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Production of isotopes by cosmic rays in the Earth’s atmosphere plays a key role in many studies
in solar physics, geophysics, archeology and other fields. For those purposes, precise quantita-
tive modeling of their production is crucial, and high-resolution altitudinal profiles of production
rates are in high demand. Here we present detailed and consistent yield functions of isotopes
"Be, 'Be, '“C, 22Na and 3°Cl produced by energetic particles in the atmosphere. Comparison
of reconstructions of the 'Be deposition flux in 1951-2013 and around 775 AD with ice core

measurements is shown for illustration of application of our yield functions.
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1. Introduction

The Earth’s atmosphere is constantly bombarded by cosmic ray particles. They are sufficiently
energetic to induce cascades of nuclear reactions in air. Some species of such a cascade can inter-
act with atmospheric nitrogen, oxygen, argon and produce so-called cosmogenic isotopes. Those
products can be measured directly in the atmosphere or in natural paleoclimatic archives (e.g, tree
trunks, ice cores, etc.) and provide a lot of useful information for solar-, space-, atmospheric
physics, archaeology and other fields of science [3].

Reliable quantitative modelling of the nuclide production requires extensive Monte Carlo com-
putations for simulation of the cosmic ray cascade. The yield function approach became standard
for that purpose because it allows to pre-compute the production of a nuclide irrespective of the
energy spectrum of primary particles. Then, using a relatively simple equation, one can calculate
the nuclide production by any particles’ spectrum of interest. Yield functions for most important
isotopes have been computed and published earlier with different assumptions and conditions [e.g.,
9, 10, 12, 14, 30, 31]. Their high altitudinal resolution is important as an input of realistic at-
mospheric transport models, but previously published yield functions were either without or very
rough altitudinal resolution.

Here we present detailed altitudinal profiles of new consistent yield functions for cosmogenic
isotopes "Be, '°Be, '*C, ?Na and 3°Cl, which are the most important for space- and atmospheric
physics. Their tabulated values are published in the supplementary material of [21].

2. Concept of the yield function
3. Definition

The yield function Y (E,h) is the number of atoms of a given nuclide produced at the depth
h (in g/cm?) per the unit mass of air (in g) by the unit intensity of primary energetic particles of
the ith type with the energy per nucleon E. The units of Y (E, k) are (atoms sr cm?)/g. Thus, the
nuclide production rate Q(4) (in atoms/(s g)) can be computed as:

oW =Y [, MEIE)E. (3.1)

where i is the type index of primary particles (protons and a-particles), E; utoff

is the energy of the
geomagnetic cutoff (in MeV) and J;(E) is their differential flux (in primaries/(cm? st s MeV)).
The yield function Y (E, h) is often presented in the form of the so-called production function
S(E, h), which is the direct result of computations and can be described as production of the isotope
by one primary particle hitting the top of the atmosphere [30]. For the isotropic cosmic ray flux,

the relation between the yield and production functions is
Y ==, (3.2)

where 7 is conversion factor from flux at the top of the atmosphere (particles/cm? s) to the cosmic
ray intensity in the interplanetary space (particles/cm? sr s).
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3.1 Calculation of the yield function

The calculation of yield functions is based on Monte Carlo simulation of the nucleonic compo-
nent of the cosmic ray cascade in the atmosphere. For that purpose we used the toolkit GEANT4.10.0
[1, 2]. The atmosphere was modelled as a set of spherical layers with the realistic size. The top
of the atmosphere was set at 100 km. Each layer had homogeneous properties and the thickness
from 1 (top layers) to 50 g/cm? (bottom layers). The total thickness of the atmosphere was 1050
g/cm?, and soil was not included into the model. The composition of layers was set according to
the model NRLMSISE-2000 [20].

We calculated yield functions for isotropically distributed cosmic ray protons and a-particles,
assuming that heavier species can be scaled from ¢-particles. The GEANT4 model has been run
over a quasilogarithmic energy grid of primaries (0.02-100 GeV/nuc).

The results of simulations were the numbers of secondary particles able to produce the nuclide
(protons, neutrons and «-particles) weighted with |cos 0| (where 0 is the zenith angle), stored
in depth-energy histograms. Those data divided by the energy bin width AE’ correspond to the
quantity Fi(h,E,E’) (in units 1/MeV), where k is the index of the type of secondary particles, E’
is the energy of secondary particles and E is the energy per nucleon of primary particles. The
production function then is

S(E) =YY / k;F(h,E,E')0; 1 (E')dE, (3.3)
j k

where j is the index of target nuclei, k; is the content of jth target nuclei (atoms/g) and o «(E’) is
the cross-section of the corresponding nuclear reactions. We adopted the cross-section data from
[3,8,11,22,24,31] and also from the Experimental Nuclear Reaction Database (EXFOR/CSISRS)
[19]. Transport of neutrons with the energies below 1 keV that is, in particular, important for
production of 14C, was calculated according to [9].

The results of computation S(4) are published in the supplementary material of [21] as tab-
ulated values. Several altitudinal profiles of the 3°C production function for primary protons are
shown in Figure 1 for illustration of the results. For relatively low energies (the left panel A of the
figure), 3°Cl is produced mostly by spallation of argon by primaries in the top atmospheric layer
of several tens of g/cm”. Primaries with higher energies (the right panel B of the figure) are able
to initiate a developed cascade in air, and the production of *°Cl by secondaries extends to much
deeper layers of the atmosphere.

4. Nuclide production

4.1 Columnar production functions

Since yield/production functions have been often published and discussed as columnar values
[9, 30], for comparison with those results we computed our production functions integrated over the
height of the atmosphere.The columnar production functions for ’Be by protons and o-particles are
shown in Figure 2. One can see that presenting here results (the solid curve) are in good agreement
with the functions published earlier [27, 30].
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Figure 1: Altitudinal profiles of the *°CI production functions by primary protons with the energies denoted
in the legend. The doted lines correspond to the contribution from secondary neutrons.

4.2 Global production rate

As another illustration of our results, we
calculated the globally averaged production

L S o N N S — S A P

rates Qglobal (atoms/(cm? s)) of considered

"Be by alpha-particles:
Thiswork ||
4  Usoskin2008

"Be by protons:
This work

4 Usoskin2008
O Webber2007

Columnar production (atoms/(nuc g))

here isotopes by galactic cosmic rays accord-

ing to the following equation:

le()bal (‘P) — E(GeV) E (GeV/nuc)
— L/ /Q(¢7h;Pcut()ff(QyM))dth; Figure 2: Columnar production S,,/ma-(E) of "Be
4m Ja Jn by primary protons and a-particles. Usoskin2008 and

4.1 Webber2007 indicate [27] and [30], respectively.

where Q(¢,h, Peyrorr(2,M)) is the produc-

tion rate defined by equation 3.1, M is the Earth’s magnetic dipole moment, which slowly varies
in time within (6-12) - 10> A-m? [e.g., 6, 18]. Its present value is about 7.8 - 10> A-m?. The
intensity of the geomagnetic field is important for the effectiveness of the shielding and affects the
geomagnetic cutoff rigidity Pror(€2, M), which is also a function of geographical coordinates.
The modulation potential ¢ parametrizes the differential flux of galactic cosmic rays J(E,¢) at 1
AU (in equation 3.1). The approach is described elsewhere [e.g., 29, 31]. Here we use the modula-
tion potential defined similarly to [28] with the local interstellar spectrum as in [5].

The global production rates leobal(qb) for "Be, 1"Be, 14C, 22Na, 3°Cl calculated for several
values of M are shown in Figure 3. One can see that both parameters responsible for the cosmic
ray flux at the top of the atmosphere (¢ and M) play important roles in the production rates of
the nuclides. The global production rates for 'Be, '°Be, '“C and >’Na presented here are in good
agreement (within 5%) with those published by us earlier [9, 10, 12, 27] computed with the CRAC
model. The global production rate of nuclide **CI match the value calculated by [14] within the
discrepancy of 15%.
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5. Verification
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For verification of our results, we com-

Figure 3: Global production rates of 'Be, 'Be, 4C,
22Na and *°Cl by galactic cosmic rays as a function
of the modulation potential ¢ and geomagnetic dipole
moment M.

puted the time series of '°Be deposition flux
in the northern polar region and compared
it with '°Be measurements in the Greenland
NGRIP ice core [4].

The estimated deposition flux of 'Be is based on the production rate by galactic cosmic rays
obtained from the presented here yield functions and the modulation potential ¢ reconstructed from
neutron monitor data [28]. We applied the atmospheric transport model by [7] and one year delay
caused by residence of '°Be in air. The modelled result is in good agreement with measurements
(Figure 4), especially for the period of 1951-1970, thus, it verifies the yield function of °Be
presented in this work.
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Figure 4: Deposition flux of '°Be during last decades. The blue curve corresponds to the measurements of
10B¢ in the NGRIP ice core in Greenland [4], the red one represents the results of our production model (the
transport model from [7]). The data are smoothed.

Another example of application of our production model is related to the strongest known
solar energetic particle event that took place in 775 A.D. [15, 16, 25]. Not discussing the event
itself, we use the opportunity to compare the decadal-mean deposition flux of '°Be with several
measurements of that nuclide in natural archives in samples corresponding to the period around
that date. Figure 5 shows the '°Be deposition flux as a function of the modulation potential ¢ for
the polar regions of the northern and southern hemispheres (black solid and doted curves). It was
calculated assuming the geomagnetic dipole moment M = 10>> A-m? [13] and the atmospheric
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transport model by [7]. The blue horizontal stripe represents the measurements of '°Be in ice cores
from Antarctica and Greenland for the period 780-800 A.D[17, 23]. The red vertical stripe indi-
cates the range of the modulation potential ¢ reconstructed from '“C for the period 780-790 A.D.

[26]. The modelled deposition flux of °Be matches the crossing of the two stripes (reconstructed

¢ and measurements of '"Be). This confirms the reliability of the '°Be yield function presented in

this work.

6. Summary

We have calculated a new consistent and
precise set of yield functions for cosmogenic
isotopes "Be, '°Be, '*C, 2>Na and *°Cl pro-
duced by cosmic rays in the Earth’s atmo-
sphere. The yield functions have high alti-
tudinal and energy resolution, which is im-
portant for modelling of their transport and
consequent applications. The results are pre-
sented as tabulated production functions in
the supplementary material of the publica-
tion [21]. The values are in good agree-
ment with earlier works and, in particular,
10Be data are also confirmed by comparison
with 1°Be deposition flux during last decades
measured in Greenland NGRIP ice core and
for the period around 780 AD.
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