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Direct measurements of solar energetic particles (SEP) became possible only in the space era
covering past several decades. However, for many academic and practical reasons, it is impor-
tant to know the SEP energy spectrum on much longer time scales in the past. Such informa-
tion can be obtained using reconstructions based on cosmogenic radioisotope measurements in
extra-terrestrial objects without magnetic and atmospheric shielding such as lunar surface or me-
teoroids. Thanks to the Apollo missions, samples of lunar rocks have been brought to the Earth
and measured for the isotope content. Although estimates of the average SEP energy spectrum
from cosmogenic radionuclides measured in lunar samples have been made earlier, here we revisit
the approach using newly calculated depth profile of the yield function for 2°Al in lunar rocks.
We have developed a full Monte-Carlo model of the nuclide production by energetic particles in
the rock. As a result, we present the improved estimate of the average solar energetic particle
intensity at 1 AU on the multi-millenial time scales.
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1. Introduction

The only known method to study solar energetic particles (SEP) on the long time scales (thou-
sands to millions years before modern measurements) is based on cosmogenic nuclides produced in
extraterrestrial bodies such as meteoroids and the Moon. Those objects are not protected by mag-
netic field and/or atmosphere, and thus relatively low-energy SEP can hit their surface and leave a
footprint in the form of produced isotopes. Thanks to Apollo missions, several lunar samples have
been brought to the Earth and measured for the nuclide content and its depth distribution. Estimates
of the energetic particle intensity have been conducted earlier [e.g., 1, 2, 3, 4] via quantitative mod-
elling of nuclide production by galactic cosmic rays (GCR) and SEP. Since most of results were
obtained decades ago and the quality of modelling of the cosmic ray cascade has increased sig-
nificantly, the study of cosmogenic nuclide need a revision. Moreover, earlier works considered
production of nuclides only by secondary protons, neutrons and -particles, though Li et al. [5]
have shown that the contribution by secondary charged pions cannot be neglected.

Because of that, we revised the estimate of GCR and SEP energy spectra with a newly calcu-
lated detailed depth profile of the isotope 2°Al (half-life 7.05 - 10° years) yield function in a lunar
sample including production by secondary pions.

2. Model of the isotope production

We used the standard yield-function approach [e.g., 6, 7] for quantitative modelling of the
isotope production rate Q(4) in a lunar sample:

o) =Y [ ¥(nE)I(E)dE. @.1)

where £ is the depth (in g/cm?), i is the index of primary particles’ type (e.g., protons, a-particles),
Y;(h,E) is the isotope’s yield function (in atoms cm? st/g), J; is the differential intensity of ith
primary particles (in (cm? s sr MeV)™!), and E is the energy. The units of Q(h) are atoms g~ s~ !.

The method significantly simplifies computation of the production rate if the yield function is
known. In our case we calculated new *6Al yield functions with high energy and depth resolution.
We considered production of the isotope by primary protons and «-particles, assuming that the
contribution from heavier species can be estimated by scaling of the production by o-particles [6,
7]. The computation required simulation of the nuclear cascade, which was done by a Monte Carlo
algorithm implemented with the toolkit GEANT4.10.0 [8, 9]. We designed a realistically sized
thick flat lunar sample according to the composition adopted from [10]. Its surface was simulated
to be bombarded by monoenergetic primary particles with the isotropic angular distribution. The
grid of initial particle energies was set as quasilogarithmic from 0.005 to 100 GeV/nuc (with 5-10
points per decade). We "registered" cascade protons, neutrons, -particles, pions-plus and pions-
minus crossing the depth layers from 0 to 950 g/cm? distributed with quasilogarithmic steps from
0.01 to 50 g/cm? from top to bottom. We included production of 2°Al by pions because their
contribution is not negligible in dense matter, as noted by Li et al. [5]. The cross-sections of pion
reactions were obtained by direct simulations with GEANT4. The method of computation of the
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yield function using a Monte Carlo simulation of the cosmic ray cascade is described in detail in,
e.g., [11].

Equation 2.1 requires the differential intensity of primary energetic particles J(E) along with
the yield function Y (h, E). For galactic cosmic rays, we used the force-field approach [e.g., 12] with
the local interstellar spectrum from [13] and modulation potential ¢ representing the heliospheric
modulation of GCR.

The differential intensity J(R) (in (cm? s MV)™!) of solar energetic particles is often repre-
sented by an exponential function of the magnetic rigidity R [1]:

J(R) = Joexp <_Ifo> , (2.2)

where Jy and Ry are free parameters in units (cm? s MV)~! and MV, respectively.

We computed the 2Al production rates for different GCR and SEP spectra covering the re-
alistic ranges of parameters ¢, Jo and Ry for further fitting into the measured data of the isotope
content described below.

3. Fitting the measurements and model

The results of our production model were compared with the measured concentration of 20 Al
in different lunar rocks and cores brought during Apollo missions [3, 4, 14, 15]. The data are
plotted in Figure 1 as color dots with error bars.
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Figure 1: Content of 2°Al in lunar samples. Measurements are denoted as dots with error bars (see the
legend for particular references). Modelled production of 2°Al by GCR (the modulation potential ¢ = 440
MYV) is denoted by the blue curve, modelled production by SEP are indicated by green and magenta curves
(fitting into the data from [4] and [3], respectively). Labels Vos2015, Fink98, Nishiizumi09, Nishiizumi84,
Rancitelli75 correspond to [13], [3], [4], [15], and [14], respectively.

The criterion of minimization of %2 was used in all fitting procedures in this work. Assuming
that at the depths >20 g/cm? production of 26Al is driven mostly by GCR, we fitted the modelled
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curve into the joint data set from [14] and [15] (Figure 1, the blue curve). It gave us the best fit
modulation potential ¢ = 440 MV (for the local interstellar spectrum from [13]). It represents the
average level of solar activity for the past several half-life times of 26Al (the timescale of a million
years) that is slightly below the modern average level covering the past 6 solar cycles.
The contribution of SEP is the remainder after subtracting the modelled curve of GCR-produced

26 Al from the measured data at < 20 g/cm?. Because of notable difference between the concentra-
tions from [3] and [4], we conducted two fitting procedures for each data set varying the spectral
parameters Jy and Ro. The distributions of the criterion y?(Ry,Jo) are shown in Figure 2. One can
see that, although the absolute minimum of %2 can be defined, there is a wide range of parameters
Ry and Jy (denoted by black curves in Figure 2) providing quality of the fit close to the best. This
shows that it is hardly possible to reconstruct unambiguous average spectrum of SEP according to
the exponential model (Equation 2.2) from only 2°Al data without additional assumptions. How-
ever, the family of SEP energy spectra can be derived from the pairs of Ry and Jy related to low
x? (Figure 3). The 2°Al production rates corresponding to these spectra are shown in Figure 1 as
green and magenta curves.
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Figure 2: Distributions of the criterion x2(Ry,Jo) as a function of SEP spectral parameters for fitting the
modelled GCR(¢ = 440 MV)+SEP production rate of 2°Al. The left and right panels show fitting into the
data from [3] and [4], respectively. The black curves indicate parameters Ry and Jy close to the best fit.

4. Summary

In this work we calculated the yield functions of °Al produced by energetic protons and ¢-
particles in a lunar sample. The results take also the production by pions into account, as noted by
[5]. Using the obtained yield functions, we computed the 2°Al production rates by galactic cosmic
rays and solar energetic particles as functions of corresponding spectral parameters. The results
were fitted into experimental data with the optimal value of the heliospheric modulation potential
¢ =440 MV (the local interstellar spectrum from [13]) averaged during last several hundred thou-
sand years. Fitting the SEP production rates into data from [3] and [4] has shown that it is hardly
possible to reconstruct unambiguous energy spectrum of solar particles. Instead of that, families of
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Figure 3: Differential intensities of SEP derived from families of the best fit parameters Ry and Jy. The
left and right panels correspond to fitting modelled 201 production rates into the data from [3] and [4],
respectively.

the SEP differential intensities J(E), which fit the isotope data approximately equally well, were
obtained and shown in Figure 3.
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