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1. Introduction

The main motor for the production of cosmogenic radionuclides such as '°Be, '#*C and *°Cl
are galactic cosmic rays (GCRs), which consist of ~87% protons, ~12% alpha particles and ~1%
heavier particles (see e.g. Simpson, 1983). As they enter the heliosphere they are modulated due
to the heliospheric magnetic field (see e.g. Scherer et al., 2011; Strauss et al., 2011; Herbst et al.,
2012). Thus, during phases of low solar activity much higher particle intensities occur inside the
heliosphere then during solar maximum conditions. Because the particle spectrum outside the he-
liosphere, the so-called local interstellar spectrum (LIS), has not jet been measured in-situ by now
multiple LIS models exist in the literature. However, the use of different LIS models has a strong in-
fluence on the computation of the cosmogenic radionuclide production rates (see e.g. Herbst et al.,
2010). The transport of GCRs in the heliosphere can be described by the Parker equation (Parker,
1965), with which the phase space distribution depending on the main modulation processes such
as convection, drifts, diffusion and adiabatic energy changes can be calculated. A widely used, but
only first order approximation is the Force-Field approach (see e.g. Caballero-Lopez and Moraal,
2004; Moraal , 2011). Here the transport is only depending on one free parameter, the solar mod-
ulation parameter ¢. A reconstruction of the modulation parameter values between 1939 and 2010
has been performed e.g. by Usoskin et al. (2011a). Therewith, the time-dependent differential GCR
flux at 1 AU can be described by
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J(E,9) =Jus(E+P) (1.1)
where Jy s is the differential LIS spectrum, E, the rest energy of the particle and ® the solar modulation
function which is given by ® = (Ze/A)¢, with Z and A as charge and mass number of cosmic ray nuclei.

In addition, particles which arrive at the Earth’s vicinity also encounter the terrestrial magnetic field
shielding the atmosphere from low energetic primary charged particles and, furthermore, will interact with
the atmospheric environment once they enter the terrestrial atmosphere. While lower energetic primary
particles mainly lose their energy due to ionization processes in the upper atmosphere (see e.g. Usoskin
et al., 2011b) the interaction of high-energetic primary particles deeper inside the atmosphere leads to the
evolution of altitude-dependent secondary particle cascades mainly consisting of hadronic particles (see
e.g. Simpson, 2000). Of great importance for the production of both short- and long-lived cosmogenic
radionuclides thereby in particular are secondary neutrons and protons.

Once cosmogenic radionuclides are produced they are the subject of complex atmospheric mixing and
transport mechanisms (see e.g. Heikkil et al., 2008). After being transported and distributed by atmospheric
circulation mechanisms as well as being attached to atmospheric aerosols they are either removed by con-
densation, like e.g. '“Be and 3°Cl, or become part of the carbon cycle (see e.g. Dunai, 2010), processes
which lead to the storage of the cosmogenic radionuclides in natural archives such as ice sheets, trees or
sediments. Here the information about their production and transport of and over thousands of years is pre-
served. In addition to the GCR component also Solar Energetic Particle (SEP) events may play an important
role for the production of cosmogenic radionuclides. These events are characterized by an enhancement
of the low energy part of the particle spectrum, enhancements which may last up to severals days (see e.g.
Mewaldt et al., 2012). Of special interest for this study are so-called Ground Level Enhancement (GLE)
events which show a strong intensity increase up to several GeV (see e.g. Stoker , 1995) and, thus, are able
to induce the atmospheric production of secondary particle cascades as well as the production of cosmogenic
radionuclides.

Using the Monte-Carlo based simulation code PLANETOCOSMICS (Desorgher, 2006) here we compute
the global production rates of °Be, “C and 3°Cl due to GCRs as well as 58 out of the 71 GLE event spectra
of the past five solar cycles. The used GLE spectra were reconstructed by a new method analyzing data from
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Figure 1: Production rate of '°Be per primary protons (left panel) as well as primary alpha particles (right
panel) with energies between 100 MeV and 1 TeV. Computations have been performed for 30 different
atmospheric depths between 0 and 1000 g/cm?.

the world-wide Neutron Monitor network (see e.g. Tylka and Dietrich, 2009). The missing GLE events did
not match the criteria for a spectral analysis and thus have been neglected in this study.

2. Computation Method

As discussed by Matthii et al. (2013), the production P of a cosmogenic radionuclide of type j can be
described by

00 dF oo
Pi(E,x) = YN, | —2_dE / w(Ex) - f(Ep,, Ex,x)dE,
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a function of the differential primary particle fluence rate dF),/(dE,dt), which gives the number of primary
particles of species p per area and time on top of the atmosphere (TOA) and the secondary particle fluence at
a specific atmospheric depth x, f(E,, Et, x) giving the number of secondary particles of type k with an energy
E} produced by a primary particle with an energy E,. Furthermore, N represents the density of the target
atom of species i while o;; represents the cross sections for the production of the cosmogenic radionuclide
of type j. Thus, the yield function Y;(E,,x) gives the number of cosmogenic radionuclides produced due to
a single primary particle with the energy E, at a certain atmospheric depth x. In addition the primary particle
intensity on TOA strongly depends on the geographic location, here represented by the cutoff energy Ec, i.e.
the minimum energy a particle must have in order to be able to reach a certain location. The corresponding
cutoff rigidity values R¢ thereby strongly depend on the magnetic field configuration and, thus, also vary on
larger but also shorter time scales (see e.g. Herbst et al., 2013).

Using the GEANT4 Monte-Carlo software (version 4.9.1, see e.g. Agostinelli et al., 2003) as well as
the PLANETOCOSMICS tool (Desorgher, 2006) the interactions of the primary particles with the surround-
ing atmospheric material were computed. The computations were performed in the energy range between
100 MeV and 1 TeV, and energy range divided into 150 logarithmic equidistant energy bins. As pointed out
by Matthii et al. (2013) the contribution of primary particles with lower energies is negligible. Exemplarily,
Fig. 1 shows the production rate of 'Be per primary particle due to primary protons (left panel) as well
as primary alpha particles (right panel). As can be seen, the higher the energy of the primary particle the
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Figure 2: Computed global '°Be, '#C and 3°Cl production due to GCRs (monthly mean) over the past six
solar cycles.

deeper it is able to penetrate into the atmosphere. Consequently, the '°Be production per primary particle is
increasing with increasing primary particle energy until a production maximum at around 150-200 g/cm? is
reached. Moreover, Fig. 1 reveals that more '°Be atoms per cm are produced by primary alpha particles than
by primary protons.

3. The production of '°Be, '4C and 3°Cl due to GCRs

In order to compute the production rates of the cosmogenic radionuclides '°Be, '*C and *°Cl due to
GCRs the yield function Y;j(E,, x) has to be multiplied with the modulated primary particle spectrum at 1 AU
(see Eq. (1.1)) for which we use the proton and alpha particle LIS models by Usoskin et al. (2011a). Note,
however, that the use of different LIS models has a strong influence on the production rate values (see e.g.
Herbst et al., 2010).

Because GCRs continuously bombard the Earth the cosmogenic radionuclides produced by their inter-
actions form a background production anti-correlated to the solar activity. Since the late 1930’s continuous
ground-based measurements of the GCR component are available, first with ionization chambers later with
Neutron Monitors. Using those measurements Usoskin et al. (2011b) reconstructed the solar modulation
parameter ¢ covering the last five solar cycles (1939 - today). By taking this reconstruction as well as
the magnetic field variations into account we were able to reconstruct the global GCR-induced cosmogenic
radionuclide production throughout this period. Figure 2 shows the computed global monthly-mean produc-
tion rates of '“Be (upper panel), 14C (middle panel) as well as 36C1 (lower panel). Because the three ra-
dionuclides are produced by similar physical processes the shape of their time dependent production is quite
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Figure 3: Energy spectra of 58 GLE events which occurred within the past five solar cycles.

similar. Thus, in all records the information of the 11- as well as 22-year solar cycle is visible. However, the
global production rate values differ significantly from each other: '“C is the most abundant radionuclide in
the atmosphere while *°Cl is about 20 times less abundant.

4. Influence of modern GLE events on the production of '°Be, !“C and 3¢Cl

Despite the GCR component the intensity of low energetic particles near the Earth can increase by
orders of magnitude during strong SEP events. Of special interest for the production of the cosmogenic ra-
dionuclides are GLE events which can be detected by ground-basted instruments such as Neutron Monitors.
Over the past five solar cycles 72 GLE events have been measured. Recently, Tylka and Dietrich (2009)
investigated the energy spectra of the GLE events and were able to reconstruct the event-integrated fluxes
in form of Band functions, describing the energy spectrum as an exponentially roll-over of two power-law
spectra. The energy-dependent event-integrated differential fluxes of the GLE events are displayed in Fig. 3
(colored lines). In addition the GCR flux during solar minimum and solar maximum conditions are shown as
dashed lines while the gray-shaded area marks the energy range important for the production of the cosmo-
genic radionuclides. Note that the strongest GLE event (GLES) detected by now has occurred on February,
23"? 1956 (blue line, GLE 5). According to Kovaltsov et al. (2014) the event had an integrated flux above
200 MeV of Fay = 1.2-10% protons per cm?, exceeding the second strongest event (GLE 10, 12 Nov. 1960)
by almost a factor of two.

Using these proton spectra as input to Eq. 2.1, we now are also able to investigate the global production
due to the modern GLE events. The results for the production of '°Be are shown in Fig. 4. The upper panel
displays the monthly-mean global '°Be production rates due to the GCR-induced background (black line) as
well as the GLE-induced production increases (red spikes). Furthermore, the gray and light blue shaded areas
represent detection thresholds of two times the GCR background as well as the two sigma level, respectively.
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Figure 4: Energy spectra of 58 GLE events which occurred within the past five solar cycles.

As can be seen, in the computed monthly-mean production rate values GLE 5 exceeds both detection levels
and would have caused an increase of about 25%. Unfortunately, the measured radionuclide production
rates from ice-sheets, tree rings or sediments have at best a yearly-mean averaged signal. Accordingly, the
lower panel of Fig. 4 shows the computed yearly-mean averaged production rate values. From this study it
becomes obvious that non of the investigated GLE events is strong enough to produce detectable signals in

recent '9Be records.

5. Conclusions

Immediately the question arises how strong the actual events should have had been in order to imprint
a detectable increase above the two-times GCR background. The number of events needed to produce such
a signal during the times the GLEs have occurred is shown in Fig. 5 (\°Be in magenta, '“C in black and ¢Cl



Modeling the Production of Cosmogenic Radionuclides due to GCRs and SCRs Konstantin Herbst

two times GCR background detection limit

: : I : : : I
10° I I

Iﬁ l'll 1- illll

-
o
>

number of events to be detectable

-
o

1940 1960 1980 2000
years

Figure 5: Number of events necessary which would have had to occur in order to produce a detectable
signal in the '°Be (magenta), '“C (black) and **Cl (blue) records.

in blue). In case of GLE 5 a single event with a fluence of at least F>gp = 8.4 108 protons per cm? (or seven
events in the order of GLES within the same year) would have had to occur in order to produce a detectable
signal in e.g. the '°Be records. However, in the majority of the GLEs fluences hundreds or thousands of
times higher than the actual GLE fluence would have been mandatory. Moreover, this study reveals another
important fact: the radionuclide most sensitive to almost all GLE events investigated is *°CI (blue) while the
least sensitive one is '*C (black).
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