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The terrestrial production of cosmogenic radionuclides
such as "Be, “C and 3°Cl is triggered by spallation
reactions of high-energy particles with atmospheric
constituents such as oxygen, nitrogen and argon. Af-
ter being produced and transported within the atmo-
sphere, these radionuclides are deposited in natural
archives, storing, for example, solar information over
thousands of years. Therefore, records of 1°Be, 1*C and
%Cl can be used to reconstruct solar activity back in
time. However, to understand the underlying phys-
ical processes that dominate production and inter-
pret the observations, numerical modelling is crucial.
Here, we shall discuss the dependencies of the nu-
merically derived production rates on a variety of fac-
tors that include the effects of the choice of the local
interstellar spectrum (LIS), the geomagnetic field
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and the production cross-sections available in the literature. We show that the investigated
factors have modest to significant impacts on the modelled production rates of cosmogenic
radionuclides and identify the discrepancies in the available cross-sections as the most crucial
factor.

This article is part of the Theo Murphy meeting issue ‘Radiocarbon and cosmic radiation
events’.

1. Introduction

Energetic particles entering the Earth’s atmosphere interact with atmospheric constituents such
as nitrogen and oxygen. These interactions trigger the formation of secondary particle cascades
and, consequently, the evolution of hadronic, muonic and electromagnetic branches. Since the
discovery of these atmospheric particle showers in the early 1930s, scientists have conjectured that
high-energy particles could generate cosmogenic radionuclides in the Earth’s atmosphere [1]. This
prediction was verified in the late 1940s with the discovery of C [2,3]. However, the detection
of other cosmogenic radionuclides required more advanced measurement techniques. It was the
development of accelerator mass spectrometry (AMS, [4]) that provided a major breakthrough in
the late 1970s and enabled the detection of additional isotopes such as 1°Be and 3°Cl. In fact, it is the
hadronic branch, which consists primarily of protons and neutrons, that triggers the production
of these three cosmogenic radionuclides.

Once produced in the atmosphere, the radionuclides are subsequently stored in natural
archives, including ice sheets, tree rings and sediments [5]. As their production is influenced by
the external impact of cosmic rays (CRs), which are modulated by solar activity, cosmogenic ra-
dionuclides have become essential tools for investigating past solar activity, CR variability and
various processes within the Earth system. However, while these archives can now be analysed at
high resolution, the resulting concentration records represent a complex interplay of production,
transport and deposition. Therefore, a thorough interpretation of the radionuclide data necessi-
tates the use of physically based production models that account for regional variability and can
be integrated with atmospheric transport models.

The main drivers of radionuclide production are primary galactic CRs (GCRs) that are accel-
erated by supernova explosions and supernova remnants [6] and consist of approximately 87%
protons, approximately 12% alpha particles and approximately 1% heavier particles [7]. Specifi-
cally, the low-energy part of the GCR distribution is modulated by being scattered at irregularities
in the heliospheric magnetic field (HMF). The large-scale HMF further fosters GCRs to experience
gradient and curvature drifts, while they further undergo convection and adiabatic deceleration
in the expanding solar wind. Thus, there is a direct link between the omnidirectional GCR flux at
Earth and the solar activity cycle.

However, in the past decade unexpected peak-like increases were observed in the C, 1°Be
and 3¢Cl records around, for example, AD 774/775 and AD 992/993 [8-10], which triggered a
debate about possible underlying causes. With a multi-radionuclide approach of highly resolved
10Be records combined with 3Cl ice core data, Mekhaldi et al. [10] could infer that extreme solar
energetic particle (SEP) events, energetic particles accelerated in reconnection processes during
solar flares and at the shock fronts of accompanying coronal mass ejections (CMEs), were the
most likely causes behind these observations. Since then, it has been argued that not only GCRs
but also SEPs play a crucial role in the production of cosmogenic radionuclides.

To gain a comprehensive understanding of the underlying physical processes, the produc-
tion of cosmogenic radionuclides must be studied through numerical simulations. This requires a
quantitative understanding of the modulation of GCRs by the HME, the propagation of primary
particles within the geomagnetic field, their interactions in the Earth’s atmosphere and process-
ing by the climate system. This necessitates a holistic approach that bridges knowledge of astro-
physics, heliophysics and planetary sciences. While numerical schemes exist for all components
of the system, many are based on overly simplistic approximations that introduce substantial—
but as yet unquantified—uncertainties into estimates of the driving solar and cosmic energetic
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Figure 1. Comparison of often-used LIS models [12,20-25] to Voyager 1 (downward triangles), PAMELA (dots) and AMS02
(upward triangles) observations. The energy range most important for the production of the cosmogenic radionuclides is high-
lighted in grey. Figure adapted from Herbst et al. [12], reproduced with permission.

particle fluxes. This study focuses on investigating the significance of the local interstellar spec-
trum (LIS), geomagnetic field and atmospheric interaction models employed in the production of
the cosmogenic radionuclides 1°Be, *C and *Cl to openly discuss the uncertainties that impact
the numerically derived global production rate values.

2. Background

In the following, background information on (a) the LIS and its heliospheric modulation, (b) ge-
omagnetic field models and its variations and (c) the numerical steps to model the cosmogenic
radionuclide production rate values are highlighted.

(@) The local interstellar spectrum and its modulation

An important parameter in modelling the production of cosmogenic radionuclides is the so-called
LIS, the unmodulated particle spectrum outside the heliosphere [11,12]. Until the end of 2012, the
LIS had not been measured in situ, and thus multiple LIS models going back to the late 1970s
exist in the literature. The models most commonly used have been shown to differ in the par-
ticle fluence by up to a factor of four [11,13], particularly in the energy regime below 30 GeV.
However, with Voyager 1 crossing the heliopause at the end of 2012, it is commonly accepted
that we are now measuring the unmodulated GCR spectrum at energies below 500 MeV [14,15],
although the influence of the heliosphere on low-energy GCRs may still extend somewhat be-
yond the heliopause owing to interactions with the very local interstellar field, as well as trans-
port conditions in the very local interstellar medium (e.g. [16,17]). Based on these measurements
and observations of the Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics
(PAMELA, [18]) and AMS02 [19] instruments, new LIS models have been established [12,20-22].
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Figure 1 shows a comparison of often used LIS models to the Voyager 1 (black triangles), PAMELA
(black dots) and AMSO02 (blue triangles) observations. As can be seen, the choice of LIS model can
change the particle flux by more than an order of magnitude at lower energies, particularly be-
tween the older models and the newer versions [12,20-22] that have been fixed to better match the
Voyager data. However, within the energy range most important for the cosmogenic radionuclide
production (shaded in grey), only low-energy observations of the LIS are available.
Nevertheless, as soon as GCRs enter the heliosphere, they are modulated by the HMF (see the
PAMELA and AMS02 data in figure 1). Because of the modulation processes, during phases of low
solar activity much higher particle intensities can be detected inside the heliosphere than during
times of high solar activity. Thereby, the transport of GCRs in the heliosphere can be described by
Parker’s [26] transport equation.
Its three-dimensional representation is given by the following:

s _

of
ot )

1
V-(K-Vf)—sz~Vf+§(V~V Ty

- (2.1)
where f is the omnidirectional GCR distribution function, related to the differential intensity re-
ported on from spacecraft observations by j; = p*f, with p the particle momentum. The Parker
equation models the influence of convection within a solar wind at speed V_,, (middle term on the
right-hand side) and adiabatic energy changes (last term on the right-hand side), while diffusion
and drift effects are represented by the diffusion tensor K (first term on the right-hand side). As
discussed in [27], given in HMF-aligned coordinates, K is represented by

K3 k4 O
K=|-x, x, 0f. (2.2)
0 0 K

Note that the subscripts on the diffusion coefficients x indicate whether they describe diffusion
parallel or perpendicular to the local HMF.

Equation (2.1) describes the time- and energy/momentum-dependent evolution of the GCR
intensity in three dimensions and, ideally, should be solved accordingly, which necessitates
numerical modelling. In the past decades, such modulation codes have become able to solve
equation (2.1) to increasing degrees of refinement, taking into account more fundamental par-
ticle transport physics (see the review by Engelbrecht et al. [28]). However, such models are by
their very nature complex and require considerable computation. As such, simpler approaches to
solving the Parker equation are often sought and implemented.

A widely used but only zero-order approximation is the so-called force-field approach [29-32],
derived by assuming a spherically symmetric heliosphere in a steady state with no local sources
of CRs, considering only transport in the radial direction with an effective diffusion coefficient
k(r,p) that is only dependent on momentum and radial distance. It does not explicitly account
for adiabatic energy losses but mimics this process by taking into account the Compton-Getting
effect [33,34]). As a result, the transport of charged particles depends only on one free parameter,
the solar modulation parameter ¢. The time-dependent differential GCR flux at 1 AU is given by

(E)E +2E,)
(E+®)E+®+2E)’

J(E, $) = Jus(E + @) (2.3)
where [ g reflects the unmodulated GCR flux outside the heliosphere, E is the kinetic energy of
the charged particles, E, is the rest-mass energy of the CRs (for protons E, ~938 MeV) and @ is the
modulation function given by A/Z ¢, where A/Z is the ratio of the mass to atomic number for a
particular species of GCR. Given a particular expression for the LIS, ¢ can then be calculated for a
set of GCR observations at Earth. The resulting modulation parameters then display a clear solar
cycle dependence, where low /high values go along with low /high solar activity, with the clear
implication that ¢ depends on the various physical parameters that influence the solar cycle-
dependent transport of GCRs. Extreme caution, however, needs to be taken when attempting to
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glean further information from ¢ as to the heliospheric plasma parameters (such as, for instance,
the HMF magnitude or solar wind speed) that influence the transport and modulation of GCRs.

An alternative modulation parameter, M, can be computed from the convection-diffusion
approach. This is also a one-dimensional approach to solving the Parker transport equation,
making the same assumptions as the force-field approach, but without taking into account the
Compton-Getting effect [30,32]. The force-field and convection—diffusion modulation parameters
can be related by assuming a separable effective diffusion coefficient, such that «(r, P) = fk; (nk,(P)
(with g the ratio of particle speed to the speed of light), is given by

V.
sw di’, 24
Kk (1, p) @4

Ty
b= =i [

where r;, denotes the radial distance of the modulation boundary. It follows that a particular value
of ¢ that yields a fit to observations must have an equivalent M. However, information as to the
heliospheric plasma parameters used to calculate M, is, in a sense, entangled in the integration:
there is no way to distinguish between any combination of V,, k(r,p) or r, that, when integrated,
happen to yield the required value for M, (and hence ¢). Some parameter combinations may be
eliminated based on spacecraft observations, but these are limited, and were unavailable prior to
the space age. There is also a choice of LIS implicit to any reported value of ¢, as can be seen from
equation (2.3). Therefore, the use of different LIS models will lead to LIS-dependent modulation
parameters that then have to be converted to each other by means of linear regression functions,
a process which has a strong influence on the computation of the cosmogenic radionuclide pro-
duction rates [11,12].

Furthermore, as discussed in §2¢, owing to their different production mechanisms, 10Be, 14C
and %Cl are not equally sensitive to changes in the low-energy part of the modulated LIS; thus,
differences in the production during solar maximum conditions will occur. A reconstruction of the
values of the monthly modulation parameter based on ionization chambers and neutron monitor
(NM) measurements has been performed [35]. However, Corti et al. [22] and Gieseler et al. [36] re-
vealed inconsistencies between these NM-based modulation values and actual measurements by,
for example, PAMELA [18] and AMS02 [19]. It was shown that a rigidity-dependent solar mod-
ulation parameter is mandatory to describe the GCR modulation when applying the force-field
approximation [36]. However, to derive a physically consistent description of the rigidity- and
charge-dependent modulation throughout the heliosphere and produce a near-Earth GCR spec-
trum that is suitable as input for the cosmogenic radionuclide production calculations, a three-
dimensional treatment of the transport equation is essential. This is because the above-mentioned
assumptions made in the derivations of both the force-field and convection-diffusion approaches
preclude the physically correct modelling of several GCR transport mechanisms, such as drift
effects (e.g. [37,38]) and three-dimensional diffusion (which makes an important distinction be-
tween diffusion parallel and perpendicular to the HMF, see [28,39-41]), which are known to play
significant roles in GCR modulation [28,42,43]. Nevertheless, until today, the simplified force-field
solution has set the baseline for the reconstruction of the solar activity on time scales of thousands
of years, an inconsistency that probably has a non-negligible influence on the modelled °Be, 14C
and 3*Cl production rate values.

(b) The geomagnetic field variations

CRs approaching Earth will interact with its magnetic field. The magnetic field components,
thereby, alter their trajectories. The field can be approximated by a dipole with an axis inclined
approximately 11° relative to the Earth’s rotational axis and displaced from it; its orientation
is also antipodal to the rotational axis. The magnetosphere spans approximately 6 to 12 Earth
radii in the nose direction towards the Sun. This distance is strongly influenced by the HMF,
the speed/density of the solar wind and other space weather phenomena, like CME. In the tail
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direction, the magnetosphere extends up to a thousand Earth radii. The motion of CRs—being
charged particles—within a magnetic field is characterized by three components: a spiral trajec-
tory, a north-south movement and an east-west drift along these lines. Thus, the geomagnetic field
influence on charged particles is twofold: (i) the trajectory of the incoming particle is curved, re-
sulting in an arrival direction that differs from that in the absence of a magnetic field, and (ii)
the magnetic field acts as an energy filter that prevents low-energy CRs from penetrating to the
surface. The minimum rigidity threshold of a particle required to reach a certain location within
the Earth’s atmosphere is referred to as the geomagnetic rigidity cutoff (R). Particles with a rigid-
ity below this cutoff are confined within the magnetic field while those particles with much lower
rigidities are deflected into interplanetary space. Stermer [44] characterized the geomagnetic rigid-
ity cutoff in the following way:
|

where M is the dipole moment, 4 represents the geomagnetic latitude, 9 is the zenithal, ¢ is the
azimuthal angle and r is the distance from the dipole centre. Approaching cos A — 0, equation (2.5)
can be re-written as

M cos* 1

)
[1 + (\/1 — sin 9 sin ¢ cos? /1)

Re =

(2.5)

[NIE

M- cos* A

R
¢ 4.7r2

(2.6)
As it is an easy-to-use expression, equation (2.6) is widely used in the literature. However, strictly
speaking, this expression is only valid at high latitudes [44,45]. A more realistic description is
given by the international geomagnetic reference field (IGRF, [46]). Mathematically speaking, it
describes the main geomagnetic field B(r, 6, ¢, t) as the gradient of a scalar potential (B =-VV).
Thereby, the potential V(z, 6, ¢, t) is given as

N n
V(r,0,p,t)=a Z (g) " Z [g"’”(t) cos(mep) + h"'(t) sin(mqb)]P:’(cos 9), 2.7)
n=1 m=0

where 7 is radial distance from the Earth’s centre, a is the Earth’s reference radius (a4 ~ 6371.2km),
N is the maximum degree of the IGRF expansion (e.g. N = 13 for recent epochs), g"(t) and /() are
the (time-dependent) Gauss coefficients, tabulated by the IGRF model, P!/ are the associated Leg-
endre functions, 6 is the colatitude (6 = 0 at the north pole and 6 = x /2 at the geographic equator)
and ¢ is the geographic longitude.

The production of the cosmogenic radionuclides is anti-correlated with the geomagnetic field
intensity. Internally driven geomagnetic field changes are likely to play a significant role on time
scales of 500 years and longer [47,48]. However, reconstructing changes in the dipole moment
beyond historical observations is one of the most challenging tasks in computing the geomagnetic
field [49]. Consequently, internal geomagnetic field variations can be seen as one of the major
uncertainties in reconstructing recent as well as ancient solar activity changes. To determine the
dipole moment, regional differences in geomagnetic field intensities have to be filtered out on
the basis of good global data coverage that is currently unavailable for the Holocene and earlier
periods.

The upper panel of figure 2 shows a comparison of the virtual axial dipole moments (VADMs)
derived from different groups [50-54]. Despite the uncertainties owing to the use of different
model approaches, an overall good agreement is present in the long-term trend of the different
geomagnetic field reconstructions. Note that this trend is gradually decreasing towards present
conditions and that more recent times (e.g. -50 to 50 BP) are represented by calculations based
on the IGRF. In spite of the overall good agreement, it has to be mentioned that the data for
these global geomagnetic field models mainly arise from the northern hemisphere, leading to
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Figure 2. Upper panel: virtual axial dipole moments (VADM) reconstructions for the Holocene derived from Yang et al. [50]
(grey), Korte et al. [51] (blue) and the more recent archacomagnetic field models by Licht et al. [52] (green), Knudsen et al. [53]
(red) and Nilsson et al. [54] (light blue). Lower panel: differences in the vertical cutoff rigidities between the values calculated
for 1900 and 2026. Dark colours refer to rigidity decreases (i.e. at the location of the South Atlantic Anomaly and Mexico), and
light colours refer to rigidity increases (mid-North Atlantic).

potential biases in these VADM reconstructions [55]. Nilsson et al. [55] found that long-term dif-
ferences between Greenland and Antarctic 1°Be as well as tree-ring *C records can largely be
resolved by including possible northern and southern hemisphere differences in the geomagnetic
shielding.

Despite the long-term changes of the geomagnetic field, short-term changes may also have an
influence on the production of the cosmogenic radionuclides. The lower panel of figure 2 shows
the changes in cutoff rigidity for a particle to reach 20 km and below, between 1900 and 2026
(e.g. [13,56]). As can be seen, location-dependent changes of up to +6 GV occurred over the past
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Figure 3. Energy-dependent cross-sections as a function of particle energy. Left-hand panel: for N(n/px)Be in black and
150(n/px)'%Be in green, data taken from Masarik & Beer [59]. Middle panel: for N(np)™C (in black) based on the Joint Evalu-
ated Fission and Fusion (JEFF) Nuclear Data Library, '0(nx)™C (red solid line) by Michel et al. [60], and 60(px) " (red dashed
line) by Reedy [61]. Right-hand panel: for *°Ar(n/px)36Clin black and 3 Ar(np)*6Cl in green, data by Beer et al. [62].

116 years.! Overall, such short- and long-term changes might trigger significant and thus non-
negligible differences in the computations of the global radionuclide production rates.

(c) Atmosphericinteractions and production

Particles that are able to enter the terrestrial atmosphere will interact with the atmospheric en-
vironment. While low-energy particles mainly lose energy owing to ionization processes in the
upper atmosphere, the interaction of high-energy primary particles deeper inside the atmo-
sphere leads to the evolution of altitude-dependent secondary particle cascades mainly con-
sisting of secondary neutrons, protons and muons. Of great importance for the production of
both short- and long-lived cosmogenic radionuclides, in particular, are secondary neutrons and
protons.
Numerically, the production, P, of a radionuclide of type j can be derived as

P(E,.x) = ZN / dEd il dEP; /0 ox(E) - J(E,. Er. 0)dE,, (2.8)
C

where N; represents the density of the target atom of species i, E; represents the energy of the
secondary particle of type k, dF,/(dE,dt) represents the differential primary particle fluence rate
on top of the atmosphere and f(E,, E;, x) represents the secondary particle fluence at a specific
atmospheric depth x [13,57,58]. Moreover, o, represents the cross-sections for the production of
the cosmogenic radionuclide of type j. Flé,ure 3 shows the corresponding excitation functions for
the production of 1°Be (left-hand panel), 1*C (middle panel) and 3¢Cl (right-hand panel). Each
of the cross-sections has a specific threshold energy that is an indicator of the minimum energy
required to trigger the corresponding reaction. As can be seen, the cross-sections for the produc-
tion of 1°Be and **Cl, both produced by spallation reactions, are restricted to an energy range be-
tween 0.01 and 10 GeV. For the production of *C, produced by thermal neutron capture, however,
much lower energies within 10712-0.1 GeV are important. Because cross-sections are not well-
known, it may not be as surprising that, for example, for the production of 1°Be, several sets of
cross-sections exist in the literature. The radionuclide production equation can also be written
as

©

P.(E aF, —_dE, - Y,(E,
J(Ep.x) = .. dEdi S(Ep» ), (2.9)

Note that these changes have become increasingly more rapid over the past three decades: within the past 10 years, changes
of up to +£1 GV occurred in the mid-North Atlantic regions, within the South Atlantic Anomaly and in Mexico.
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Figure 4. Upper panels: "C production by primary hydrogen (left) and helium (right) as a function of primary particle energy
and the atmospheric depth. Lower panel: ratio between the '*C production owing to primary protons and primary alpha
particles.

where the primary particle energy and altitude-dependent yield function Y(E,,x) reveal in-
formation about the number of cosmogenic nuclides of species j, which are produced ow-
ing to a single primary particle of type p with an energy E,. Further, E¢ is the cutoff energy,
the minimum energy a particle must have in order to be able to reach a certain location at
a specific atmospheric depth/altitude, that can be converted to the so-called cutoff rigidity
Re.

Using codes such as the GEANT4 [63] based PLANETOCOSMICS [64], the interactions of the
primary protons and alpha particles with the surrounding atmospheric material can be com-
puted. For example, the panels of figure 4 show the production rates of *C per primary pro-
ton (left) as well as primary alpha particles (right) at depths ranging from 100 MeV to 1 TeV
as a function of atmospheric depth between 0.002 and 1024.8 g cm™. The higher the energy of
the primary particle, the deeper the particle is able to penetrate into the atmosphere to deposit
energy. For further information on the 1°Be production rates, the reader is referred to Matthid
et al. [57].

As a consequence, the 1*C production per primary incident particle increases with increasing
primary particle energy. In addition, for high-energy incident particles, a production maximum
at an atmospheric depth around 150-200 g cm™ is reached. Beyond this depth, the yield begins to
decline as fewer particles can penetrate to these depths to induce further secondary particle pro-
duction. Furthermore, primary alpha particles produce more C atoms cm™ compared to primary
protons, and in both scenarios, primary particle energies below a few hundred MeV contribute
only marginally to the production of cosmogenic radionuclides. It further becomes apparent that
the production owing to primary alpha particles is higher at atmospheric depths below the pro-
duction maximum than owing to primary protons [13,57].

The upper panel of figure 5 shows the *C yield functions at atmospheric depths between 0.023
(in yellow) and 1025 g cm™ (in purple). In addition, the lower panel of figure 5 shows a comparison
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Figure 5. Upper panel: depth-dependent ( yield functions as a function of primary particle energy (i.e. Vi(E,,0)) at at-
mospheric depths between 0.023 and 1025 g cm™2. Lower panel: corresponding columnar yield functions of "°Be, ™C and
38| normalized to 10 GeV nuc™". Here, a comparison between the yield functions based on Herbst et al. [12] (solid lines) and
Poluianov et al. [65] (dashed lines) is shown.

of the columnar yield functions of 1°Be (black line), 1*C (red line) and *Cl (blue line) normalized to
10 GeV. Solid lines show the results based on the modelling by Herbst et al. [12], while the dashed
lines present those of Poluianov et al. [65]. As can be seen, only minor differences occur between
the three yield functions at high energies. However, in the low-energy ranges, they differ by an
order of magnitude. Note that at lower energies, the production rate of the long-lived radionuclide
%Cl shows much higher yield function values than that of “C and '°Be. As a consequence, 3*Cl
is much more sensitive than °Be or *C to lower-energy particles, particularly during so-called
ground level enhancement events, which are strong solar particle events energetic enough to reach
the Earth’s surface.

By folding the yield functions with a primary particle spectrum, the response function R;(E,, x)
[66] can be computed:

dF,
R(E,.x) = dEpdtdE” - Y{(E,. ). (2.10)

The energy-dependent '°Be, 14C and 3*Cl response functions for primary GCRs as a function of the
solar modulation parameter ¢, varying between 0 to 2000 MV, are shown in the first three panels
of figure 6, respectively.
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Figure 6. Upper three: response functions of the production of °Be, C and 36C| depending on the solar modulation param-
eter varying from unmodulated values (i.e. 0 MV) and solar maximum conditions (i.e. 2000 MV). Lower panel: relative response
function of '°Be (in black), "C (in red) and 6Cl (in blue) for low, moderate and high modulation parameter values, respectively.
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As discussed in §2a, the activity-dependent
GCR spectrum typically shows an intensity
variation below 30 GeV nuc™ and an inten-
sity maximum around 1 GeV nuc™ (for ¢ >
0 MV), which causes the production maxi-
mum of the response functions to shift to-
wards much higher energies with increasing
solar activity (i.e. higher ¢ values). In addi-
tion, the lower panel shows the correspond-
ing relative response functions of all three

The presented simulations are based on the
GEANT#4 Monte Carlo software version 4.9.1
[63] integrated in the PLANETOCOSMICS
tool [64]. The model runs are based on the
hadronic interaction model QGSP_BERT_HP
and the GEANT4 interface to the JAM/JQMD
model by Koi et al. [67] to include the inelastic
nuclear scattering of helium or heavier nuclei at
energies above 10 GeV nuc'.

radionuclides for three modulation values

reflecting no modulation (¢ = 0 MV), medium conditions (i.e. ¢ = 1000 MV) and very strong solar
modulation (i.e. ¢ = 2000 MV). With increasing solar activity (so with increasing ¢-values), the
response maximum of all three radionuclides shifts towards higher energies.

Because *Cl is more sensitive to changes in the low-energy range, the maximum of its response
function is shifted to lower energies during solar minimum conditions. Because of that, strong SEP
events with soft spectra—showing orders-of-magnitude higher differential intensities at lower
energies but lower intensities at higher energies compared to SEP events characterized by hard
spectra—are more likely to be detected in **Cl rather than in 1°Be or *C records [10,58].

3. Discussion

In what follows, we assess the numerical uncertainties coupled to the following questions: how
much do different LIS models impact the response functions? How much do different estimates
of cross- sections impact the expected 1°Be, 1*C and *Cl production? Are computations based on
different magnetic field models comparable?

(a) Response functions and their dependence on the local interstellar spectrum model

Response functions strongly depend on the high-energy spectrum triggering the atmospheric re-
sponse. Thus, using different LIS models (see §2a) leads to differences in the modelled atmospheric
response functions and, in the end, also the modelled local and global cosmogenic radionuclide
production rates. Exceptionally, the upper panel of figure 7 shows the response functions of 1°Be
using the LIS models by Usoskin et al. [25] (black lines) and Herbst et al. [12] (blue lines). As
shown in figure 1, the latter is in much better agreement with the low-energy Voyager obser-
vations and, with that, provides a more realistic representation of the GCR proton spectrum. As
can be seen, the maximum of the response function varies between the two models, being shifted
to higher energies when applying the LIS by Herbst et al. [12]. For better comparison, the lower
panel shows the residuals of the response functions based on Herbst et al. [12] relative to Usoskin
etal. [25]. As can be seen, using different LIS models results in strong differences in the atmospheric
response function.

While the response functions based on Herbst

et al. [12], overall, result in larger values in
the low-energy range up to 7 GeV nuc™, for
energies above they are up to 100% smaller
than those resulting from the use of the LIS by
Usoskin et al. [25]. The impact on the local and
global cosmogenic radionuclide production is
discussed in the following.

Using the observation-based LIS model by
Herbst et al. [12] leads to response functions up
to 20% larger than those using the LIS model by
Usoskin et al. [25] in the energy range most im-
portant for the production of °Be, C and °Cl
(grey box, lower panel of figure 7).
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Figure 7. Upper panel: response function of 'Be for unmodulated times (¢ = 0 MV), solar minimum conditions (¢ = 500
MV) and solar maximum conditions (¢ = 1000 MV). Response functions are shown for different LIS spectra: Usoskin et al. [25]
in black and Herbst et al. [12] in blue. Lower panel: residuals of the response function based on the LIS by Herbst et al. [12]
relative to the one based on Usoskin et al. [25] for ¢p = 0 MV (in black), ¢p = 500 MV (in blue) and ¢p = 1000 MV (in purple).

(b) Local and global production rate values

To calculate the production rates at a specific location, the geomagnetic shielding and its depen-
dencies (§2b) need to be taken into account. The local production rate, depending on the solar
activity and a given location (i.e. cutoff rigidity), is given by the atmospheric depth-integrated
production rates numerically described as

Procu(é,R0) = / P($.R..x) dx. 3.1)
X

The production mechanisms, and consequently the cross-sections, differ among isotopes, yet, as
shown in the upper panels of figure 8, the local production rates of 1’Be (left), *C (middle) and
%(l (right) as a function of cutoff rigidity ranging from 0 to 17 GV exhibit similar trends: (i) lower
solar modulation correlates with higher local production rates, and (ii) the modulation effect is
most pronounced in areas with low cutoff rigidity values, particularly in polar regions (i.e. R- =0
GV), while it is nearly negligible in areas with high cutoff rigidity values, especially in equatorial
regions (Rq > 15 GV).

Global-averaged production is often used instead of local production because atmospheric
transport and deposition processes mix local variations. For example, previous studies sug-
gest that deposition reflects relative changes caused by solar modulation, consistent with those
indicated by global-averaged production rates [68,69]. To derive the mean global cosmogenic
radionuclide production, which—among others—depends on the solar modulation parameter,
equation (3.1) has to be integrated over all locations. An in-depth discussion of the approach is
given in chapter 7 of [13]. For example, the upper panel of figure 9 shows a comparison of the

2The values are in line with current IGRF-based ranges.

Downloaded from royalsocietypublishing.org/rsta/article-pdf/doi/10.1098/rsta.2025.0348/6165301/rsta.2025.0348.pdf

by guest

on 14 September 2026

wlsy /1o Bunysgndiiaposiefos

87€0SC0T #8E Y 20S Y Subi| Iiyd


https://royalsocietypublishing.org/rsta

.
°Be ]

0.10 0.020
“» 0.08 E .
E 0 MV .
G 500 MV
@ 0.06 1000 MV ]
§ 0.010
©
— 0.04
=
B
o 0.005
0.02
0.00 . . ! 0 . L . 0.000 ‘ . \
0 5 10 15 0 5 10 15 0 5 10 15

Cutoff rigidity [GV] Cutoff rigidity [GV] Cutoff rigidity [GV]
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Figure 9. Upper panel: comparison of the globally averaged "C production rate model results by Lal & Peters [70], Damon
etal. [71], Masarik & Reedy [72], Masarik & Beer [59] and Masarik & Beer [73] for ¢ = 550 MV and as a function of the solar
modulation parameter ¢ based on the model efforts by Kovaltsov et al. [74], Herbst et al. [12] and Poluianov et al. [65]. Note that
the latter three are based on the same LIS model. Lower panel: residuals of the global production rates by Kovalsov et al. [74]
and Poluianov et al. [65] relative to the model results by Herbst et al. [12].

modelled global '*C production rates at a solar modulation of ¢ = 550 MV of the pioneering works
by Lal & Peters [70], Damon et al. [71], Masarik & Reedy [72], Masarik & Beer [59] and Masarik
& Beer [73] (black symbols) and the model efforts by Kovaltsov et al. [74] (in green), Poluianov
et al. [65] (in purple) and Herbst ef al. [12] (in blue) covering modulation parameter values be-
tween 0 and 2000 MV. As can be seen, the latest works (i.e. [12,65,74]) are in good agreement with
the value derived by Lal & Peters [70]. It further shows that the newest model efforts agree well in
moderate to high solar activity phases (i.e. above 500 MV), while differences of up to 8% occur at
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Table 1. Model set-up of the numerical efforts to derive the ™C production rates.

LIS model physics list cross-sections energy range
Kovaltsov et al. [74] Usoskin et al. [25] QGSP_BIC_HP EXFOR/CSISRS 0.1-100 GeV
Poluianovetal 6] Usoskinetal[2s]  QGSP_BICHP  [75)076], 7,024 (62],  0.0-100GeV
(78], EXFOR/CSISRS?
Herbsteta/[n] ................ Herbstem/m] ............ QGSP_BERT_HP ........... [59]/[52] .................................... 01_10()Gev ..........

2The paper presents model results of different cosmogenic radionuclides and lists these references. It is not specifically
stated which sources were used to model the *C production.

lower values between the results by Herbst et al. [12], Kovaltsov et al. [74] and Poluianov et al. [65]
(see lower panel of figure 9). Differences of more than 10% occur between the results by Kovaltsov
et al. [74] and Poluianov et al. [65] (not shown). However, a direct comparison of such absolute val-
ues should always be treated with caution, as crucial numerical inputs such as the used LIS model,
cross-sections and magnetic field models are different (table 1) or—as is the case particularly for
the earliest efforts—missing. Note that the presented studies are based on two different GEANT4
physics lists:* QGSP_BIC_HP and QGSP_BERT_HP. Matthii [79], however, showed that observed
secondary proton and neutron spectra—key for the production of °Be, 1*C and **Cl—are better
represented using the QGSP_BERT_HP model.

(i) Dependence on the local interstellar spectrum model

The LIS plays a crucial role in the numerical description of the cosmogenic radionuclide produc-
tion and, with that, the radionuclide-based reconstruction of the solar modulation parameter on
long time scales [80]. The upper panel of figure 10 shows the computed global *Be production
rate values using the LIS models by Usoskin et al. [25] (purple), Bisschoff & Potgieter [21] (yel-
low), Corti et al. [22] (green) and Herbst et al. [12] (blue). The lower panels show the same analysis
for C (left) and **Cl (right).

As indicated, the absolute production rate values vary by up to 30% during periods of low
solar activity and by up to 15% during phases of high solar activity. Thereby, the LIS-dependent
radionuclide production rates show different sensitivities to the solar activity changes, with 3°Cl
being most sensitive to such variations, followed by *C and '°Be, resulting from the produc-
tion itself, which, particularly in the case of 3Cl, is more sensitive to changes in the low-energy
range and thus to the solar modulation. Nevertheless, the same characteristic occurs: the lower
the solar activity, the larger the differences between the LIS-dependent production rate values.
Surprisingly, the differences of 20-25% between the values based on the LIS from Bisschoff & Pot-
gieter [21] and Herbst et al. [12] seem to be independent from the type of the radionuclide. How-
ever, as discussed in Herbst et al. [11,12], LIS-dependent modulation parameters have to be applied
to directly compare the modelled production
rate values, which significantly reduces the

differences. Therefore, the latter strongly sug- Not using the LIS-dependent modulation pa-
gests that reconstructions of the solar modula- rameter values results in up to 20-30% differ-
tion based on radionuclide records are much ence in the production rate values, depending on
more robust if relative production rate com- the radionuclide of interest.

putations are taken into account [12,80].

3http:/ / geantd-userdoc.web.cern.ch/UsersGuides/ PhysicsListGuide /html/physicslistguide.html.
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Figure 10. Dependence of the rates on the LIS model used to compute the "°Be (upper panel, after Herbst et al. [12], re-
produced with permission), "C (lower left) and 36C! (lower right) production. LIS models from Usoskin et al. [25] (in purple),
Bisschoff & Potgieter [21] (in yellow), Corti et al. [22] (in green) and Herbst et al. [12] (in blue) have been used.

(ii) Dependence on the cross-sections

Numerically derived production rates further depend strongly on the cross-sections used in the
computations [13,57]. However, although playing a crucial role, these cross-sections are not well-
constrained. In fact, either only minor information on the excitation functions is available (*C)
or multiple neutron and proton cross-section sets exist in the literature (e.g. 1°Be). In addition,
most neutron cross-sections above 100 MeV are estimated rather than measured [81]. Thus, the
availability of reliable cross-sections remains a major limiting factor for cosmogenic radionuclide
production models.

The upper panel of figure 11 shows the solar modulation parameter dependent local °Be pro-
duction rate values based on the “N(n/p,x)!°Be and *O(n/p,x)'°Be cross-section datasets by
Masarik & Beer [59] (solid lines) and Webber & Higbie [24] (dashed lines) shown in the two smaller
inserted figures on the right-hand side. As can be seen, the local production rates based on Masarik
& Beer [59] result in higher production rate values over the entire solar modulation range between
0 and 2000 MV. In particular, for cutoff rigidities below 13 GV, significant differences of up to 25%
between the cross-section-dependent production rate values occur.
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Figure 11. Local (upper panel) and global (lower panels) '°Be production rates based on the cross-sections by Masarik &
Beer [59] (solid lines) and Webber & Higbie [24] (dashed lines). For direct comparison, the grey lines show the results of the
left-hand panel.

The lower panels of figure 11 show the corresponding global production rates. On the left,
a comparison of the results for the original cross-section by Masarik & Beer [59] and Webber &
Higbie [24] is shown. As can be seen, in low solar activity phases, the differences are still above
25% and even for high solar activity values, the differences account for more than 20%.

Recently, new *O(n,x)!°Be cross-sections have been published by Chen et al. [82] (dotted line
in the upper panel of figure 11). Replacing the old *O(n,x)!°Be cross-sections of Masarik & Beer
[59] and Webber & Higbie [24] with these new values reveals a significant underestimation of the
production rate computations based on the old records. As can be seen in the lower right-hand
panel of figure 11, the production rate values based on Webber & Higbie [24] are underestimated
by almost 30%, while smaller changes can be seen in case of the production rate computations
based on Masarik & Beer [59]. The reason for this is in the cross-sections themselves, as the new
180(n,x)1“Be values are closer to those of Masarik & Beer [59] than the ones published in Webber &
Higbie [24]. The Joint Evaluated Fission and Fusion nuclear data library* “N(np)**C values (black
line) and the °O(n/px)“C values by Michel [60] (dark-red lines) presented in the middle panel
of figure 3 have also been re-measured. While Reedy [61] published a new excitation function
for the 1°O(nx)*C production, Wallner et al. [83] published new results for the *N(np)“C cross-
section in the energy range between 0.001 and 0.4 MeV. Although there are strong differences
between old and new cross-section values at higher energies, *C is mainly produced by thermal
neutron capture, and is thus most responsive to energies well below the respective energies. Thus,

4http:/ /databank.io.oecd-nea.org/data/overview/.
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Starmer values (lower panel). Right-hand panels: corresponding global '°Be production rate values in comparison with the
model results by Masarik & Beer [59,73] for ¢p =550 MV (upper panel) and the corresponding residuals relative to the Starmer’s
equation (lower panel).

only minor changes in the reproduction

rate values are to be expected. In fact, the The atmospheric interaction cross-sections are
corresponding global production rate values the most crucial of the investigated uncertain-
differ only within 1% from the previous com- ties and can result in production rate differences
putations. As these changes are negligible, of up to 25% in the case of the cosmogenic ra-
the results are not shown here. dionuclide "°Be.

(c) Dependence on the geomagnetic field models

As shown in §2b, geomagnetic field changes can occur on minute-to-hourly (i.e. externally driven)
as well as annual-to-decadal (i.e. internally driven) time scales. Such changes influence the cos-
mogenic radionuclide production rates. Previous attempts to model the cosmogenic radionuclide
production rates often used the analytically derived cutoff rigidity values based on Stermer’s
equation (i.e. equation (2.6)). As the numeric computations strongly depend on the applied
magnetic field model, and particularly on the resulting cutoff rigidities, differences in the resulting
production rate calculations are to be expected. The differences in the latitude-dependent cutoff
rigidity values based on Stermer’s equation (i.e. equation (2.5)) and the IGRF model [46] are shown
in the left-hand panels of figure 12. As can be seen, good agreement is only present at high geo-
magnetic latitudes (i.e. above 70°), while at lower geomagnetic latitudes (i.e. between 24° and 32°)
differences of up to -2 GV occur. As Stermer’s equation was the foundation of the model efforts
by Masarik & Beer [59,73], the upper right-hand panel shows a good example of the correspond-
ing global *C production rates as a function of the solar modulation parameter based on the LIS
model by Garcia-Munoz [23] and the cross-sections by Masarik & Beer [59]. The values derived
by Masarik & Beer [59,73] are given by the symbols. As shown in the lower panel, the *C model
efforts based on the IGRF result in production rates that are between 8 to 14% lower than those
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Figure 13. Temporal evolution of the global '°Be production rates based on the IGRF (black) and the Starmer’s equation (red).

using the Stermer’s equation. To investigate the impact on the temporal °Be changes, figure 13
shows the corresponding production rates between 1939 and 2010 (same colouring).

It shows that the differences become stronger from the 1940s to the 2000s. Thereby, the rel-
ative differences between the two numerically derived production rate values vary between
approximately 1% (i.e. 1940s) and up to
15% (i.e. 1990s). Note that hemispheric For comparison with Masarik & Beer [73],
differences in the °Be production can be the proton and alpha LIS models by Garcia-
resolved using IGRF-based cutoff rigidi- Munoz et al. [23] and the Stormer’s equation
ties, which cannot be achieved with the (equation (2.6)) is used. We further show the '*C
Stermer approximation. Zheng et al. [84] results based on the IGRF model (equation (2.7)).

showed that these differences can reach Using the IGRF results in 8-14% lower pro-
up to 50% regionally. They further showed duction rate values. Slightly higher differences
that atmospheric transport and deposi- of 5-15% are reported for 1°Be.

tion processes can reduce the differences

to less than 10% and to less than 3% in polar regions. Nevertheless, this conclusion does
not imply that the spatial cutoff rigidity pattern can be ignored for °Be deposition in polar
regions, as it may have varied significantly in the past. Further information on the im-
pact of palaeomagnetic field reconstructions on the modelled production is given in Herbst
et al. [85].

4. Summary and conclusions

Several model efforts describing the production of cosmogenic radionuclides have been docu-
mented in the literature. However, a systematic discussion of the results within the context of
numerically induced changes has been lacking thus far. Initially, we explored the dependencies
of the production rates of 1°Be, 1*C and *Cl on the local interstellar medium, demonstrating that
the maxima of the radionuclide-dependent production response functions shift towards higher
energies as solar activity increases. As *Cl is the radionuclide most sensitive to changes in the
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Table 2. Systematic error budget for cosmogenic radionuclide production modelling.

model component

source of systematic error

uncertainty (absolute values) ~ impact on long-term/relative trends

LIS choice of LIS spectrum depending on the used LIS
model up to 15% during
phases of high solar activity
and up to 20-30% during

low solar activity

significant, however, if the
underlying modulation
parameters are properly
converted for each LIS model
the impact is negligible

nuclear cross- discrepancies in 20-30% for 1Be significant, one of the
sections available cross-section primary sources of uncertainty
datasets in modelled absolute
production rates
geomagnetic semi-analytic versus production rate differences significant, particularly for
field observation-based of up to 50% for regional relative variations
approximation production rates and up to
14% for global production
rates
atmospheric differences in (i) the (i) >10% at low solar modest, generally negligible,

yield numerical particle
interaction models and
(ii) by applying a
weighting factor to
account for the
geometrical factor

activity (¢ < 500 MV) (ii) particularly during high solar
<5% for secondary particle activity
production at Earth [79]

lower-energy ranges, its response function peak is shifted to lower energies during solar mini-
mum periods, while during high solar activity phases the values are comparable with °Be and
4C. Using different LIS models, we further demonstrated that the response functions are LIS-
model dependent and show LIS-dependent sensitivity to solar activity changes (figure 7). The lat-
ter has sufficient consequences for the absolute global production rate values, as variations from
20% (1°Be) to 30% (**Cl) occur for low solar activity phases, whereas variations up to 15% occur for
high solar activity phases (figure 10). However, as discussed in Herbst ef al. [11,12], this compari-
son omits the dependence of the solar modulation parameter on the LIS, and LIS-dependent solar
modulation parameter conversions have to be applied. It shows that, based on this correction, the
corresponding relative changes are almost negligible for all three cosmogenic radionuclides. Thus,
reconstructing solar activity from cosmogenic radionuclide records is more reliable when relative
production rate calculations are used [80].

Further, we investigated the influence of cross-sections available in the literature on cosmo-
genic radionuclide production. Of particular interest are 1°Be and *C, as recent updates have been
proposed. As previously discussed in Herbst [13] and Matthié et al. [57], our investigations sug-
gest that modelled global production rates are significantly influenced by the use of different cross-
sections. Thereby, differences of more than 25% (20%) occur during low (high) solar activity phases
when the production rates based on the cross-sections by Masarik & Beer [59] and Webber & Hig-
bie [24] are compared. However, applying the latest °O(n,x)'°Be cross-section updates by Chen
et al. [82] reveals that recent model efforts based on the cross-sections by Webber & Higbie [24] are
underestimated by 30% (figure 11).

We also investigated the influence of geomagnetic field models on the global production rates.
Therefore, we compared the cutoff rigidity values based on the semi-analytic approach by Stermer
[44] to the ones derived based on the IGRF [46]. The corresponding absolute production rate values
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showed a difference of up to 20% (figure 12). While the long-term trend of 1939 to 2010 suggests
that the relative differences are only within 5% (figure 13).

Overall, our results suggest that the most critical factors for cosmogenic radionuclide produc-
tion modelling are (i) the choice of LIS model and (ii) the adopted nuclear cross-sections, especially
for 19Be. While raw LIS-dependent production rates can differ by up to 20-30%, these differences
become almost negligible once the modulation parameters are properly converted, making rel-
ative production rates a robust basis for solar activity reconstructions. By contrast, variations in
nuclear cross-sections can lead to persistent discrepancies of 20-30% in absolute production, un-
derscoring the need for up-to-date cross-section data such as the revised '°O(n,x)'’Be measure-
ments. The choice of geomagnetic field model affects absolute production at levels less than or
equal to 20% and impacts long-term trends within 5%. However, for relative variations, the choice
and inclusion of the geomagnetic model is a major uncertainty. A summary of our results is listed
in table 2.

A critical challenge in resolving solar activity back in time is the ‘observation gap” between
instrumental and radionuclide-based records of SEP events, which is fundamentally complicated
by the fact that systematic model adjustments do not affect these two populations equally. While,
for example, geomagnetic shielding is precisely defined for the instrumental era, historical ra-
dionuclide reconstructions rely on underconstrained dipole moment models (e.g. VADM), where
regional data biases can introduce significant systematic errors. Furthermore, detecting smaller
radionuclide SEP events requires distinguishing their signal from the GCR-induced production
background, a task heavily dependent on the chosen LIS and its modulation. Because SEP events
typically exhibit soft spectra with higher intensities at lower energies compared to the harder GCR
spectra, the resulting atmospheric radionuclide production response—the product of the parti-
cle spectrum and the yield function—weights updates in nuclear cross-sections and atmospheric
yield functions differently. For instance, a revision in °Be cross-sections or a shift to a more real-
istic LIS fixed to Voyager data will shift GCR- and SEP-dependent production rates nonlinearly,
potentially widening or narrowing the perceived observation gap. Consequently, investigating
these disparate energy-dependent responses is essential to determine whether this gap reflects
physical solar variability or is an artefact of the nonlinear scaling inherent in current numerical
modelling. Last but not least, it remains uncertain whether the enormous palaeoevents can be re-
garded merely as scaled-up versions of the known events from the instrumental era or if different
processes (e.g. multi-CME passage) must be considered to obtain realistic fluence estimates.

In addition, other factors—such as galactic variability associated with passages through spiral
arms, heliospheric variability and changes or reversals of the geomagnetic field—require further
investigation. While the LISM and geomagnetic field appear to have been relatively stable over
the past approximately 10000 years (i.e. during the Holocene), the solar system has, on longer
time scales, passed through denser and cooler interstellar regions. Zucker et al. [86] found that
a series of 14 to 20 supernovae responsible for carving out the Local Bubble over the last 10-15
million years has polluted the Sun’s environment with nucleosynthetic products. Evidence of such
encounters comes from detections of ®'Fe, a radioactive isotope produced primarily in supernova
explosions, in deep sea crusts [87,88]. Recently, Koll et al. [89] also reported a 1°Be anomaly (with
a 25% increase with respect to the baseline at younger ages) in deep-ocean ferromanganese crusts
during the Late Miocene (i.e. around 9-11.5 Myr ago). Together, these three findings are indicative
of a much higher GCR flux at Earth during these particular periods. In a first study, Herbst [13]
investigated the influence of galactic and heliospheric variations on the °Be production. Using
the GCR spectra for a galaxy arm passage provided by Biisching ef al. [6], Herbst [13] reported
up to 20% higher °Be production rate values than that of today. In addition, being surrounded
by a perturbed low-density interstellar medium with an inflow speed of 100 km s7! resulting in a
drastically smaller heliosphere with a termination shock at 11 AU [90] would result in up to 15%
higher 19Be production rate values.
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