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Abstract–A purely physical model based on a Monte Carlo simulation of galactic cosmic ray (GCR)
particle interaction with meteoroids is used to investigate neutron interactions down to thermal
energies. Experimental and/or evaluated excitation functions are used to calculate neutron capture
production rates as a function of the size of the meteoroid and the depth below its surface. Presented
are the depth profiles of cosmogenic radionuclides 36Cl, 41Ca, 60Co, 59Ni, and 129I for meteoroid radii
from 10 cm up to 500 cm and a 2π irradiation. Effects of bulk chemical composition on n-capture
processes are studied and discussed for various chondritic and lunar compositions. The mean GCR
particle flux over the last 300 ka was determined from the comparison of simulations with measured
41Ca activities in the Apollo 15 drill core. The determined value significantly differs from that
obtained using equivalent models of spallation residue production.

INTRODUCTION
In interactions of galactic cosmic ray (GCR) particles
with meteoroids, many secondary particles are produced.
However, high thermal neutron fluxes can only be reached
inside large meteoroids. Depending on the concentrations of
target elements, production rates of neutron capture–
produced isotopes like 36Cl and 60Co can only be measured in
chondrites with a pre-atmospheric radius 230 cm. Situations
such as this are rare, however, on the Moon there exist
abundant n-capture data for 41Ca, 60Co, and fission data for
235U measured in various lunar samples (Nishiizumi et al.
1997; Wahlen et al. 1973; Woolum and Burnett 1974).
Monte Carlo calculations of the spallogenic production
of cosmogenic nuclides (CN) have been presented for
meteoroids of various sizes and for a 2π geometry (Reedy
et al. 1993; Reedy and Masarik 1994; Masarik and Reedy
1994; Michel et al. 1991, 1996; Michel and Neumann 1998;
Leya et al. 2000, 2001). No such system is available for
thermal neutron capture production of CN. Thermal neutron
fluxes and neutron capture effects have previously been
studied in stony meteorites and in the lunar surface using
semi-empirical models (Eberhardt et al. 1963; Spergel et al.
1986; Lingenfelter et al. 1972; Fanenbruck et al. 1994).
Presented in this paper is a purely physical model for the

neutron capture production of cosmogenic nuclides produced
in interactions of GCR particles in meteoroids. This model
uses only one free parameter: the total GCR particle flux at
the meteoroid orbits. The model is based on Monte Carlo
simulations of neutron production and transport inside
meteoroids. The model utilizes evaluated excitation
functions for particular (n,γ) reactions in the absence of
measured excitation functions. This model aims to be an
extension of the above-mentioned models for spallation CN
production. We focus here on the n-capture production of
cosmogenic radionuclides 36Cl (T½ = 3.01 × 105 yr), 41Ca
(T½ = 1.03 × 105 yr), 60Co (T½ = 5.27 yr), 59Ni (T½ = 7.6 ×
104 yr), and 129I (T½ =1.57 × 107 yr) in stony meteoroids with
radii from 10 cm to 500 cm and in a 2π irradiation geometry.
In addition, the production of these nuclides in lunar surface
is investigated. We also extend here the investigation of the
effects of bulk chemical composition on nuclide production
in meteorites of Masarik and Reedy (1994) to the neutron
capture reactions.
MODEL CALCULATIONS
For neutron capture reactions, a production rate P of the
cosmogenic nuclide at depth d of a meteoroid with radius R is
given by:
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P ( d, R ) = N ∫ J n ( d, R, E )σ ( E )dE

(1)

0

where N is the number of atoms of target isotope per gram of
target element, Jn is the differential flux density of neutrons
with energy E at depth d inside the meteoroid of radius R, and
σ is the excitation function of the particular (n,γ) reaction.
The Neutron Spectra
We calculated depth- and size-dependent neutron spectra
using the LAHET Code System (LCS) (Prael and
Lichtenstein 1989). LCS is a system of general-purpose
Monte Carlo codes that treat all relevant physical processes of
particle production and transport in matter. High-energy
neutron fluxes are calculated using LAHET (Los Alamos
high-energy transport) (Prael and Lichtenstein 1989), which
models nuclear interactions using parameters designed for all
nuclei. Low-energy neutrons (En < 20 MeV) are stored for
subsequent transport using the Monte Carlo n-particle
(MCNP) code (Briesmeister 1993). MCNP uses evaluated
ENDF/B-based (ENDF-102 1995) cross-section libraries for
each neutron reaction coupled with the code for better
description of the transport of neutrons at thermal energies.
The LCS has successfully modeled spallation production
of CN in meteoroids, the lunar surface, and Earth’s
atmosphere and surface (e.g., Reedy et al. 1993; Reedy and
Masarik 1994; Masarik and Reedy 1994, 1995; Masarik and
Beer 1999).
In our calculations, meteoroids were modeled as spheres
with radii of 10, 20, 25, 30, 35, 40, 50, 65, 85, 100, 120, 150,
200, 300, and 500 cm. In addition, a huge object
corresponding to a 2π irradiation geometry was simulated.
Meteoroids of a uniform chemical composition and density
corresponding to their class (Table 1) were divided into
spherical shells with thickness depending on the radius. We
used 1 cm thick shells for radii below 100 cm, 2 cm thick
shells for radii 100–200 cm, and 4 cm thick shells for radii
above 200 cm.
Starting from the Castagnoli and Lal (1980)
parameterization of the primary GCR proton spectrum for the
solar modulation parameter φ = 650 MeV, which corresponds
to the long-term average of solar activity (Leya et al. 2000),
we calculated neutron spectra in each shell for each meteoroid
size. For a radius 500 cm and a 2π irradiation geometry, we
calculated the spectra of neutrons down to a depth of 300 cm.
In addition, we calculated the spectra in the center of an L
chondrite with radius 85 cm for several values of solar
modulation parameter ranging from 100 to 1000 MeV. The
number of simulated cascades was chosen to produce
statistical uncertainties of particle fluxes of ∼5% at small
depths increasing to ∼10% near the center of the meteoroid.
Note that all neutron spectra presented in this paper are

normalized to an integral primary proton flux J0 (E >10 MeV)
of 1 cm−2 s−1.
Galactic α-particles were taken into account using an
approximation that an incoming 4He nucleus breaks up into
four nucleons in its first inelastic collision, each having 25%
of its original energy. Because the primary spectrum as a
function of energy per nucleon is roughly identical for
galactic protons and α-particles (Simpson 1983), the four
nucleons have approximately the same energy distribution as
the galactic protons. Assuming further that the multiplicities
and the spectral distributions of the emitted particles are
similar for both proton and neutron projectiles, α-particles
can be taken into account by a simple scaling factor. The
value for the considered GCR composition of 87% protons
and 12% α-particles is 1.55.
Cross-Sections
The principal difficulty with the construction of monoenergetic neutron sources with energies above 14.7 MeV (due
to zero neutron electric charge) causes is that the cross-section
data for neutron-induced reactions at medium and high
energies are very sparse (Glasser et al. 2002). At lower
energies, there are measured cross-sections available for many
reactions and are stored in the EXFOR data library (EXFOR
1996). From these experimental data, excitation functions are
evaluated with the help of theory for broad energy regions.
There are several data files containing evaluated
excitation functions for many reaction types; the most
commonly used are the Evaluated Nuclear Data File Version
B–Brookhaven (ENDF/B) (ENDF-201 1991), the Joint
Evaluated File (JEF) (Rowlands 2000), and the Japanese
Evaluated Nuclear Data Library (JENDL) (Shibata et al.
1990). These cover energies from 10−5 eV to ≈20 MeV. Large
differences exist between the libraries for many reactions
relevant for CN production rate calculations.
The excitation functions for the (n,γ) reaction on the
majority of stable isotopes are available within the evaluated
nuclear files. For calculation of the n-capture CN production
in terrestrial and extraterrestrial matter the ENDF/B-VI is
usually used (e.g., Fanenbruck et al. 1994; Nishiizumi et al.
1997; Masarik and Reedy 1994, 1995; Masarik and Beer
1999). Earlier calculations (Fanenbruck et al. 1994) made use
of the MORSE code (Emmett 1975) within the HERMES
code system (Cloth et al. 1988). Since this was a group
Monte Carlo transport code, the group cross-sections were
calculated using the NJOY code (MacFarlane et al. 1982).
The advantage of today’s microscopic Monte Carlo codes
such as MCNP is that the ENDF/B-VI library is directly
coupled to the code and allows for direct nuclide production
rate values as an output of the transport calculation. Recently,
the JEF-2.2 data were also used for the n-capture CN
production calculations on some isotopes (Schnabel et al.
2004).
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Table 1. Bulk chemical compositions and densities of chondrite classes and lunar regolith used in the calculation (Wasson
and Kallemeyn 1988).
Element

CI chondrite

H chondrite

Abundance (wt%)
L chondrite
LL chondrite

H
C
O
Na
Mg
Al
Si
P
S
K
Ca
Ti
Cr
Mn
Fe
Co
Ni
Sm
Gd
Density (g cm−3)

2.0
3.2
46.0
0.49
9.7
0.86
10.5
0.102
5.9
0.058
0.92
0.042
0.265
0.19
18.2
0.0508
1.07
–
–
2.25

–
0.11
35.7
0.64
14.0
1.13
16.9
0.108
2.0
0.078
1.25
0.06
0.366
0.232
27.5
0.081
1.6
–
–
3.7

–
0.09
37.7
0.7
14.9
1.22
18.5
0.095
2.2
0.0835
1.31
0.063
0.388
0.257
21.5
0.059
1.2
–
–
3.5

a Lingenfelter

–
0.12
40.0
0.7
15.3
1.19
18.9
0.085
2.3
0.079
1.3
0.063
0.374
0.262
18.5
0.049
1.02
–
–
3.5

Lunar regolith
–
41.1
0.228
6.84
6.91
21.9
–
–
0.229
7.25
0.062
–
–
12.3
–
–
0.0014a
0.0019a
1.7

et al. 1972.

The (n,γ) excitation functions for the production of
nuclides considered in this work from ENDF/B-VI and JEF2.2 files are shown in Fig. 1. Note that there are no excitation
functions for neutron capture on 35Cl and 40Ca in any of these
two files. Therefore, the excitation functions for the neutron
capture on natural isotopic composition of these two elements
(denoted as natCl and natCa in the text) were used.
For natCl and 58Ni the data are identical in both libraries.
nat
For Ca, the resonance region is resolved better in the JEF2.2 excitation function and there are also significant
differences in cross-sections at energies above the resolved
region. Resonances are also different for 60Co, but the
differences are small. For 128Te, there is a wider resonance
region resolved in the JEF-2.2 excitation function, and there is
also a considerable difference in the cross-section values right
above the resonance region.
RESULTS AND DISCUSSION
Particle Spectra
According to Masarik and Reedy (1994), the differences
in spectra above 1 MeV, which are due to different
compositions corresponding to the different chondritic
classes, are marginal. From the shape of excitation functions
in Fig. 1 it is obvious that for the neutron capture production
of CN the low-energy part of neutron spectrum is most
important. We have accordingly focused our efforts on the
energy range below 20 MeV.

Neutron spectra calculated in the center of L chondrites
having radii of 20, 40, 85, and 200 cm are shown in Fig. 2. In
the center of a 20 cm L chondrite the neutron fluxes are small
in comparison to those for larger radii; there are no neutrons
with energies below ≈10–8 MeV and the differential neutron
fluxes decrease monotonously with increasing energy. In the
other three spectra the Maxwellian maximum can be seen at
energy of around 8 × 10–8 MeV. Above this energy there is a
decrease in differential neutron flux with energy, which can
roughly be described by a power law in energy.
The thermal energy part of the neutron field increases up
to a radius of about 85 cm; for higher depths, the differential
fluxes start to decrease at all energies due to the significant
attenuation of the primary particles. For meteoroids with radii
below 85 cm, the differences in the spectra at energies above
1 MeV are minimal.
The differential neutron fluxes for LL and H chondrites
are very similar to those for L chondrites. The differing bulk
chemical compositions of the individual subclasses of
ordinary chondrites, which have minimal effects on spectra
for energies above 1 MeV, become significant at thermal
energies. Significant differences can be seen at energies
below 0.5 eV (Fig. 3). The neutron fluxes at these energies are
much lower for H chondrites than for L chondrites. The main
reasons for this are the lower oxygen content (2% less) and
higher iron content (6% more).
Oxygen is one of the lightest elements in the chemical
composition of ordinary chondrites and the differences of a
few percent in the abundance can change the neutron
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Fig. 1. The excitation functions for neutron capture reaction on elements natCl and natCa and on isotopes 59Co, 58Ni, and 128Te from ENDF/BVI and JEF-2.2.

moderation and accordingly the neutron fluxes at thermal
energies. The relatively high absorption cross-section of iron
causes even lower thermal neutron fluxes. For LL chondrites,
the higher oxygen content (2.3% more) and lower iron
content (3% less) result in significantly higher fluxes below
0.5 eV than for L chondrites.
The energy-dependent differential neutron spectra in the
center of CI chondrites of radii 10, 20, and 40 cm are shown
in Fig. 4. Hydrogen, being the lightest element, is the best
neutron moderator and therefore its presence in the CI

chondrites plays a crucial role in the neutron transport. This
role becomes evident in the center of the smallest considered
meteoroid (R = 10 cm) where the maximum in differential
flux density of neutrons can clearly be seen at thermal
energies. This maximum is sharper than the one calculated for
ordinary chondrites (Fig. 2) and at energies above it there is a
steep decrease in the neutron flux which changes into a slower
decrease following a power law in energy. For greater radii
the shape of the spectra is the same, but it is shifted to higher
flux values.
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Fig. 2. Differential neutron spectra in the center of a spherical L chondrite with radii 20, 40, 85, and 200 cm. Data are normalized to a total
incident flux of primary particles J0 (E > 10 MeV) = 1 proton cm−2 s−1.

Fig. 3. The ratios of neutron differential flux densities for H and LL chondrites relative to those for L chondrites in the center of a sphere with
a radius of 85 cm (≈300 g cm−2) as a function of energy.

The thermal neutron fluxes for CI chondrite of radius
40 cm are at the same as those for L chondrite of radius
85 cm, but at higher energies the fluxes are much lower. This
circumstance is reflected in the depth dependence of the total
neutron flux of various chondrite classes (Fig. 5). The neutron
flux integrated over the whole energy spectrum in CI
chondrite near the surface is 2 times lower relative to ordinary
chondrites and the difference increases with depth to a factor
of 8 near the center (Fig. 5, left). In general, thermal and
epithermal neutrons are most important contributors to ncapture reactions. For thermal neutrons in particular, the total
flux for energies below 0.5 eV is particularly sensitive to

hydrogen. This results in a steep increase of thermal neutron
fluxes at small depths below the surface of the meteoroid
(comparable to those in ordinary chondrites) followed by a
broad maximum and for larger radii by a slow decrease
(Fig. 5, right).
Capture Rates of Cosmogenic Radionuclides in L
Chondrites
The calculated production rate depth profiles for ncapture produced 36Cl, 41Ca, 60Co, 59Ni, and 129I in L
chondrites with radii of 10, 20, 25, 30, 35, 40, 50, 65, 85, 100,
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Fig. 4. The differential neutron spectra in the center of a spherical CI chondrite with radii RCI = 10, 20, and 40 cm. For comparison there are
also spectra for an L chondrite with radii RL = 20 and 85 cm. Data are normalized to a total incident flux of primary particles J0 (E > 10 MeV)
= 1 proton cm−2 s−1.

Fig. 5. Total neutron flux integrated over the whole energy spectrum (left) and over energies below 0.5 eV only (right), both as a function of
depth in a meteoroid with a radius of 85 cm for bulk compositions of L, LL, H, and CI chondrites. Data are normalized to a total incident flux
of primary particles J0 (E > 10 MeV) = 1 proton cm−2 s−1.

120, 150, 200, 300, and 500 cm are shown in Fig. 6. All
production rates are calculated for a total primary particle flux
of 1 proton cm–2 s–1 (E > 10 MeV). In the case of 36Cl and
59Ni, the excitation function is the same for both ENDF/B-VI
and JEF-2.2. For 41Ca and 129I we took the JEF excitation
functions in which wider resonance regions are resolved. Due
to the steep decrease of the neutron fluxes with increasing
energy, the differences in excitation functions for 41Ca above
the resonance region (E > 1 MeV) have only negligible effects
on the n-capture production of 41Ca. For 60Co there are only
small differences in the resonance region of excitation
functions and their effect on the depth profiles can also be
neglected.

For all considered nuclides the presented depth profiles
show the same characteristic features. Profiles in meteoroids
with radius below ≈85 cm increase from the surface to the
center. For these radii the capture rates also increase
monotonously as the size increases. The values for the
smallest radii are too small to be seen in the given scales. The
differences between the production rate in the center of 10 cm
and 85 cm meteoroid range from two orders of magnitude for
129I to almost five orders of magnitude for 36Cl. For larger
meteoroids, the production starts to decrease after reaching a
maximum at depth around 50 cm (175 g cm–2). The absolute
values are also starting to decrease with increasing meteoroid
size.

Monte Carlo simulation of GCR neutron capture production of cosmogenic nuclides
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Fig. 6. Neutron capture production rate depth profiles of cosmogenic isotopes 36Cl, 41Ca, 60Co, 59Ni, and 129I in meteoroids of L chondritic
composition with radii 10, 20, 25, 30, 35, 40, 50, 65, 85, 100, 120, 150, 200, 300, and 500 cm. Data are normalized to a total incident flux of
primary particles J0 (E > 10 MeV) = 1 proton cm−2 s−1.

For all nuclides except for 129I the maximum production
rate value is reached in the center of the meteoroid of radius
85 cm. For 129I the maximum production occurs in the center
of a 65 cm large meteoroid. This occurs because the excitation
function for this isotope has a large cross-section at energies
above the resolved resonance region (up to a few MeV
[Fig. 1]), which is more than an order of magnitude higher
than the cross-sections below the resonance region.
Therefore, the neutron fluxes at higher energies become

important for the n-capture production. There are no
differences in excitation functions between the two
considered neutron data files for nuclides 36Cl and 59Ni
(Fig. 1). Therefore, it is obvious that the depth profiles
calculated using these cross-sections are also identical. The
differences in the depth profiles for 41Ca and 60Co calculated
using JEF-2.2 and ENDF/B-VI are ≈0.4%, which is far below
the uncertainty of the calculated neutron fluxes.
The situation is different for 129I. Its production rates
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Fig. 7. Production rate depth profiles of cosmogenic nuclide 129I in L chondrites with radii from 10 cm to 500 cm calculated using excitation
functions from JEF-2.2 relative to those calculated using the excitation functions from ENDF/B-VI.

Fig. 8. The production rates of 36Cl in LL chondrites (left) and H chondrites (right) as a function of depth in g cm−2 relative to those in L
chondrites for meteoroid radii from 10 cm to 500 cm.

calculated using the excitation function from JEF-2.2 relative
to those calculated using the excitation function from ENDF/
B-VI are shown in Fig. 7. The capture rate calculated using
JEF-2.2 for radii above 70 cm is 27% lower at depths above
≈60 cm (210 g cm−2) and the difference increases to 36% near
surface. In smaller meteoroids the difference depends on the
depth and it also increases in surface direction. Here the
difference is also size dependent and for a radius of 25 cm it
reaches more than 50%. The varying difference for small
depths is caused by the fact that there are too few or no
thermal neutrons at these depths, and so the importance of the
high-energy part of the excitation function that differs in both
libraries also varies. As in such small meteoroids the ncapture production can for most CN be neglected in
comparison to the spallation production (Reedy et al. 1993;
Fanenbruck et al. 1994); these differences do not have any
practical relevance.

Capture Rates in LL, H, and CI Chondrites
The differences in neutron fluxes for LL and H
chondrites relative to L chondrites (Fig. 3) imply differences
in the n-capture production of CN. Figure 8 (left) shows the
production rate depth profiles of 36Cl in LL chondrites of
various radii relative to those in L chondrites. Because of
higher oxygen content and lower iron content in the elemental
composition the production rate is higher in LL chondrites.
For radii above 50 cm the 36Cl production rate is
approximately 10% higher at all depths relative to those in L
chondrites. This means that the shape of the depth profiles for
L and LL chondrites is identical. The differences in the
production rates range from 0% to 30% in smaller
meteoroids. This is caused by the differences in the
development of neutron field between the two classes. One
also has to consider that the neutron spectra in meteoroids of
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Fig. 9. The production rate depth profiles of 36Cl in CI chondrites for meteoroid radii from 10 cm to 500 cm. Data are normalized to a total
incident flux of primary particles J0 (E > 10 MeV) = 1 proton cm−2 s−1.

this size have very few thermal neutrons and therefore small
changes in thermal neutron fluxes caused by statistical
fluctuations can result in large changes in nuclide production.
Since the absolute n-capture production rates in small
meteoroids are small relative to spallation production, we do
not discuss this effect further. The relative n-capture rates are
similar for other investigated nuclides. The mean ratios in
meteoroids with radii above 50 cm are 1.1 for 36Cl, 1.08 for
41Ca, 1.01 for 60Co, 1.09 for 59Ni, and 0.95 for 129I.
The 36Cl production rate depth profiles in H chondrites
relative to those in L chondrites are shown in Fig. 8 (right).
Again, the relative capture rate depth profiles have similar
shapes for other isotopes. Lower oxygen and higher iron
abundance in H chondrites relative to those in L chondrites
produce mean values of the ratio for radii above 50 cm that
are opposite to those of LL chondrites for all considered
nuclides. The values are 0.82 for 36Cl, 0.85 for 41Ca, 0.93 for
60Co, 0.84 for 59Ni, and 1.2 for 129I.
Following the characteristics of the differential neutron
fluxes in CI chondrites, the production rate depth profiles of
cosmogenic isotopes in this type of chondrites also show
significant differences when compared to other considered
chondritic classes. The 36Cl depth profiles in CI chondrites of
radii from 10 cm to 500 cm are shown in Fig. 9. As mentioned
above, high hydrogen content causes faster thermalization of
neutrons. Therefore, unlike ordinary chondrites, there are
significant capture rates already in the center of CI chondrite
with radius of 20 cm. When the bulk densities are taken into
account the differences are even larger. After a steep increase
to the maximum at radius ≈65 cm, the production rates in CI
chondrites slowly decrease. For larger meteoroids the
maximum is shifted to smaller depths reaching a depth of
about 30 cm for meteoroid with radius 500 cm.
We also investigated the effects of “neutron poisons”
such as Sm and Gd in the composition of ordinary chondrites.
Typical abundances of these elements in the bulk chemical

composition of all chondritic classes are of the order of
0.1 ppm (Wasson and Kallemeyn 1988). The results showed
that the effects on the neutron capture caused by the presence
of such small amounts of these elements are much smaller
than the statistical uncertainties of the model.
The Mean GCR Particle Flux
To make the model complete, the value of the mean
primary GCR particle flux J0 with energies above 10 MeV has
to be determined. Its value corresponds to the value of the
mean solar modulation parameter Φ. For each value of Φ the
particular J0 for primary protons can be calculated by
integrating the Castagnoli and Lal (1980) formula over
energies above 10 MeV. The α-particles are then taken into
account by multiplying the value by the α-scaling factor.
We investigated the dependence of the production rates
on the solar modulation parameter Φ by calculating
production rates in the center of an L chondrite with a radius
of 85 cm for Φ from 100 MeV to 1000 MeV. The results were
multiplied by the corresponding J0 value (with the α-scaling
factor included) and plotted as a function of it (Fig. 10). The
correlation between capture rates and J0 is not linear because
for larger J0 values (i.e., smaller Φ values) there is an increase
of low energy primary particles that have lower multiplicities
for secondary particles and consequently lower production
rates. However, for certain subintervals this dependence can
with good accuracy be considered linear. Therefore, it is
sufficient to calculate the production rates for one particular
value of the solar modulation parameter Φ and J0 (E >
10 MeV) = 1 cm−2 s−1 and then to scale the results to the
appropriate solar modulation by simply multiplying the
production rates by the suitable J0.
Reedy and Masarik (1993) and Leya et al. (2000) have
presented models for the calculation of the spallation
production of cosmogenic nuclides in meteoroids. They
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Fig. 10. Dependence of n-capture GCR production rates of 36Cl, 41Ca (multiplied by 100), and 60Co in the center of L chondrite with a radius
of 85 cm on the mean GCR particle flux for E > 10 MeV shown with corresponding solar modulation parameter. The data are fitted with nonlinear function. Production rates are in units of dpm per kilogram of target element.

determined the J0 value of the mean primary nucleon flux
density at the meteoroid orbits to be 4.8 and 4.06 cm−2 s−1
respectively by comparing the calculated depth profiles with
activities measured in the Knyahinya meteorite.
Experimental concentrations of the n-capture produced
cosmogenic isotopes in chondritic samples with known
depths are not available since the size of a meteoroid that can
survive the ablation in the atmosphere as a single entity is too
small to allow the development of sufficient thermal neutron
flux. Accordingly, the production of cosmogenic nuclides in
small meteoroids is usually dominated by spallation. As large
meteoroids usually explode before they reach the Earth’s
surface, the original position of the individual samples inside
the meteoroid cannot be determined by direct measurement.
Therefore, we used the 41Ca depth profile measured in Apollo
15 drill core (Nishiizumi et al. 1997) for the determination of
the mean primary particle flux.
Due to a heliocentric gradient of the GCR flux (van Allen
and Randall 1985; Webber and Lockwood 1986) the J0 value
at Earth’s orbit should be 3–6% lower than that at meteoroid
orbits. From concentrations of CN produced by spallation
measured in lunar samples the J0 at Earth’s orbit was
determined to be 4.56 and 4.54 cm−2 s−1 by Reedy and
Masarik (1994) and Leya et al. (2001), respectively. The
second mentioned value considered together with the value
the authors determined for meteoroid orbits of 4.06 cm−2 s−1
(Leya et al. 2000) is not consistent with the direction of
heliocentric gradient. The reason for that is probably the
particle spectra used by Leya et al. (2001) for the CN
production rate calculation in the lunar surface (see the
discussion below).

In our calculations the Moon was modeled as a sphere
with radius 1738 km divided into shells with thickness 5 cm.
The bulk density and bulk chemical composition of the lunar
regolith used are listed in Table 1. Figure 11 shows the
calculated neutron spectrum at a depth of 100 cm below the
surface of the Moon together with the spectrum calculated for
an L chondrite of the same size at a depth of 45 cm
(corresponding to the same amount of material). While at
energies above ≈1 eV there are slightly more neutrons in the
L chondrites, at thermal energies the lunar neutron fluxes are
significantly higher, reaching at the energy of the Maxwellian
maximum a difference of 20%. This is partially due to the
difference in the abundance of light elements like oxygen, but
mainly due to the big difference in the amount of iron. More
iron means more secondary neutrons with energies above
1 eV but at the same time, because of its relatively high
thermal absorption cross-section of 2.562 barns, fewer
thermal neutrons. The differences in thermal neutron fluxes
would be much larger (about a factor of 2) if there weren’t
high abundances of strong neutron absorbers samarium and
gadolinium included in the simulated composition of lunar
regolith (with thermal absorption cross-sections 5615 and
48,780 barns, respectively).
The differences in the neutron spectra between the Moon
and L chondrites imply differences in depth profiles of ncapture produced CN. Comparison for 41Ca is shown in
Fig. 12 with depths given in cm as well as in g cm−2. The
depth profiles reach their maxima at about 95 and 45 cm for
the Moon and the L chondrite, respectively, with the
production rate in the Moon being 11% higher.
Fitting this calculated lunar 41Ca depth profile to the
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Fig. 11. Neutron differential flux densities at a depth of 95 cm in the Moon and at a depth of 45 cm inside the L chondrite of the same size.
Considering the bulk density, both depths correspond to approximately the same amount of material. Data are normalized to a total incident
flux of primary particles J0 (E > 10 MeV) = 1 proton cm−2 s−1.

Fig. 12. Calculated n-capture production rate depth profiles for 41Ca in the Moon compared to those in the L chondrite of the same size.
Production rates are shown as a function of depth in units of cm as well as g cm−2. Data are normalized to a total incident flux of primary
particles J0 (E > 10 MeV) = 1 proton cm−2 s−1.

measured activities from Apollo 15 deep drill core
(Nishiizumi et al. 1997) we obtained the value of the mean
GCR particle flux over the last 300 ka (~3 × T½(41Ca),
T½(41Ca) = 106 ka):
J0 (E > 10 MeV, Earth’s orbit) = 2.86 protons cm−2 s−1
This value is 1.6 times lower than the above-mentioned
values from other authors.
There are two possible sources of this difference. First is
the lack of neutron cross-sections for relevant reactions for
both neutron capture and spallogenic nuclide production. The

situation is worse for spallogenic production where evaluated
data or the same cross-sections as for protons are used in most
cases (e.g., Reedy and Masarik 1994; Leya et al. 2001). The
second source of differences can be an inaccurate simulation
of particle transport by various codes. However, the
calculations of particle fluxes were tested to much higher
accuracies than the accuracies of the neutron cross-sections
are. Therefore, this source of differences is less probable. To
decide what is the real cause of differences, further precise
measurements of cross-sections are of high importance
especially for neutron induced reactions.
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Fig. 13. Neutron capture–produced 41Ca activities in the Apollo 15 drill core together with the depth profile calculated using LCS and adjusted
to the experimental data by setting the value of J0 to 2.86 protons cm−2 s−1.

Considering the distance of meteoroid orbits from the
Sun, the mean GCR particle flux over the last 300 ka is from
2.95 to 3.03 protons cm−2 s−1. We calculated the mean J0 as an
arithmetic mean of these two values:
J0 (E > 10 MeV, meteoroid orbit) = 2.99 protons cm−2 s−1
Nishiizumi et al. (1997) used the LCS to calculate
neutron spectra in the same way as we did, using the same
bulk chemical composition of the lunar soil. Unlike us, they
succeeded to describe the measured 41Ca activities using the
J0 value of 4.56 protons cm−2 s−1. Still, the shape of the
calculated depth profile is identical to ours (Fig. 13). Our
investigation of this discrepancy lead to a conclusion that this
was due to an erroneous version of the MCNP code used by
Nishiizumi et al. While calculating the same neutron spectra
as we did, the integration of capture rates in their version of
the code resulted in incorrect values for all investigated
nuclides (∼1.6 times lower). Keeping that in mind, the
excellent agreement of their J0 values for both spallation and
n-capture production rates is startling.
For the n-capture production of 60Co the comparison of
our calculations with the experimental data (Wahlen et al.
1973) is also identical to that of Nishiizumi et al. (1997). Leya
et al. (2003) also needed two different J0 values for the
description of spallation and n-capture production of
cosmogenic nuclides in lunar matter. By comparing the
calculated depth profiles to the measured 41Ca activities
(Nishiizumi et al. 1997) they obtained values of 2.64 and 2.36
protons cm−2 s−1 for Earth and meteoroid orbits, respectively,
which is slightly lower than our value. Since the crosssections used were the same, the difference could only be
ascribed to different neutron spectra. They used the spectra
calculated using codes within HERMES code system (Cloth

et al. 1988) for the solar modulation parameter 490 MeV,
which are not well-suited for such calculation (Leya et al.
2001). Also, Leya et al. (2001) did not incorporate Sm and Gd
in the composition of the lunar regolith for the transport
calculation. When these are left out, the 41Ca production rate
is about 25% higher. It is of note that both determined values
of the mean GCR particle flux at Earth’s and meteoroid orbits
account for contributions by all nuclear GCR particles (i.e.,
protons, α-particles, and heavier nuclei) regardless the small
differences in the α-scaling factors suggested by different
authors.
Comparison to Other Models and Experimental Data
Both previously mentioned models of Eberhardt et al.
(1963) and Spergel et al. (1986) consider only one class of
chondrites, the L chondrites, assuming the effects of different
bulk composition on neutron fluxes and capture production to
be negligible. As we have demonstrated, for some nuclides
these effects can make measurable differences in production
rates.
Our calculated maximum production rates for 60Co and
59Ni are 385 dpm/g Co and 13.5 dpm/g Ni, respectively.
These values are practically identical to those from Eberhardt
et al. (1963), who obtained values of 385 dpm/g Co and
14 dpm/g Ni. While the 60Co capture rate from Spergel et al.
(1986) is also in good agreement with our value (375 dpm/g
Co), their maximum value for 59Ni of 21 dpm/g Ni is about
50% higher. For 36Cl, our calculated 168 dpm/g Cl is
significantly lower than the values 220 and 280 dpm/g Cl
from Eberhardt et al. (1963) and Spergel et al. (1986),
respectively.
As mentioned above, depth profiles for n-capture
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produced CN in chondrites are not available. Still, the
cosmogenic nuclide activities were measured in samples from
some meteorites.
Activities of 60Co were measured in 12 samples from the
Jilin H chondrite (also sometimes referred to as Kirin) to
range from 60 to 229 dpm/kg for an average Co abundance of
792 ppm (Heusser et al. 1985). Considering its two-stage
irradiation history (Honda et al. 1982), the comparison to the
depth profiles from Eberhardt et al. (1963) implied a preatmospheric radius of 85 cm. Using our calculated 60Co depth
profiles for H chondritic composition we can successfully
describe the Jilin data when considering a radius 60–100 cm.
The same limits on the radius are obtained when comparing
the calculated 41Ca depth profiles with the data from Klein
et al. (1991) of 200–2000 dpm/kg Ca.
Bogard et al. (1995) measured 36Cl and 41Ca activities in
several samples from the Chico L chondrite. According to our
model, the 41Ca data constrain its pre-atmospheric radius to
55–300 cm. On the other hand, the 36Cl activities of 160–260
dpm/g Cl are higher than our highest calculated production
rate. This can be due to the fact that the cross-sections for the
(n,γ) reaction on natCl (natural isotopic composition of Cl)
were used in place of the unavailable cross-sections for the
reaction on 35Cl.
CONCLUSIONS
The investigation of the neutron fluxes and the neutron
capture production of cosmogenic nuclides 36Cl, 41Ca, 60Co,
59Ni, and 129I in chondrites showed strong dependence on the
size of the meteoroid as well as on the depth of the sample
below the surface. Meteoroids with radii below ≈35 cm are
too small to moderate neutrons to thermal energies, so the
production by n-capture is usually much lower than spallation
production. Clearly, this is only true for CN for which the
target elements for spallation production are present in the
chemical composition of the irradiated object. For R < 85 cm
the production rates increase monotonically from the surface
to the center. For larger radii there is a maximum at a depth of
about 80 cm for R = 100 cm that is shifted toward the surface
with increasing size, reaching 50 cm for 2π irradiation. For
larger depths the production rate decreases monotonically to
the center.
Depending on the shape of the excitation function for the
particular (n,γ) reaction, the shapes of the depth profiles for
individual nuclides are slightly different. This difference is
significant only in the case of 129I, for which the n-capture
production is quite high already for meteoroids with a radius
of 20 cm and the maximum production rate was obtained in
the center of meteoroid with radius of 65 cm.
Unlike spallation production, for neutron capture we
found differences when considering different bulk
compositions of individual chondrite classes. Depending on
the shape of the excitation function, these differences can
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change the nuclide production rate and/or the shape of its
depth profile. For ordinary chondrites we obtained different
values of the production rate ratio between L, LL, and H
chondrites for each isotope. In meteoroids with R > 50 cm the
ratios were constant for all depths and sizes. In smaller
meteoroids the ratios are size- and eventually also depthdependent.
In CI chondrites the presence of hydrogen in the bulk
composition causes faster moderation of neutrons. Therefore
there are high thermal neutron fluxes already at depths of
about 15 cm. Consequently, the n-capture production rate also
increases faster reaching its maximum value at a depth of
about 65 cm and then decreases slower than in ordinary
chondrites.
The effects of bulk chemical composition imply the
necessity of individual calculations for each meteorite class
and for new falls or finds of meteorites with unusual
elemental composition. This is particularly important for
meteorites containing hydrogen. One should note here that
most 36Cl nuclei (98.1%) decay to stable 36Ar (which is often
used for dating meteorites) and therefore all conclusions
presented for 36Cl also apply for 36Ar.
The presented calculations are based on a purely physical
model based on Monte Carlo simulation of particle transport
and evaluated excitation functions using one free parameter:
the total number of GCR particles in the meteoroid orbit. As the
experimental depth profiles from meteorites are not available,
we determined this parameter by adjusting calculated
production rates to 41Ca depth profiles measured in Apollo 15
drill core (Nishiizumi et al. 1997) and considering the
heliocentric gradient of the GCR flux (van Allen and Randall
1985; Webber and Lockwood 1986). The obtained value of J0
(E > 10 MeV) = 2.99 protons cm−2 s−1 is slightly higher than the
value determined by Leya et al. (2003), most probably due to a
different model for the Moon and the use of a different primary
particle spectrum. On the other hand, it differs significantly
from both J0 values obtained by adjusting the calculated
spallation production rates to the depth profiles from the L
chondrite Knyahinya by Reedy et al. (1993) and Leya et al.
(2000). The reasons for this difference are unknown.
Note that the model presented explicitly takes into
account only the cosmogenic nuclide production by GCR
particles. Solar cosmic ray effects are not taken into account.
The comparison of the calculated production rates to
measured cosmogenic nuclide concentrations showed a good
agreement, which makes it possible to conclude that this
model can be used with reasonable confidence for a wide
range of applications. However, improvements can be made
especially when the excitation functions for the (n,γ)
reactions on 35Cl and 40Ca are available. The model can
easily be extended to other neutron capture produced
nuclides, which turns it into a general tool for the
investigation of meteorites as well as other cosmic ray
irradiated bodies in general.
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