was connected with the
Sun. The most interesting was the conclusion that if an active
region emits recurrent fluxes of particles, the energy is not
accumulated within the region, and consequently there is no
need to release superfluous energy by an explosive manner.
This means that no solar flares are taking place there [58].

A further study of recurrent fluxes has shown that they are
most frequently connected with the so-called coronal holes—
regions with lower level of emission in soft X rays, which are
also the sites of origin of high-speed solar wind.

Long intervals of stationary conditions in the interplan-
etary space can be found during the periods of low solar
activity due to recurrent fluxes of low-energy particles having
the spatial structure saved over the extended period of time.
Recurrent fluxes sometimes exist over several rotations of the
Sun, which was observed several times on Prognoz satellites
as well [59]. The longest one comprised 26 solar rotations in
the declining phase of the solar cycle 21 [60].

In addition, it turns out that not only recurrent increases
of fluxes are observed, but recurrent minima corotating along
with the Sun as well. We named these deep decreases of



Advances in Astronomy 17

100 120 140 160 180 200 220

103

101

10−1

10−3

(N
/s

m
−2

s s
te

r M
eV

)

(Days, 1972)

Figure 16: Fluxes of solar protons observed on Prognoz-1. Within 70
days eight increases of SCRs were observed with exponential decay
profiles (energy Ep ≈ 1 MeV) of nearly identical characteristic times𝜏 = 16.5 hours. This provides an evidence of long-term (more than
two solar rotations) stationary state of the interplanetary medium in
the inner heliosphere.

particle intensity as “canyons” (due to the similarity of the
spatial structure of fluxes with those in the ground canyons).
Figure 17, constructed using IMP-8, Pioneer-11, and Voyager-
1 and -2 space probe data, is illustrating that [61].

Such regions of minimum fluxes corotating with the Sun
arise due to the existence of constant background fluxes of
particles at some minimum level in the heliosphere. During
periods of high solar activity the background fluxes are
overlapped and they can only be observed during quiet Sun
periods, but even that is limited to the observations in some
of the sectors of space surrounding the Sun.

Radiation Dose from Solar Flares. For two powerful solar
flares, namely, August 4 and 7, 1972, the radiation dose was
determined in the interplanetary space from Prognoz satellite
measurements [62]. The dose obtained outside of the Earth’s
magnetosphere was significantly higher than that observed
on Earth’s orbiting satellites. This is important for the inter-
planetary missions as well as missions towards the Moon.

High-Energy Gamma Rays and Neutrons from Solar Flares.
IEP SAS, Kosice, started satellite measurements of cosmic
rays and energetic particles in the cooperation with SINP
Moscow and with other institutes in the frame of the Inter-
cosmos programme in 1977. Before that period IEP SAS
participated in magnetospheric energetic particle studies by
data analysis since the flight of low-altitude satellite IK-3 in
1971, with the instrument constructed at Charles University
in Prague. This scientific direction later continued also
experimentally and included measurements aboard Prognoz-
type satellites too (Intershock, Interball). It has contributed
to the understanding of mechanisms important for the
identification of sources, transport, and losses of particles
within the magnetosphere as well as in the vicinity of its
boundary regions like the magnetopause and bow shock as
well as in the geomagnetic tail. These scientific tasks are out
of scope of this paper. A short summary before 2003 can be
found, for example, in [63], and a later review is in [64].

Around 1975, a small experimental group was established
at IEP SAS developing electronics and later also completing
devices for the measurement of energetic particles in the

interval of energies well above those of solar wind but below
the typical energies of cosmic rays. Important works in elec-
tronics were done by J. Rojko († 2011). One of the authors (K.
Kudela), along with organizing measurements on satellites,
was dealing with data analysis and its physical interpretation,
together with other colleagues (L. Just † 2008, M. Slivka,
and others), in cooperation with colleagues in the institutes
of the former USSR/Russia and in other countries. This
cooperation, based on data obtained from Russian satellites,
was significantly enhanced after 1989, by the possibility to
collaborate also with colleagues in the US, west Europe, Japan,
and so forth.

The first device for measurement in space with partic-
ipation of IEP SAS was the SK-1 developed jointly with
Ioffe Physico-Technical Institute in Leningrad and launched
in 1977 aboard the IK-17 satellite. The task was to detect
neutrons of solar origin in the vicinity of Earth. Although
solar neutrons were not detected, this experiment measured
the flux of cosmic ray albedo neutrons and gamma rays at
different latitudes in detail [65]. In collaboration with SINP
MSU the devices SONGs were constructed (IEP SAS was
responsible for the electronic box) for the detection of
high-energy neutrons and gamma rays [66]. These devices
were in operation onboard the low-altitude polar orbiting
CORONAS-I (1994) and CORONAS-F (2001–2005) satellites.
CORONAS-F mission: was Especially productive several
solar flares with high-energy gamma ray emissions were
detected with energy spectra up to >100 MeV as well as with
solar neutrons (e.g., [66, 67]), indicating the acceleration of
protons in these flares up to very high energies. They also
provided information about the interaction of accelerated
protons with the residual solar atmosphere (the production
of neutral pions with their subsequent decay into two gamma
quanta of high energies) as well as showing the timing of
acceleration which is in some cases seen as a precursor before
the onset of GLE (ground level events) observed by neutron
monitors [68, 69].

3. Conclusion

In the conclusion we emphasize that the past 100 years of
cosmic ray research allowed to move substantially in under-
standing the nature of cosmic rays, in clarifying the crucial
moments of its generation and propagation in the heliosphere
and in Galaxy as well as in understanding the role of the
Sun and of the planets in the formation of radiation con-
ditions in the vicinity of the Sun. Apart from the fact that
substantial progress in space physics and cosmic ray physics
was achieved, there are a number of questions which are not
clarified yet. Some of the main open problems are as follows:

(i) the form of the energy spectrum of cosmic rays at very

high energies (>1020 eV/nucl);

(ii) the change of composition with energy above 1017 eV/
nucl;

(iii) the determination of the composition of nonmodu-
lated cosmic rays at relatively low energies (<10 GeV),
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Figure 17: Spatial structures, bordered by spirals of IMF and comprising decreased fluxes of low-energy protons (Ep∼1 MeV), projected onto
the ecliptic plane. Time periods from left to right: August 22–September 04, 1978; October 29–November 09, 1979; December 06–23, 1979;
January 05–23, 1981. The spirals were calculated from solar wind velocities measured on IMP-8 at the beginning and at the end of intervals
with “caverns”—intervals with low fluxes of protons.

that is, in the interstellar medium beyond the helio-
spheric border;

(iv) the influence of cosmic rays on the weather and
climate on Earth;

(v) Forecasting radiation hazardous flares with high flux
of SCRs putting obstacles for interplanetary propaga-
tion of space technology and living organisms.
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Cosmogenic isotopes have frequently been employed as proxies of ancient cosmic ray fluxes. On the basis of periodicities of the
10Be time series (using data from both the South and North Poles) and the 14C time series (with data from Intercal-98), we
offer evidence of the existence of cosmic ray fluctuations with a periodicity of around 30 years. Results were obtained by using
the wavelet transformation spectral technique, signal reconstruction by autoregressive spectral analysis (ARMA), and the Lomb-
Scargle periodogram method. This 30-year periodicity seems to be significant in nature because several solar and climatic indexes
exhibit the same modulation, which may indicate that the 30-year frequency of cosmic rays is probably a modulator agent for
terrestrial phenomena, reflecting the control source, namely, solar activity.

1. Introduction

The importance of cosmic ray variations was pointed out
long ago in a vast compendium of relevant research [1].
Here we encounter a periodicity that has not been studied
within the framework of cosmic ray variations. Let us begin
by emphasizing that 30-years cycles are quite common in
nature: the so-called Markowitz wave (Markowitz wobble-
MW) is a quasi-harmonic variation of the middle pole of the
Earth with a period of 30 year and an amplitude of 0.02′′-
0.03′′ [2]. Similar results were obtained in different years by
many researchers who were trying to measure the Earth’s
magnetic field [3–5], by evaluating the conductivity of the
lower mantle and who established 60- and 30-year variations
of the geomagnetic field of the lower mantle. The authors in
[6], through studies of high-growth anomalies of the secular
variation with foci located in South Asia and in the middle
of the Indian Ocean, revealed that the increase in the current
focus is the initial stage of the 30-year and 60-year variations.

Authors in [4] by evaluating the conductivity of the lower
mantle have found evidence of 60 - and 30-year variations in
the geomagnetic field. By conducting a qualitative analysis
of timelines with data from planetary indices Ap/aa, inter-
planetary magnetic field intensity and sunspot numbers, as

well as cosmic rays data strings taken from 1937 to 2010
[7, 8] have shown quasi-periodic three-cycle trends, which
are particularly very well correlated with solar wind, polar
coronal holes and the size of solar activity cycle 23 [9, 10].

Authors in [11] have found 32-year variations in tem-
perature by analyzing the spectrum of periodical air-surface
temperature fluctuations for 1423 years in Greenland ice
cores, and for 1400 and 800 years in the California Arctic
pine tree rings. A 30-year variation in storminess data was
found by applying the “Caterpillar” method in [12]. In fact,
the authors identified frequencies at 90 to 100 years, 28 to
32 years, 20 to 22 years, 9 to 13 years, and some others;
it is shown that even if the accuracy of this method for
determining periods is not high, the fundamental frequency
obtained by the “Caterpillar” is real.

The application of wavelet analysis to the paleoclimatic
proxy data [13] to large-scale atmospheric phenomena (the
Atlantic Multidecadal Oscillation and Southern Oscillation
Indexes), and hurricane phenomena, led to the discovery
of a high coherence with periods of 30 ± 2 years, between
climatic oscillations and cosmic rays (10Be at the North Pole).
Furthermore, some properties of hurricanes, such as their
total cyclonal energy and the tropical storms appearance
along the Atlantic coast of México, together with other



2 Advances in Astronomy

H
u

rr
ic

an
es

-4
2 2

1 1

0 0
1860 1880 1900 1920 1940 1960 1980

1860 1880 1900 1920 1940 1960 1980

Pe
ri

od
 (

ye
ar

s)

8

16

32

8

16

32

0 2 4

Time (years)

1

0.2

GWS

B
e

10
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properties linked to hurricanes show such a 30-year cycle
[14]. Figure 1 illustrates the particular case of category-4
hurricanes

Curiously, not only in nature but in several areas
of contemporary human activity, such as business and
commerce, 30-year cycle indexes are also found. (e.g., http://
www.search.yahoo.com/search?p=30+years+cycle&ei=UTF-
8&fr=moz35/). Incidentally, they are often associated with
solar activity.

In the present work, we present evidence of the existence
of a thirty-year periodicity for the cosmic rays: preliminary
results were presented at the 2008COSPAR meeting in
Montreal.

2. Data and the Spectral Wavelet Analysis

The spectral analysis of cosmic ray data from neutron
monitors has been widely studied through several different
methods, for instance [1, 15–18] and references included.
Though most of these studies are out of the scope of this
work, since they rather concern short-term periodicities,
they are, however, very helpful for solar-terrestrial physics.

One of the main problems in determining significant
long-term periodicities in the flux of cosmic rays is that the
time series of data are relatively very short, as they have
been available only for the last five to six decades, when
data on cosmic rays (CR) from different stations throughout
the world began to be organized and homologated. Because
of this restriction, a proxy for cosmic rays has often
been employed, one of which in our case allows us in a

deterministic way to provide evidence of a 30-year cycle for
cosmic rays.

The cosmogenic isotopes Beryllium-10 (10Be) and
Carbon-14 (14C) are conventionally considered to be proxies
for cosmic rays, in such a way that an adequate spectral anal-
ysis may reveal important periodicities. These cosmogenic
isotopes are mainly produced by galactic cosmic ray flux
modulated by changes in interplanetary and geomagnetic
magnetic fields. The analysis of cosmogenic isotopes stored
in natural archives, such as 10Be in polar ice cores and 14C
in tree rings, provides a means of extending our knowledge
of solar variability over much longer periods (e.g., [19,
20]). In addition, the nature of climatic response to solar
variability can be assessed over several time scales. It should
be remembered that the analysis of the cosmogenic isotopes
record is more difficult than the analysis of sunspot numbers.
This is due to the fact the 14C and 10Be concentrations reflect
the production rate, which is modulated by not only solar
activity but also by atmospheric transport and deposition
processes [21, 22]

Data on 10Be and 14C can be obtained for periods of
thousands of years: we use the INTCAL 98 (http://www.depts
.washington.edu/qil/) for the 14C time series and the 10Be
time series from [21], which give the concentration found
in the Dye-3 ice core (62.5 N, 43.8 W). For the South Pole we
used data from [23].

The spectral techniques for analyzing periodicities of
cosmophysical phenomena are very varied. The simplest
technique for investigating periodicities is the Fourier Trans-
form (FT). Although useful for stationary time series, this
method is not appropriate for time series that do not fulfill
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Figure 2: The upper panel shows the time series of the Be10 from the South Pole. The wavelet spectrum appears in the middle panel, and
the global wavelet spectra appear in the right-most part of the figure, where the red dashed line indicates the border of 95% reliability.

the steady state condition, as is the case with cosmogenic
isotopes.

In order to find the time evolution of the main frequen-
cies of the time series, we apply the wavelet method using
the Morlet mother wavelet ([24–26]. Wavelet analysis can
be used for analyzing localized variations of power within
a given time series at many different frequencies. However,
even using this powerful tool, the reconstruction (filtering)
of a signal is one of the main problems in the field, as is well
known in Signals Theory and signal processing; this follows
from the fact that the use of indiscriminate algorithms may
lead to findings of spurious nonexistent periodicities in the
time series. Furthermore, some real existing frequencies may
be masked by more prominent frequencies. To avoid these
problems, the Daubechies algorithm [27] has been used. This
has proven to be highly efficient for the decomposition of
signals in low and high frequencies, with the advantage that it
does not create fictitious periodicities in the time series and,
in some cases, may be more powerful than the multianalysis
wavelet procedure (see Appendix A).

In Figures 2 to 7 we present the results of the wavelet
analysis for the time series: the time series studied; the time
series themselves are shown in the upper panel. The wavelet
Morlet spectrum for the series appears in the mid panel of
every figure, and the global wavelet spectrum appears in the
right-hand part of the figures, where the dashed line indicates
a border of 95% reliability.

It can be seen in Figure 2 that the 30-year periodicity
has a confidence of 95%; however, it looks less prominent
relative to the 60, 120, and 240 years frequencies, which show
confidences far above 95%.

Figure 3 shows the Wavelet of 14C; it can be seen that
precisely at the 30-yrs. frequency there appears a small hump
relative to the importance of the other periodicities. It would

then be natural to ask how to know if such periodicity really
does exist with a good reliability.

This turns out to be a very complex problem, to give
relevance to the periodicity of 30 years; on the other hand, it
is necessary for one side to filter that signal and, on the other
hand, to eliminate masking frequencies higher or lower than
30 years. It is precisely in such a situation that the Daubechies
algorithm [27] turns out to be a very powerful tool, as shown
in Figures 4 and 5 where, after the filtering process, the 30-
year frequency for 10Be and 14C at the North Pole appears
very clearly, both with high reliability, far above 95%.

The way to discern whether the periodicity of 30 years
found in the 10Be time series really reflects a comic ray fluc-
tuation or is merely a local phenomenon of the cosmogenic
isotope at earth level is to compare the behavior of 10Be
at both the North and South Poles. Since concentrations
are quite different from one pole to another, it should be
expected that their behavior would also be quite different
if the existence of such periodicity is a local phenomenon.
However, an examination of Figure 6 indicates that the
wavelet coherence between the 10Be at both the North and
South Poles is very high, >0.9 (red color in the color bar of
Figure 1)) at their common frequencies. This is an alternative
way to confirm other arguments published in the literature,
that this particular cosmogenic isotope is a proxy of cosmic
rays.

Cosmic ray variations are mostly caused by time vari-
ations in the interplanetary magnetic field (IMF), so peri-
odicities in cosmic ray data must be reflected in IMF data.
Unfortunately, confident data from the IMF only date from
the beginning of the spacecraft era, not even two 30-year
cycles. However, since presumably the main source of such
modulation is found in solar activity (SA); to confirm such
an hypothesis we carried out a wavelet analysis of SA by
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Figure 4: The upper panel shows the (10Be) time series in the North Pole. The wavelet spectrum is a continuous one throughout all the
entire time scale. The global spectrum at the right-hand panel shows that the 30-year periodicity has an extremely high confidence level.

using a time series of sunspot data (ftp://ftp.ngdc.noaa.gov/
STP/SOLAR DATA/SUNSPOT NUMBERS/ and also http://
sidc.oma.be/sunspot-data/). This analysis allows us once
again to find the existence of such a 30-year frequency
(Figure 7), where the results are presented without filters.

Since the 30-year periodicity appears as a small peak,
(though one with higher than 95% confidence), instead
of applying the Daubechies filter [27], to confirm that its
existence is real, we have applied collateral methods that
confirm such a periodicity for cosmic rays. In the next section
the periodicity of 30 years of solar activity is clearly shown,

which in the unfiltered spectrum of Figure 7 is just barely
perceptible.

3. Autoregressive Spectral Analysis ARMA

To verify the results obtained, Libin and Yudakin have
calculated the mutual power spectra and coherence spectra
for solar activity and temperature (Figure 8), solar activity
and storminess (Figure 9), solar activity and the level of
Lake Baykal (Figure 10) and, finally, solar activity and cosmic
ray intensity from neutron monitor data and measurements
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of 10Be (Figure 11) for different measurement periods (see
the data in the graphs). Calculations were made using the
spectra of autoregressive spectral analysis with simultaneous
ARMA (see Appendix B) and filtering the input data with the
suppression of 11-year and 22-year variations.

All the above figures show the presence of stable 30-
year fluctuations for almost all the processes. Although the
coefficients of coherence are not always superior to a 95%

confidence interval probability the observed peaks are almost
always above 90%.

4. The Standard Lomb-Scargle
Periodogram Method

The author in [28] using the Lomb-Scargle technique has
built periodograms based on the long-time series data:
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Figure 7: The upper panel shows the sunspot time series, the middle panel shows the wavelet spectrum, and the right panel shows the global
spectrum, where the 30-year periodicity appears as a very small jump relative to the 11-year peak.

Figure 12 shows the periodogram, based on data from
direct monthly stratospheric measurements of CR provided
routinely over a long time period [29, 30]:

It can be seen that an approximately 34-year cycle is
present in the data. A similar indication was obtained from
the data of a modulation parameter of CR from [31], as
shown in Figure 13.

5. Conclusions

We have shown the existence of a 30-year periodicity for
cosmic rays. We can argue here that such a frequency is quite
probably a modulator for terrestrial phenomena: it seems
that in some way cosmic rays modulate climatic phenomena,
such as the Atlantic Multidecal Oscillation (AMO) and sea-
surface temperature (SST), and these, in turn, modulate
hurricane development [31, 32]. Furthermore, a wavelet
analysis applied to paleoclimatic proxy data for large scale
atmospheric phenomena (Atlantic Multidecadal Oscillation
and Southern Oscillation Indexes) has revealed coherence
between climatic oscillations and cosmic rays on a 30-yrs
cycle [14]. Since this periodicity is present throughout the
entire interval under study, the origin of such a periodicity
may be associated with the 120-year secular cycle of solar
activity whose presence has been demonstrated in [17].
It corresponds to continuous periods of increasing and
decreasing activity during maxima and minima of that secu-
lar cycle. The 60- and 240-year. solar activity cycles may, then,
also be associatedwith the 30-year cycle. This would confirm
that Solar Activity is the source of all cosmophysical modulators
of Solar-Terrestrial relationships, through e a number of
intermediaries at short, medium and long frequencies. One
of them, in particular, is the 30-years periodicity found in this

work, which allows for the analysis of a reasonable long-term
variability for Cosmic rays.

Appendices

A.

Inverse Wavelet Transform. We use the inverse wavelet trans-
form to obtain the decomposition of a signal which can be
obtained from a time-scale filter [27]. The inverse wavelet
transform is defined [25] as

Xn =
δjδt

1/2

Cδψ0(0)

J∑
j=0

Re
{
Wn

(
s j
)}

s1/2j
, (A.1)

where δj is the factor for scale averaging, Cδ is a constant
(δj = 0.6 and Cδ = 0.776, for the Morlet wavelet), and
ψ0 removes the energy scaling. We use the inverse wavelet
transform to obtain the time series.

B.

Autoregressive Moving-Average Model. The autoregressive
moving-average model (ARMA) is one of the mathematical
models used for the analysis and prediction of stationary
time series in statistics. The ARMA model is a generalization
of two simpler time series models—an autoregressive model
(AR) and the moving average model (MA).

The ARMA (p, q) model, where p and q are integers that
specify the order of the model is called the next generation
process time series {Xt}:

Xt = c + εt +
p∑
i=1

αiXt−i +
q∑
i=1

βiεt−i, (B.1)



Advances in Astronomy 7

Solar activity-northern hemisphere temperatures
(1-year data, 1902–2010)

11-year and 22-year variations are filtered
0.55

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1
20 30 40 50 60 70 80 90 100

P2

28–31

32.5

53.9

57–60

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0

K 2

Period (years)

20 30 40 50 60 70 80 90 100

Period (years)

Po
w

er
 s

pe
ct

ra
l d

en
si

ty
P

, r
el

at
iv

e 
u

n
it

s
C

oe
ci

en
t 

of
 c

oh
er

en
ce

K
, r

el
at

iv
e 

u
n

it
s

Figure 8: Power spectra density of solar activity and northern hemisphere temperature (1902–2010, blue) and power spectra density of
greenland ice cores (red). K2 for solar activity and temperature.

(1-year data, 1946–2010)
11-year and 22-year variations are filtered

20 30 40 50 60 70 80 90 100

Period (years)

20 30 40 50 60 70 80 90 100

Period (years)

Po
w

er
 s

pe
ct

ra
l d

en
si

ty
P

, r
el

at
iv

e 
u

n
it

s
, r

el
at

iv
e 

u
n

it
s

0.5

0.4

0.3

0.2

0.1

0.4

0.2

0

30 years

60 years
P2

K 2

C
oe

ci
en

t 
of

 c
oh

er
en

ce
K

Solar activity-storminess NAO

Figure 9: Power spectra density of solar activity and storminess (1946–2010)



8 Advances in Astronomy

(1-year data, 1926–2010)

Po
w

er
 s

pe
ct

ra
l d

en
si

ty
P

, r
el

at
iv

e 
u

n
it

s
C

oe
ci

en
t 

of
 c

oh
er

en
ce

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.25

0.2

0.15

0.1

0.05

0

30

75–80

20 30 40 50 60 70 80 90 100

Period (years)

20 30 40 50 60 70 80 90 100

Period (years)

P2

K 2

11-year and 22-year variations are filtered

Solar activity-Lake Baykal levels

, r
el

at
iv

e 
u

n
it

s
K

Figure 10: Power spectra density of solar activity and lake baykal leves l (1926–2010).

(1-year data, 1950–2010)

Po
w

er
 s

pe
ct

ra
l d

en
si

ty
P

, r
el

at
iv

e 
u

n
it

s
C

oe
ci

en
t 

of
 c

oh
er

en
ce
K

,
re

la
ti

ve
 u

n
it

s

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.2

0.3

0.1

0

20 30 40 50 60 70 80 90 100

Period (years)

20 30 40 50 60 70 80 90 100

Period (years)

P2

K 2

Be10

11-year and 22-year variations are filtered

Solar activity-cosmic ray intensity

Figure 11: Power spectra density of solar activity and cosmic ray intensity (1950–2010, blue) and power spectra density of solar activity and
10Be (1482–2010, red). K2 for Solar Activity and Cosmic ray Intensity.



Advances in Astronomy 9

200

175

150

125

100

75

50

25

0
0.0015 0.0045 0.0075 0.0105 0.0135

N
or

m
al

iz
ed

 p
ow

er

200

175

150

125

100

75

50

25

0

N
or

m
al

iz
ed

 p
ow

er

∼3 ∼14.

Frequency (monthly)

0.00244

50

0.00562

90

95

0.00757

99

99.9

Moscow, stratosphere (CR FIAN), 1957–2011
Lomb periodogram

8 y4 y

Figure 12: Periodogram of the monthly means of monthly stratospheric CR measurements near Moscow [29, 30]. Along with the highest
peak at approximately 11 years, the approximately 34-year cycle peak and the approximately 14.8-year peak exceed a significance level of
0.99.

17.5

15

12.5

10

7.5

5

2.5

0

17.5

15

12.5

10

7.5

5

2.5

0
0 0.04 0.08 0.12 0.16 0.2

CR modulation parameter (data Usoskin et al., 2011)
Lomb periodogram

50

90
95
99

99.9

0.03125

0.09375

N
or

m
al

iz
ed

 p
ow

er

N
or

m
al

iz
ed

 p
ow

er

Frequency (yearly)

Figure 13: The highest maximum is at 11 years. The second most pronounced one is at approximately 0.031, corresponding to approximately
32 years. Here the levels of significance correspond to white noise.

where C is constant, {εt} represents white noise, and
α1, . . . ,αp and β1, . . . ,βq are real numbers, the coefficients of
the autoregressive, and moving average coefficients, respec-
tively.

Such a model can be interpreted as a linear multiple
regression model, in which the explanatory variables are the
past values of the dependent variable itself, but as a regression
balance—moving averages of the elements of white noise.
ARMA-processes are more complex compared to similar
processes in a pure form; however the ARMA processes are
characterized by fewer parameters, which is one of their
advantages.

If we introduce the lag operator L : Lxt = xt−1, then the
ARMA model can be written as follows:

⎛
⎝1−

p∑
i=1

αiL
i

⎞
⎠Xt = c +

⎛
⎝1 +

q∑
i=1

βiL
i

⎞
⎠εt. (B.2)

Introducing the shorthand notation for polynomials of
the left and right sides, the previous equation can be written
as

α(L)Xt = c + β(L)εt. (B.3)
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For the process to be stationary, it is necessary for the
roots of the characteristic polynomial of the autoregressive
part α(z) to lie outside the unit circle in the complex plane
(in modulus strictly greater than one). The stationary ARMA
process can be represented as an infinite MA process:

Xt = α−1(L)c + α−1(L)β(L)εt = c

a(1)
+

∞∑
i=0

ciεt−i. (B.4)

For example, the process ARMA (1,0) = AR (1) can
be represented as an MA process of infinite order with
coefficients in decreasing geometric progression:

Xt = c
(1− a)

+
∞∑
i=0

aiεt−i. (B.5)

Thus, the ARMA processes can be considered to be
MA processes of infinite order with certain restrictions
on the structure coefficients. There is a small number of
parameters to describe the processes they enable rather
than a complex structure. All stationary processes can be
arbitrarily approximated by an ARMA model of a certain
order with considerably fewer parameters than MA models
use.

NonStationary (Integrated) ARMA. In the presence of unit
roots of the p autoregressive polynomial, the process is
nonstationary. Roots of less than unity in practice are not
considered, since they are processes which exhibit explosive
behavior. Accordingly, to test the stationary nature of a time
series of basic tests, tests must be run for unit roots. If
the tests confirm the presence of unit roots, then we need
to analyze the difference between the original time series
and a stationary process of the differences of one or two
orders (usually the first order is sufficient and sometimes the
second) of the ARMA-based model.

Such models are called ARIMA models (integrated
ARMA) or Box-Jenkins models. The ARIMA model (p, d, q),
where d is the order of integration (the order of differences
in the original time series);p and q, the order of AR; MA the
parts of the ARMA-process differences d, the order can be
written in the operator form:

α(L)ΔdXt = c + β(L)εt, Δ = 1− L. (B.6)

The ARIMA process (p, d, q) is equivalent to the ARMA
process (p + d, q) with d unit roots.

To construct the ARMA model on a proxy data series of
observations, it is necessary to determine the model order
(numbers p and q), and then the coefficients themselves.

To determine the order of the model an investigation
of these characteristics of the time series can be done, seen
as its autocorrelation function and partial autocorrelation
function.

To determine the coefficients the method of least squares
and maximum likelihood method can be used.

ARMAX Models. In the classic ARMA model, it can add
exogenous factors x. In general, the model involves not only

the current values of these factors but also lagged values. Such
models are usually denoted ARMAX (p, q, k), where k-lags
come from the exogenous factors. In an operator form, such
models can be written as follows (an exogenous factor):

a(L)yt = c + b(L)εt + d(L)xt, (B.7)

where (L), b(L), d(L) are the order polynomial, respectively,
p, q, k of the lag operator.

It should be noted that such models can be interpreted
differently, for example, ADL (p, q) mode with random
errors MA (q).
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The cosmic ray modulation in relation to solar activity indices and heliospheric parameters during the period January 1996–
October 2011, covering the solar cycle 23 and the ascending phase of solar cycle 24, is studied. The new perspective of this
contribution is that the CME-index, obtained from only the CMEs with angular width greater than 30 degrees, gives much
better results than in previous works. The proposed model for the calculation of the modulated cosmic ray intensity obtained
from the combination of solar indices and heliospheric parameters gives a very satisfactory value of the standard deviation.
The best reproduction of the cosmic ray intensity is obtained by taking into account solar and interplanetary indices such as
sunspot number, interplanetary magnetic field, CME-index, and heliospheric current sheet tilt. The standard deviation between
the observed and calculated values is about 6.63% for the solar cycle 23 and 4.13% for the ascending part of solar cycle 24.

1. Introduction

The cosmic ray (CR) intensity, as it is observed from
Earth and in Earth’s orbit, exhibits an approximate 11-year
variation anti correlated with solar activity, with perhaps
some time lag, firstly studied by Forbush [1]. Many research
groups have tried to express this long-term variation of
the galactic CR intensity through means of appropriate
solar indices and geophysical parameters. The modulation
of galactic cosmic rays in the heliosphere using theoretical
as well as empirical approaches is successful and advanced
rapidly [2]. However, an adequate description of the effect
of the heliosphere on cosmic rays still does not appear
to be a simple task. To be adequate, theoretical models
should consider the complex shape and dynamics of the
heliospheric current sheet, the heliolatitudinal distribution
of the solar wind velocity, boundaries between fast and
slow solar wind streams, various sporadic and recurrent
structures, and the role of the termination shock and the
heliopause. Exarhos and Moussas [3] tried to estimate
the magnetic field at the heliospheric termination shock
and to study the effects of its temporal variation on the
galactic cosmic ray long-term modulation starting from the
Parker’s model and using in-ecliptic measurements from

different Spacecrafts at 1 AU near the Earth. Morishita and
Sakukibara [4] tried to estimate the size of the heliosphere
derived from the long-term modulation of neutron monitor
intensities. Using a construction of the open solar magnetic
flux from sunspot data as an input to a spherically symmetric
quasisteady state model of the heliosphere, the expected
intensity of galactic cosmic rays at the Earth’s orbit was
calculated in [5]. This calculated cosmic ray intensity is in
good agreement with the neutron monitor measurements
during the last 50 years. Particular consideration of the
cosmic ray modulation is given to the correlation of long-
term cosmic ray variations with different solar-heliospheric
parameters and to existing empirical models of cosmic
ray intensity, as it is described in the review paper by
[6]. A method to predict cosmic ray intensity and solar
modulation parameters was proposed in [7]. This method
gives satisfactory results when applied to prediction of the
dose received on-board commercial aeroplane flights. He
notes that prediction of the galactic cosmic ray intensity
observed at a given station is preferable than prediction of
the different potentials such as the modulation potential
in terms of sunspot numbers [8]. The importance of
this choice is that the cosmic ray intensity is the only
variable directly observed. Records of cosmic ray intensity
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are available and homogeneous over a long period, while
that is not the case for the data obtained from space
observations. Two models were proposed in[9], a quasilinear
and a model assuming a power-law relation between the
modulation potential and the magnetic flux during the
neutron monitor area 1951–2005 useful for predictions,
if the corresponding global heliospheric variables can be
independently estimated.

Recently, an empirical relation based on solar and inter-
planetary parameters was presented by [10] in order to
describe the long-term modulation of cosmic ray intensity
during the last solar cycle. Emphasis was given to the different
behaviour of the heliospheric parameters compared with the
solar ones regarding interesting properties of the cosmic ray
intensity modulation. These are the hysteresis phenomenon
and the cross-correlation analysis of these parameters with
the cosmic ray intensity in the three phases of the solar cycle
and according to the solar magnetic field polarity as well.
This model has so far been applied to four solar cycles (20,
21, 22, and 23) and can be considered as a useful tool for
understanding cosmic ray modulation. The proposed model
can be extended backward in time or used for predictions, as
it has practical implications for planning solar observations
and forecasting space weather phenomena.

Solar cycle 23 was a cycle of great interest firstly, as it
was characterized by a lot of violent periods of extreme solar
events mainly in the descending phase, such as October-
November 2003, January 2005, July 2005, and December
2006 and secondly, it had an extraordinary and extended
minimum with duration more than three years. In this solar
minimum, the cosmic ray intensity was much higher than in
the previous cycles [11]. This long, quiet period was char-
acterized by limited magnetic flux emergence at the photo-
sphere, mostly in the southern hemisphere, and low coronal
mass ejections (CMEs) and flare activity in the corona.

In our last work [10], we have shown that the long-term
modulation of the intensity of cosmic-rays has reproduced
using sunspot number (Rz), CME-index (Pi), interplanetary
magnetic field (IMF), and heliospheric current sheet (HCS)
tilt. In this work, we are showing the strong connection
between the cosmic ray intensity and the CMEs by the use of
CME-index, and the main criterion for the form of this index
is the angular width of CMEs. According to [12], slow and
narrow CMEs are ineffective for modulation, and as a result,
we are showing the modulation with the previous form of the
index and the new one.

2. Data Collection

In order to study the long-term cosmic ray modulation
through the years 1996–2011, monthly values of cosmic
rays from Lomnicky Stit neutron monitor (cut-off rigidity
3.84 GV) were used. For the purposes of this study, the time
series of cosmic ray variations was normalized taking the
cosmic ray intensity maximum (July 2009) equal to 1.00 and
the cosmic ray intensity minimum (November 2003) equal
to 0.00. We note that the cosmic ray intensity in the period
of October-November 2003 during the declining phase of

the solar cycle has been used only for normalization reasons
and does not coincide with the activity maximum of the
solar cycle during the years 2000–2002 [13]. But it is also
very important the fact that this minimum of cosmic ray
intensity coinciding with the maximum of CME-index shows
the strong connection of these two variables.

In this study, we have also used data of the mean monthly
sunspot number (Rz), taken from the National Geophysical
Data Center (ftp://ftp.ngdc.noaa.gov/index.html), the inten-
sity of the interplanetary magnetic field (IMF) is obtained
from the OMNI database (http://omniweb.gsfc.nasa.gov/).
The data on the tilt of the heliospheric current sheet using
the classic PFSS model [14] (HCS) were obtained from the
Wilcox Solar Observatory database (http://wso.stanford.edu/
Tilts.html). The CMEs data, for the formation of the coronal
mass ejection index (Pi), are taken from the SOHO/LASCO
CME catalog (http://cdaw.gsfc.nasa.gov/CME list/). Unfor-
tunately, the SOHO database has no data for CMEs for the
months of July, August, and September of 1998 and January
of 1999. In order to fill these data gaps, a smoothing method
has been used. In Figures 1(a) and 1(b), the time profiles of
all the examined parameters are presented.

3. CME-Index

For many years, the sunspot number was the most character-
istic index of solar activity. This means that we can determine
the phase of the cycle through the sunspot number, and
the maximum values mean that we are in the maximum of
the solar activity and minimum values that we are in the
minimum of the solar cycle, while intermediate values are
showing the ascending or descending phase of the cycle. At
the maximum phase, we have some periods with very violent
activity connected to the CMEs such as July 2000 and April
2001. On the other hand, we had a lot of very violent periods
when the sunspot number was at the descending phase of
the solar cycle or close to solar minimum, and as a result,
we could not take safe results from the sunspot number
only for the solar activity. These periods such as October-
November 2003, January 2005, November-December 2006,
or even February 2010 and August-September 2010 have the
characteristic of violent solar activity, and most of them are
connected to violent CMEs, X-flares, and finally ground-level
enhancements (GLEs). There are CMEs with results on the
Earth’s magnetosphere causing magnetic storms, SEPs, or
even GLEs. These CMEs are the interplanetary coronal mass
ejections—ICMEs [15]—and are responsible for temporary
disturbances of the Earth’s magnetosphere. Now, it is clear
that we have two types of CMEs with different characteristics:
geoeffective CMEs which can produce geomagnetic storms
and the SEP-effective CMEs which can cause SEP events
[16, 17]. It is known that SEP events are originating from
CME-driven shocks [15, 18, 19]. Based on this issue, a CME-
index was introduced in our previous works [20–22].

In this work, the most extensive number of data as
they now covers the whole solar cycle 23 and a part of the
ascending phase of the new solar cycle 24 has an advantage
for the application of this index. This extraordinary solar
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Figure 1: (a) Time profiles, starting from the top, of the sunspot number (Rz), CME-index (Pi), and the cosmic ray variations for the period
of 1996–2011. The period of extended minimum is noted between the dashed lines for all the examined parameters. (b) Time profiles,
starting from the top, of the interplanetary magnetic field (IMF), the heliospheric current sheet tilt (HCS), and the cosmic ray variations for
the period of 1996–2011. The period of extended minimum is noted between the vertical dashed lines.

minimum between the solar cycles 23 and 24 is also very
important. Now we have included data for previous periods
as mentioned before, and it is clear the weakness of the
sunspot number only to explain these periods.

One of the most characteristic parameters of a CME is
the linear speed as a factor of the importance of the CME
[16, 23], so we are using the mean monthly linear speed
(Vp) of the CMEs and their monthly number (Nc) in a new
dimensionless relation according to [12] with the form

Pi = α · Nc

Ncmax
+ β · Vp

Vpmax

, (1)

where the factors α and β are calculated with the best cross-
correlation coefficient values, between the values of the index
related to the cosmic ray intensity, for α and β factors applies
α+β = 1 and α,β > 0. The maximum valuesNcmax andVpmax
are the maximum values of the examined period. For the
period January 1996–October 2011, we found the relation of
the form:

Pi = 0.12 · Nc

Ncmax
+ 0.88 · Vp

Vpmax

, (2)

where Ncmax = 178 and Vpmax = 834 km/s. The factors 0.12
and 0.88 were the best values which maximize the correlation
coefficient of Pi-index between cosmic ray intensity with
r = −0.82. Between Pi-index and sunspot number, the
correlation coefficient is r = 0.76.

We noticed also periods with a lot of CMEs even in
minimum as a result of a lot of narrow and slow CMEs. In

this work, a new approach is presented using data for CMEs
with width >30◦ for Pi-index for the period January 1996–
October 2011. The best relation is

Pi = 0.37 · Nc

Ncmax
+ 0.63 · Vp

Vpmax

, (3)

where Ncmax = 152 and Vpmax = 915.6 km/s. The correlation
coefficient between Pi-index and cosmic rays is found to be
r = −0.84 and sunspot number r = 0.82 respectively, and
these are the best cross-correlation values in this work for the
examined period (January 1996–October 2011). In Figure 2,
it is obvious the increase of narrow CMEs especially after
2005. The number of CMEs using data from CMEs with
width >30◦ follows very well the sunspot number. For the
entire examined period, the correlation coefficient between
Pi-index from (3) and HCS tilt was r = 0.76 and IMF was r =
0.83 which is very important proving the strong connection
between the index and the heliospheric parameters. We hope
that for further studies in space weather and modulation of
galactic cosmic rays, the Pi-index could be very helpful and
must be a parameter in modulation formulas [10].

4. Cosmic Ray Modulation

It is well known that the 11-year modulation of the cosmic
ray intensity shows some time lag behind the solar activity
which is a kind of hysteresis effect [1, 10, 21]. Keeping this in
mind, we have carried out the analysis of correlation between
the monthly values of the cosmic-ray variations and various
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Figure 2: Time profiles of the mean monthly number of CMEs
using the total number of CMEs (red line) and those with angular
width greater than 30◦ (blue line). The sunspot numbers are also
indicated with the black line.

solar and heliospheric activity parameters (Rz, Pi, IMF, and
HCS) for the examined period.

To calculate the time lag of each parameter in reference
to the cosmic ray intensity [24, 25], we have calculated
the cross-correlation coefficients between them with varying
time lags from 0 to 30 months for the interval of the exam-
ined period. The maximum cross-correlation coefficients
and the corresponding time lags are given in Table 1 for the
examined period.

In this work, the same empirical relation of the cosmic
ray modulation that was applied in the previous works to
solar cycles 20, 21, 22, and 23 is adopted [21, 26]. This is
derived by a generalization of Simpson’s solar wind model
using the diffusion-convection drift model [27], and it is
expressed by the following relation:

I(t) = I −
∫
f (r)S(t − r)dr, (4)

where I and I(t) are the galactic (unmodulated) and modu-
lated cosmic ray intensities, respectively, S(t− r) is the source
function representing some proper solar activity indices at
a time t − r (r ≥ 0), and f (r) is the characteristic function
that expresses the time dependence of solar disturbances
represented by S(t − r) [28, 29]. According to the previous
model, the modulated cosmic ray intensity I(t) is expressed
by a constant C and the sum of a few source functions
appropriately selected from the solar and interplanetary
indices that affect cosmic ray modulation. This relation is
given by the following expression:

I(t) = C − 10−3(a1X + a2Y + a3Z + a4W), (5)

where C is a constant, X , Y, Z, and W are the selected time-
lagged solar-heliospheric parameters, and αi (i = 1 to 4) are
coefficients calculated by the RMS-minimization method.

Table 1: Cross-correlation coefficients and the corresponding time
lags for the entire period (1996–2011).

Indices
Correlation coefficients (r)

(95% significance level)
Time lags
(months)

Sunspot number Rz −0.91 ± 0.01 +14

Coronal mass
ejections index Pi

−0.84 ± 0.01 0

Interplanetary
magnetic field IMF

−0.86 ± 0.01 +1

Heliospheric current
sheet HCS

−0.82 ± 0.01 +8

ConstantC is linearly correlated to the cut-off rigidity of each
station according to the following relation:

C = 0.95 + 0.005P[GV], (6)

where P is the cut-off rigidity for each neutron monitor
station [30]. In this work, using data of the cosmic ray
variations obtained from the Lomnicky Stit neutron monitor
with cut-off rigidity of 3.84 GV, constant C is found to be
equal to 0.9692.

We will investigate the entire period of 1996–2011
and separately the period of 23rd solar cycle (May 1996–
December 2008) and the ascending part of 24th solar
cycle (January 2009–October 2011). The model parameters,
the standard deviation for each case, and coefficients αi
calculated by the RMS-minimization method are presented
in Table 2. It is remarkable that the standard deviations for
all cases are smaller than 7%. Comparing with the results of
our last work [10], they have been improved for the entire
period.

The best relation reproducing the cosmic ray variations
is the combination of Rz,Pi, IMF, and HCS [10]. This is
expressed by the following relation:

I(t) = C − 10−3(a1Rz + a2Pi + a3IMF + a4HCS), (7)

where constant C was found equal to 0.9692, and Rz,
Pi, IMF, and HCS are the solar-interplanetary parameters
incorporating the time lag. Coefficients αi were found equal
to 2.42, 0.54, 54.08, and 2.02, respectively. The standard
deviation for this relation is found to be 6.69% which is
a very good approximation. It is noticed that the maximum
phase of solar cycle 23 was very complicated including
double peaks and the reversal of the solar magnetic field
as well. It is interesting that there is a good agreement in
the maximum and descending phases due to the use of Pi
and IMF, mainly in the solar extreme period of October-
November 2003, while the contributions of IMF and HCS
complement each other and improve the agreement in the
ascending and descending phases that are characterized by
strong solar events.

As we mentioned earlier, the use of CMEs with angular
width greater than 30◦ shows a very good behavior for the
entire solar cycle, and as a result, we have the best cross-
correlation values between the cosmic ray intensity and Pi-
index [12]. If we use the Pi-index data which occurs from
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Table 2: Standard deviation for different models during the solar cycles 23 and 24 and in total examined period. Coefficients αi factors are
also given in the first column, respectively, for each variable.

Model parameters
Solar cycle 23

(May 1996–Dec 2008)
Solar cycle 24

(Jan 2009–Oct 2011)
Total

(Jan 1996–Oct 2011)

Rz, Pi, IMF, HCS
(2.42, 0.54, 54.08, 2.02)

6.98% 4.79% 6.69%

Rz, Pi (width >30◦), IMF, HCS
(2.36, 0.91, 52.51, 2.12)

6.63% 4.13% 6.27%
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Figure 3: The observed values of cosmic ray intensity (black line)
and those calculated by (7) (red line). The residuals are indicated in
the lower panel. This modulation has a standard deviation of about
6.27%.

data of CMEs with width >30◦ using the same modulation as
in (7), the results are much better with a standard deviation
of 6.27%. The coefficients αi were found equal to 2.36, 0.91,
52.51, and 2.12, respectively. These values of CME-index give
much better results also between cosmic ray intensity and the
number of CMEs (Nc), with r = −0.72, and the mean linear
speed (Vp), with r = −0.79. In Figure 3, the observed and
calculated cosmic ray variations by (7) using Pi-index from
CMEs with width >30◦ are presented.

The significant improvement of this empirical model is
resulted from the use of the CME-index Pi, using only CMEs
with angular width >30◦, which is highly correlated with the
cosmic ray intensity variations (r = −0.84). Between the
monthly number of CMEs (Nc), using CMEs with angular
width >30◦, and CR intensity, we found r = −0.72, in
opposition with the total number of CMEs per month and
CR intensity with correlation coefficient r = −0.44. The

previous value of the correlation coefficient of the total
number of CMEs was −0.78 [22], which was obtained over
a shorter time period, up to the beginning of 2006 (February
2006), without the period of the solar minimum which was
examined here, where a lot of narrow and slow CMEs were
recorded without any effect on the long-term modulation
[12].

5. Ascending Part of Solar Cycle 24

As it was mentioned earlier, the slow decline of solar cycle 23
and the slow rise of cycle 24 resulted in a very long period
of low solar activity which lasted from about 2006 to the
end of 2009, with 2008 and 2009 being particularly quiet
years. Therefore, the solar minimum between cycles 23 and
24 was very extended and deep in contrast to the previous
solar minima with duration of tens of months instead of
few months as in earlier cycles. In [21], the solar cycle
dependence of the cosmic ray intensity time lag behind the
sunspot number was studied extensively. For cycles 17–23,
the mean value of this time lag is 2.4 ± 1.9 months for even
cycles and 12.4± 7.2 for odd cycles [21, 27].

During the last solar cycle 23, the minimum of the
monthly mean sunspot number occurred on August 2009.
According to [31], the maximum of cosmic ray intensity was
observed in October 2009, and the onset of the current solar
cycle 24 of galactic cosmic rays was noted in January 2010.
Kane [11] noticed that the cosmic ray intensity decreased
only after March 2010.

In this section, the period of the ascending part of
solar cycle 24 from January 2009 to October 2011 is
studied separately from the whole time interval. The cross-
correlation coefficients for this period between the cosmic
ray intensity and the sunspot number were calculated, and
a maximum coefficient r = −0.90 with a corresponding time
lag of 2 months was found. Kane [11] found a time lag for
this minimum about 6-7 months. Ahluwalia and Ygbuhay
[31] also calculated a time lag of about 3 months between
a large, sharp increase of the HCS tilt angle and the onset
of cosmic ray modulation, in agreement to our calculations
where a time lag of about 2-3 months (2.3 ± 0.3 months),
with respect to HCS, is found, with a very high correlation
coefficient of r = −0.96. The time lag between the cosmic ray
intensity and the sunspot number from the best nonlinear
fitting is calculated to the value of 1.9 ± 0.3 months. This
value coincides—up to now—with the expected value for
even cycles as mentioned in a previous work [10]. Between
the cosmic ray intensity and the IMF, a time lag of about 1
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Table 3: Cross-correlation coefficients and the corresponding time
lags for the ascending part of 24th solar cycle.

Indices
Correlation coefficients (r)

(95% significance level)
Time lags
(months)

Sunspot number Rz −0.90± 0.02 +2

Coronal mass
ejections index Pi

−0.85± 0.02 0

Interplanetary
magnetic field IMF

−0.84± 0.02 +1

Heliospheric current
sheet HCS

−0.96± 0.02 +2

month was found, with r = −0.84. The maximum cross-
correlation coefficients and the corresponding time lags for
this period are given in Table 3.

6. Discussion and Conclusions

The cosmic ray modulation is a complex phenomenon which
occurs all over the heliosphere and depends on many factors.
No single solar index, however sophisticated, can account for
cosmic ray variations. Different scientists proposed empirical
relations describing the long-term cosmic ray variations
based on the joint use of solar and/or heliospheric indices.
At first, the solar indices such as sunspot number and solar
flares were used [26]. Later, Belov et al. [32] proposed
a multiparametric description of long-term CR variations,
based on a joint use of the HCS tilt and intensity variations of
the IMF. The effect of IMF intensity variations on cosmic ray
modulation is even easier to substantiate theoretically than
the effect of the HCS tilt. The main determining parameter
of particle transport—gyroradius—is inversely proportional
to the IMF strength (H). According to theory [32], an
increase of H should lead to a decrease of transport path
and the diffusion coefficient and, consequently, to an increase
of the CR modulation. The relationship between the IMF
strength and long-period variations of CR was corroborated
experimentally [32, 33] when long data series of solar wind
measurements were built up. Indeed, these parameters—the
HCS tilt and the IMF intensity—successfully supplement
each other. The point is that the HCS tilt manifests the struc-
ture of the heliosphere, while the IMF intensity characterizes
quantitatively its effect on cosmic rays. In our previous work
[21], the solar indices (Rz,Nc) together with the heliospheric
variables IMF, HCS, and Ap were found to explain better
the cosmic ray modulation. In this approach, the use of the
CME parameters represented by the CME-index Pi based on
the number of CMEs and the mean plasma velocity taking
account only CMEs with width >30◦ improved significantly
the relation between the observed and the calculated values
of the cosmic ray intensity measured by a single neutron
monitor station. By applying a similar correlative analysis
and the same empirical relation of the previous work [10],
the following conclusions were outlined.

(i) As concerns the modulation effect, in the proposed
model, the standard deviation is smaller than 7%.

The best one obtained from (7) using the parameters
Rz,Pi, IMF, and HCS gives a standard deviation of
6.63% for the 23rd solar cycle, 4.13% for the 24th
solar cycle, and 6.27% for the total time period.
The total improvement between the previous [10]
and current empirical models for the cosmic ray
modulation is significant.

(ii) This significant improvement of this empirical model
is resulted from the use of the CME-index Pi, using
CMEs with angular width >30◦, which is highly
correlated with the cosmic ray intensity variations
(r = −0.84) which confirm our results according the
correlation coefficient factors in our previous work
[12].

(iii) Between the monthly number of CMEs (Nc), using
CMEs with angular width >30◦, and CR intensity,
we found r = −0.72, in opposition with the total
number of CMEs per month, and CR with correla-
tion coefficient r = −0.44. The previous value of the
correlation coefficient between the total number of
CMEs and CR was −0.78 [22], which was obtained
over a shorter time period, up to the beginning of
2006 (February 2006), without the period of the solar
minimum which was examined here, where a lot of
narrow and slow CMEs were recorded without any
effect on the long-term modulation [12].

(iv) Examining the period of solar minimum and the
ascending part of the solar cycle 24, a small time
lag between cosmic ray intensity and solar activity
of about 2 months with r = −0.90 was underlined,
as it was expected for the even solar cycles [24,
27]. Cosmic ray intensity and heliospheric current
sheet present a time lag of ∼2 months with a very
significant correlation coefficient r = −0.96. Between
CR intensity and IMF, a time lag of about 1 month
was noticed with r = −0.84.

Examining the entire period, we can conclude that all
the selected heliospheric parameters (Pi, IMF, and HCS) can
give a very good approximation to the modulated cosmic ray
intensity. Moreover, we note that some of the indices used,
such as Rz, Pi, and HCS, are global indices, whereas others,
such as IMF, are limited to the ecliptic plane. According to
[34], the cosmic ray modulation is defined mainly by the
global indices because of their complicated transport in the
heliosphere, consistent with our results in this work.

Summarizing, we can say that the empirical model
proposed in the previous works and also in this work with
significant improvements has been studied finally for a lot of
solar cycles 19, 20, 21, 22, and 23, and the obtained results are
a confirmation of the reliability of this. In a future work, we
hope that the consideration of another solar parameter such
as the polar magnetic field of the Sun will be able to throw
more light to the investigation of the long-term cosmic ray
modulation. All these studies will be a useful tool for solar
cycle prediction and space weather applications.
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A new type of solar neutron detector (FIB) was launched on board the Space Shuttle Endeavour on July 16, 2009, and began
collecting data at the International Space Station (ISS) on August 25, 2009. This paper summarizes the three years of observations
obtained by the solar neutron detector FIB until the end of July 2012. The solar neutron detector FIB can determine both the energy
and arrival direction of neutrons. We measured the energy spectra of background neutrons over the South Atlantic Anomaly (SAA)
region and elsewhere and found the typical trigger rates to be 20 and 0.22 counts/sec, respectively. It is possible to identify solar
neutrons to within a level of 0.028 counts/sec, provided that directional information is applied. Solar neutrons were possibly
observed in association with the M-class solar flares that occurred on March 7 (M3.7) and June 7 (M2.5) of 2011. This marked the
first time that neutrons had been observed in M-class solar flares. A possible interpretation of the production process is provided.

1. Introduction: A Brief History of
Solar Neutron Detection

High-energy protons coming from the Sun on February 28
and March 3, 1942 were first discovered by Forbush and
published in 1946 [1]. In 1951,Biermann et al. had predicted
the potential discovery of solar neutrons on Earth [2].
Neutrons are produced when the accelerated ions strike the
solar surface. However, solar neutrons were actually detected
29 years after this prediction. A clear signal of gamma rays
and neutrons was detected in association with a large solar
flare on June 21, 1980, with an X-ray intensity of X2.5, by
the Gamma Ray Spectrometer composed of the NaI and
CsI detectors on board the Solar Maximum Mission (SMM)
satellite [3, 4]. Figure 1 shows the results. The first peak
corresponds to the gamma-ray signal, while the second was
induced by the neutron signal. Because neutrons cannot
travel from the Sun to Earth at the speed of light, their arrival

time distribution is associated with a time delay from the
speed of light, even when simultaneously released from
the Sun. For the time distribution presented in Figure 1,
if the same departure time for neutrons is set, a neutron
energy spectrum is obtained, which assumed an impulsive
production of neutrons on the Sun. The spectrum can be
expressed by a power law: E

−γ
n dEn with γ = 3.5± 0.1 [3, 4].

Two years later, on June 3, 1982, the SMM satellite again
detected a neutron signal [5]. However, neutron monitors
located on the ground have successively detected neutron
signals in association with a large X8.2 solar flare [6, 7],
which shed new light on the production time of neutrons in
the solar atmosphere. One component involved in the data
cannot be explained by an impulsive production mechanism
alone. Only two solar neutron events had been accumulated
until solar cycle 21, and it was too early to judge the pro-
duction time of neutrons in the solar atmosphere, namely,
whether high-energy neutrons are produced impulsively
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Figure 1: Solar neutrons detected on June 21, 1980. Gamma-rays
accounted for the first peak; neutrons accounted for the second. The
original picture was prepared by the authours of [3, 4].

or gradually. Both scenarios were possible for the same event
and this would be a great challenge for solar physicists.

To identify the production time of neutrons at the solar
surface in the solar cycle 22, new detectors capable of
measuring the energy of neutrons were expected. Therefore
a new type of solar neutron detector—the solar neutron
telescope (SONTEL)—was designed, based on the plastic
scintillator. SONTEL can measure the energy and direction
of neutrons using the charge exchange process of neutrons
into protons [8, 9]. Therefore SONTEL can determine the
flight time from the Sun to Earth. Of course, conventional
Simpson-type neutron monitors were also operated [10–13].
At the same time, the possibility of launching a new type of
solar neutron detector into space was considered (the idea
was proposed in a symposium at Nagoya University held on
April 17 and July, 1989. Also presented in the symposiums
organized by JSUP of NASDA). To resolve the mystery
regarding the production time of neutrons, it is inevitable
to have a new type of detector capable of measuring the
energy of neutrons in space. We could then identify when
those neutrons left the Sun.

An attempt to measure the energy of neutrons was
found in a paper dated around 1985 [14]. Scintillator bars
composed of two layers were equipped (in x and y directions)
and the device was circulated over the Southern hemisphere
by a Racoon balloon flight from Alice Springs, Australia
to detect solar neutrons within the energy range of 20 to
150 MeV, but detected no signals. Almost the same year
1985, another new instrument was proposed, capable of
unambiguously determining the energy and direction of

incident neutrons using a technique, the double Compton
scattering method [15]. The detector was named SONTRAC.
Independent from these activities, most of which were
developed in the USA, in Japan, a detector comprising a mass
of the scintillation fiber is proposed to detect antideuterium
in space and neutron and anti-neutron oscillation in the
space between the Sun and Earth. In 1991, we proposed a
new type of detector for the Japanese Experimental Module
(JEM) of the International Space Station (ISS) [16, 17].

In April 1991 and August 1991, a large gamma-ray
satellite CGRO and a solar satellite Yohkoh were launched.
An image of the Sun using neutron signals was successfully
drawn, using the Compton scattering function of the COMP-
TEL detector [18, 19] and beautiful photographs of solar
flares were taken by using the soft and hard X-ray telescope
of Yohkoh satellite. They have left very important archives on
the solar activities [20].

During the solar cycle 22, several new discoveries involv-
ing solar neutrons were made, based not only on many
ground level detectors but also a few that were space-borne.
Consequently, more solar neutron events were accumulated,
including one highlight, the discovery of an extremely strong
signal of neutrons in association with the large X9.3 solar
flare on May 24, 1990 [21, 22]. The signal was the strongest
ever observed by the neutron monitor. In association
with this flare, two Soviet satellites, GRANAT/PHEBUS
[23] and GAMMA-1 [24, 25] successfully captured very
impulsive high-energy gamma rays starting at 20 : 48 UT.
One minute later (20 : 49 UT), strong neutron signals were
detected by many neutron monitors located throughout
the North American continent [26, 27]. Subsequently, from
around 21 : 00 UT, Ground Level Enhancement (GLE) was
observed, induced by high-energy protons. The key knowl-
edge obtained by the event on May 24, 1990, reviewing some
20 years after the discovery, may be the sudden increase
in the ratio between 70 and 95 MeV gamma rays and 4–
7 MeV nuclear gamma rays 3 minutes later. Chupp and Ryan
summarized that the change in ratio may have been induced
by accelerated protons to several hundred MeV [28, 29]. It is
worth noting that to detect high-energy neutrons at ground
level, conventional neutron monitors were not only used to
detect solar neutrons in the large solar flare on May 24, 1990,
but also in the X9.4 flare on March 22, 1991 [30].

The subsequent scope of remarkable events from solar
cycle 22 may also include the detections of high-energy
gamma rays and neutrons in association with the six
extremely powerful solar flares with X12 observed during
June 1 and 15, 1991. Solar neutrons were detected in
association with two large solar flares on June 4 and 6,
1991, respectively, using two kinds of solar neutron detec-
tors located on Mt. Norikura: the solar neutron telescope
[31, 32] and the neutron monitor [33]. Via simultaneous
observations with the neutron monitor and the neutron
telescope, the capability of the new solar neutron telescope
was demonstrated.

It should be mentioned that in the solar flare on June
4, 1991, the BATSE [34] and OSSE [35] detectors on board
the CGRO satellite observed the long-standing emission
of gamma rays with a decay time of 330 seconds after
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a sharp impulse signal. OSSE observed a neutron capture
line (2.223 MeV) and a carbon de-excitation line (4.44 MeV)
that continued for three hours. High-energy gamma rays
were detected by the EGRET detector with energies of 50
to 100 MeV and >150 MeV for the flare events on June
4, 6, 9, and 11. Moreover, in the flare event on June 11,
a particularly long-lasting emission of high-energy gamma
rays was recorded, lasting 10 hours [36].

Many arguments concerning the long-lasting gamma
rays emerged at the time, namely whether they were induced
by the continuous acceleration process of protons (such as
in the shock acceleration model [37]) or by protons trapped
in the magnetic loop and precipitating on the solar surface
[38, 39]. The impulsive production mechanism of neutrons
on the solar surface was attributable to the reconnection
process of magnetic loops [40–43] or the DC acceleration
mechanism [44], while long-lasting emissions of gamma rays
may be closely related to the shock acceleration process. The
question of whether the long-lasting high-energy gamma-
ray emission is attributable to the continuous acceleration
of the protons above 300 MeV [29], or the injection of flare
accelerated particles into a large coronal loop with release
at the mirror points of the loop where the gamma rays are
produced, is very interesting [38, 39], the final answer to
which will hopefully be obtained in solar cycle 24.

During the solar flare event on September 7, 2005, solar
neutron telescopes located on Mt. Sierra Negra in Mexico
(at 4780 m) and Mt. Chacaltaya in Bolivia (at 5,250 m)
both observed a clear solar neutron signal [45], which was
also recorded by three different counters located in the
Northern and Southern Hemispheres. This made it possible
to compare the detection efficiency of a solar neutron
telescope with that of a conventional neutron monitor. The
detection efficiency ratios were found to be 1 and 0.7, for
the neutron monitor and neutron telescope respectively,
pertaining to the same area of both detectors. Since the solar
neutron telescope cuts low-energy neutrons of less than 30
or 40 MeV, its detection efficiency is also lower than that of
the neutron monitor [46]. The neutron monitor is highly
sensitive to neutrons with energy exceeding about 10 MeV
[12, 13]. It is worth noting here that the data suggests the
involvement of neutrons produced by both the impulsive and
gradual phases [45].

The FERMI-LAT satellite also recently observed two
gamma-ray events in association with M-class solar flares
on March 7 and June 7, 2011 [47]. Again a long duration
component lasting more than 14 hours was observed and
the continuous emission of GeV gamma rays from the
Sun was detected. This mechanism may indicate a differ-
ent mechanism in the gamma-ray production process in
addition to that responsible for the impulsive production
of gamma rays, which is discussed in the final part of this
paper. An effective summary on solar neutron research has
been recently published in a book, which also contains more
detailed bibliography [48].

The aim of this paper is to present new results using the
FIB detector on board the ISS. Actually Section 2 introduces
details of the new solar neutron telescope FIB detector,
followed by the neutron observation results on the ISS in

Section 3. Section 4 covers the solar neutron events observed
using the new detector in association with the M-class
solar flares on March 7, 2011 (M3.7), and on June 7, 2011
(M2.5). Section 5 discusses our results compared to other
observations, and Section 6 summarizes the results.

2. New Solar Neutron Detector FIB on the ISS

2.1. SEDA-AP-FIB Detector. The new solar neutron telescope
has been designed as a component of SEDA-AP. A detec-
tor for Space Environment Data Acquisition equipment—
Attached Payload (SEDA-AP) was originally proposed to
measure radiation levels at the International Space Station
(ISS) in 1991 [16, 17]. In 2001, an actual Flight Module (FM)
was ready to be deployed, but an accident involving the Space
Shuttle resulted in the FM being stored in a special clean
room for eight years until it could finally be launched.

SEDA-AP was designed as one of the detectors on
board the Japan Exposure Module (JEM). This equipment
not only comprises a neutron detector but also various
other detectors, such as charged particle detectors, a plasma
detector, an atomic oxygen monitor, and electronic device
evaluation equipment. The system even includes a micro-
particle capture detector.

The neutron detector consists of two parts: a conven-
tional Bonner Ball Detector (BBD) and a FIBer detector
(FIB). The name FIB is so-called because the main part of the
sensor is comprised by the mass of the scintillation fiber. The
BBD measures low-energy neutrons; the FIB measures high-
energy neutrons. Technical details can be found on the JAXA
website (http://kibo.jaxa.jp/en/experiment/ef/seda-ap/).

The neutron detector can be extended 1 m from the main
frame via a mast to reduce the background neutrons coming
from the vessel of the SEDA-AP. The system has a 220-watt
power supply and a total weight of 450 kg. The FIB was
launched by the Space Shuttle Endeavour on July 16, 2009,
and began taking measurements at the ISS on August 25,
2009. Since then, the detectors have been working problem-
free. Although the official mission lifetime was estimated as
three years, given the importance of the measurements, it
would be highly desirable to extend this period to cover at
least one solar cycle of 11 years, provided that the system
continues to operate.

2.2. The Experimental Purposes. This experiment has three
main scientific goals as follows.

(1) Accurate measurements of radiation levels in the ISS
environment [49–51].

(2) Rapid prediction of the imminent arrival of numer-
ous charged particles from the Sun by monitoring
GeV GLE particles for the flares of the western part
of the solar surface (space weather forecast). However
for the flares of the eastern part of the solar surface,
the amount of emitted high energy particles may be
estimated by observing neutrons.

(3) Identification of the production time of neutrons
induced by the accelerated protons above the solar
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surface. We wish to know when and how high-
energy particles are produced over the solar surface.
When high-energy charged particles arrive at Earth
and are detected, important information may be
lost concerning the production time at the Sun. To
understand the acceleration mechanism of charged
particles at the Sun, it is necessary to compare
the data of neutrons and gamma rays with images
taken by a soft X-ray telescope [52], RHESSI, and/or
the UV telescope launched on the Solar Dynamical
Observatory [53, 54].

To determine the neutron production time at the Sun, it
is necessary to employ a neutron detector capable of mea-
suring the energy of neutrons. Currently, no such detector
has been used in space other than an FIB detector, although
the ground-based Solar Neutron Telescopes (SONTEL) have
been operating for a number of years [55–58]. Accordingly,
the FIB detector installed in SEDA-AP may provide a crucial
data measuring neutron energy in space in the solar cycle 24.

2.3. Sensor Design, Detection Efficiency, and Trigger. To
achieve the scientific goals listed earlier, a fine-grated neutron
detector FIB has been designed, consisting of a plastic
scintillator with 32 layers (sheets) and dimensions of 3 mm
(height) × 96 mm (width) × 96 mm (length). Sixteen stacks
of scintillation bars are used per layer, with each bar having
dimensions of 3 mm (height) × 6 mm (width) × 96 mm
(length). Each layer is located along the x-axis and y-axis
alternatively, forming a stratified block and an optical fiber
is coupled to the end of each bar to collect photons produced
in the scintillator. These photons are then sent to a 256-
channel multi-anode-photomultiplier (Hamamatsu H4140-
20). Figure 2 shows a schematic image of the FIB detector,
which measures the tracks of recoil protons produced by
incident neutrons and determines neutron energy using the
range method.

It can also identify the direction of neutron inci-
dence. Neutrons and protons are discriminated by an anti-
coincidence system consisting of six scintillator plates sur-
rounding the FIB sensor in a cubic arrangement. To measure
the total radiation dose at the ISS, we actually collect neutron
data obtained over the South Atlantic Anomaly (SAA)
region. The maximum count rate of the anti-coincidence
system for the SAA region is 60,000 counts per second, and it
works.

The cubic-shaped sensor used for neutron detection has
sides measuring 10 cm and maximum kinetic energy of about
120 MeV. As shown in Figure 3, the sensor is monitored from
two directions by two multi-anode photomultipliers (PMT1
and PMT2), meaning the arrival direction of the tracks can
be identified. To determine the arrival direction of neutrons,
protons must penetrate at least four sensor layers, each of
which consists of plastic bars 3-mm thick. Consequently, the
lowest neutron energy that can be measured is 35 MeV.

A trigger signal is produced by dynode signals from the
PMTs (it is set at �30 MeV proton equivalent). When the
dynode signals from both PMTs exceed a certain threshold,
a trigger signal is produced. When the trigger rate is less than

Scintillation fibers

Solar flare

n

p

Figure 2: Schematic view of the FIB detector’s sensor. One layer
consists of 16 plastic scintillator bars with dimensions of 3 mm
(height) × 6 mm (width) × 96 mm (length). The direction of the
Sun is identified by tracking two layers of the scintillator in both x
and y directions; the energy of neutrons is measured by the range
of protons.

2 counts/sec, all ADC values for each channel are recorded
in memory. The analog memory can handle all 512 channels
of both PMTs. When the trigger rate exceeds 2 counts/sec,
only the on-off signal (1 or 0) of each channel is recorded.
When it exceeds 15 counts/sec, only the total output signal
of the dynode is recorded. The technical details can be found
elsewhere [59–62].

2.4. Detection Efficiency. We now discuss the neutron detec-
tion efficiency of the sensor. Because of the cubic-shaped
detector has sides measuring 10 cm, if neutrons with kinetic
energy not exceeding 120 MeV interact at the top of the
detector, the track of protons will be fully contained in the
apparatus. However, if n-p scattering occurs in the lower part
of the detector, the recoil protons will escape by crossing one
anticounter plane. This means the anticounter is triggered
and the neutron event will not be recorded, resulting in a
geometrical factor dependent on energy. Furthermore, the
nuclear interaction cross-section also depends on the energy
of neutrons, which imposes a greater energy dependence on
detection efficiency.

We actually obtained detection efficiency (ε) using the
Monte Carlo method and the Geant4 program, during which
the collisions between neutrons and the carbon target were
also taken into account. The detection efficiency of neutrons
for vertical incidence without using any anti-coincidence
panel can be approximated by ε = 3.45×E [MeV]−0.7118. For
example, neutrons with incident kinetic energy of 100 MeV
is expected to be detected by an efficiency of 0.13 or 13%.
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Figure 3: (a) The photograph of Japan Exposure module onboard
the International Space Station. The coordinate of the FIB sensor
is drawn on by the blue arrows (x coordinate blue, y coordinate in
red, and z coordinate by green), (b) An FIB sensor was mounted
on SEDA-AP together with BBD. Proton tracks are measured by
a photomultiplier (PMT2) that looks the scintillation fibers from
the bottom side (z-y plane), while for the x-z plane the other
photomultiplier (PMT1) is used looking from the proceeding
section of the ISS.

For the incidence with θ = 10, 20, and 30◦, the coefficient
3.45 is replaced by 3.1, 2.9, and 2.6, respectively. However,
another condition has been applied to data analysis, whereby
the minimum energy deposited in the sensor exceeds 35 MeV.
According to the Monte Carlo calculation, the detection
efficiency (ε) can be expressed as ε = 1.15 × (E − 25[MeV])
× E [MeV]−1.8. The results are given in Figure 4. In fact, the
detection efficiency (ε) could be approximately expressed by
a constant value of 0.021 (almost 2%) over a wide energy
range of incident neutrons where En = 50–120 MeV. We
took account of these efficiencies when obtaining the energy
spectrum of neutrons.
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Figure 4: The detection efficiency of the FIB sensor for neutrons as
a function of incident energy. The vertical value of 0.02 corresponds
to the detection efficiency of 2%. The curve was obtained by the
Geant 4 program, taking account of the collision processes of
neutrons with the proton or carbon target inside the scintillation
fibers. The anticounter trigger condition was also taken into
consideration.

3. Measurement of Neutrons on the ISS

This section presents the actual neutron measurement results
obtained on the ISS. Figure 5 shows a typical event detected
by the NEM sensor. The image on the right was taken by the
PMT located in the proceeding section of the ISS (x-z plane),
while that on the left is a photo taken from underneath
the sensor (z-y plane) (i.e., looking up from Earth, see
Figure 3(b)). The z-y sensor points upward toward Earth
and the z-direction points towards the opposite side of the
pressurized ISS module. The color represents the amount of
energy deposited in each scintillating bar of dimensions of
6 × 3 × 96 mm. Figure 6 presents the counting rate of the
FIB on March 7, 2011. Each panel of Figure 6 shows from
the top to the bottom, the position of ISS, the strength of the
magnetic field, the counting rate per minute and the integral
counting rate, respectively. The satellite observed the solar
flare after 20 : 02 UT.

As evidence that the FIB detector has been working
stably, the energy spectrum of neutron-converted-protons is
given in Figure 7. The graph has been made by analyzing all
data collected during January 1, 2010 and July 31, 2010. The
observed proton spectrum can be expressed by a power law
with a differential power index of −1.75 within the proton
energy range where Ep = 45–85 MeV. The data taken over the
SAA region were excluded.

The trigger rate for neutrons was 0.22 counts/sec on
average (see Figure 6 the third panel) and 20 counts/sec over
the South Atlantic Anomaly (SAA) region, which is about 90
times greater than anywhere else. The orbital average value
0.22counts/sec is obtained after excluding the counting over
the SAA. We have also measured neutron energy spectra
using the range method. This may be the first time the
energy of neutrons in space has been measured using the
range method. As the trigger system occasionally encounters
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Figure 5: A typical background neutron event. The neutrons
enter from the preceding section of the ISS (small to large in the
horizontal scale y of the left side picture) and from the top to the
bottom (small to large of the right side picture x in horizontal
axis). The incident neutrons are converted into protons inside
the scintillator. The energy deposit in each bar is color-coded.
At the termination point of the track, the Bragg peak can be
recognized. The G min and G max correspond to the ADC channel
0 and 90. The linear ADC has a range of 256 channels and the
dip and peak correspond to 11 (dark blue) and 22 (light blue)
respectively induced by the minimum ionizing particles. Orange
spot corresponds to about channel 70.

problems with memory saturation over the SAA region, it
began recording only on-off data for each channel. At the
end of this section, we mention the possibility of electron
detection by this sensor. Using information on ionization
loss (−dE/dX), each of the electrons is separated from the
neutron-converted-protons. The internal sensor can detect
electrons with energy of between 2.5 and 30 MeV, as a thin
track. Figure 8 shows a candidate electron track.

4. Solar Neutrons Associated with
M-Class Solar Flares

4.1. Search for Solar Neutrons by the FIB Detector. According
to the calculations of Imaida et al. [63] and Watanabe [64],
the typical event rate induced by solar neutrons is expected
to be within the range 10 to 1,000 counts/sec in FIB. As
mentioned earlier, the background rate is as low as 0.22
counts/sec, making it possible to detect all solar neutrons
exceeding this level. Between September 2009 and February
15, 2011, no solar flare occurred with intensities exceeding
the X-class. However, during the period February 6 to 8,
2010, four large M-class solar flares were observed, hence we
analyzed the NEM data recorded at the time. Fortunately,
during all four peaks of X-ray intensity, the satellite was
flying over the daylight side of Earth. The peaks in X-ray
intensity were observed by the GOES satellite on February
6 at 18 : 59 UT (M2.9), February 7 at 02 : 34 UT (M6.4),
February 8 at 07 : 53 UT (M4.3), and again on February 8 at

13 : 47 UT (M2.0). Although we carefully searched the NEM
records, there was no evidence of neutrons arriving from the
Sun during any of these periods.

4.2. List of Flares and Search Conditions. We searched solar
neutrons for every solar flare of GOES X-ray intensity
exceeding M2, the results of which are summarized in
Table 1. The first to third columns correspond to the event
date, peak X-ray intensity, and flare class, respectively. The
fourth column indicates the ISS location, namely whether on
the night (X) or day (©) side of Earth. The fifth column
indicates whether solar neutrons are involved in the data.
The © → X and X→ © notations in the fourth column
indicate that the ISS was moving from the sunny side to
the occultation side or vice versa 30 minutes from the peak
flare time. A ? mark in the fifth column indicates a possible
neutron signal with statistical significance less than 3σ .

Thanks to past observations, neutrons are known to be
typically produced when the X-ray intensity peaks, and are
observed within 30 minutes of this time via an X-ray detector
[3–5, 31–33, 45]. Solar neutrons with energy of 35 MeV
need 23 minutes more than light to travel from the Sun to
Earth. Of course, the maximum time observed by the GOES
X-ray detector does not always correspond to the neutron
production time by the accelerated protons. Neutron energy
of 35 MeV corresponds to the minimum energy for tracking
protons in the FIB detector. By taking these conditions into
account, we set a data analysis time of 30 minutes and then
searched for neutrons coming from the Sun.

4.3. Background. Before introducing the actual neutron
events, let us briefly describe the background. As shown in
the third panel of Figure 6, when the ISS approaches the
northern or southern polar regions from the Equator, the
neutron counting rate of the FIB detector increases from 0.04
to 0.5 counts/sec. The ISS completes an orbit around Earth
every 90 minutes. Therefore, should solar neutrons arrive
when the ISS passes over the Equator, high quality data are
obtained. However, it also passes over either side of the polar
regions during each 45-minute period.

For this period, the FIB detector demonstrates new
functions to discriminate background and squeeze signals.
We assume that the direction of protons induced by solar
neutronswas observed within a cone with an opening
angle of about 45 degrees relative to the direction of the
Sun. By applying a simple acceptance calculation (1/2∗π
steradian/4π steradian = 1/8), the background may be
reduced to 1/8. We can therefore identify neutron signals
under a background level of 0.028 counts/sec (=0.22/8). In
other words, when the intensity of solar neutrons is weaker
than 0.028 counts/sec, solar neutrons will become far more
difficult to detect.

4.4. Actual Event Observed on March 7, 2011. On March 7,
2011, in association with the M3.7 flare, a possible signal of
solar neutrons was captured by the FIB detector and more
than 54 proton events were identified as coming from the
direction of the Sun. In Figure 9, we present a distribution of
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Table 1: The list of solar flares with X-ray intensity exceeding X > 2.0. The first to third columns of Table 1 correspond to the event date,
maximum time of X-ray intensity, and flare size, respectively. The fourth column indicates the ISS location regarding whether on the shadow
or sunny side of Earth (X or©). The fifth column indicates whether solar neutrons are involved in the data. The©→X and X→© notations
in the fourth column indicate that the ISS was moving from the sunny side to the shadow side or vice versa 30 minutes from the peak flare
time. The ? mark of the fifth column indicates a possible neutron event with statistical significance of less than 3σ .

Date Max.
X-ray time

Class Satellite position
Neutron
existence

Feb. 6, 2010 18:59 M2.9 Sun side© Neutron X

Feb. 7, 2010 02:34 M6.4 Sun side© Neutron X

Feb. 8, 2010 07:43 M4.0 Sun side© Neutron X

Feb. 8, 2010 13:47 M2.0 Sun side© Neutron X

Feb. 12, 2010 13:47 M2.0 Sun side© Neutron X

Feb. 13, 2011 17:38 M6.6 Eclipse X Neutron X

Feb. 15, 2011 01:44 X2.2 Eclipse X Neutron X

Feb. 18, 2011 10:11 M6.6 Sun side© Neutron ?

Feb. 24, 2011 07:35 M3.5 Eclipse X Neutron X

Mar. 7, 2011 20:12 M3.7 Sun side© Neutron
©

Mar. 8, 2011 10:44 M5.3 Eclipse X Neutron X

Mar. 8, 2011 18:28 M4.4 Eclipse X Neutron X

Mar. 9, 2011 23:23 X1.5 Eclipse X Neutron X

Jun. 7, 2011 06:30 M2.5 © →X
Neutron
©

Jul. 30, 2011 02:09 M9.3 Sun side© Neutron ?

Aug. 3, 2011 13:48 M6.0 Sun side© Neutron X

Aug. 4, 2011 03:57 M9.3 Sun side© Neutron X
?

Aug. 8, 2011 18:10 M3.5 Sun side© Neutron ?

Aug. 9, 2011 03:54 M2.5 Sun side© Neutron ?

Aug. 9, 2011 08:05 X6.9 Sun side© Neutron X

Sep. 6, 2011 01:50 M5.3 Sun side© Neutron X

Sep. 6, 2011 22:20 X2.1 Sun side© Neutron X

Sep. 7, 2011 22:38 X1.8 Sun side© Neutron
X?

Sep. 8, 2011 15:46 M6.7 Sun side© Neutron
©

Sep. 9, 2011 06:11 M2.7 ©→X Neutron X

Sep. 22, 2011 11:01 X1.4 ©→X Neutron ?

Sep. 24, 2011 09:40 X1.9 X→© Neutron X

Sep. 24, 2011 13:20 M7.1 Sun side© Neutron X

Sep. 24, 2011 19:18 M3.0 Sun side© Neutron
©

Sep. 24, 2011 20:36 M5.8 Sun side© Neutron X

Sep. 25, 2011 02:33 M4.4 Eclipse (X→©) Neutron ?

Sep. 25, 2011 04:50 M7.4 Eclipse (X→©) Neutron ?

Sep. 25, 2011 15:33 M3.7 Sun side© Neutron X

Sep. 26, 2011 05:08 M4.0 Sun side© Neutron X

Sep. 26, 2011 14:45 M2.6 Sun side© Neutron X

Oct. 2, 2011 00:50 M3.9 Sun side© Neutron X
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Table 1: Continued.

Date Max.
X-ray time

Class Satellite position
Neutron
existence

Nov. 2, 2011 22:01 M4.3 Sun side© Neutron X

Nov. 3, 2011 20:27 X1.9 Sun side© Neutron
©

Nov. 5, 2011 03:35 M3.7 Sun side© Neutron X

Dec. 25, 2011 18:16 M4.0 Eclipse X Neutron X

Jan. 19, 2012 16:05 M3.2 Sun side X→© Neutron X

Jan. 23, 2012 03:59 M8.7 Sun side
© →X

Neutron
©

Jan. 27, 2012 18:37 X1.7 Sun side© Neutron X

Mar. 2, 2012 17:46 M3.3 Sun side© Neutron ?

Mar. 4, 2012 10:45 M2.0 Eclipse X Neutron X

Mar. 5, 2012 04:05 X1.1 X→© Neutron ?

Mar. 7, 2012 00:24 X5.4 ©→X Neutron X

Mar. 9, 2012 03:45 M6.3 Sun side© Neutron ?

Mar. 10, 2012 17:50 M8.4 Eclipse X Neutron X

Mar. 13, 2012 17:25 M7.8 Sun side© Neutron ?

May. 9, 2012 12:32 M4.7 Sun side© Neutron X

May. 9, 2012 21:05 M4.1 Sun side© Neutron X

May. 10, 2012 04:18 M5.7 Sun side© Neutron X

May. 17, 2012 01:47 M5.1 Sun side© Neutron X

Jul. 2, 2012 10:50 M5.6 Eclipse X Neutron X

Jul. 2, 2012 20:05 M3.8 Eclipse X Neutron X

Jul. 4, 2012 09:55 M5.3 Sun side© Neutron X

Jul. 4, 2012 22:05 M4.6 Sun side© Neutron X

Jul. 5, 2012 11:40 M6.1 Sun side© Neutron X

Jul. 6, 2012 23:05 X1.1 X→© Neutron X

Jul. 8, 2012 16:30 M6.9 Eclipse X Neutron X

Jul. 17, 2012 17:15 M1.7 Sun side© Neutron X

Jul. 19, 2012 05:58 M7.7 Sun side© Neutron X

the arrival direction of those 54 events over the background
at the same time.

The statistical significance of the event was 6.8σ (based
on the Li-Ma method). We regard those protons as being
produced by solar neutrons inside the FIB sensor. Figure 10
shows an example of actual event involving “solar” neutrons.
The direction of the Sun was to the lower-left side for pictures
on the left (y-z coordinate) in Figure 10, while the solar
direction was to the lower-center side for pictures on the
right (x-z coordinate). The track in Figure 10 corresponds
to proton energy of 44 MeV. The event was observed at
20 : 10 : 26 UT and departed time from the Sun is estimated
as to be 19 : 50 : 38 UT.

Figure 11 presents the arrival time distribution of
neutron-induced protons. The horizontal axis represents
minutes after 20 : 00 UT. The red curve represents the result,
with equivalent analytical conditions applied to the data
obtained exactly 90 minutes later. As can be seen, contami-
nation from the background to the possible signal involved
time is relatively small. Figure 11 also involves important
information. The final candidate of neutrons arrived near

Earth 11 minutes later than the first one. The energy of
neutrons was 44 MeV, so we can estimate the latest departure
time from the Sun to be after 19 : 52 : 36 UT.

The FIB sensor has a function of measuring the energy
of neutron-induced protons. Therefore the flight time of
neutrons can be estimated. The result is shown in Figure 12.
In making Figure 12, the events are used that were emitted
in the forward cone with an opening angle of less than 20
degrees. Figure 12 suggests that neutrons were emitted from
the Sun during 19 : 41 and 19 : 54 UT. It is worthwhile to
note that the highest channel (7–20 MeV) of the RESSHI
satellite observed an enhancement during 19 : 42–20 : 05 UT.
The time of peak intensity of the hard X-rays observed by the
RHESSI satellite (50–100 keV) for this flare was 20 : 02 UT.

4.5. An Interpretation on the Time of Flight Distribution of
Neutrons. The neutron-induced protons of Figure 12 do
not necessarily reflect correct flight time of neutrons from
the Sun. There is a possibility that the first bump around
19 : 48 UT was induced by the n-C scattering. Therefore we
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Figure 6: From the top to the bottom, each figure corresponds to
(1) the location of the satellite, whether it was over the day side of
the Earth or the night side, (2) the strength of the magnetic field
measured by SEDA-AP, (3) the differential event rate per minute,
and (4) the integral counting rate with Universal Time. The SUN
or ECL of the top panel represents whether the satellite was on
the day side (1) or the night side (0) of the Earth, respectively.
The satellite observed the Sun after 20 : 02 UT. Every 45 minute, the
satellite passes over the Equator and approaches both Polar Regions.
The FIB is an omnidirectional sensor and detects neutrons from all
directions. The peak during 20 : 06–20 : 07 UT may be induced by
solar neutrons.

present in the Ep/En distribution Figure 13. To make this
figure an assumption is made that those neutrons were
produced at the same time on the solar surface at 19 : 52 UT.
We could then evaluate their energy En from the flight time
to the top of the atmosphere. Ep can be obtained for each
neutron-induced proton using the range method by the FIB
sensor itself. Interestingly, about more than two-thirds of
incoming neutron energy is converted into protons, which
suggests that some of the break-up neutrons of the carbon
target induced by neutrons may have escaped from the sensor
to outside. This assumption has been supported by our
Monte Carlo calculation based on the Geant-4 program.
According to the MC calculation, the mean proton energy
〈Ep〉 observed by the FIB sensor can be written by the inverse
square root of the incident energy of neutrons En; 〈Ep〉
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Figure 7: Energy spectrum of protons recorded in the FIB sensor
during January 1–July 31, 2010. The data obtained over the SAA
region is unrelated to this data. The left side axis represents the
differential flux of neutron-induced protons denoted by the unit of
(/sec·sr·cm2·MeV).

Figure 8: A candidate electron track. A photon enters from the top
of the sensor (y-z plane). An electron apparently deposited energy
inside one vertical bar (where the red spot denotes a large deposit
of energy) while running vertically, thus enabling the recording of a
long thin track in the x-z plane. Since the ionization loss of electrons
is smaller than that of protons, thin tracks are expected.

= 0.55∗En/Sqrt(En/100 MeV). For example neutrons with
incident energy of 100 MeV will be observed as protons with
an average energy of 55 MeV in the FIB sensor. However we
must note here since the event number of the dip between
19 : 49–19 : 50 UT is not enough, so this dip has not been
confirmed statistically.

Taking account of these facts (1) the angular distribution
presented in Figure 9, (2) the production time distribution
of neutrons (presented in Figure 12) coincides with the
duration of the flare start time (19 : 43 UT) and the peak
time (20 : 12 UT) (measured by the GOES X-ray detector),
(3) the coincidence of the flight time of the last event with
an assumption that they were produced around 19 : 52 UT,
and (4) no such enhancement was observed in the data after
90 minutes later, it would be the most natural to think this
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Figure 9: (a) The arrival directions of neutrons, as observed by the
FIB sensor during the period 19 : 59 : 43–20 : 16 : 34 UT. Neutrons
coming from the Sun (red) are shown separately from the
background neutrons (dark green), but those neutrons are actually
observed together by the FIB sensor. The number of events recorded
during the above period was 364, and for 44, it was difficult to
determine the arrival direction due to low energy. A clear peak
of neutrons can be identified within the region 0–20 degrees
from the solar direction. Meanwhile, the candidates between 20
and 40 degrees may be neutrons from the Sun, induced by n-C
scattering and also distributed at a relatively wide angle due to the
limited angular resolution of the FIB sensor for the lowest energy
neutrons (about 35 MeV). The bump of the background within the
region 40–100 degrees from the solar direction corresponds to the
background neutrons produced in the material of JEM by galactic
cosmic rays. (b) The same data as used in the plot of (a). However
the data were normalized by the solid angle. A sharp peak can be
recognized for neutrons from the solar direction (red), while the
background neutrons distribute in different angles presented by the
green curve. The vertical value represents dN/dΩ. Total number of
events during 20 : 02–20 : 16 UT was 273 and 54 for the background
and for the signal respectively.

Figure 10: Solar neutron the event number 39,761 detected by the
FIB sensor at 20 : 10 : 26 UT on March 11, 2011. The solar direction
was located toward the lower left side in y-z plane (the left side
panel), while in the right side panel the solar direction was down
ward almost vertically. The energy of the track is estimated as
(44 ± 5) MeV and the neutron may be emitted around 19:50:38 UT
at the Sun, if the track was induced by the n-p collision.

Solar neutrons on March 7, 2011 with M3.7
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Figure 11: The arrival time distribution of neutron-induced pro-
tons. The horizontal axis represents minutes after 20 : 00 UT. The
green histogram corresponds to neutrons from the solar direction.
The red curve represents the result, with equivalent analytical
conditions applied to the data obtained exactly 90 minutes later.

event as following: those neutrons were produced at the Sun
in association with the M3.7 solar flare.

4.6. Other Events. Three months later, the FIB detector
observed another neutron event. This time the flare’s inten-
sity was only M2.5, hence far below the X-class scale. A
total of 36 neutron events were identified. The statistical
significance of the event was 5.8σ . The enhancement was
observed during 06 : 21 and 06 : 41 UT. Figure 14 shows the
angular distribution of those events from the solar direction.
On this event, the direction of the Sun was the opposite side
of the pressurized module of ISS. So the identification from
the background was easily made. The discrimination was also
made by confirming the Bragg peak.

We observed three more candidate solar neutron events
up to the end of July 2012: the flare events on Sep. 24, 2011



Advances in Astronomy 11

0

2

4

6

8

10

35 40 45 50 55 60

UT after 19   :   00 on March 7, 2011 (min)

N
u

m
be

r 
of

 e
ve

n
ts

 (
m

in
)

Figure 12: The departure time distribution of solar neutrons. The
histogram has been made being based on neutrons detected within a
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Figure 13: Energy ratio between converted protons (Ep) versus
incident neutrons (En). Proton energy (Ep) was measured using
the range method by the FIB sensor, while neutron energy was
estimated by flight time. We assumed that the solar neutrons
departed at the same time (19 : 52 UT) from the Sun. There is an
event beyond 1.0. However taking account of the energy resolution
of the sensor, it sometimes happens.

(M3.0), Nov. 30, 2011 (X1.9), and Jan. 23, 2012 (M8.7). As
few as 27 events were observed on September 24, compared
to the 42 events on Nov. 30, 2011, while a total of 50
neutrons were observed in association with the flare event on
Jan. 23, 2012. Those results are under preparation and
will be published in elsewhere. Table 2 summarizes those
observation results, along with other observations.

5. Discussions and Comparisons with
Other Observations

A solar neutron event was observed on March 7, 2011,
followed by another on June 7, 2011. Both provided a new
perspective regarding the production process of solar neu-
trons. To date, neutrons have been observed on the occasion

Table 2: A score table between each satellite. The numbers of
solar neutron events, from first to third, represent protons induced
by neutrons, the incidents of which are consistent with those
coming from the Sun, low-energy events difficult to identify as solar
neutrons and ambiguous events due to low energy respectively. The
marks©, Δ, and× imply that each satellite was passing over the day
side (©), partial day side (Δ) or night side (×) of Earth, respectively.
The event observed on September 8, 2011, was not involved in this
table, because it was observed near the SAA.

ISS SEDA-FIB neutron event Hinode RHESSI Fermi-LAT

Mar. 7, 2011 M3.7 54, 35, 28 × © Δ

Jun. 7, 2011 M2.5 86, 2, 20 © © ©
Sep. 24, 2011 M3.0 27, 2, 20 © © Δ

Nov. 3, 2011 X1.9 42, 15, 8 Δ × ×
Jan. 23, 2012 M8.7 50, 14, 20 © × ×

of strong solar flares with X-ray intensity of �X10 [65].
However, the present results indicate that even solar neutrons
are produced by M-class solar flares. The difference in X-ray
intensity between X10 and M2.5 is about 40 times greater.
The present results thus suggest that solar neutrons including
M-class solar flares require a careful and complete search.

The SONG detector on board the Russian satellite
CORONUS-F actually observed solar neutrons on three
occasions in the solar cycle 23. However, the solar neutrons
were only detected for X-class solar flares on August 25, 2001,
October 28, 2003 and November 4, 2003 [66] respectively.
Moreover, neutron monitors or solar neutron telescopes
observed no solar neutrons from August 2009 to the end of
July 2012, which may suggest that the soft X-ray flux mea-
sured by the GOES satellite does not necessarily correspond
to the intensity of solar neutrons from the Sun. Although
the link between this fact and the magnetic field structure
[67] remains unclear, it remains a fascinating subject to be
studied.

Another surprising fact is for such medium-class solar
flares as those that occurred on March 7 (M3.7) and June
7, 2011 (M2.5), the LAT detector on board the Fermi
satellite had observed long-lasting gamma-ray emissions.
The emission of gamma rays with energies of 100 MeV
to 1 GeV continued for more than 14 hours [47]. This
marked a new discovery as the EGRET detector on board
the CGRO satellite observed such long-lasting gamma-ray
emissions with energy exceeding 150 MeV for the flare event
on June 11, 1991 [29]. The RHESSI satellite observed the
flare event on March 7 from its start time to the peak
time, although the time profile of hard X-rays showed no
unusual features and had a normal shape. The telescope of
the Solar Dynamical Observatory (SDO) observed a very
interesting feature; Coronal Mass Ejection (CME) started
before the flare observed by the GOES/RHESSI satellites. A
prominent injection of hot plasma into the base of the CME
via loops was also observed by the SDO telescope. The signal
of neutrons detected by the SEDA-FIB might be produced
after that at the top of the inverse U-shaped loop around
19 : 58 UT [37], while the long-lasting high-energy gamma
rays of FERMI-LAT may be produced by the precipitation
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Table 3: Acomparison of solar neutron events observed by the SEDA-FIB detector with SMM event. The average trigger rate is simply
obtained by dividing the total number of events by the observation time, while the mean flux is obtained taking the detection efficiency of
both detectors into account (0.021 and 0.3 for SEDA and SMM) and also the detector area (100 and 450 cm2 for SEDA and SMM).

Date of events Total number of events Average trigger rate (Hz) Mean flux (events/cm2 sec)

Mar. 7, 2011 M3.7 SEDA 89 0.09 0.042

Jun. 7, 2011 M2.5 SEDA 88 0.06 0.029

Jun. 21, 1980 X2.5 SMM 2,000 2.0 0.13
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Figure 14: (a) The angular distribution of neutrons detected by
the FIB sensor during 06 : 20 UT and 06 : 41 UT on June 7, 2011.
Total number of neutrons detected above duration was 240. (b) The
histogram of (a) is divided by the solid angle. The vertcical axis
represents dN/dΩ. A sharp peak is recognized at the solar direction,
while beyond 10 degrees, almost flat distribution is seen.

of the accelerated protons on the solar surface. The activity
continued for more than 10 hours [47].

For the solar flare event on June 7, 2011, hard X-ray
data are available from the Fermi-GBM and RHESSI detec-
tors. Once again, the telescope of the Solar Dynamical
Observatory took a very interesting picture of this flare.
The UV detector (sensitive to 171 nm) observed the very
large-scale precipitation of plasma onto the solar surface

[53, 54]. In coincidence with this precipitation, protons
trapped inside the upper “plasma bag” may precipitate over
the solar surface. What resembles a “blow brush” over the
reconnection point emits the high-energy protons confined
in the plasma bag onto the solar surface, at which time the
long-lasting gamma rays may be produced. However, the
neutrons observed by the FIB detector may be produced
when the protons accelerate, when magnetic loops are
reconnected on top of the solar surface rather impulsively.

The UV telescope of SDO, however, did not observe any
precipitation of plasma for the flare event on March 7, 2011,
but instead a clear picture of the beginning of Coronal Mass
Ejection (CME). After the seed of CME had been ejected, all
loops under the CME started shining brightly. The protons
were probably accelerated and neutrons possibly produced in
one such loop via loop-to-loop interactions [68] when those
protons struck the solar surface.

6. Summary

A new solar neutron detector was launched on July 16, 2009,
on board the Space Shuttle Endeavour, and began operation
at the ISS on August 25, 2009. The sensor can determine both
the energy and arrival direction of neutrons. We measured
some signals of solar neutron events in association with M-
class solar flares that occurred on March 7 and June 7, 2011.
It is interesting to note that even for M-class solar flares, we
had better search solar neutrons by using both the satellite
and ground level detectors.

The precipitation of plasma bubbles, the long-lasting
emission of gamma rays, and the starting of CME seeds were
among the interesting features observed together with these
flares. The new data obtained certainly provides us with a
new perspective on the process behind the production of
gamma rays and neutrons at the Sun.

The FIB detector on board the ISS observed three further
solar neutron events on Sep. 24, 2011 (M3.0), Nov. 30, 2011
(X1.9), and Jan. 23, 2012 (M8.7). More in-depth analysis
is now being conducted in connection with other data. In
Table 3, we compared the March 7 and June 7, 2011 events
with the solar neutron event on June 21, 1980.
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Suárez, and R. Ishikawa, “Polar field reversal observations with
Hinode,” The Astrophysical Journal, vol. 753, p. 157, 2012.

[68] Y. Hanaoka, “Double-loop configuration of solar flares,” Solar
Physics, vol. 173, no. 2, pp. 319–346, 1997.



Hindawi Publishing Corporation
Advances in Astronomy
Volume 2012, Article ID 834247, 9 pages
doi:10.1155/2012/834247

Research Article

New Insights on Cosmic Ray Modulation through a Joint Use of
Nonstationary Data-Processing Methods

A. Vecchio,1 M. Laurenza,2 M. Storini,2 and V. Carbone1, 3
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The time variability of the cosmic ray (CR) intensity, recorded by the Climax neutron monitor and covering the period 1953–2004,
has been analyzed by the joint application of the wavelet and the empirical mode decomposition (EMD) analyses. Dominant time
scales of variability are found at∼11 yr,∼22 yr,∼6 yr and in the range of the quasi-biennial oscillations (QBOs). The combination
of the 11 yr cycle and QBOs explains the Gnevychev Gap (GG) phenomenon and many step-like decreases characterizing the
CR modulation. The additional scales of variability at ∼22 yr and ∼6 yr are responsible for other features of the long-term CR
trend, such as the intensity flat-topped profile, following the maxima of even-numbered cycles during positive polarity state of the
heliosphere (A > 0). Comparison with basic time scales of variability derived from the sunspot area (SA) allows the association of
the 11 yr cycle and QBOs with solar activity variations, whereas the other two modes with the drift effects govern the CR entrance
in the heliosphere.

1. Introduction

It has been known for a long time that galactic CRs are mod-
ulated by solar activity (see the pioneering works performed
by Forbush [1, 2]). In hundred years of research from the
CR discovery [3] the topic of cosmic ray modulation has
been widely investigated. During the sixties and seventies,
the different forms of modulation (short-, medium-, and
long-) were identified by a deep analysis of the available
experimental data. Solar and interplanetary structures were
recognized as the sources of the 3D variability of the
incoming charged particles in the heliosphere and several
mathematical techniques were applied on the different
datasets during the eighties and nineties to improve the
knowledge of the solar-heliospheric domain (see, e.g., [4]).
Among them, the Wavelet Transform (WT) was widely
recognized as a good tool to investigate the time evolution
of periodic or quasi-periodic trends in the experimental
data sets [5, 6]. The WT, by decomposing a time series
into the time-frequency space, allows to analyze processes
containing multiscale features and it is able to determine

both the dominant variability modes and how those modes
vary in time. The possibility to evaluate a local spectrum
distinguishes the use of the wavelet analysis from, for
example, Fourier approaches or other mathematical filtering
techniques used in the past. Since this technique provides
information both in frequency and time domains it allowed
to characterize the evolution of CR variability at different
scales [7, 8], to identify and characterize the contribution of
the different periodicities in the cosmic ray intensity profile
for distinct solar cycles and/or different phases of each cycle
[9, 10], and to correlate variations, detected in solar cycle
indices, with the corresponding fluctuations in CR intensity
[11, 12]. Finally the wavelet represented a very useful tool
to investigate transitions between different periodicities and
to identify a clear difference in the solar activity evolution
during odd and even solar activity cycles [9, 10, 13, 14].

More recently, the Empirical Mode Decomposition
(EMD) analysis, developed as a signal processing for non-
linear and nonstationary data [15, 16], was also introduced
in the study of the solar-heliospheric domain (e.g., [17–21]).
The method allows to decompose any complicated dataset
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into a finite number of components (called Intrinsic Mode
Functions: IMF), representing simple oscillatory modes in
the time domain with the signal described by a time-
dependent amplitude and phase functions.

In this paper we analyze the cosmic ray variations
together with sunspot areas recorded for the period from
1953 to 2004. In Section 2 we present results obtained by
applying the WT and the EMD to the data set, showing that
the EMD modes add more information with respect to the
WT only. Section 3 describes two reconstructions of the CR
signal, by using different selected EMD modes and discuss
the possible association with the different sources of the CR
variability, namely solar activity and drift effects. In Section 4
conclusions are drawn.

2. Data Used and Method of Investigation

In order to study the behavior of the CR intensity, monthly
mean values derived from records of the Climax neutron
monitor (Geographic latitude-longitude: N39.37◦-E253.82◦;
cutoff rigidity: ∼3 GV; height: 3400 m a.s.l.; http://ulysses.sr
.unh.edu/NeutronMonitor/) have been analyzed for the
period 1953–2004. Moreover, monthly averages of sunspot
area (SA; http://solarscience.msfc.nasa.gov/greenwch.shtml)
have also been considered as a parameter of solar activity
responsible for the CR modulation. Search for periodicities
in the above data sets is performed by using the WT and the
EMD techniques.

As stated in the introduction, the WT analysis offers a
significant advantage with respect to the classical Fourier
transformation because it allows to localize in time possible
periodicities, even those not always present through the
whole considered time interval. As mother function we
assume the Morlet one, which supplies a better resolution in
frequency compared to other available functions. The scales
have been chosen as fractional power of 2:

s j = s02 jδ j , for j = 0, 1, . . . , J , (1)

J = δ−1
j log2

(
Nδt
s0

)
. (2)

The following parameters have been used: δj = 0.125, is
the frequency resolution, s0 = 2 months, is the smallest
resolvable scale, and J = 8/δj determines the largest scale.
Since the set of scales is nonlinear, the associate error is
asymmetric. The left and right uncertainties on each wavelet
period Tj can be derived as ΔT+

j = (Tj+1 − Tj)/2, ΔT−j =
(Tj −Tj−1)/2 by using (1) and the relation Tj = 1.03s j , valid
for the Morlet wavelet.

The Wavelet Power Spectrum (WPS), as a function
of time and frequency, has been computed in order to
characterize the frequencies of the main periodicities. The
significance of the power peaks is evaluated against a white
noise background [22]. We remark that the wavelet analysis
is based on a priori definition of the mother functions, which
could not be representative of the eigenfunctions of the
investigated phenomenon. For this reason, the EMD, which
is an adaptive technique, is more appropriate to deal with
nonstationary data [15]. In the EMD framework, a signal S(t)

can be decomposed into a finite number m of intrinsic mode
functions (IMFs) as

S(t) =
m∑
j=1

s j(t) + rm(t). (3)

The mode s j(t) is a zero-mean oscillation, variable in
both amplitude and frequency, which can be expressed as
s j(t) = Aj(t) cosωj(t), where Aj(t) and ωj(t) represent the
instantaneous amplitude and phase of the jth EMD mode,
respectively. Each IMF has its own characteristic period
τj , defined as the average time difference between s j(t)
local extrema (local maxima and minima). The standard
deviation of the differences between local extrema quantifies
the uncertainty associated with each period. This kind of
decomposition is local, complete, and orthogonal [15, 23]
and the residue rm(t) in (3) describes the mean trend. The
statistical significance of each IMF, with respect to white
noise, can be checked by applying a specific test based on
the following argument [24]. When EMD is applied to a
white noise series, the constancy of the product between the
energy density of each IMF and its corresponding averaged
period can be deduced. This relation can be used to derive
the analytical energy-density spread function of each IMF
as a function of different confidence levels. This approach
represents the analogy of the statistical significance test used
to evaluate the significance levels in the Wavelet power
spectrum [22]. Thus, by comparing the energy density of
the IMFs extracted from the actual data with the theoretical
spread function, IMFs containing information at the selected
confidence level can be distinguished from purely noisy
modes. Finally, the orthogonality of EMD modes allows to
reconstruct the signal at a chosen time scale through partial
sums in (3) (see also [17–19]).

We take advantage of both WT and EMD for a detailed
study of the CR variability. First, we determine the character-
istic periodicities of the signal through the wavelet analysis,
which provide frequencies equivalent to the Fourier’s ones.
Then, we investigate the time variability of all the basic
modes, obtained through the EMD, that contribute to the
periodicities identified in the WPS. Figure 1 shows the WPS
derived from CLI data. The highest values of power are
found, as expected, at T = 11.01+0.5

−0.40 yr and T = 22.04+1.00
−0.90 yr

(where the right and left errors are reported as superscript
and subscript, resp.). These periodicities are related to the
Schwabe cycle and to the polarity inversion of the Sun’s
magnetic field (Hale cycle), respectively. Nevertheless, the
former cannot be well isolated, because high power is
detected in a broad range of periods from 5 to 15 yr; the latter
is not reliable, being under the cone of influence, determined
by the short length of the data set. Enhanced power is also
visible between 1 and 4 yr, but it is significant only during
the maximum phases of cycles 21 and 22, being above the
confidence level of 80% with respect to white noise.

In order to better characterize the oscillations in the
frequency ranges identified through the wavelet analysis,
we decomposed the CLI data into a set of IMFs. Ten s j
modes were obtained and displayed in Figure 2 along with
their characteristic periods. The energy density Ej of each
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Figure 1: WPS of CLI data by using the Morlet mother wavelets.
Black contours correspond to the 80% confidence level. The WPS
is meaningless inside the the cone of influence (cross-hatched
region). The following parameters have been used: frequency
resolution δj = 0.125, Morlet wavelet nondimensional frequency,
w0 = 6; s0 = 2 months is the smallest resolvable scale and J = 8/δj
determines the largest scale.

IMF (Ej = 〈s j(t)2〉, where 〈, 〉 denotes time averages)
is shown in Figure 3 as a function of its corresponding
characteristic period, to understand which modes dominate
the CR variability. The highest amplitude mode j = 8, having
τ8 = 10.6 ± 0.3 yr, can be associated with the Schwabe cycle,
whereas j = 9, having τ9 = 29 ± 7 yr, possibly to the Hale
cycle, because its period is comparable with ∼22 yr within
the error.

The IMF j = 7 (τ7 = 6.5 ± 0.5 yr) is found to be the
third important mode, although it was not separated from
the∼11 yr periodicity when using the wavelet analysis. Other
modes with comparable amplitude are j = 4, j = 5, j = 6,
having periods τ4 = 1.3 ± 0.1 yr, τ5 = 2.2 ± 0.1 yr, τ6 =
3.5 ± 0.3, respectively, that is, time scales of the so-called
quasi-biennial oscillations (QBOs [25–27]). Mode j = 10,
with τ10 ∼ 41 yr, presents only one oscillation which cannot
be considered as reliable, given the limited time extent of
the data set. Finally, modes j = 1, j = 2, j = 3 with τ <
1 yr have the lowest amplitudes. Moreover, Figure 3 shows
that all the computed IMFs are significant, their amplitude
being located above the spread lines (dashed, dot-dashed,
and dotted lines at 90th, 95th, and 99th confidence level,
resp.), obtained by performing the significance test described
above.

In order to better understand the links between the iden-
tified periodicities and the solar activity, we also performed
the EMD analysis on the SA data. The derived modes are
shown in Figure 4. Four IMFs ( j = 1, j = 2, j = 3, j = 4,
having characteristic periods τj < 1 yr) were found to be not
significant at least at 90th confidence level (see Figure 5). Two
significant modes ( j = 5, j = 6) have characteristic periods
in the QBO range (τ5 = 1.9 ± 0.1 yr and τ6 = 3.5 ± 0.2 yr,
resp.), whereas the IMF j = 7 with τ7 = 10.8± 0.4 yr has the
highest energy (as shown in Figure 5) and it is representative
of the Schwabe cycle. Finally, the IMFs j = 8, j = 9 (having
periods τ8 = 17.3± 0.6 yr and τ9 = 28.3± 10 yr, resp.) could
be both related to the shape of 11 yr cycle, possibly related to
the Gnevyshev-Ohl rule. We underline that no mode at∼6 yr
is detected in SA. This indicates that the IMF j = 7, detected

in CLI data, could not have a solar origin, as will be discussed
in Section 3.2.

3. Reconstruction of the CR Signal

3.1. CR Modulation Driven by Solar Activity. An important
source of CR modulation is represented by solar activity,
which is variable on a wide range of temporal scales. The
main modulation is at 11 yr time scale and it is related
to the well known Schwabe cycle. As a consequence, the
CR intensity shows a pronounced 11 yr variation, with the
intensity maximum corresponding almost with the solar
minimum and vice versa. In addition, many manifestations
of solar magnetism as well as some interplanetary phenom-
ena show quasi-biennial variations. The QBOs have been
found in photospheric magnetic field and in many solar
activity indices such as the sunspot number and area, the
number of Hα flares [26], the 10.7 cm radio emission [12],
and the coronal emission ([28], and references therein).
In the interplanetary medium, QBOs have been observed
in the solar wind speed and the interplanetary magnetic
field intensity (e.g., [29]), in the number and flux of
interplanetary energetic protons at Earth’s orbit [8, 27], in
the density of galactic CRs at 1 AU [9, 14], and in the outer
heliosphere [10].

It has been shown that the effect of solar activity on
CR flux can be essentially described by superposing QBOs
to the ∼11 yr mode (e.g., [18, 21]). Thus, in order to
investigate the CR modulation driven by the solar activity
we perform the reconstruction of both the CR and SA
signals, by considering QBOs and the ∼11 yr mode. As
the wavelet analysis indicates that QBOs are located in the
Fourier equivalent period 1–4 yr, we reconstructed the signal
at QBOs scales through partial sums of IMFs as in (3)
considering only the significant modes (s4, s5, s6) having
characteristic periods in this range (τ4 = 1.3, τ5 = 2.2,
τ6 = 3.5, resp.). This is also consistent with the criterion
used by Laurenza et al., [21] for the selection of clear and
unambiguous EMD components contributing to the QBOs.
Note in Figure 2 that s5 is generally the dominant mode for
the CLI QBOs, having the highest amplitude during most
of the time. Nevertheless, mode s5 has a smaller amplitude
than s4 during 1988–1992, although they are almost in phase
with each other. In addition, the s6 amplitude is higher
only during the period 1953–1967 and comparable with
s5 during the period 1970–1973. The full QBO signal is
depicted in Figure 6 and has a high amplitude during the
maximum phase of each solar cycle as expected from results
of Bazilevskaya et al. [26], whereas they almost vanish during
the sunspot minima.

The importance of QBOs with respect to the ∼11 yr,
around a solar maximum has been evaluated by computing
the ratio between the mean square amplitude of the QBOs
and that of the ∼11 yr mode. Being sQBO the superposition
of the modes s4, s5, s6, representing the contribution of
the QBO, the ratio 〈|sQBO(t)|2〉/〈|s8(t)|2〉 quantifies the
importance of QBOs with respect to the ∼11 yr mode (being
the average computed over a time interval of 5 yr around
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Figure 2: IMFs ( j values from 1 to 10) obtained by performing the EMD on CLI data, along with their characteristic periods τj in years.

each maximum of the 11 yr cycle). The QBO contribution
is estimated to be higher than 30% with respect to the
amplitude of the ∼11 yr mode for all the considered cycles
(34%, 32%, 38%, 54%, and 31% for cycles 19, 20, 21, 22, and
23, resp., in agreement with the findings of Laurenza et al.
[21]).

Then, we compare the superposition of the QBOs and
the ∼11 yr mode with actual CR data. It is apparent in
the upper panel of Figure 7 that the superposition of the
∼11 yr and QBOs well reproduces the general trend of CR
data, mainly during the maximum and descending phase
of sunspot cycles; that is when QBOs reach their highest
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amplitude. In particular, this superposition accounts for the
majority of the step-like decreases, which characterize the CR
modulation. Notice that the so-called mini-cycle during 1974
is reproduced. The cosmic ray depression during the mini-
cycle was related [30] to a decrease in the radial diffusion
coefficient K (leading to a reduced efficiency of cosmic
ray particles to enter the inner solar system). Under the
assumption that K scales inversely with B as K ∼ B−2, the
depression was attributed to increases in the field magnitude
through a diffusion dominated process [31], also consistently
with findings of Laurenza et al. [21].

The GG phenomenon, namely the peculiar decrease in
the temporal trend of various solar-terrestrial indices ([32]
and references therein) during the maximum phase of the
Schwabe cycles (for early works see [33, 34]), is also observed
to be generated by adding QBOs and the ∼11 yr mode.

The short term variations of the CR intensity, not
explained by the QBOs, could be due to the so called merged
interaction regions [35], acting as a barrier to cosmic rays
[36]. In fact, solar wind transient flows may interact with
one another and with corotating streams to form a large-
scale interaction region with a shell-like geometry (global
merged interaction region—GMIR) that persists over several
solar rotations. These time scales are comparable with the
high frequency modes (τ < 1 yr) we detected in CR data,
although their possible connection with GMIR has to be
further investigated.

We remark that, around sunspot minima, other low fre-
quency modes would be necessary to explain the variability
of the CR flux more related to drift effects in the large scale
field of the heliosphere that will be treated in the following
subsection.

Finally, we study the relationship between medium and
long term CR variations and sunspot area. We describe
the temporal variability of SA by superposing the ∼11 yr
mode and QBOs (s5 and s6 are the contributing IMFs),

which are of the order of 50% with respect to the ∼11 yr
component during the maximum phase. Figure 8 shows the
reconstruction for both CLI and SA, which present almost
the same profile and are shifted between each other. In
particular, the GG is well detected in CR for all solar cycles
and delayed, with respect to SA, of an average value of about
6 months. Similar results were obtained in the past (e.g.,
[37, 38]) in correlative studies between CR data and solar
activity indicators. As SA are a proxy for solar activity causing
interplanetary disturbances, which act on CR as propagating
diffusion barriers, the found delay can be explained in terms
of the propagation time of magnetic perturbations from
the Sun towards the edge of CR modulation region. Simple
estimations of the propagation time can be obtained for
distances of 80 AU (T1) and 100 AU (T2), where the cosmic
ray modulation should be still important [39, 40]. In fact,
by assuming the average solar wind speed V SW = 450 km/s,
the CME mean speed during solar maximum VCME =
550 km/s [41] and the velocity of the high speed streams
VHSS = 750 km/s as characteristic velocities of three different
solar wind regimes, the corresponding propagation time
are TSW

1 = 10 months/TSW
2 = 13 months, TCME

1 = 8
months/TCME

2 = 10 months, THSS
1 = 6 months/THSS

2 = 7
months. Indeed, such values are also consistent with the delay
time between transient CR decreases measured at different
heliocentric distances, following intense solar-interplanetary
events. For instance, a large propagating transient CR
decrease was detected at neutron monitor energies at the
Earth in October 2003 (the Halloween event; Plainaki et al.
[42]) and about 6–8 months later by CR detectors aboard
Voyager 2 and Voyager 1 at 73 AU and 92 AU, respectively
[43, 44].

3.2. CR Modulation and Drift Effects. It is widely known that
the CR intensity curve follows a 22 yr cycle with alternate
maxima being flat-topped and peaked (e.g., [45]). This
peculiar behavior is described by models of CR modula-
tion [46–52], based on the observed reversal of the Sun’s
magnetic field polarity, curvature and gradient drifts in the
interplanetary magnetic field. In the drift formalism, during
epochs when A > 0 (i.e., when the Sun’s dipole magnetic
field is positive in the northern hemisphere) the approach
in the inner heliosphere of positively charged CRs is from
over the poles, while during epochs whenA < 0 the preferred
direction is from along the heliospheric current sheet (HCS).
The average excursion, during a solar rotation, of the HCS
from the heliographic equator is referred to as tilt angle
(e.g., [53]), which characterize the drift effects on CRs (e.g.,
[50, 54, 55]). In periods of minimum solar activity, that is,
when the CR modulation by solar activity is reduced, the
effects related to the polarity state of the heliosphere and to
the HCS tilt are supposed to be more important. In order to
account for the CR behavior described above, modes s7, s9
have to be considered. As clearly seen in the lower panel of
Figure 7, the superposition of these IMFs to the∼11 yr one is
necessary to reproduce the long term variation of the actual
CR data during the minimum solar activity periods and the
maxima of odd numbered cycles. Hence, the combination
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Figure 4: IMFs ( j values from 1 to 9) obtained by performing the EMD on SA data, along with their characteristic periods τj in years.

of both j = 7, 9 IMFs is fundamental to take into account
the full contribution of the drifts to the CR modulation. In
fact, s9 should be representative of the heliosphere polarity
changes, its characteristic average period τ9 being ∼22 yr. In
addition, the mode s7 seems to be unrelated to solar activity

perturbations, because no comparable periodicity was found
in the sunspot area, as outlined in Section 2. We suggest that
a possible reason for the CR variability at this time scale can
be the particle drift related to the variation during the solar
cycle of the latitude extent of the HCS. As a matter of fact,
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the characteristic period τ7 ∼ 6.5 yr is a reasonable average
time for the latitudinal excursion of the HCS (although
the HCS decrease time during the descending phase of the
sunspot cycle is usually higher than the rise time, especially
for odd numbered cycles, e.g., [56]). Moreover, the mode s7
plays a crucial role in determining the flat-topped maximum
of CRs during even sunspot cycles, in agreement with the
expectations of drift models that include the changing of
HCS inclination during the 11 yr solar cycle (e.g., [50, 55]).
Nevertheless, a better understanding of the nature of the
mode s7 is needed and will be faced in a future paper.

4. Conclusions

A new approach, through the combined application of two
powerful techniques, such as the wavelet and EMD, was
performed on CR data from the Climax neutron monitor
to investigate the time variability and the relationship with
the variations of the solar activity, as parametrized by the
sunspot area. Our results provide the first evidence for the
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different causes producing the CR modulation, identified
according to the temporal scales characterizing the CR
variability. In particular, we were able to discern the CR
variations directly induced by the solar activity and those
possibly related to the particle drift in the large scale
magnetic field in the heliosphere. Solar activity is found to
be responsible for the GG phenomenon and for most of the
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step-like CR modulation, through the combined effect of the
11 yr cycle and QBOs.

The effect of the drifts has been clearly identified and
associated with the CR variations at ∼22 yr and ∼6 yr. In
particular, time variations at ∼22 yr are due to the polarity
state of the heliosphere, whereas those at ∼6 yr could reflect
the latitudinal excursion of the HCS. Both contributions
explain the CR time profile, as expected from the drift theory
and models, during the descending and minimum phase of
solar activity of even numbered solar cycles (compare top
and bottom panel of Figure 7), that is when A > 0 and the
CRs enter the heliosphere from the poles, while the HCS tilt
decays rapidly to low angles, leading to a fast recovery of
the CR intensity soon after the solar maximum. In addition,
the shape of the CR intensity during the ascending and
maximum phase of the odd numbered cycles (again in
periods when A > 0) is determined by these variations as
well.
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