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Direct measurements of solar energetic particles (SEP) cover the space era of several decades, but
indirectly they can be studied for thousands and millions of years backward using cosmogenic
nuclides in lunar rocks and soil. With a proper nuclide production model, it is possible to estimate
the mean energy spectrum of SEP, as well as of galactic cosmic rays (GCR) from a depth profile
of the measured nuclide content.

Here we used aluminium-26 (lifetime 1.03 Myr) measurements in Apollo-mission lunar samples.
Previous estimates of the SEP spectrum from lunar data were based on the assumed specific shape
and only provided reconstructed spectral parameters. We report a different approach to use a lunar
rock as an integral spectrometer within 20—80 MeV. With that, one can reconstruct the particle
spectrum directly without any a-priori assumptions on its exact shape.

For each studied lunar sample, we have developed an accurate Geant4 model. We estimated the
average GCR spectrum over the last million years (the modulation potential 496+40 MV), which
is consistent with that for the Holocene (449470 MV), but significantly lower than that for the
modern epoch (660420 MV). We also made a true reconstruction of the mean SEP spectrum over
the last million years. The integral flux >30 MeV was estimated as 37.4 particles/(cm? s), which
is consistent with that for the modern epoch. The estimated occurrence probability of SEP events
shows no expected events with fluence >30 MeV over 5 x 10'° and 1 x 10'! particles/cm? on

millennial and Mega-year time scales, respectively.
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1. Introduction

Solar energetic particles (SEP) make a very important contribution into the radiation environ-
ment in the near-Earth’s space. Direct measurements of SEP are available only for several decades
of the space era. For longer time scales, terrestrial natural archives of cosmogenic nuclides (e.g.,
tree rings, ice cores) can provide only very limited information, especially about weak/moderate
SEP with energies about a few tens of MeV. Fortunately, lunar samples returned to the Earth,
contain useful records about them in the from of depth profiles of in situ produced cosmogenic
nuclides.

This idea to study SEP with those data was explored earlier (e.g., Reedy and Arnold, 1972;
Fink et al., 1998; Jull et al., 1998; Nishiizumi et al., 2009, and many others). However, previous
works modelled the depth profile as a function of the SEP spectral model, and fitted it to measured
data, thus obtaining spectral parameters. This means that the SEP spectrum was prescribed by an
assumed model with given shape. In this work, we use 26Al produced in situ in lunar rocks and
show that it can be utilised as a particle integral spectrometer and the mean SEP spectrum can be
reconstructed directly from measurements point by point without any a priori assumption on its
shape.

2. Isotope measurements and model

This work is based on cosmogenic nuclide 2°Al with the lifetime of 1.03 Myr, which was
measured in lunar samples and soil. In particular, we used two samples 64455 and 74275 brought
by Apollo missions 16 and 17, respectively. To evaluate galactic cosmic rays (GCR), we also used
26 Al data from Apollo-15 deep drill core. Rock 64455 has an ellipsoid-like form and is about 5
cm long and 3 cm across. The exposure age and erosion rate were estimated as 2 Myr and 0-0.5
mm/Myr, respectively. The content of Al was measured by Nishiizumi et al. (2009). Sample
74275 is knob-like, 17 cm long, 12 cm across and 4 cm thick.The exposure age and erosion rate
were estimated as 2.8 Myr and 1-2 mm/Myr, respectively. Measurements of 20 Al were conducted
by Fink et al. (1998). The drill core is 242 cm long and it provides a depth profile down to about
390 g/cm?. Aluminium-26 was measured by two groups Rancitelli et al. (1975) and Nishiizumi
et al. (1984) there. Physical and chemical properties of these lunar samples can be found elsewhere
(e.g., Meyer, 2012).

The model of nuclide production uses the yield function approach, which separates the en-
ergetic particle spectrum and yield of nuclide of interest. The details of applications and related
computations are described elsewhere (e.g., Poluianov et al., 2016). Yield functions have been
computed for each sample individually. To evaluate nuclide production by GCR in the Apollo-15
core, we used Monte Carlo simulations with Geant4 (Agostinelli et al., 2003). For SEP in samples
64455 and 74275, we chose the analytical approach without cascades that works reasonably well
for depths < 7 g/cm?. The rocks were considered as laying on top of the lunar surface represented
by data from the Apollo-15 drill. A yield function is strongly dependent on the cross-section data
for nuclear reactions leading to production of a nuclide of interest. In this work, we used 26Al
cross-sections from (Reedy, 2007; Nishiizumi et al., 2009; Reedy, 2013). Production by pions
was also taken into account (Li et al., 2017). 2°Al has relatively low energy threshold and high
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efficiency of production. This makes it more preferable to study low energy particles such as SEP
comparing to '*C, 19Be, *6Cl and other nuclides measured in lunar samples.

The yield of °Al as a function of energy has a step-like shape at shallow layers (< 7 g/cm?)
(Figure 1). It has a sharp energy threshold, which gradually increases with depth, and is more
or less flat above that. Thus, the amount of produced nuclide atoms can be directly related to
the integral particle flux F(> E). The threshold is defined by particular spallation reactions on
main targets in lunar material. At low depths under a few tens g/cm?, there is direct production
by incident energetic particles without developing of a cascade. The 2°Al yield function for lunar
samples looks like one of an ideal integral spectrometer, which response is linearly related to the
integral flux F (> E) of incident particles. Therefore, it can be possible to reconstruct F (> E) from
measured 26 Al point by point, not by fitting a theoretical depth profile corresponding to an assumed
F (> E) model.
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Effective energy E* and conversion coefficient K are two main parameters needed to compute
the integral flux F( E*) of incident particles from measured data by the described here method. The
effective energy is defined in the same way as by Kovaltsov et al. (2014). It is the energy, for which
conversion coefficient K = F (> E*)/A is most independent on spectral parameters (described be-
low). Here A is the activity of 2°Al in a studied sample, which can be measured or computed from
theoretical production rate Q as A(h) = [y Q(h')e~"/*dt, where h is the depth of a studied sample,
W' = h+prt is the depth (g/cm?) at time ¢ (Myr) taking into account erosion with rate » (mm/Myr),
density p (g/cm?); 7 is the lifetime of our isotope; T is the sample exposure age.

With conversion coefficient K (h), one can directly translate the measured activity A,eqs(h) of
a nuclide of interest at depth point 4 to the integral flux of incident particles F (> E*) as

F(>E*) = K(h)Ayeas(h). 2.1

To estimate K(h) and E*(h), which are individual for every sample, we had to compute the-
oretical 2°Al activity A4 under incident particle flux F (> E). For that purpose, we considered
two widely used models of the SEP spectrum: the exponent over rigidity R (EXP) and the power
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law over energy E (POW),
F(>R)=Fye ®R and F(> E) = RE™", (2.2)

respectively, where Ry and Yy are spectral parameters of those models that define the hardness.
POW tends to provide a too hard spectrum, while EXP is too soft. There is also a number of other
more realistic models laying between these two cases. Thus, EXP and POW can be considered as
reasonable boundaries of more realistic scenarios. At a given depth, theoretical activity A,,;,q.; Was
calculated with a corresponding yield function for EXP and POW over a wide range of parameters
Ry and 7 resulting to a range of F (> E). Then, we computed K(E*) = F (> E*)/A. Coefficient K
varies with the spectral parameter and E*, but it is possible to find such E*, for which the coefficient
K is almost independent on R or . This defines the pair of K and E* for a given sample depth A.

The computed conversion coefficient K and effective energy E* for sample 64455 are shown
in Figure 2. They are similar to ones for sample 74275. One can see that the EXP and POW curves
of E*(h) are almost identical from the surface to at least 5 g/cm?. Conversion coefficients K (h) are
also close to each other within 0.1-5 g/cm?, but diverge outside this range. This defines the energy
range of applicability of the method as 20-80 MeV (from E*(h)).
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Figure 2: Effective energy E* and conversion coefficient K as functions of depth 4 computed for SEP
spectral models EXP and POW and lunar sample 64455. The hatched areas indicate uncertainties.

Lunar surface is bombarded by both SEP and GCR. To estimate the nuclide production by
solar particles, the GCR background should be subtracted. We used the force-field approximation
of the GCR spectrum at the Earth’s orbit, which works reasonably well in application to cosmo-
genic nuclide production. In this approach, we defined the GCR local interstellar spectrum (LIS)
according to Vos and Potgieter (2015). Heliospheric modulation of LIS is represented by a single
parameter called the modulation potential ¢ corresponding to some level of solar activity. The
method provides the differential intensity spectrum for GCR protons, helium and heavier ions. The
result used with the computed 2°Al yield function gives the nuclide production rate over a grid of
depths. In particular, this can be computed as a function of ¢ for further fitting into experimental
data.
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3. Results

To evaluate the SEP-produced 2° Al in samples 64455 and 74275, we had to subtract the amount
of that nuclide produced by GCR. For that purpose, we used the same 2°Al model and data from
the deep core acquired by the Apollo-15 mission. It provides the nuclide depth profile beyond
the depth of 20 g/cm?, where all >6Al is produced solely by GCR. We used these data to fit our
GCR-produced nuclide depth curve and estimated the mean heliospheric modulation ¢ on the Myr
time scale. Aluminium-26 measured in the core, as well as our model are shown in Figure 3. The
best y2-fit is provided by the mean heliospheric modulation potential ¢ = 496440 MV. This value
is consistent with 449 + 70 MV for the last 11 000 years of the Holocene (reduced to the same
LIS, Usoskin et al. (2016)), but is notably lower than one for the modern epoch (660 +20 MV for
1951-2016, Usoskin, 2017). The defined ¢ is used for estimate of the background 2°Al produced
by GCR.
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After subtraction of the GCR background in samples 64455 and 74275, the remained activity
data were ascribed to SEP. The mean SEP spectrum was reconstructed according to Eq. 2.1. The
results for two samples and different erosion rates, as well as their mean, are shown in Figure 4.
The reconstructed points lay close to each other at energies 20-35 MeV regardless of their sample
origin and erosion assumption. The uncertainty in that range is within 20%. However, it grows
with energy and reaches a factor of two at 80 MeV.

Comparison of the calculated SEP flux with earlier works (Fink et al., 1998; Jull et al., 1998;
Nishiizumi et al., 2009) is shown in the right panel of the figure. They all agree with a factor
of two and lay within the uncertainty of the present reconstruction. The estimate of SEP flux by
Reedy (2012) for resent solar cycles 1954-2008 from space-borne measurements is also shown as
triangles there. Although being observed in the period of the Modern Grand Maximum, it agrees
well with the Myr-long mean result of this work. This fact shows no sign of a notable dependence
of the mean SEP flux on the overall solar activity level.
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Figure 4: SEP integral omnidirectional flux F (> E). Left panel: reconstruction of the mean spectrum on the
Myr time scale from 2° Al with the method described in this work. The black line is the mean reconstruction
from both samples 64455 and 74275, the grey area indicate its full-range uncertainties. The circle marks
represent individual reconstructions from those samples for different erosion rates (see the legend). Right
panel: Comparison of the result from this work with other spectra. The black line is the same as in the left
panel. In the legend, Ni09 is Nishiizumi et al. (2009), Fi98 is Fink et al. (1998) and Ju98 is Jull et al. (1998).
The triangles indicate the results for the modern space era (R12 means Reedy (2012)). The thin black line
at the bottom represents the mean GCR for comparison.

We also computed the occurrence probability distribution of SEP events as a function of the
annual fluence F3p. It is approximated by the Weibull distribution often used in such cases. The
model was fitted to the data with conditions including ones from historical strong SEP events, upper
limits on SEP events within the Holocene, and some others. The SEP probability distribution from
this work is shown in Figure 5 as a hatched area along with estimates from space-borne data and
terrestrial nuclide archives. The computed probability distribution agrees well those data except
for one point from terrestrial isotopes at F3y =2 x 10° (cm? yr)~!. It falls out from the common
pattern, and we can suggest that we underestimate realistic number of events with that F3g, and they
probably can be found in terrestrial isotope archives in future.

4. Summary

A new model of 2°Al production in lunar samples, in particular in rocks 64455, 74275 and
Apollo-15 deep core has been developed. With this model, we estimated the average GCR spectrum
at the Myr time scale. The result modulation potential is ¢ = 496 +40 MV, and is close to 449 £
70MV for the Holocene (the last 11000 years, Usoskin et al. (2016)). In contrast to that, this
is significantly lower than one for the Modern Grand Maximum, (660 20 MV for 1951-2016,
Usoskin (2017)). Because of the particular shape of the 2°Al yield function, it is possible to use
nuclide data in a lunar sample at depths <7 g/cm? as an integral particle spectrometer to evaluate the
integral particle flux F (> E). This was done for 20-80 MeV particles. The result is in agreement
with data from other nuclides for the last 11 000 years, as well as with the data from space-borne
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measurements for 1951-2008. Using the results of this work, we estimated the SEP occurrence
probability distribution and compared it with estimates obtained from other data. It shows good
agreement except one point. Its outlaying hints that we likely underestimate number of SEP events
with F39 = 2 x 10° (cm? yr)~'. This provides new constrains on SEP events and can notably
contribute to studies of the near-Earth’s radiation environment.
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