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Abstract. Investigations on the galactic cosmic ray (GCR) 
flux in the past centuries are important for understanding 
the heliospheric modulation effects during prolonged solar 
quiet periods like the Gleissberg minima and the Maunder 
minimum of solar activity. We inferred the GCR annual 
mean spectra on the basis of the following data: primary 
spectra of cosmic rays obtained from balloon and spacecraft 
measurements during different phases of the solar cycles # 
20-23; the Climax neutron monitor time series available 
since 1953; variation of the annual means of the coronal 
source magnetic flux as derived from the aa index available 
since 1868 and of the evolution of the Sun's large scale 
magnetic field; the sunspot number time series from 1600. 
The differential flux of the galactic cosmic ray JG(T,M) 
(particles/m2 s sr MeV) has been characterized by the 
parameter M (MeV), the energy lost by particles in 
traversing the heliosphere, which depends on the 
modulation  by the solar magnetic field. The relations 
among these data sets were extrapolated back to 1700. 
 
 
 
1 Introduction 
 
The GCR flux modulated by the solar activity and 
measured at 1 AU shows well established periodicities from 
days to decades. The 11 year cycle, in addition to the direct 
measurement of primary and secondary cosmic rays, is 
clearly shown by the cosmogenic 22Na (T!=2.6 yr) in 
meteorites which fell in the last decades (Evans et al., 1982; 
Bhandari et al., 1994; Bonino et al., 1997) and by 10Be 
measured in Greenland ice core (Beer et al., 1990). All 
these measurements show a clear anticorrelation between 
the GCR flux and the sunspot number R series.  
  A century scale modulation (Gleissberg cycle), expected 
by the R series, has been shown in the cosmogenic 44Ti 
(T!=59.2 yr) activity measured in meteorites which fell in  
the last  two  centuries (Bonino et al., 1995; 1999) and in 
the time series of 14C in tree rings (e.g. Damon and Sonett, 
1991). 
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The century scale modulation of GCR recorded both in 
meteorites and in terrestrial archives shows that during 
prolonged solar quiet periods, like the Gleissberg minima, 
the cosmogenic radionuclide concentrations were higher 
than during the short lasting recent decadal minima. In 
terrestrial archives these concentrations may be also 
controlled by Earth’s effects such as deposition rate 
variations of the 10Be in ice cores, carbon cycle variations 
for  14C, etc., while in meteorites, being produced in space, 
they are free from terrestrial influences. 
  We observed that the 44Ti variations from century minima 
and maxima are about four time higher than calculated on 
the basis of the GCR flux measured in the last decades and 
extrapolated in the past simply on the basis of the sunspot 
number (Bonino et al., 1995; 1999).  
  We present here a different procedure for the calculation 
of the GCR spectra based on the annual mean of the coronal 
source magnetic flux as derived from the aa index 
(Lockwood et al., 1999) and of the evolution of the Sun’s 
large scale magnetic field (Solanki et al., 2000). The 
calculated GCR flux, extrapolated back to 1700, can be 
validated with our measurements of the 44Ti activity in 
meteorites which fell in the last two centuries. 
 
 
2 GCR Spectra and the solar modulation parameter 
 
Comparison of the sunspot number R with the Climax 
neutron monitor counting rate, available since 1953, shows 
an anticorrelation between the two time series. However it 
is also known that the solar modulation processes are more 
complex than a simple anticorrelation with the solar activity 
indexed by some parameter like R. The modulation is larger 
at lower GCR energies and has little influence on high 
energy particles (> 10 GeV/n). 
  The modulation of GCR as a function of position, energy 
and time in the heliosphere is a complex combination of 
different mechanism (e.g. Jokipii, 1991; Potgieter, 1993). 
Models of the inward transport of GCR have been 
successful. However, because of the complexity of the 
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modulation dynamics they do not allow to determine 
unambiguously the GCR fluxes for any solar activity cycle. 
  We have to look at a theoretical model which gives a good 
fit with the observed modulation at different energies and 
for different solar cycles. Cini Castagnoli and Lal (1980) 
adopted the force field approximate solution of the transport 
equation as given by Urch and Gleason (1972). The 
differential flux JG(T,M) (particles/m2 s sr MeV) of protons 
is given in terms of the solar modulation parameter M: 
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where T is the kinetic energy per nucleon and E0 is the rest 
energy of a nucleon. 
  Since solar cycle 20, several balloon and spacecraft 
observations of GCR protons are available. We considered 
here 29 experimental spectra  covering the time interval 
1963-1998 for our calculations. For each experiment we 
have obtained the corresponding solar modulation 
parameter M from the best fit of the experimental JG(T) 
with Eq. (1). 
  Fig. 1 shows some comparison of the fitted JG spectra with 
the experimental values, obtained in 1965 (Ormes and 
Webber 1968), 1968 (Hsieh et al., 1971), 1980 (Kroeger, 
1986), 1989 (Webber et al., 1991) and giving M =390,  600,  
820, 1080 MeV, respectively. We can observe a quite  good 
agreement between measured and calculated JG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Extrapolation of the GCR spectra 
 
In previous papers (Bhandari et al., 1989; Bonino et al., 
1995) we have calculated JG(t) over the last two centuries 
with the following procedure. The polynomial regression 
between the Climax neutron monitor count rate Nm(t) and 
the annual sunspot number, R, for the period 1953 to 1992 
was extrapolated back to 1750 from R(t). JG(t) was then 
calculated by a linear regression between Climax neutron 
monitor count rates normalized to that of January 1965 
(4291.7 counts/h*100=1) and balloons measurements of 
GCR protons during solar cycles 20 and 21. JG(t) 
extrapolated to 1750 was utilized for calculation of the 
expected activity of the cosmogenic 44Ti in meteorites by 
means of isotope production model. Although the 
calculated absolute activity may be model dependent, its 
variation is function of JG(t). We compared the calculate 
profile with the 44Ti activity measured by us in several 
chondrites which fell in the last 160 years. We observed 
that the phase of the measured profile agreed with that 
expected, but the amplitude of the secular excursions was 
about four time higher then calculated. We deduced that 
during prolonged solar minima, such as Dalton and Modern 
minima, the heliosphere admitted a higher GCR flux 
compared to that deduced from observations in the last 
decades and extrapolated in the past, solely by sunspot 
number R(t), following the procedure reported above 
(Bonino et al., 1995; 1999). 
  We evaluate here the GCR spectra in the past on the  basis 
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Fig. 1. Differential cosmic-ray spectra obtained from Eq. (1) for different values of the solar modulation 
parameter M = 390, 600, 820, 1080 MeV corresponding to the measurements performed with balloons 
or spacecrafts during 1965, 1968, 1980 and 1989 respectively. 
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of the recent evaluation of the Sun’s magnetic field since 
1700 and following the procedure reported below. 
  Lockwood et al. (1999) showed that the solar magnetic 
flux emanating through the coronal source, as derived from 
the aa geomagnetic index available since 1868, has about 
doubled in the past 100 years. Solanki et al. (2000) 
developed a model describing the long-term evolution of 
the Sun’s large-scale magnetic field, !0, which reproduces 
the doubling of the interplanetary field and evaluated the 
evolution of !0 since 1700. 

  On the basis of these new results and following basically 
our procedure reported above we have calculated the GCR 
spectra until 1700. From a linear regression between the 
Climax Nm and !0 (since 1953) and a quadratic regression 
between the solar modulation parameter M and the 
normalized Nm* for the years of the balloon and spacecrafts 
measurements of GCR protons (covering the time interval 
1963-1998) we deduced JG(T,t). Then we extrapolated JG to 
1700 on the basis of these regressions and of !0 given by 
Solanki et al. (2000). Fig. 2 shows JG(t) for different "T.     
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Fig. 2. Proton flux JG(t): a) for the kinetic energy intervals "T = 100-200 MeV, 200-400 MeV, 400-800 MeV; b) for "T = 
800-1600 MeV, 1600-3200 MeV, 3200-6400 MeV, 6400-12800 MeV, 12800-25600 MeV. 
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Relative abundance of elements at Earth

~ 1 GeV/n
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Cosmic rays are „regular matter“, 
    accelerated to extremely high energies
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with d = 0.58 (Yanasak et al., 2001). The lines in Fig. 4 cor-
respond to this function with a path length at 2 GeV/n
around 13 g/cm2 decreasing to &2 g/cm2 at 100 GeV/n.

However, at high energies a path length according to (4)
decreases as kesc ! E#d and reaches extremely small values.
They should result in large anisotropies of the arrival direc-
tion of cosmic rays, not observed by experiments (Ptuskin,
1997; Hörandel et al., 2007). To sustain a suitable path
length at high energies a residual path length model has
been proposed, assuming the relation krp = [6.0 ·
(R/10 GV)#0.6 + 0.013] g/cm2 for the escape path length
(Swordy, 1995). Recent measurements of the TRACER

experiment yield an upper limit for the constant term of
0.15 g/cm2 (Müller et al., 2005).

The spallation processes during the cosmic-ray propaga-
tion influence also the shape of the spectra. Usually, it is
assumed, that the energy spectra of all elements have the
same slope, i.e. the same spectral index at the source. Tak-
ing the energy dependence of the spallation cross sections
and the path length of the particles in the Galaxy into
account, it is found that at Earth the spectra of heavy
nuclei should be flatter as compared to light elements
(Hörandel et al., 2007). For example, the spectral index
for iron nuclei should be about 0.13 smaller than the corre-
sponding value for protons. Indeed, direct measurements
indicate that the spectra of heavy elements are flatter as
compared to light elements (Hörandel, 2003a), e.g. the val-
ues for protons cp = 2.71 and iron cFe = 2.59 di!er as
expected. This e!ect could be of importance for the propa-
gation of ultra-heavy nuclei and their possible contribution
to the all-particle spectrum to explain the second knee
around 400 PeV (Hörandel et al., 2007).

During the propagation also radioactive secondary
nuclei are produced (fifth term in (3)). Their abundance
can be used to estimate the spatial distribution of the matter
traversed or the cosmic-ray confinement time in the Galaxy
if the half-life time is comparable to the confinement time
(Garcia-Munoz et al., 1975; Simpson and Garcia-Munoz,
1988). Measuring the abundance of the isotopes 10Be (s1/2 =
1.51 · 106 yr), 26Al (s1/2 = 8.73 · 105 yr), 36Cl (s1/2 =
3.07 · 105 yr), and 54Mg (s1/2 = (6.3 ± 1.7) · 105 yr) with
the ACRE/CRIS experiment, the propagation time in the
Galaxy has been determined to be sesc = (15.6 ± 1.6) ·
106 yr (Yanasak et al., 2001).

In the Leaky Box model, the product qISMsesc is propor-
tional to the escape path length kesc = sescqISMbc. Knowing
kesc and sesc, thus allows to determine the average density
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Fig. 3. Abundance of elements in cosmic rays as function of their nuclear charge number Z at energies around 1 GeV/n, normalized to Si = 100.
Abundance for nuclei with Z 6 28 according to Simpson (1983). Heavy nuclei as measured by ARIEL 6 (Fowler et al., 1987), Fowler et al. (1977), HEAO
3 (Binns et al., 1989), SKYLAB (Shirk and Price, 1978), TIGER (Lawrence et al., 1999), TREK/MIR (Weaver and Westphal, 2001), Tueller et al. (1981),
as well as UHCRE (Donelly et al., 1999). In addition, the abundance of elements in the solar system is shown according to Lodders (2003).
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Fig. 4. Abundance ratio of boron to carbon and scandium + vanadium to
iron in cosmic rays as function of energy as measured by the ACE/CRIS
(Yanasak et al., 2001) and HEAO-3 (Engelmann et al., 1990) experiments.
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