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The era of direct measurements of solar energetic particle (SEP) fluxes is limited to the last few
decades and largely overlaps the Modern Grand Maximum of solar activity. However, for many
purposes it is important to know the fluxes of SEP on much longer time scale. This can be done
only using indirect proxies. Terrestrial ones, such as the nuclides '*C and '°Be in tree trunks
and ice cores, may potentially resolve strongest SEP events but cannot evaluate the average SEP
flux. On the other hand, lunar rock samples, collected during the Apollo missions and measured
later at the Earth, may provide information on the average fluxes of SEP throughout thousands
and millions of years in the past. This option had been explored earlier, and here we revisit the
approach, using the newly calculated yield functions of cosmogenic nuclide production in lunar
rocks and more realistic spectra of solar energetic particles and galactic cosmic rays.
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1. Introduction

Studies of content of long-living radionuclides (!°Be, '#C, 2°Al, 3°Cl, 33Mn) in lunar rock
samples collected by the Apollo missions is a unique method to estimate average fluxes of solar
energetic particles and galactic cosmic rays (SEP and GCR, respectively) on long time scales of
thousands and millions years [e.g., 1, 2, 3]. The main advantage of the method is the fact that the
Moon has no magnetic field or atmosphere, in contrast to the Earth, thus even relatively low-energy
particles can reach the surface and cause reactions producing cosmogenic nuclides. The measured
distribution of isotopes’ concentrations in depth of a lunar rock sample allows one to estimate
their average production rates which should be in equilibrium with respective decay rates. Such
distributions are different for nuclides produced by SEP and GCR, and this fact helps to disentangle
the two factors. Although the method is known since long, the average flux data for SEP and GCR
computed from different nuclides are inconsistent [3, 4]. In order to resolve the contradiction we
have improved the model of production of '*C and '°Be in lunar rocks and applied more realistic
spectra of energetic particles to get new estimates of isotope production rates.

2. Modeling and results

2.1 The model of cosmogenic nuclide production

Production of '*C and '°Be in lunar rock is modelled with a full Monte-Carlo simulation
performed by two rival toolkits of particle physics Geant4.10.1 [5, 6] and FLUKA 2011.2¢.0 [7, 8]
in order to exclude possible programming errors and to verify the embedded physical models.
We have simulated a flat rock sample with the composition according to [9]. The sample was
assumed to be bombarded by monoenergetic primary protons and o-particles with the isotropic
angular distribution. The fluxes of particles, both primaries and secondaries, through surfaces at
depths within the range of 0-1000 g/cm? were recorded according to their energies. In a series of
simulations the primaries had energies in the range of 0.05-100 GeV/nucleon.

In this work we use the yield-function approach described in detail in [10, 11]. The yield
function Y (Ey,d) is the average production yield of an isotope at depth d as a result of irradiation
of the surface by the unit intensity of primary particles with energy Ey. It can be calculated using
the computed fluxes of particles inside the sample and the cross-sections for respective reactions
producing the isotope. The cross-sections of reactions for *C and '°Be caused by protons were
taken from [2, 3, 12]. The cross-sections for neutron reaction on O and Si nuclei were taken from
[13], and for other nuclei (Na, Mg, Al, Ca, Ti, Fe) they were assumed the same as for protons. The
cross-sections for a-particles are taken according to [14]. Using the yield function Y;(Ep,d) one
can calculate the production rate for a given energy spectrum of primary particles J;(E):

0(d) =Y. [ Yi(Eo.d) -Ji(Eo)-dEp, ()

where i is the index of primary particles, protons or alpha-particles.

Figure M shows the yield functions for '“C produced by protons and neutrons of a cascade
initiated by primary protons with energies 100 and 300 MeV. The effect of secondary o-particles is
negligible at these energies. Production of '*C above the depths 10 and 50 g/cm? for 100 and 300
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Figure 1: Yield functions of production of '#C by protons and neutrons in lunar rock (primary protons with
energies 100 and 300 MeV). Simulation with Geant4.
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Figure 2: Yield functions of production of '#C by primary protons with energies 300 MeV, 3 and 30 GeV
in lunar rock. Simulations with Geant4 and FLUKA.

MeYV, respectively, is caused mainly by primary protons, but secondary neutrons become dominant
in production in deeper layers. A comparison of yield functions based on simulations done with
Geant4 and FLUKA is shown in Figure B, which depicts the *C yield functions for primary protons
with energies 0.3, 3 and 30 GeV. One can see quite good agreement between the two codes that
confirms technical correctness of our modeling at this step.

2.2 Spectra of cosmic rays

The spectrum of energetic particles is the second factor in Equation [I. It is a sum of the GCR
and SEP spectra. In order to estimate the spectrum of GCR at the Earth’s orbit we use the force-
field model [15] so that the differential fluence of cosmic ray nuclei of type i at the Earth’s orbit

1S:
E(E +2Ey)

(E+®)(E+®+2E))’

Ji(E, ) = Jusi(E + D) (2)
where E and Ej are the kinetic and rest particle’s energies per nucleon; ® = %d); ¢ is the helio-
spheric modulation parameter; Z, e and A are the charge number, charge of an electron and mass
number of a nucleon, respectively; Jis; is the local interstellar spectrum taken from [16]. The
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Figure 3: Spectra of galactic cosmic rays (left panel), number of nucleons, and solar energetic protons (right
panel) in various models.

computed spectra (in number of nucleons) of GCR protons and nucleons of o-particles for mod-
erate modulation potential ¢ = 500 MV, corresponding to average solar activity during the present
epoch, are shown in Figure B. Galactic protons and ¢-particles experience different modulation in
the heliosphere because of different Z/A ratios. It is often neglected by assuming that the flux of
o—particle nucleons are a scaled (with the 0.55 factor) of that of protons [e.g., 17, 18], so that the
total differential nucleonic fluence of GCR is J,; ¢ = 1.55J),. This may lead to essential errors in
the results. Here we compute the spectra of protons and a-particles with Equation D independently.
Energetic particles coming from the Sun consist mostly of protons with small fraction of o-
particles that can be neglected in the analysis. The spectrum of SEP is often assumed as an expo-
nential function of the rigidity [e.g., 1, 2, 3]. In such a case the omnidirectional fluence of protons

is
F(> R) =k exp(—R/Ro). 3)

The parameters of the equation are defined with the data of observations during the last 60 years:
Ry =80MV and F(> 10 MV) = 134 cm~2 s~! [19]. This spectrum is shown in the right panel of
Figure B. One can see that it becomes negligibly low above 700 MeV. However, the reconstruction
of spectra of strong SEP events accompanied by ground-level enhancements (GLEs) of count rates
of the world-wide neutron monitor network [20] show that the SEP spectrum may extend above 700
MeV (the right panel of Figure B). The GLE-based spectrum is lower than the exponential one at
10-200 MeV. It is the effect of weak SEP events without GLEs, not involved into the computation
of the GLE-based spectrum. In order to get a conservative and realistic SEP spectrum, we use the
exponential spectrum below 250 MeV and extend it with the GLE-based one above this energy
(circles in the right panel of Figure B). The spectra of SEP and GCR used in this work are gathered
together in Figure B.

2.3 Nuclide production rates

Applying the described yield functions and spectra to Equation [l we got the production rates
of 1“C and '°Be by GCR and SEP separately.

The results for '*C produced by GCR are shown in Figure B. The production rates are plotted
there are for three values of ¢: 300, 500 and 700 MV, which are typical values during the modern
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Figure 4: Nucleonic spectra of galactic cosmic rays and solar energetic particles used for further computa-
tions.
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Figure 5: Production rates of '4C by galactic cosmic rays (protons and alpha-particles) for several solar
activity levels. The solid lines represent the realistic model of independent computation of proton and Q-
particle spectra, while the dashed lines with circles represent the model assuming the total spectrum of GCR
as 1.55 of the proton spectra.

epoch. In order to show the difference between production rates based on our GCR spectrum and
Jypra = 1.55J), used in [e.g., 17, 18], we compute and plot the production rate for the last one in
Figure B as well. One can see that for all ¢ the realistic spectrum yields production rates lower than
those for J,, o = 1.55J,, by 10% in average and up to 17% at the top layer for low activity. Lower
production rate leads to higher values of the reconstructed ¢ for the same measured content of the
nuclide. In other words, previous studies might underestimated the average level of solar activity
based on lunar rock data.

A similar analysis was done for SEPs. Figure B depicts production rates of '*C as function
of depth, for several assumptions. One is the “synthetic” spectrum of SEP and the other exponen-
tial one (both from Fig. B). Additionally, we show also the production curve that corresponds to
earlier used analytical models neglecting development of the nucleonic cascade in rock because
of supposedly negligible energy of SEPs [e.g., 1, 2, 3]. The results are different depending on the
depth. While the curves are quite close to each other for the top layers (05 g/cm?), because the
soft part of the SEP spectra dominates there and its shape is the same (the right panel of Figure O),
more energetic particles become important in deeper layers where the effect of nucleonic cascades
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Figure 6: Production rates of '“C in lunar rock by solar energetic particles.
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Figure 7: Production rates of nuclides by GCR (¢ = 500 MV) and SEP (“synthetic” spectrum). 'C is in
the left panel, '°Be is in the right one.

becomes crucial. At 50 g/cm?, the realistic production rates are greater by more than order of mag-
nitude than the simplified analytical solution. Moreover, a more realistic “synthetic” SEP spectrum
yields a significant enhancement (40-50%) of the production rate at moderate depths. about 44%
at 50 g/cm? over the exponential spectrum. Consequently, including the most energetic particles
into the SEP spectrum and taking into account cascades can significantly change the interpretation
of the isotope content of lunar rocks at layers deeper than 5 g/cm?.

Following the same way, the production rates of the isotope '°Be were computed.

The final results for both the nuclides, for GCR and SEP are gathered together in Figure [.
From the left panel of the figure one can conclude that while GCR are mostly responsible for the
generation of '4C, solar particles dominate at shallow depths < 8 g/cm?, because of the high fluxes
with lower energy (Fig. B). This forms two maxima in the production rate curve that theoretically
may allow to distinguish the GCR and SEP factors in experimental data. The shape of the total
production rate of '°Be differs (the right panel). SEP produce much less '°Be over all the depths,
even in top layers. The production by GCR is more or less constant till 20 g/cm? and doesn’t
form a pronounced maximum. These makes it difficult to extract reliable information about solar
particles since '“Be is produced mostly by GCR particles. Thus, the content of '°Be is a good base
to reconstruct the average flux of GCR in the past.
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3. Conclusions

In this work we present the newly computed yield functions of cosmogenic '*C and !“Be in
lunar rocks. Applying these yield functions and realistic spectra of GCR and SEP we revisited the
production rates for these isotopes. In the subsequent studies comparison with the measured data
will be performed.
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