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Abstract

We present a new generation of model calculations for cosmogenic production rates in various types of solar
system bodies. The model is based on the spectra for primary and secondary particles calculated using the INCL+
+6 code, which is the most reliable and most sophisticated code available for spallation reactions. Thanks to the
recent improvements (extending the code to lower and higher energies and considering light charged particles as
ejectiles and projectiles), we can for the first time directly consider primary and secondary Galactic « particles. We
calculate production rates for **Na, '°Be, and 2°Al in an L-chondrite with a radius of 45 cm and in the Apollo 15
drill core, and we determine the long-term average Galactic cosmic-ray (GCR) spectrum (represented by the solar
modulation potential ®) in the meteoroid orbits at ~3 au of & =600 MV and at 1 au, i.e., for Earth and Moon of
® = 660 MV. From this, we calculate a long-term average GCR gradient in the inner solar system of ~5% au™'.
Finally, we discuss the possibility of studying temporal GCR variations and meteoroid orbits using production rate

ratios of short- and long-lived radionuclides.

Unified Astronomy Thesaurus concepts: Galactic cosmic rays (567); Meteorites (1038); Heliosphere (711); The

Moon (1692)

1. Introduction

The detection and the study of Galactic cosmic rays (GCRs)
started with the balloon flights by V. Hess (Hess 1912). With
the balloon flights, he demonstrated (i) a slight increase of the
atmospheric ionization with increasing altitude and (ii) that the
Sun could not be the reason for the hypothetical new radiation.
Already in 1913, the finding by Hess was fully confirmed by
Kohlhorster (1913), who finally reached altitudes of 9300 m
(Kohlhorster 1914). That the Sun was not the source of the
newly found cosmic rays was apparent already after the first
pioneering study, because there was no intensity difference
(measured by the discharge rate of an electroscope) between
day-time and night-time measurements (Hess 1912). Interest-
ingly, that supernovae are likely sources of the cosmic rays was
suspected relatively early by Baade & Zwicky (1934a, 1934b,
1934c). Note that supernova remnants are still considered likely
sources for cosmic rays with energies less than ~10'%eV. At
higher energies, particularly above 10'® eV, where the particles
are almost certainly extragalactic, the origin is still a matter of
debate. A recent review on the early history of cosmic particle
physics can be found in Walter & Wolfendale (2012).

While the study of GCRs is a very interesting topic in itself,
especially after the two Voyager missions left the heliosphere,
the focus is very often on the interactions between GCR
particles with meteorites, the lunar surface, the terrestrial
atmosphere, terrestrial surface samples, and other solar system
objects. Our goal is, on the one hand, to better understand and
quantify the physical processes of nuclide production and, on
the other hand, to use the results to better understand the
dynamics of small bodies in the solar system. In addition, we
always try to find ways of using nuclide production in other, so
far less-explored research fields, e.g., early solar system
irradiation scenarios, erosion rates, and others. For a recent
review, see, e.g., David & Leya (2019).

In recent years, the combination of Monte Carlo calculations
for the primary and secondary particle fluxes in the irradiated

objects and the cross sections for the relevant nuclear reactions
has been demonstrated to be relatively successful in calculating
the various cosmic-ray effects in solar system bodies. Over
the years, there have been groups using this approach to
study cosmogenic nuclide production in Earth’s atmosphere
(e.g., Masarik & Beer 1999), in terrestrial surface samples (e.g.,
Argento et al. 2015a, 2015b), in the lunar surface (e.g.,
McKinney et al. 2006; Kim et al. 2010; Li et al. 2017), and in
meteorites (e.g., Masarik & Reedy 1996; Ammon et al. 2008;
Leya & Masarik 2009; Kim et al. 2010). However, so far, there
is no model that has consistently been applied in a large variety
of different solar system objects. Our goal is to establish such a
model, i.e., a model that is able to consistently and reliably
describe all aspects of cosmogenic nuclide production by solar
and GCRs in all possible types of solar system bodies, from
tiny dust grains, to planetary surfaces, and finally also to
exoplanetary atmospheres.

Considering that the intranuclear cascade is the dominant
part for any Monte Carlo model calculating particle spectra in
irradiated bodies, the quality of the model calculations for
cosmogenic production rates directly depends on the quality
with which the intranuclear cascade is calculated. In this
respect, the recent impressive improvements achieved for
spallation models, i.e., for models describing the intranuclear
cascade part of a high-energy nuclear reaction, are important.
Here we focus on the Liege Intranuclear Cascade Model INCL,
which is one of the best codes available, especially when
coupled to ABLA, a code that describes the de-excitation part
of a spallation reaction (e.g., Leray et al. 2013). In recent years,
the INCL-ABLA combination has been significantly and
successfully extended with respect to (i) light-charged-particle-
induced reactions, (ii) ejection of light charged particles up to
z=28, and (iii) extending the applicability of the code to lower
energies in the range of a few MeV. For more information and
a summary, see, e.g., Leray et al. (2013) and David (2015). In a
recent project, we further updated the code by improving its
applicability to higher energies, i.e., to energies in the range of



THE ASTROPHYSICAL JOURNAL, 910:136 (17pp), 2021 April 1

20 GeV, by adding strange particles to the system (Hirtz et al.
2018, 2020; Hirtz 2019). It is safe to conclude that INCL++-6,
how the code is called now, is currently the most sophisticated,
accurate, and reliable code for modeling the intranuclear
cascade part of a nuclear reaction. Now is a good time to
establish a new reliable and consistent model for cosmogenic
production rates.

We discuss in Section 2 in some detail the particle spectra
used for modeling, starting with the different approaches that
can be in found in the literature for the local interstellar
spectrum (LIS), summarizing the various aspects of particle
modulation in the heliosphere, and finally discussing GCR
gradients in the inner solar system. In Section 3, we briefly
present our new model for cosmogenic production rates, called
CosmicTransmutation. More information can be found in Hirtz
(2019). In Section 4, our best estimates for the long-term
average GCR spectrum in the meteoroid orbits at ~3 au and at
an orbital distance of 1au are given. From this result, we
discuss the long-term average GCR gradient in the inner solar
system. Finally, we use the 19Be, °Al, and **Na production
rates in meteorites and the Moon to study (i) if cosmogenic
production rate ratios can be used to determine temporal GCR
intensity variations (if the orbit is known) and (ii) if the
22Na/ A1 production rate ratio can be used to put constraints
on the final part of the meteoroid orbit if the GCR spectrum and
the radial gradient are both independently known (Section 5.2).

Though the CosmicTransmutation model is able to calculate
cosmic-ray effects in all types of solar system bodies, we focus
here on meteorites and the Moon, which are well-studied
objects and which are therefore perfectly suited to evaluate the
model predictions. Studies of other solar system objects are
planned and some of them have already been started.

2. Galactic Cosmic Rays

GCRs are energetic particles that originate from outside the
solar system. They consist of ~87% protons, ~12% helium
nuclei, and ~1% heavier ions (the exact composition depends
on the energy). The energy spectra for all particle types are
similar if displayed as a function of energy per nucleon
(Simpson 1983). According to the standard model for the origin
and propagation of GCRs, they are accelerated in the waves of
supernova explosions and propagate diffusively through the
galaxy, interacting with the interstellar gas (e.g., Amato &
Blasi 2018). This acceleration process also collects particles
from the interstellar medium (ISM) and hence the mass
composition of the GCRs is expected to reflect the composition
of the ISM. All recent studies and missions clearly support
models of diffusive shock acceleration of GCR protons
interacting with the molecular gas. In such models, 12%-
16% of the total energy of the supernova ejecta is available for
cosmic-ray acceleration. Candidates for efficient GCR produc-
tion and acceleration are so-called superbubbles, e.g., many
stars that go supernovae in a short time frame of only a few
Myr in clusters of only a few parsecs in diameter. For more
information, see, e.g., Binns et al. (2008) and Lingenfelter
(2018).

Outside the solar system, the GCR flux can (roughly) be
regarded as isotropic and time independent (the latter might not
be true; see below). When entering the heliosphere, which is
in the region of ~200au, the GCR particles encounter the
turbulent solar wind and the magnetic field embedded in the
wind. Because both vary with time and space, the GCR flux in
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the heliosphere is a function of radial distance and time. This
process is known as the solar modulation of cosmic rays (see
also Section 2.2).

Recent data from PAMELA, CREAM, and AMS-2 have
shown that the GCR particle spectrum, which was often
considered featureless, is actually rich in structures. An interesting
example is that the spectra of protons and helium nuclei seem to
flatten in the energy range of 200-300 GeV nucleon . The slopes
of the different GCR species are slightly different from each other,
which leads to the dominance of the helium flux over the
hydrogen flux at energies higher than 100 TeV. For a recent
review of some of the new and interesting findings, see Amato &
Blasi (2018).

2.1. The Local Interstellar Proton Spectrum

One of the most important ingredients for any study of GCRs
and cosmogenic nuclides is the LIS, i.e., the Galactic particle
spectrum outside the heliosphere. For relatively low energies,
i.e., a few hundred MeV nucleonfl, there are data from the two
Voyager missions. In 2012 August, Voyager 1 crossed the
heliopause at ~122au and entered the local ISM in the
northern hemisphere. There, the GCR flux abruptly reached a
higher interstellar level (factor of ~1.5 compared to the values
in the heliosphere) and then essentially remained constant (e.g.,
Webber & McDonald 2013). However, the GCR intensity
immediately beyond the heliosphere might be lower than the
intensity of the LIS because of some remaining modulation
(Stone et al. 2013, 2019). Further beyond, the modulation of
cosmic rays does not depend on the magnetic field configura-
tion outside the heliopause (Zhang & Pogorelov 2000; Webber
& McDonald 2013). In 2018 December, Voyager 2 crossed the
heliopause (also at ~120 au) essentially confirming the results
from Voyager 1. The energy spectra for all measured particles
are nearly identical for Voyager 1 and Voyager 2 despite both
spacecraft being separated by ~ 167 au. This indicates that there
is no significant intensity gradient of the particle fluxes in this
region of the local ISM, at least not for the studied particles
(Stone et al. 2019). Another important finding is the H/He ratio
of 12.6 £0.6 measured by Voyager 1 at low energies (Stone
et al. 2013). The Galactic H/He ratio is energy dependent,
ranging from values as high as ~16 at low energies to values as
low as ~4 at high energies (Abe et al. 2016). The values very
often given for GCREs, i.e., 87% protons and 12% He, represent
something like an average. The experimental results from both
Voyager missions are the only and therefore the most important
data characterizing the LIS in the low-energy regime, i.e.,
below ~1 GeV.

Characterizing the LIS at higher energies is much easier
because highly energetic particles in the energy range of
~2TeV or higher are largely unaffected by solar modulation
and so the spectra measured by BESS, PAMELA, AMS-01,
and AMS-02 near Earth are excellent proxies for the LIS.

Several LIS parameterizations exist in the literature and fall
into two categories: the approaches before the Voyager
missions left the heliosphere and the ones developed after
these events. Here we briefly summarize some of the
approaches often used, starting with the parameterizations
developed before the LIS Voyager data. We focus on the data
for LIS protons.
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2.1.1. Pre-Voyager Models: Parameterization by Garcia-Munoz et al.
(1975)

This spectrum is the base for the GCR model by Castagnoli
& Lal (1980), which is very often used for studies of
cosmogenic nuclides in meteorites, the lunar surface, terrestrial
surface samples, and the production of '°Be in the terrestrial
atmosphere (e.g., Masarik & Beer 1999; Vonmoos et al. 2006;
Ammon et al. 2008; Steinhilber et al. 2008; Leya &
Masarik 2009). The parameterization is

Jus.om7s(E) = 9.9 - 108 x [E + 780 x e 25107 x£]-2.65,
(D
Jus is in units of particles/(m”s sr (MeV /nucleon)) and E is

given in MeV. In the following, we refer to this spectrum
as GM75.

2.1.2. Pre-Voyager Models: Parameterization by Webber &
Higbie (2003)

Another pre-Voyager approximation for the LIS proton
spectrum was published by Webber & Higbie (2003), in the
following labeled WHO3

2.11 - 104 x E 230
1 +585-E 1224118 E2%’

where E and Jj s are given in GeV and particles/ (m2 s srGeV),
respectively. Because the parameterization is only for protons,
the energy per nucleon is equal to the energy.

@)

Jris,wHo3(E) =

2.1.3. Pre-Voyager Models: Parameterization by Usoskin et al. (2005)

The approach published by Usoskin et al. (2005) is based on
an earlier approach by Burger et al. (2000), which was
originally developed to describe the GCR gradients measured
by the Ulysses spacecraft. The parameterization is given by

1.9 - 10* x P(E) 278

J E) = ,
bsusos(E) = {0 66 - PE)

3

with the rigidity calculated via P(E) = E(E + 2E,) and
E, =938 MeV the rest mass of the proton. Ji;s and E are
expressed in units particles /(m2 srs (GeV nucleonfl)) and
GeV nucleon ', respectively. For the following discussion,
we refer to this spectrum as USO05.

2.1.4. Pre-Voyager Models: Parameterization by Langner et al.
(2003)

The LIS parameterization given by Langner et al. (2003) is
based on a rather complex model describing the propagation of
different particles in the Galaxy (Moskalenko et al. 2002). The
LIS for protons—Ilabeled LAO3 in the following—given in the
units particles/ (m2 s sr (MeV nucleonfl)) is calculated via

JLIS,LA03(E) = €Xp (0.823 — 0.08 x (IH(E))Z + 1.105

x In(E) — 9.202 - 1072 x JE): for E < 1GeV nucleon™!
. 103

= exp(22.976 — 2.86 x In(E) — ﬂ)

:for E > 1GeV nucleon— .
“4)
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2.1.5. Pre-Voyager Models: Parameterization by Webber &
Higbie (2009)

Webber & Higbie (2009) used a Monte Carlo diffusion
model to calculate the LIS for protons and helium, carbon, and
iron nuclei. While they give the results only in tabular form,
Herbst et al. (2010) developed the following parameterization
for protons:

Jus.wioo(E) = exp (—124.48 — 51.84 - In[(In(E))2

+ 131.65 - In(E) — 241.73 - (In(E))"!

+376.66 - (In(E))2)

:for E < 1GeV nucleon™!

= exp(—51.69 - In[(In(E)P + 103.59 - /In(E)

— 709.71 - (In(E))"! + 1161.56 - (In(E))2)

:for E > 1GeV nucleon—!. (5)

The thus calculated LIS—in the following labeled WH09—
has the units particles/ (m2 s sr (MeV nucleonfl)).

2.1.6. Post-Voyager Models: Parameterization by Della Torre et al.
(2016) and Boshini et al. (2020)

The approach by Della Torre et al. (2016) combines
two transport models, one describing particle transport in
the interstellar space and one for the particle transport in the
heliosphere. The model combination is used to reproduce the
experimental cosmic-ray particle fluxes at different levels of
solar modulation and at both polarities of the solar magnetic
field using the LIS as a variable to start with. The thus-deduced
LIS is in accord with both the low-energy Voyager measure-
ments and the high-energy data from BESS, PAMELA, AMS-
01, and AMS-02. The parameterization is

Jus,prie(E) = [94.1 — 831 - P(E) + 16700 - P(E)?
— 10200 - P(E)’] x P(E) %7 (for P(E) < 1 GV)

8590 4230000 274000
= 10800 + -
P(E) 3190 + P(E) 174 + P(E)
39400
— " | x PE)? (for P(E) > 1 GV). 6
0.464—|—P(E)] (B (&) ) ©

The flux is in units of particles/ (m2 ssrGV) and P(E) is the
rigidity in GV calculated as shown in Section 2.1.3. In
the following, we refer to this spectrum as DT16. Note that the
same set of equations is also given by Boshini et al. (2018). In a
follow-up study and by using the same model combination, one
model for interstellar and one model for heliospheric transport,
Boshini et al. (2020) adjusted the parameterization with the
goal to describe the LIS for all cosmic-ray particles with
Z < 28. In their publication, the results are only given in tabular
form. For the following discussion, we refer to the proton LIS
as BO20.

2.1.7. Post-Voyager Models: Parameterization by Vos &
Potgieter (2015)

The LIS for protons proposed by Vos & Potgieter (2015)—
in the following labeled VP15—can be calculated via
112 ~3.93
E y (E—|—0.67) N
3? 1.67

Jus,veis(E) = 2.7 - 10% x
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Figure 1. Differential local interstellar proton spectra in particles/(m? s sr MeV) as a function of proton energy in (MeV). The parameterizations developed before
Voyager data from outside the heliosphere were available are shown in the left panel. The right panel shows more recent approaches developed by considering the
interstellar Voyager data. In addition, data from Voyager 1 from 2015 to 2019 are shown as black squares, and the LIS calculated by Webber & Higbie (2009) are

shown as open diamonds.

with §=v/c the ratio of the proton velocity relative to the
speed of light and Jy;s and E are given in particles/ (m?s st
(GeV nucleon ")) and GeV, respectively. The same equation is
given by Usoskin et al. (2017).

2.1.8. The Different LIS Spectra

Figure 1 depicts the LIS for Galactic protons. The left panel
shows the parameterizations published before Voyager data
from outside the heliosphere were available. It can be seen that
the various approaches differ significantly, especially at low
energies. At higher energies, i.e., >10GeV, all parameteriza-
tions give similar flux densities J, which is of no surprise
because for particles in this energy range, solar modulation
effects are only very minor and the spectra measured in the
inner solar system are good proxies for the LIS. At lower
energies, modulation effects are important and the calculated
LIS depends on the transport model used to calculate it. Such
transport models are parameter dependent, i.e., they depend,
among other things, on the choice of the diffusion constant and
the size and position of the heliosheet. Consequently, the
calculated LIS at low energies also depends on the choice of
such parameters. In this low-energy range, the different
approaches vary significantly. For example, the LIS given by
Usoskin et al. (2005) at a few tens of MeV is almost one order
of magnitude higher than the LIS given by Webber & Higbie
(2009) in the same energy range. Interestingly, the different
approaches can be categorized into those showing high flux
densities at low energies with continuously decreasing flux

densities toward higher energies (Garcia-Munoz et al. 1975;
Webber & Higbie 2003; Usoskin et al. 2005) and those
showing a local maximum in the range of ~100 MeV (Langner
et al. 2003; Webber & Higbie 2009).

The more recent approaches developed using the interstellar
Voyager data are shown in the right panel of Figure 1. We also
show the fluxes provided by Voyager 1 from 2015 to 2019, i.e.,
after Voyager 1 left the heliosphere (black squares). The
uncertainties, which are smaller than the symbol sizes, only
comprise the statistical uncertainties given by the different
Voyager instruments (http://voyager.gsfc.nasa.gov). Systema-
tic uncertainties are not taken into account. Also shown is the
LIS calculated by Webber & Higbie (2009, open diamonds).
All three parameterizations, Bo20, VP15, and the result given
by Webber & Higbie (2009), give very similar results, and all
three approaches describe the low-energy data from Voyager 1
and 2 reasonably well.

Almost all models of cosmic-ray transport assume that the
LIS particles enter the heliosphere isotropically. However,
there have been arguments that this might not always be true
(Ngobeni & Potgieter 2011, 2012).

2.2. Solar Modulation of Galactic Cosmic Rays

The major physical processes relevant for cosmic-ray
modulation are diffusion caused by irregularities in the
heliospheric magnetic field, convection and adiabatic energy
loss in the outward-moving expanding solar wind, and gradient
and curvature drifts caused by large-scale structures of the
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heliospheric magnetic field. Therefore, the GCR spectrum
inside the heliosphere is a function of position, energy, and
time (for more information see, e.g., Fujii & McDonald 1997;
Potgieter 2013). Solar modulation is especially important for
particles with energies below ~30 GeV nucleon ', for which
the fluxes can vary by about one order of magnitude
(Potgieter 2013).

The dominant and most important timescale relevant for
GCR modulation is the 11 yr solar cycle, which is related to the
solar sunspot number. Very important is also the 22 yr solar
cycle, which is caused by the reversal of the solar magnetic
field during each period of extreme solar activity. Depending
on the polarity of the solar magnetic field, GCR particles will
reach the inner solar system from different heliospheric
directions. During the A < 0 polarity cycle, protons (and other
positively charged particles) drift inwards mainly through the
equatorial region of the heliosphere. In contrast, during the
A > 0 polarity cycles, positively charged particles drift inwards
mainly over the poles. It is obvious that the vastly different
particle trajectories will result in differences in the particle
spectra and also in the intensity gradients (increasing fluxes
with increasing heliocentric distance) between the two solar
polarity cycles (see also Section 2.3). Additionally, there are
short periodic modulation changes of 25-27 days caused by the
solar rotation, and finally, there are indications of GCR
intensity cycles of 50-65, 90-130, 200, and 600 yr. However,
it is not clear whether these are real periodic variations or
perturbations. For a recent review on the solar modulation of
cosmic rays, see Potgieter (2013).

When studying solar modulation effects in the forced-field
approximation (see below), the modulation effect can be
parameterized using the particle-dependent solar modulation
parameter ¢;. Because particles with the same rigidities have
the same trajectories, the approach can be generalized by using
the (particle-independent) solar modulation function ®, which
is related to the solar modulation parameter ¢; via

eZ,-
<I>_¢>><A, @)

i

where Z; and A; are the charge and mass numbers of the nucleus
of type i. The parameters ¢ and ¢ are in units of MV and MeV,
respectively. For single charged particles, i.e., protons, ¢ and ®
are the same. The solar modulation function is usually
interpreted as the mean adiabatic energy loss. For example, a
solar modulation ® =600MeV indicates that a (single
charged) particle entering the solar system from outside the
heliosphere suffers an adiabatic energy loss of 600 MeV per
nucleon before reaching this location inside the heliosphere (®
is a function of the heliocentric distance; see Section 4.4).
Particles entering the solar system with lower energies would
be screened out by the solar magnetic field. While this picture
is very illustrative, the modulation function has no real physical
meaning (Caballero-Lopez & Moraal 2004; Usoskin et al.
2017). However, for practical applications, the solar modula-
tion function ® is a very useful parameter describing solar
modulation and with it the actual shape of the GCR particle
spectrum in the inner solar system. Therefore, ® is often used
in practical applications, e.g., studying atmospheric ionization,
climate modeling, and cosmogenic nuclide studies (see, e.g.,
Usoskin et al. 2017). According to Equation (8), for the same
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solar modulation function, Galactic protons and Galactic o
particles do not have the same energy loss.

Most modulation models are based on the numerical solution
of the cosmic-ray transport equation originally developed by
Parker (1965). In the simplified version, which is called the
forced-field approximation and which is obtained by assuming
azimuthal and spherical symmetry, the energy spectrum of the
ith GCR species in the inner solar system is related to the
unmodulated LIS of the same species via the solar modulation
function @ as

Jocr,i(E, 1) = Jus,i(E + ©(1))
o E(E + myc?)
(E + ®O)E + O(1) + 2mpc?)’

€))

with E the kinetic energy per nucleon. The only temporal
variability is in the solar modulation function ® = &(¢). For the
LIS, any spectrum given in Section 2.1 can be used. For
example, the recent study by Argento et al. (2015a, 2015b)
used the following parameterization for calculating the
differential proton fluxes in Earth’s atmosphere and in
terrestrial surface samples:

Jocr,usos(E, 1) = Jris,usos(E + ©(1))
E(E + myc?)

X , (10
(E + ®0)(E + (1) + 2myc?)

with the kinetic energy E given in units of MeV, m, the
rest mass of the proton, and LIS the local interstellar
spectrum given in Equation (3). The spectrum Jgcrusos 1S
given in the same units as the LIS, which usually is
particles/ (m2 srs (GeV nucleonfl)).

An approach very often used for cosmogenic nuclide studies
in meteorites, the atmosphere, and terrestrial surface samples is
the parameterization given by Castagnoli & Lal (1980):

Joer,cLso(E, 1)

E(E + 2myc?) - (E + x + (1)) 29
=, x , (11)
(E + ®()(E + 2mpc* + B(1))

with E the kinetic energy in MeV, & the solar modulation
function in MV, and m,, the rest mass of the proton. The factor
x is given by (in MeV):

x =780 x ¢ 25107xE (12)

With the normalization factor ¢, =9.9 x 108, the flux is given
in units of particles/ (m?s st MeV). Because the parameterization
is for protons, ® =¢ and MeV nucleon ' =MeV. This para-
meterization was first developed by Castagnoli & Lal (1980) and
was later corrected by Masarik & Reedy (1996). Note that
Equation (12) is not strictly correct because in the framework of
the used forced-field approximation, the energy E has to be
replaced by E + ®() (see Equation (9)). In Equation (12),
however, the E has not been replaced by E 4 ®(#). In the forced-
field approximation, Equation (12) should be written as

x = 780 x 672.5-10’4><(E+<I>(t))' (13)

However, most cosmogenic nuclide studies on meteorites (e.g.,
McKinney et al. 2006; Ammon et al. 2008; Leya & Masarik 2009;
Kim et al. 2010), the terrestrial atmosphere (e.g., Masarik &
Beer 1999), and terrestrial surface samples are based on the GCR
parameterization given in Equations (11) and (12).
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Figure 2. Solar modulation function normalized to the GCR spectrum given by
Castagnoli & Lal (1980) as a function of time since 1951. The thin black line
depicts the monthly values, and the thick black line shows the yearly averages.
The effect of the 11 yr solar cycle is clearly visible. The average solar
modulation potential is ® = 564 MeV (thick horizontal line) with a 1o standard
deviation of 158 MeV (thin horizontal lines)
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In all approaches, the solar modulation function ® is a
model-dependent parameter because ¢ depends on the choice
of the LIS. It has been shown by Usoskin et al. (2005) and
Herbst et al. (2010) that the same inner solar system GCR
spectrum can be obtained via different LIS if the solar
modulation function is chosen respectively. To be more
quantitative and focusing on the spectra used in the following,
we can use the finding by Usoskin et al. (2005) that there is an
(almost) linear relationship between the different sets of
modulation functions. The one relevant for us is

(I’CLgo =097 - (I’U505 — 78 MeV. (14)

Consequently, a modulation function of ¢ = 600 MeV based
on the CL80 model (Equation (11)) we use as the long-term
average for the meteoroid orbits (see below) corresponds to a
modulation function of ® ~ 700 MeV if the spectrum given by
Usoskin et al. (2005) is used (Equation (10)). To emphasize,
the GCR particle spectrum in the inner solar system can
reliably be described using different combinations of LIS and
solar modulation functions; see also Herbst et al. (2010).
However, the need to use different values for the solar
modulation for different LIS clearly demonstrates the impor-
tance to always relate the ® value to the corresponding LIS
used. For modeling cosmogenic nuclide production in
meteorites, the Moon, the terrestrial atmosphere, and terrestrial
surface samples, it is therefore not so important on which LIS
parameterization the model is based as long as it is combined
with the corresponding solar modulation function.

The new model calculations for cosmogenic nuclides rely on
the GCR particle spectrum for protons given by Castagnoli &
Lal (1980) and corrected by Masarik & Reedy (1996), and the
approach we developed for Galactic « particles (see Section 3).
It is therefore important to emphasize that the long-term average
solar modulation function for the meteoroid orbits, i.e., at ~3 au
and at an orbital distance of 1 au (lunar samples) determined
further below, is only valid for the Castagnoli—Lal spectrum.

In Figure 2, we show the monthly reconstructed solar
modulation function given by Usoskin et al. (2017) renorma-
lized to the solar modulation function corresponding to the
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spectrum given by Castagnoli & Lal (1980). For the
renormalization, we used Equation (14). After this adjustment,
the monthly averaged modulation function can directly be
compared to our results for the long-term averages in the inner
solar system (see below). Note that this data is for a heliocentric
distance of 1 au, i.e., it is for the orbit of Earth. For a discussion
of the radial GCR intensity gradient, see Section 2.3.

Heliospheric modulation is not yet understood in detail, and
there is no simple model capable of accurately describing the
whole range of available data. This is mainly due to the
increased precision of the experimental data, but it is also due
to the improved reliability of the calculations for interstellar
and heliospheric propagation (Moskalenko et al. 2002).

2.3. Galactic Cosmic-Ray Radial Intensity Gradients

When discussing GCR intensity gradients, one has to
distinguish between radial gradients, i.e., changes of the GCR
flux with distance from the Sun, and gradients in heliospheric
latitude, i.e., gradients when leaving the ecliptic. Here we focus
on radial gradients because the orbits of most planetary bodies
are in or at least close to the ecliptic. In general, there is a
positive radial gradient from the inner solar system toward the
outer solar system, i.e., the GCR intensity increases with
distance from the Sun.

Early theoretical studies of GCR intensity gradients
proposed that during solar magnetic field configurations in
which positively charged particles drift into the inner solar
system mostly via the solar poles (A > 0), the radial gradient
should be much smaller than during the A < 0 periods, when
the positively charged particles are drifting into the inner solar
system mostly through the equatorial region (see also
Section 2.2). In addition, at solar maximum, the radial gradients
are larger than at solar minimum (see, e.g., Fujii &
McDonald 1997; Potgieter 2013). Consequently, when dis-
cussing GCR intensity gradients, one always must give the
extra information whether the value is for solar minimum or
maximum conditions and for the A >0 or A <0 polarity
cycles. For most of our studies, however, we need the long-
term average GCR spectrum in the inner solar system and with
it the GCR intensity gradient averaged over many 11 and 22 yr
solar c;lcles. Exceptions are studies using short-lived nuclides,
e.g., *Na, which very often are performed to study GCR
variations. In the following, we give a short summary of our
literature study.

By summarizing the results from the Pioneer 8—11 missions,
McKibben (1975) concluded that there is a small radial
gradient of a few percent per astronomical unit for particles
>50MeV. Using data from Pioneer 10 and 11 up to 35 and
18 au, respectively, Walker et al. (1985) determined an average
gradient of 2% au~ ' with some superimposed time and energy
dependencies.

Using data from Pioneer 10/11, Voyager 2, and IMP 6, 7,
and 8 in the time window 1972-1996, Fujii & McDonald
(1997) found large differences in the radial dependency
between solar minimum and solar maximum conditions. They
determined radial gradients at lau of ~I13%au ' and
~5.5% au ™" for the solar minima 1977 and 1987, respectively.
For the same solar minima but at 5 au, the radial gradient was
~4% au'. The data therefore indicate that at solar minimum
conditions, the GCR intensity gradient decreases with increas-
ing distance from the Sun. At the solar maxima 1981 and 1990,
the radial gradients at 1 au were ~1%au ' and at 5au they
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were ~2% aufl, i.e., the radial gradient increased with
increasing heliocentric distance. Note that the results were
derived from proton data in the energy interval 130-220 MeV;
they are therefore not representative for the entire GCR
spectrum. It has already been pointed out by Fujii & McDonald
(1997) that the radial gradients of the integral number of ions
>T70MeV are likely less sensitive to spatial and temporal
changes of the modulation conditions. Surprisingly, the results
by Fujii & McDonald (1997) give a higher GCR intensity
gradient (at least in the inner solar system) during solar minima
than during solar maxima, opposite to what is theoretically
expected and also opposite to their own conclusions.

With a data set similar to the one considered by Fujii &
McDonald (1997), McDonald et al. (2003) studied the radial
distribution of cosmic rays in the heliosphere at solar maximum
conditions. Using data for the solar maxima of cycles 21, 22,
and 23, they found a radial gradient of ~10%/r au ', with r the
radial distance in astronomical units. They found that the
gradient is relatively constant in the inner heliosphere. This
gave a radial intensity gradient of ~10% au ' at lau and
~2% au! at 5 au. Therefore, in contrast to the earlier study,
the data indicate that the radial gradient decreases with
increasing heliocentric distance at solar maximum conditions.
After a transition region in the range ~10 and ~20 au, the
gradient increases to a much larger value of ~73%/r au ! that
is almost constant between ~25 and ~82 au.

Using data from the HELIOS experiment 6, Marquard &
Heber (2019) determined mean values for the solar modulation
function for protons of 474 £+ 28 MeV and 435 + 23 MeV for
the time intervals 1974 to the end of 1978 and from 1974
December to the end of 1977, respectively. In addition, they
found a radial gradient for GCR particles with energies above
50 MeV nucleon ' and up to a few hundred MeV nucleon
and in the range 0.3-1 au of 6.6 =4% au .

Studying data from Ulysses and ACE in the energy range
125-200 MeV nucleon ' for helium and 147-198 MeV nucleon
for carbon in the time period from 1997 to 2006, Gieseler et al.
(2008) found a radial intensity gradient of 4.5 4= 0.6% au . The
studied time period covers the solar minima in the A > 0 periodic
cycle, the polarity reversal to an A < 0 polarity cycle at the solar
maximum, and the declining phase of solar cycle 23. The authors
claim that this period is well suited to determine the mean radial
gradient.

During the extended minimum of solar cycle 23 and by
studying protons in the rigidity interval 1.6-1.8 GV, De
Simone et al. (2011) determined a radial gradient of
2.7% au .

Considering the finding that GCR intensity gradients
significantly differ for solar maxima and minima conditions,
the data obtained by Morales-Olivares & Caballero-Lépez
(2009) of ~8% au ' at 1 au and ~16% au ' at 5 au for protons
in the energy range 130-220MeV and at solar maximum
conditions are only of limited relevance for the study of long-
term average GCR intensity gradients needed for cosmogenic
nuclide studies. The same is true for the intensity gradients in
the outer heliosphere during solar minimum conditions given
by Florinski et al. (2013). These authors give values of
~1% au~' for 180 MeV protons, which is slightly lower than
typical model gradients (1.5%-1.8% au ).

The discussion demonstrates that the GCR intensity gradient
depends on solar activity (maximum, minimum), on the solar
polarity cycles (A <0, A > 0), and on the radial distance from
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the Sun. Considering now that the orbital distances for most
meteorites are often not known and that the spacecraft data
must be extrapolated backward in the past, it is obvious that
none of the data can directly be applied to the long-term
average needed for cosmogenic nuclide studies in meteorites,
lunar surface samples, and Earth. Another approach has been
introduced by Alexeev et al. (2019). These authors determined
average GCR intensity gradients in the heliosphere by
analyzing cosmogenic radionuclides in meteorites with known
orbits and found—based on 2°Al activity concentrations—a
long-term average of 26+ 18%au ' in the range 2-4.5au,
which is higher than most of the direct measurements.

Considering that the radial GCR intensity gradient is due to
stronger solar modulation in the inner solar system than in the
outer solar system, the solar modulation function for
meteoroids in the asteroid belt at ~3 au must be lower than
the solar modulation function for Earth and Moon at 1 au. This
is in striking contrast to the study by Argento et al. (2015a).
These authors used the same modulation function ® =
550 MeV for the meteorite Knyahinya and for terrestrial
surface samples, which cannot be correct. In addition, the
study by Kim et al. (2010) also used the same modulation
function for meteorites and lunar samples. However, they
needed different values for the integral number of GCR
particles, which is the spectra integrated over the energy and
which has units of 1cm 2 s, to describe the different
cosmogenic nuclides in the meteorite Knyahinya and the
Apollo 15 drill core. In their study, the integral number for '°Be
is 13% higher for the meteorite Knyahinya than for the Moon.
For 2°Al the integral number of GCR particles for meteorites is
26% higher than for the Moon. For both nuclides, '°Be and
A, they needed a higher number of GCR particles for the
meteorite Knyahinya than for the Moon, in agreement with an
expected positive radial gradient. Note that a higher integral
number of GCR particles corresponds to a lower solar
modulation function. On the contrary, for '*C they needed an
integral number of GCR particles ~26% higher for the Moon
than for meteorites, O}’)posite to what is expected and to their
results for '°Be and 2°Al.

A consistent and reliable model for the production of
cosmogenic nuclides in inner solar system objects must be able
to describe all cosmogenic nuclides (stable or with a similar
half-life) in meteorites with the same solar modulation function
because most meteorites share similar orbital distances.
Furthermore, the solar modulation function for Moon and
Earth must be slightly higher than the solar modulation
function for the meteorite orbits; the differences are given by
the radial gradient of the GCR intensity. The solar modulation
functions we deduced for the meteorite orbits and the Moon are
discussed in Sections 4.1 and 4.3.

2.4. Long-term Temporal Variation of the Galactic
Cosmic Rays

In addition to the radial GCR intensity gradient just discussed
(Section 2.3) and in addition to the short-term modulation effects
caused by temporal changes of the modulation processes within
the heliosphere (see Section 2.2), which average out when
discussing long-lived (half-lives in the range of a few hundred
thousand to a few million years) or stable cosmogenic nuclides,
there is the possibility for long periodic changes in the GCR
intensity caused by variations in the LIS. Variations in the
LIS can have the following causes: first, and probably most
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importantly, variations from spiral arm passages, which occur
over timescales of ~10® yr. The typical lifetimes of massive stars
that at their end produce supernovae, and therefore produce not
only the ingredients for GCRs but also the setting needed for
particle acceleration, are relatively short. Consequently, stars and
supernova form at very similar locations, and hence places with
a higher star formation rate (SFR) are also the places for higher
supernova rates and higher GCR intensities. Because SFRs are
higher in Galactic spiral arms than in interarm regions, it is
expected that GCR intensities are also higher in Galactic spiral
arms than in interarm regions. The Sun crosses Galactic spiral
arms every ~150Myr, which can result in periodic GCR
intensity changes (Forman & Schaeffer 1979; Shaviv 2002,
2003). Shaviv (2002, 2003) calculated that the LIS fluences
inside Galactic spiral arms might be up to a factor of 3 higher
than in the interarm regions. Using the same model, Scherer
et al. (2006) calculated that LIS fluence variations between the
spiral arm and interarm regions can be in the range of 25%-—
135% of the current value, i.e., the variation can be almost a
factor of 4. Sloan & Wolfendale (2013) questioned these
numbers. According to their calculations, LIS intensity varia-
tions between the spiral arm and interarm regions can only be in
the range 10%—20% and not more than ~30%. Second, the SFR
in the Milky Way might vary over long timescales, i.e., over
timescales in the range of Gyr (see, e.g., Scherer et al. 2006).
Third, local inhomogeneities in the Galactic environment might
influence the inner solar systtem GCR spectrum. Here the
argument is as follows. Changes in the geometrical structure of
the heliosphere can affect the modulation of GCRs in the solar
system. The geometrical configuration and the position of the
heliopause change if the heliosphere moves in and out of denser
regions in the ISM. Models indicate that the differences are most
significant for relatively low-energy particles and at radial
distances larger than ~60au. Compression of the heliosphere
results in an increase of the GCR fluence in the inner solar
system. For more information, see, e.g., Vahia (2004, 2006).
Fourth, the occurrence of nearby supemovae can have profound
but very local and likely short-lived effects on the local LIS
intensities.

3. Model Calculations

The basics of the model calculations for cosmogenic nuclide
production rates are the same as what we used earlier (Ammon
et al. 2008; Leya & Masarik 2009), i.e., the model is based
on the spectra of primary and secondary particles calculated
using Monte Carlo methods and on the energy-dependent
cross sections for the relevant nuclear reactions (see also
Section 3.5). However, this new version of model calculations
(labeled version V03) differs in some very important points
from our earlier approaches. First, the particle spectra are no
longer calculated using the LAHET code system but by using
the Geant4 toolkit (see Section 3.1). Second, this is the first
version of model calculations able to include primary and
secondary Galactic « particles (see Section 3.2). Third, there
was a need to restudy and adjust some of the relevant cross
sections due to a change in the accepted half-life (e.g., '°Be)
and/or due to a change in standards used for accelerator mass
spectrometry (AMS, e.g., 'Be and *°Al; see Section 3.3). Here
we briefly discuss some of the changes and improvements.
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3.1. CosmicTansmutation, Geant4, and INCL++6

The Monte Carlo toolkit Geant4 (GEometry ANd Tracking)
is a transport model originally designed for high-energy
interactions (Agostinelli et al. 2003). However, Geant4
provides a comprehensive set of models covering all physical
processes important for nuclear interactions and transport over
a wide energy range, i.e., from a few meV for neutrons up to
TeV for all particles. In addition, Geant4 is a well-developed
open source program and allows the user to define the
geometry, the particle sources, and other relevant physical
aspects in a very flexible way. To benefit from this, we
developed a new computer code called CosmicTransmutation,
which is designed to produce all of the relevant input
information for Geant4 and to help the user to extract the
results from the sometimes very large output files (Hirtz 2019).
Thanks to the CosmicTransmutation interface, we are able to
routinely and reliably calculate the particle spectra for
meteoroids (spherical and elliptical) and for planetary surfaces
and planetary atmospheres (including magnetic fields). Here we
focus on spherical meteoroids and the lunar surface.

In Geant4, the user chooses from a large list of available
physics modules. In CosmicTransmutation, the default physics
list is “FTFP_INCLXX_HP.” In this physics list, the Fritiof
model (FTF) in combination with the precompound model
“Preco” is used for high energies, i.e., for energies above
15GeV for hadrons and above 2.9 GeV nucleon ' for ions
(Ushinsky 2010). At intermediate energies, INCL is used for
the intranuclear cascade, i.e., for this part of a nuclear reaction
that can be described via individual particle-particle collisions
(Serber 1947). The definition of what is an intermediate energy
in INCL depends on the particle type. In the latest version of
Geant4.10.05, INCL treats nucleons, i.e., protons and neutrons,
between 1 MeV and 20 GeV. For heavy ions, and notably for «
particles, INCL is used between 0 and 3 GeV nucleon .
However, in the physics list FTFP_INCLXX_HP we used, the
INCL code treats neutrons only down to 20 MeV. At lower
energies, we rely on the “High Precision Neutron Model,”
which is based on tabulated values from various data
compilations for neutrons down to 10~ '?eV. The physics list
chosen provides a sufficient overlap of the individual models in
the different energy ranges for smoothing.

The current version of INCL is able to reliably handle a-
induced reactions and is also able to properly treat the emission
of light charged ejectiles up to mass number A =8 (Mancusi
et al. 2014). In addition, we recently added strange particles to
the INCL code, which extends the applicability of the code up
to an energy of ~20 GeV. This is probably not that relevant for
modeling cosmogenic nuclides in meteorites and the lunar
surface but it is important for modeling nuclide production in
Earth’s atmosphere or on Earth’s surface where the cutoff
caused by Earth’s magnetic field is important. For more
information about the current INCL version, called INCL++6,
see, e.g., Hirtz et al. (2018, 2020) and David & Leya (2019).

The recent study by Li et al. (2017) modeling cosmogenic
nuclides on the Moon is also based on the Geant4 simulation
toolkit but did not use the latest version of the INCL++6 code,
which was not available at that time. Instead, they used the
“Binary Cascade” approach for modeling the intranuclear
cascade, which is different from the INCL code we used. Also,
the study by Dong et al. (2014) used the Geant4 software
package to study cosmogenic nuclide production rates on the
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lunar surface. However, they give no further details on the
chosen underlying physical models that they used.

The Geant4 calculations were performed on a dedicated
desktop computer having four processors enabling the calcul-
ation of four threads in parallel. In this setup, calculating the
trajectories of 2 million particles in an L-chondrite with a radius
of 45 cm takes ~1 day and the calculation for the Moon takes
~5 days.

3.2. Particle Sources

One of the most important input data for any model of
cosmogenic nuclides is the GCR particle spectrum. For a

Co X EF x

Jo(E, k) =
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which is based on the assumption that the spectrum for primary
Galactic « particles is very similar to the spectrum for primary
Galactic protons if both are discussed in terms of energy per
nucleon (87% protons and 12% «’s). The parameterization we
developed is only based on the solar modulation function for
protons ®. By choosing ®, we can calculate a new parameter k
via

k= (1786 - 1072 x &) — 0.1323, (15)

and from this, we can calculate the spectrum for Galactic « via

(E + 2mqc?)

(E + 700) x (E + 2m,c* + 700)

careful discussion of the different LIS and the heliospheric
modulation process, see Sections 2.1 and 2.2, respectively. As
mentioned before, it is important to consider primary Galactic
a particles (effectively including all heavier species) separately
from primary Galactic protons because they are modulated
differently, and they contribute 30%—-50% of the total energy.

For primary Galactic protons, we use the spectrum originally
developed by Castagnoli & Lal (1980), which was later
corrected by Masarik & Reedy (1996; see also Equation (11)).
As already mentioned above, this is the first version of model
calculations that directly considers primary and secondary
Galactic o particles. All earlier models for cosmogenic
production rates in meteorites used the so-called o approx-
imation (e.g., Ammon et al. 2008; Leya & Masarik 2009; Kim
et al. 2010). Specifically, it has been assumed that every
incoming primary Galactic o particle breaks up into four
nucleons in the first inelastic collision. Further, it has been
assumed that the a-particle-derived nucleons, e.g., two protons
and two neutrons, each contains ~25% of the original «
energy, i.e., that the total energy is approximately equally
distributed among the nucleons. Next, it is assumed that the
energy distribution of the four nucleons is similar to that of the
primary Galactic protons. Ignoring differences in the produc-
tion of secondary particles between proton- and neutron-
induced reactions and considering that GCRs consist of ~87%
protons and ~12% « patrticles, the contribution from primary
GCR « particles to the total production rates were approxi-
mated by multiplying the production rates obtained for protons
and neutrons by a factor of 1.55. It was always obvious that this
approximation cannot be valid for the production of cosmo-
genic “He (an important cosmogenic nuclide for iron meteorite
studies), and it is also expected that the approximation fails for
certain low-energy reactions. This is because every « particle
reacting directly and not breaking up into four nucleons
produces cosmogenic nuclides but the number of secondary
particles produced in this reaction is expected to be much
smaller than the number of secondary particles assumed to be
produced by two protons and two neutrons, i.e., after the a
breakup. Consequently, every « particle reacting directly
reduces the (assumed) secondary particle fluxes and therefore
reduces the production rates.

For the code CosmicTransmutation, we developed a
parameterized version of the primary Galactic o spectrum,

, 16
x (E + 312500 - E~25 4 700)1-65+k (16)

with E the kinetic energy in MeV nucleon ' and ¢, =5.5 x
10’ for a particle flux in units of particles/ (m? s sr
MeV nucleonfl)).

We developed this parameterization of the primary Galactic
a spectrum to make the model calculations more convenient.
By doing so, we can calculate the particle spectra in meteorites,
planetary atmospheres, and planetary surfaces simply by using
only one value for the solar modulation function &.
Equation (16) should only be considered as a convenient
model input; it is not the result of heliospheric transport and
modulation calculations.

3.3. Cross Sections

The cross-section database adopted is very similar to the one
we used earlier (Ammon et al. 2008; Leya & Masarik 2009).
Here we summarize the improvements and chaniges relevant for
the three cosmogenic nuclides discussed here: OBe, 26Al, and
2Na. The '"Be cross sections were recalculated for the new
19Be half-life (Nishiizumi et al. 2007; Chmeleff et al. 2010),
and some of the cross sections, those measured at ETH Ziirich,
needed to be renormalized to a change in the AMS standard
(Christl et al. 2013). The change in the '°Be half-life only
affected the cross sections (and thick target data; see further
below), not the '°Be activity concentrations in meteorites and/
or the lunar surface. In addition, we renormalized some of the
26Al cross sections (and thick target data) due to the recent
change of the °Al standard used at the ETH Ziirich AMS
facility. The excitation functions for the proton-induced
reactions consist mostly of experimental data from the EXFOR
database; missing data were calculated using results from INCL
++46. For some cases, we double-checked and extended the
low-energy part of the excitation functions, especially the
region close to the reaction threshold, using TALYS predic-
tions (Koning & Rochman 2012). The same is true for a-
induced reactions, although more inter- and extrapolations
using INCL++-6 and/or TALYS were necessary. For neutron-
induced reactions, we recalculated a posteriori neutron
excitation functions using our energy-dependent deconvolution
procedure using renormalized '°Be and 2°Al data and INCL+
+6 results as guess functions. For more information, see Leya
& Michel (2011). For 22Na, we are in a comfortable situation
that high-energy neutron-induced cross sections exist for the
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Table 1
Chemical Composition (weight%) and Density (g cm ) Used for the Model
Calculations

Chemical Apollo 15 Average L-chondrites Knyahinya
Element (weight%) (weight%) (weight%)
C e 0.09 0.34
(¢} 4243 37.44 37.67
Na 0.30 0.70 0.79
Mg 7.02 14.9 15.14
Al 5.79 1.22 1.34

Si 21.97 18.5 19.02

P e 0.095 0.14

S 0.06 2.20 2.31

K 0.25 0.0825 0.11
Ca 6.15 1.31 1.12
Ti 1.11 0.063 0.06
Cr e 0.388 0.45
Mn e 0.257 0.23

Fe 14.72 21.5 20.15
Ni 1.20 1.04

p (gem™) 1.76 3.50 3.49

target elements Mg, Al, and Si, which are the most relevant
target elements for cosmogenic *?Na production in stony
meteorites and the lunar surface (Michel et al. 2015). The
excitation functions for the proton-, neutron, and a-induced
production of '’Be, 2°Al, and **Na can be found at https://doi.
org/10.7910/DVN/IXZU6L.

3.4. Irradiated Material

The L-chondrite Knyahinya is modeled as a spherical body
with a radius of 45cm, which has been divided into 18
concentric shells, each with a thickness of 2.5 cm. For the
Monte Carlo calculations, we use the average chemical
composition for L-chondrites given in Table 1. The average
chemical composition, which is only slightly different from the
chemical composition for Knyahinya, is well applicable to the
large variety of L-chondrites we plan studying. Note that the
average composition is only used for calculating the differential
particle spectra; the production rates for Knyahinya discussed
below were calculated using its individual chemical composi-
tion also given in Table 1 (see also Mason & Wiik 1963).

The Moon is modeled as a spherical body with a radius of
1 km. We checked that the particle spectra calculated for
objects with radii larger than or equal to 1km are indis-
tinguishable. For modeling the particle spectra for the Moon,
we use the material and density of the Apollo 15 drill core. The
composition (mass percent; Gold et al. 1977) is as follows:
Si0, (46.4%), TiO, (1.82%), Al,O3 (10.8%), FeO (18.7%),
MnO (0.12%), MgO (11.5%), CaO (8.58%), Na,O (0.4%), and
K50 (0.3%). The chemical composition data (in weight %) are
also given in Table 1. For the density of the Apollo 15 drill
core, we use a value of p=1.76 gcm > (Carrier 1974). For the
Geant4 calculations, we divided the surface of the Moon into
100 layers, each 2.5 cm thick. The covered depth of 250 cm
therefore corresponds to 440 g cm 2. So far, we assume for the
model calculations a homogeneous target composition.
Because this is not always true and we expect especially the
thermal and epithermal neutron fluxes to depend on the local
chemical composition, studies including nonhomogeneous
samples are planned.
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3.5. Calculating Production Rates

Based on the particle spectra J,,(E, R, d, ®) (particles/ (cm2
s MeV)), where (m = 1) for protons, (m = 2) for neutrons, and
(m=73) for o and the excitations functions for the production
of nuclide j from the target element n by reactions induced by
particle type m, 0, ,(E) (cmz), we calculate the production rate
P(R, d, ®) (1 /(g s)) for cosmogenic nuclide j via

LIS VAR RPN
PR, @) =3 o2 57 [ o)
n=1 A" m=1"0
X Jo(E, R, d, ®) x dE. a7
As discussed before, the differential particle spectra and with
it the production rates depend on the radius R of the irradiated
object, the depth d below the surface, and the solar modulation
function .

4. Results

Here we present the first results of the new model
calculations, where we focus on '°Be and 2°Al because high-
quality data exist for Knyahinya (L-chondrite, reference for
meteoroid orbits) and for the lunar surface (reference for 1 au).
In addition, we calculate production rates for *Na to study
short-term GCR variations. In this introduction study, we focus
on Knyahinya, an L-chondrite with a radius of 45 cm, and the
Apollo 15 drill core. Results for other cosmogenic nuclides,
other meteorite types, and other radii will be presented in later
publications. Production rates for 1OBe, 26Al, and Na in
L-chondrites with radii between 4 and 500 cm can be found as
Excel files at https://doi.org/10.7910/DVN/T5DOCN.

4.1. Results for the Knyahinya Meteorite—GCRs in the
Meteoroid Orbit

Here we present the result of the new version of the model
calculations. Using the CosmicTransmutation model, we
calculated particle spectra for L-chondrites with a radius of
45 cm. The objects have been divided into 18 concentric shells,
each with a thickness of 2.5 cm. Such an object is a very good
description of the L-chondrite Knyahinya. This meteorite is
well suited for such a study, because its preatmospheric shape
and size have been carefully reconstructed (Graf et al.
1990a, 1990b). In addition, Knyahinya is an observed fall
and has an exposure age of ~40Ma, providing that the
irradiation took place in a single stage and that the radio-
nuclides are in saturation.

To calculate the spectra for primary protons and « particles,
secondary protons, secondary neutrons, and secondary o
particles, we varied the solar modulation function from
® =100MeV to & =1000MeV in steps of 50 MeV, i.e., we
calculated 19 spectra. To obtain good statistics for the Monte
Carlo calculations, we used 2 million incoming particles for
each simulation. The calculated particle spectra can be found
athttps://doi.org/10.7910/DVN/SDVHTS5. For each spec-
trum, i.e., for each modulation function, we calculated the
depth profiles for '°Be and 2°Al and compared the results to
measured data (Graf et al. 1990b). We found a good agreement
between measured and modeled depth profiles for a solar
modulation function & = 600MeV. The ratios between
modeled and measured production rates averaged over all
shielding depths are for both nuclides close to 1.0. The standard
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Figure 3. Depth profiles of '’Be (left panel) and 2°Al (right panel) in the L-chondrite Knyahinya. The experimental data are from Graf et al. (1990b) renormalized to
changed AMS standards. We show depth profiles for solar modulation functions ¢ = 550, 600, and 650 MeV. Both depth profiles can simultaneously be described

using a solar modulation function ® = 600 MeV.

deviations for '°Be and 2°Al are 0.06 and 0.03, which is close
to the experimental uncertainties.

Figure 3 clearly demonstrates that model calculations using
® =550MeV or & =650 MeV give a worse description of the
experimental data. From this, we can conclude that our result
for the long-term average solar modulation function of
®=600MeV likely has an uncertainty of less than
Ad =50MeV. However, the result is model dependent, i.e.,
it depends significantly on the cross-section database used for
modeling and on the choice for the LIS (see above). Because
the cross sections we used are based on experimental data for
proton-induced reactions, adjusted neutron cross sections,
partly anchored to the few experimental data available, and
on a-induced cross sections calculated using the very reliable
INCL++6 code, we conclude that our result for the long-term
average solar modulation function in the meteoroid orbit of
® =600 MeV is relatively robust.

Our earlier model was able to simultaneously describe the '°Be

and “°Al depth profiles in Knyahinya (Leya & Masarik 2009).
However, the modulation parameter ® =600MeV and with it
the number of integral GCR particles of Jy gcr = 2.67 cm 2!
we used here are significantly different from the value of
® =500MeV and Jygcr =2.88 cm 2s ! used in our earlier
model (Leya & Masarik 2009). The difference is mostly due to
the different particle spectra used for modeling, especially due to
the differences in the low-energy region of the secondary proton
spectra and the direct consideration of primary and secondary
Galactic « particles (e.g., Hirtz 2019).
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The recent study by Kim et al. (2010) using the MCNPX
code was unable to simultaneously describe °Be and *°Al
depth profiles in the L-chondrite Knyahinya. If the modulation
function, and with it the Jy gcr value, was chosen to describe
the measured 2°Al depth profile, the '%Be data were under-
estimated by 17% if MCNPX was using Bertini for the
spallation part. The discrepancy increased to 25% if the
Cascade-Exciton-Model (CEM) was used. The recent study by
Argento et al. (2015a), which also used the MCNPX code
system in combination with cross-section data for the relevant
nuclear reactions, also fails to simultaneouslly describe the '°Be
and 2°Al depth profiles for Knyahinya. For '°Be, the calculated
data are lower than the measured data by ~60%; for 26Al, the
discrepancy is ~80%, i.e., for both nuclides, the discrepancy is
significant.

To summarize, the comparison between modeled and
experimental '°Be and 2°Al data in Knyahinya indicates that
the long-term average GCR spectrum at the meteoroid orbits,
i.e., at ~3 au, can best be described using the solar modulation
function ® = 600 MeV.

4.2. Elemental Production Rates

Figure 4 depicts the same modeled '°Be and 2°Al depth
profiles for the L-chondrite Knyahinya as shown before, again
calculated by using a solar modulation function ¢ =600 MV.
However, here we distinguish contributions due to protons
(dotted line), neutrons (dashed line), and « particles (dashed—
dotted line). The largest contributions for both nuclides are due
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Figure 4. Depth profiles of '°Be (left panel) and *°Al (right panel) in the L-chondrite Knyahinya. The experimental data are from Graf et al. (1990b) renormalized to
the changed AMS standards. For the model calculations, we use a solar modulation function & = 600 MeV. For the depth profiles, the contributions due to protons (p),

neutrons (n), and « particles («) are distinguished.

to secondary neutrons. While the contributions for neutrons
increase from the surface toward the center, the contributions
for protons decrease from the surface toward the center. The
same is true for « particles; their contributions also decrease
from the surface toward the center.

The depth dependencies for the a-induced contributions for
both nuclides are different from the depth dependencies for the
proton- and neutron-induced contributions. Consequently,
considering « particles directly, as it is done here for the very
first time, changes the depth dependency of the total production
rates. For the two nuclides shown here, the direct consideration
of « particles makes the increase of the total production rates
with increasing shielding depth less pronounced. With the «
approximation, the depth profiles would look slightly different,
i.e., they would increase more with depth.

4.3. Results for the Apollo 15 Drill Core—GCRs at 1 au

Based on the discussion in Section 2.3, we expect that the
long-term average solar modulation function for the Earth and
Moon at 1 au is slightly higher than the long-term average solar
modulation function of ® =600 MeV determined just above for
the meteoroid orbits at ~3 au. To determine the ® value at 1 au,
we calculated the particle spectra for the Apollo 15 drill core
using ® =564 MeV (recent average determined by Usoskin
et al. 2017; see also above), 620, 660, and 700 MeV. For
modeling, we use the chemical composition of the Apollo 15
drill core (see Table 1) and for the density we assume
p=1.76gcm >. The Apollo 15 drill core is well suited for
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such a study because it is the least disturbed among all Apollo
drill cores (Carrier 1974). To model the Moon, we use a
spherical object with a radius of 1 km (see above), and we use
5 x 10° source particles to reach sufficient statistics.

The experimental data for 'Be are from Nishiizumi et al.
(1984a). The '"Be data need no change despite the recent
change of the accepted '°Be half-life (see Nishiizumi et al.
(2007)). For 26A1, the experimental data are from Nishiizumi
et al. (1984b) and Rancitelli et al. (1975). Unfortunately, for
our studies, the experimental data scatter significantly, which
makes the interpretation difficult. The comparison between
measured and modeled '°Be and 2°Al depth profiles for the
Apollo 15 drill core is shown in Figure 5. First, it can be seen
that all model results slightly overestimate the '%Be and 2°Al
data at depths larger than ~200 gcmfz. For '“Be, the
overestimation, averaged for shielding depths larger than
200gcem 2, is 1.26, 1.20, 1.18, and 1.14 for & = 564, 620,
660, and 700 MeV, respectively. For 26Al, the model is too
high by factors of 1.26, 1.21, 1.18, 1.15 for & = 564, 620, 660,
and 700 MeV, respectively. Second, at shallower depths, the
results for ® =564 and 620 MeV slightly overestimate the
experimental data, indicating that the modulation function is
slightly too low. In contrast, the model prediction for
®=700MeV is slightly too low, indicating a modulation
function that is slightly too high. By quantifying the (depth-
averaged) differences between modeled and experimental data
and ignoring near-surface data due to SCR contributions, we
calculated that a solar modulation function ® =660 MeV
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Figure 5. Depth profiles of '°Be (left panel) and 2°Al (right panel) for the Apollo 15 lunar drill core. The experimental '°Be data are from Nishiizumi et al. (1984a) and
the 2°Al data are from Nishiizumi et al. (1984b) and Rancitelli et al. (1975). The depth profiles are for solar modulation functions of ® =564 MeV (blue line),
620 MeV (black line), 660 MeV (red line), and 700 MeV (green line). The best agreement between model predictions and experimental 19Be and 2Al data is for a

solar modulation function ® ~ 660 MeV.

describes the experimental '°Be and *°Al data best (red line in
Figure 5). Third, the calculated 20A1 depth profiles are
significantly lower than the experimental data at low shielding
depths. This is due to contributions from solar cosmic rays,
which are known to be relevant for 2°Al production at the
Moon surface but which are not yet considered in our model.
From the finding so far, we conclude that the long-term average
solar modulation function for Earth and the Moon, i.e., for an
orbital distance of 1au, is ~660MeV. Here it is worth
emphasizing again that the solar modulation function we
determined is a model-dependent parameter; it depends on the
GCR spectrum and on the cross sections used for modeling.

A similar good agreement between experimental and
modeled data has been obtained in the recent study by Li
et al. (2017), also using the Geant4 toolkit. However, the
authors used a different physics list, different cross sections,
and a different parameterization for the GCR spectrum. Their
calculations are based on a solar modulation function
®=550MeV, and they used the parameterization from
Usoskin et al. (2005) for the GCR spectrum. Considering
Equation (14), their value & =550 MeV corresponds to a solar
modulation potential ® =455 MeV for a GCR spectrum given
by Castagnoli & Lal (1980), i.e., much lower than the value of
®=660MeV we used. The large difference in the solar
modulation functions between the two approaches is likely due
to the different physics lists used for Geant4 and the different
cross sections used for modeling.
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The study by Poluianov et al. (2018) only focused on 2°Al;
'Be or other cosmogenic nuclides are not discussed. Also, by
using the Geant4 code and experimental cross sections, the
authors calculated °Al depth profiles for Apollo 15 samples for
a variety of solar modulation potentials. The calculations are
based on the LIS by Vos & Potgieter (2015) and the
modulation approach summarized by Usoskin et al. (2017).
According to their study, the best value for the long-term
average solar modulation potential is =496 +£40 MeV,
again, significantly lower than the value we determined.
However, if we compare the GCR spectrum with
® =660 MeV from Castagnoli & Lal (1980) to a spectrum
combining the LIS from Vos & Potgieter (2015) with the
modulation part by Usoskin et al. (2017) using & =496 MeV,
the differences in the modulated particle spectra are only very
minor.

The study by Dong et al. (2014) used the Geant4 toolkit and
the GCR spectrum given by Castagnoli & Lal (1980). Their
results also describe the experimental data rather well but
unfortunately, they give neither information on the physics list
used nor on the solar modulation function used for modeling.

Finally, the study by Kim et al. (2010) based on the MCNPX
code fails to simultaneously describe '°Be and Al depth
profiles for the Apollo 15 drill core. If the spectrum was
adjusted to describe the '°Be depth profile, the *°Al depth
profile was 30% (using Bertini for the spallation part) or 40%
(using CEM for the spallation part), too high compared to the
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experimental data. In addition, the model is not in accord with
the expected radial gradient, i.e., it fails to consistently and
simultaneously describe cosmogenic nuclide production for the
meteoroid orbits and at 1 au.

To summarize the results so far, we determined a long-term
average solar modulation function at 1 au of ® ~ 660 MeV.

4.4. Long-term Average GCR Gradient as Determined from
Cosmogenic Radionuclides

From our best estimates for the long-term average solar
system modulation function of ® =600 MeV for the meteoroid
orbits at ~3 au and ® = 660 MeV for the Moon at 1 au, we can
conclude that the long-term average gradient in the inner solar
system is A® ~ 30 MeV au '. This corresponds to a gradient
in the particle density of ~5% au'. This value agrees with the
gradient of 4.5+ 0.5% au ' given by Gieseler et al. (2008).
However, our finding is slightly lower than the (rather
uncertain) gradient of 26 + 18% au~ ' determined b%/ Alexeev
et al. (2019) also by using cosmogenic nuclides (**Na, 2°Al,
>*Mn). To calculate the gradient, the authors assumed that the
long- and short-term variations in the GCR gradient are similar,
which might not be the case. A gradient of 26% au '
corresponds to a heliosphere of radius ~25 au, i.e., much too
small. A possible explanation could be that the majority of the
solar modulation gradient is in the inner solar system and that
the gradient should become smaller at larger heliocentric
distances. Unfortunately, with only two data points, one at 1 au
and one at ~3 au, we cannot be more quantitative.

5. Long-term Changes of the Galactic Cosmic Rays and
Constraints on Meteoroid Orbits

5.1. Were There Any Long-Term Changes in the Galactic
Cosmic Rays?

Figure 5 demonstrates that the '°Be and 2°Al depth profiles
calculated for the Apollo 15 drill core using a solar modulation
function ® =564 MeV, which is the average solar modulation
function at 1 au for the years 1951 to 2005 (Usoskin et al. 2005,
normalized to CL80, see above), gives a bad description of the
experimental data. Our best estimate for the long-term
(34 Myr) average solar modulation function at lau is
~660 MeV. Consequently, we can conclude that the recent
average solar modulation function for the years 1951-2005 is
significantly different from the long-term average over the last
~3—4 million years (2-3 half-lives of '°Be and 2°Al). To be
slightly more quantitative, a spectrum as given by Castagnoli &
Lal (1980) with & =660 MeV corresponds to a primary proton
flux of 2.41cm 2s~'. On the other hand, a spectrum with
® =564 MV corresponds to 2.85 ecm *s ', which is 18%
higher than the long-term average. Consequently, the data for
the Apollo 15 drill core indicate that the long-term GCR flux at
1 au was ~20% lower than the recent average since 1951.

Interestingly, Vahia (2004, 2006) studied changes of the
heliopause due to changing conditions of the local ISM and
proposed that the current flux (back to 10* yr before present
(BP)) of GCR particles with energies larger than 100 MeV was
higher than the flux in the time period 10*yr BP—10° yr BP.
During this time period, the solar system was in a bubble of the
local ISM. Furthermore, he proposed that the flux from 10° to
107 yr BP, i.e., the flux relevant for 19B¢ and 2°Al production,
was much higher than any other flux before or after. During
this time period, the solar system was in an interarm region.
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Consequently, according to this study, the current GCR flux
should be lower than the long-term average relevant for '%Be
and 2°Al production, in contrast to what we found. However,
one could also turn the entire discussion of this study around
and argue that the GCR flux density in interarm regions should
be lower than the average, which would argue for lower flux
densities in the time period 10°-107 yr, in contrast to the study
by Vahia (2004, 2006) but in agreement with what we found.

Another possibility that has been proposed for studying
temporal changes in the GCR intensity and the solar
modulation function is via the **Na / 26Al production rate ratios
in solar system objects. The rationale is as follows: for the same
solar modulation function, the production rate ratio *Na / 20A1
is almost insensitive to the size of the irradiated object, the
depth within this object, and its chemical composition. In
contrast, while the cosmogenic 2°Al production rate depends on
the average GCR intensity (solar modulation function) over the
last ~1.5 Myr (~2 half-lives of 20Al), the **Na production rate
reflects only the GCR intensity and the solar modulation
function for the last ~5yr (~2 half-lives of 22Na). Conse-
quently, variations in the *’Na /26A1 production rate ratio
cannot be due to variations in radius, depth, or chemical
composition but must be due to GCR intensity variations,
which enable us to study whether the GCR intensity for the
last ~5yr was similar to the average GCR intensity (solar
modulation function) for the last ~3—4 Myr.

For this purpose, we calculated the **Na and *°Al production
rates for the Apollo 15 drill core. The model calculations for
26Al are based on a solar modulation function ® = 660 MeV,
which we determined above to be the average solar modulation
function for the last few million years. For *Na, we performed
model calculations using ® =564 MeV, 620 MV, 660 MeV,
and 700 MeV. The **Na / 26 Al production rate ratios measured
in Apollo 15 samples reflect the solar modulation during the
five years before the Apollo 15 mission, i.e., from 1966 to
1971, relative to the long-term average. From the data by
Usoskin et al. (2017), normalized to CL80 and shown in
Figure 2, we calculate an average solar modulation function
® ~ 605 MeV for the years 1966—1971. In a diagram of **Na
production rates as a function of A1 production rates, the
slope depends on the solar modulation functions relevant for
“Na production relative to the long-term average relevant for
26 Al production. For example, if both nuclides are produced
under the same solar modulation, the data would plot on a
certain slope (in our case, the slope for ® =660 MeV). In
contrast, if *Na are produced at a higher (lower) solar
modulation than 2°Al, the slope would become lower (higher).
In this diagram, effects due to solar cosmic rays and gardening
are ignored. The modeled results are shown in Figure 6 (left
panel). Considering the data from Rancitelli et al. (1975) for the
Apollo 15 drill core, there is a reasonable agreement between
the experimental data and the model predictions. However, the
experimental data scatter too much to discern a real trend. The
model calculations also indicate that the **Na / 26A1 production
rate ratio does not vary enough to be really useful for studies
of long-term changes of the solar modulation function, at least
not in the range ® =564-700 MeV we studied. To be more
quantitative, the average 22Na/ 20A1 production rate ratios
calculated for the Apollo 15 drill core and for ® =564 MeV,
620 MeV, 660 MeV, and 700 MeV are 0.85 £+ 0.06, 0.81 4-0.05,
0.78 £0.04, 0.76 £ 0.03, respectively, i.e., the variability is only
11% for the studied range of solar modulation functions.
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Figure 6. *’Na as a function of 2°Al for Apollo 15 drill core samples. The model calculations for **Na are for the solar modulation functions ® = 564, 620, 660, and
700 MeV and the model calculation for °Al is always for ® = 660 MeV. The experimental data are from Rancitelli et al. (1975; left panel). >>Na/?®Al production rate
ratios in L-chondrites with a preatmospheric radius of 45 cm. The given points are weighted averages assuming ~80% ablation losses. The solar modulation function
varying from ® = 100 MeV to & = 1000 MeV is for *?Na; the “°Al production rates are always for & = 600 MeV. The upper and lower curves represent the
maximum and minimum ratios, respectively. For more information see text (right panel).

Next, we discuss the variability of *Na / 20A1 production rate
ratios for an L-chondrite with a preatmospheric radius of
45 cm, i.e., for an average orbit of ~3 au. Doing so, we use the
A1 production rates for an L-chondrite having a preatmo-
spheric radius of 45 cm calculated using a solar modulation
function ® =600MeV, i.e., corresponding to the long-term
average for the meteoroid orbits as determined above (see
Section 4.1). For 2N a, we use the same object, an L-chondrite
with a preatmospheric radius of 45 cm, but we varied the solar
modulation function from ® =100 MeV to & = 1000 MeV in
steps of AP =50 MeV. The range of possible ratios has been
reduced by assuming ~80% ablation losses (Bhandari et al.
1980), i.e., by considering only the innermost 25 cm of the
45 cm object. From this data, we calculated weighted averages,
using the mass of the individual shells as weights. This finally
gives a weighted average 22Na/ A1 production rate ratio for
each solar modulation function; shown as solid symbols in
Figure 6 (right panel). The upper and lower limits are shown by
the two solid lines. The correlation between 22Na/26Al and
solar modulation function can be fitted via

—(2-92.09)
36202 .

P(**Na) /P(*°Al) = 0.918 + 2.696 x ¢ (18)

Because Equation (18) is only for L-chondrites with a
preatmospheric radius of 45 cm, the following discussion is
biased accordingly. In an experimental study, Evans et al.
(1982) measured 22Na/26Al production rate ratios in 47
samples from 24 meteorite falls. The measured ratios range
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between 1.04 £ 0.05 for the meteorite Malakal and 4.56 £ 0.38
for the meteorite Jilin. The ratio for Jilin is not representative
because this meteorite experienced a complex exposure history
and 2°Al is not in saturation, making the 22Na/ Al ratio too
high (Begemann et al. 1985). Ignoring Jilin for the discussion,
the upper limit is reduced to 2.48 for the meteorite Dhajala.
Again, excluding Jilin, the average value for the 22Na/26Al
ratio for the studied meteorites is 1.46 4= 0.27. Both the range
and the average value are in agreement with the model
predictions. In addition, the 22Na/26Al ratios for a variety of
ordinary chondrites studied by Bhandari et al. (1994) range
between ~1 and ~2.3, again in agreement with the model
predictions. For the meteorite Chelyabinsk, Alexeev et al.
(2019) give **Na/?Al ratios of 1.4+ 1.2 for a depth larger
than 100cm, 2.424+0.17 at a depth of 10-50 cm, and of
2.53 £ 0.24 for depths of 50-100 cm. For the KoSice meteorite,
the same authors measured 1.45 £ 0.20 for depths below 10 cm
and 1.52 +£0.21 for depths between 10 and 50 cm. All values
are well within the range of the predicted 22Na/26Al ratios
we modeled for an L-chondrite with a radius of 45cm (see
Figure 6).

The data for meteorites indicate that the **Na/?°Al
production rate ratios vary enough to be useful for studies on
the temporal variability of the solar modulation function. For
the following, more qualitative discussion, we use the
reconstruction of the solar modulation function given by
Usoskin et al. (2017) shown in Figure 2. Because the data are
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for 1 au, we adjusted them to the meteoroid orbits at ~3 au by
simply subtracting A® = 60 MeV, which we determined above
as the best value for the long-term average gradient in the inner
solar system (see also Section 2.3). Note that this procedure is
surely not entirely correct because the radial gradient in the
inner solar system is expected to vary on short timescales.
However, for our qualitative discussion, this rough assumption
is sufficient. Considering now a meteorite that fell in 1970, the
Na production rate is determined by the solar modulation
function from ~1965 to ~1970, which was (®) ~ 480 MeV.
According to Equation (18), this corresponds to a 22Na/ A1
(1965-1970) production rate ratio of ~2.08. For a meteorite
that fell in 1980, the relevant parameters are (®) ~ 420 MeV
and **Na/?°Al (1975-1980) ~2.25. Finally, a meteorite that
fell in 1985 experienced (®) ~670MeV, corresponding to
22Na /%Al (1980-1985) ~1.7. Consequently, the variability in
22Na/26Al production rate ratios for the three cases is more
than 30%, sufficient for detailed studies of the temporal
variability of the solar modulation function using freshly fallen
meteorites.

5.2. Can We Put Constraints on the Meteoroid Orbits?

For the qualitative discussion above, we assumed that the
meteorites spent their entire lifetime in the same orbit at ~3 au
and that the transfer from the asteroid belt to Earth was almost
instantaneous. This assumption is not entirely correct. Indeed,
the meteorites spent most of their lifetime in the asteroid belt
but at one point they are ejected, likely from the so-called
Kirkwood gaps caused by orbital resonances with Jupiter.
Subsequently, the meteorites will develop more elliptical orbits
and will spend a substantial amount of their travel time in the
inner solar system, i.e., at higher solar modulation functions. In
this picture, the 2°Al production rate is governed by the solar
modulation in the asteroid belt but **Na is governed by the
solar modulation shortly before the fall in the inner solar
system. Consequently, the **Na / 26 Al production rate ratios can
also be used to better constrain the final orbit of a meteorite
shortly before its fall, or at least the ratio can confirm or reject
the orbit estimated based on observations and/or photos.

As an example, we discuss the data for the H5 chondrite Lost
City that fell in 1970. The 22Nzi/26Al production rate ratios
range from 1.24 4+0.18 to 1.58 £0.10; the average ratio is
1.37 £ 0.05 (Evans et al. 1982). According to Equation (18),
this ratio corresponds to a solar modulation function
® ~920MeV. Going back to the data from Usoskin et al.
(2017), the average modulation function at 1 au for the time
period 1967-1969 was ~640+ 60 MeV, ie., significantly
lower. For ®=640MeV, we would expect a ~“Na/?°Al
production rate ratio of ~1.74, i.e., higher than the exper-
imental ratio. Consequently, comparing model Eredictions and
experimental data indicates that most of the **Na production
was at a high solar modulation function, higher than expected
for orbits at 3 au but also higher than expected for orbits at 1 au
at this time. A reasonable assumption therefore would be that
the orbit of Lost City before its fall on Earth was relatively
close to the Sun, i.e., much closer than 1 au, and that there was
a large radial gradient in the inner solar system. For example,
assuming ® ~ 660 MeV at 1 au and with ® ~ 920 MV needed
to explain the 22Na/ 26A1 ratios for Lost City, we calculate a
drop in the GCR flux density of ~65%, which corresponds to a
radial gradient larger than ~65% au ', In addition, we could
also argue that some parts of the Lost City orbit were above or

16

Leya, Hirtz, & David

below the ecliptic, corresponding to lower GCR intensities and
higher gradients.

For the meteorites KoSice and Chelyabinsk, the average
2Na /26Al ratios are 1.49 and 2.48, respectively, which is
surprisingly different considering that both meteorites fell only
~3yr apart (Alexeev et al. 2019). However, Al in
Chelyabinsk is not in saturation due to the short cosmic-ray
exposure age of ~1.2Ma (Nishiizumi et al. 2013; Alexeev
et al. 2019). Correcting the %Al data for undersaturation
reduces the >*Na / 26 A ratio to ~1.7, i.e., in better agreement to
the data for Kosice. Here we focus on the data for KoSice; the
22Na/26Al ratio of 1.49 corresponds to ® ~810MeV. This
high value is somewhat surprising considering that KoSice fell
close to the minimum of solar activity during the 23rd solar
cycle. Again, the data indicate that the final part of the
meteorite orbit was most likely very close to the Sun and was
governed by low GCR intensities.

Remember that the discussion is significantly biased because
Equation (18) is only valid for L-chondrites with a preatmo-
spheric radius of 45cm. In contrast, Lost City is an HS
chondrite that was most likely smaller, Chelyabinsk is an LL5
chondrite that was much larger. KoSice is an H5 chondrite that
was likely smaller than 45 cm. Another limitation is that we are
currently not considering any uncertainties. Consequently, the
discussion above is only qualitative and is just to demonstrate
that a combination of short- and long-lived cosmogenic
nuclides in meteorites or the lunar surface can be used to
study the temporal variability and the radial gradient of the
GCR flux and the solar modulation function.

6. Conclusions

Here we present the first results of our new generation of
model calculations, i.e., version V03. The model is based on
improved and very sophisticated Monte Carlo calculations for
particle transport. The Geant4 toolkit used is using the latest
and most reliable approach for the intranuclear cascade, called
INCL++6. Thanks to the recent improvements (extending the
code to lower and higher energies, considering light charged
particles as ejectiles and projectiles), we can for the first time
directly consider primary and secondary Galactic « particles. In
addition to the improved particle spectra, we also reinvestigated
some of the cross sections, which was necessary due to recent
changes in accepted half-lives and/or changes in AMS
standards.

Here we present the first results, i.e., '°Be and 2°Al depth
profiles for an L-chondrite with a preatmospheric radius of
45cm, which is a good proxy for the very well-studied
meteorite Knyahinya. By comparing measured and modeled
depth profiles, we concluded that the long-term average solar
modulation function, which is a proxy for the GCR intensity,
was @ =600 MeV. This is our best estimate for the long-term
average solar modulation potential at the meteoroid orbit, i.e.,
at ~3 au.

We also calculated the '°Be and *°Al depth profiles for the
Apollo 15 drill core for determining the long-term average
solar modulation function at 1au. Our best estimate is
® =660 MeV. From the finding, we calculate a long-term
average gradient for the solar modulation function of
A® =30MeV au ', which corresponds to a gradient for the
GCR intensity of ~5%au '. Our result is in very good
agreement with the gradients found in studies based on space
mission data.
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By extending the model to the short-lived radionuclide **Na,
we elaborate on the possibilities to study temporal GCR
intensitgl variations using *Na / 20A1 production rate ratios. The
2Na / 26 Al production rate ratio in lunar samples is not a good
measure for the temporal variation of the solar modulation
function . First, the uncertainties of the experimental data are
very large, preventing us from seeing any trend. Second, even
with lower uncertainties, the ratio does not vary enough with
solar modulation to be useful. For meteorites, in contrast, the
2Na / 6 Al production rate ratio varies by almost a factor of ~3,
which would be sufficient for more detailed studies on temporal
GCR intensity variations. We also elaborated briefly on the
possibility of putting some constraints on the meteoroid orbits
shortly before their fall. However, the study so far is seriously
limited because it is based only on the model calculations for
an L-chondrite with a preatmospheric radius of 45 cm.
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