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A new 3D numerical model of cosmogenic nuclide 10Be production in the atmosphere
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A new quantitative model of production of the cosmogenic isotope 10Be by cosmic rays in the Earth's
atmosphere is presented. The CRAC:10Be (Cosmic Ray induced Atmospheric Cascade for 10Be) model is based
on a full numerical Monte-Carlo simulation of the nucleonic–electromagnetic–muon cascade induced by
cosmic rays in the atmosphere and is able to compute the isotope's production rate at any given 3D location
(geographical and altitude) and time, for all possible parameters including solar energetic particle events.
The model was tested against the results of direct measurements of the 10Be production in a number of
dedicated experiments to confirm its quantitative correctness. A set of tabulated values for the yield function
is provided along with a detailed numerical recipe forming a “do-it-yourself” kit, which allows anyone
interested to apply the model for any given conditions. This provides a useful tool for applying the
cosmogenic isotope method in direct integration with other models, e.g., dynamical atmospheric transport.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Earth is continuously bombarded from space by energetic
particles of cosmic rays, which produce nucleonic–electromagnetic–
muon cascade in the Earth's atmosphere. As a byproduct of this
process, various isotopes are locally produced, which are otherwise
not expected to be naturally present in the Earth's environment. They
are collectively called the cosmogenic isotopes. Cosmogenic isotopes,
producedmainly by cosmic rays, provide a useful tool to be applicable
in different studies, just to be mentioned a few, reconstructions of
solar variability and terrestrial climate in the past (e.g., Raisbeck et al.,
1979; Bard et al., 1997; Beer, 2000), paleomagnetic studies (Raisbeck
et al., 2006), dating (Siame et al., 2004), tracing the atmospheric air
dynamics (Raisbeck et al., 1981; Lal, 2007; Usoskin et al., 2009b), etc.
One of the most important cosmogenic isotopes is 10Be, which is
useful for long-term studies of solar activity because of its long half-
life of about 1.5 millions of years. Its concentration is usually mea-
sured in stratified ice cores allowing for independent dating.

There were different attempts to model the global beryllium
cosmogenic isotope production in the Earth's atmosphere, as summa-
rized in Table 1. First models were empirical and semi-empirical,
based on some fragmentary measurements of secondary neutron
fluxes in the atmosphere. A major breakthrough has occurred in the
1990s with the use of Monte-Carlo modelling of the cosmic ray
propagation in the atmosphere (Masarik and Reedy, 1995; Masarik
and Beer, 1999). Modern models include all known processes and are

supposed to precisely model beryllium production. However, as
apparent from the last line of Table 1, there is a large uncertainty in
the global isotope's production as predicted by different models, up to
a factor of two. As argued by us earlier (Usoskin and Kovaltsov, 2008),
the uncertainty is related to the overall normalization of different
models, likely to the conversion factor between cosmic ray intensity
and flux units (see Chapters 1.6.2 and 1.6.3 in Grieder, 2001).
Therefore, any quantitative result based on the models would be
uncertain within a factor of 1.5–2. We note that most of the earlier
models were estimating the average beryllium production, without a
possibility to study its 3D distribution, and only a few (MB99/09 and
partly WH07 from Table 1) are capable of simulating both altitude
profiles and geographical patterns of the production. The present
CRAC model provides, for the first time, a full 3D simulation of
beryllium production including a possibility to merge with any other
related program (e.g., atmospheric transport code).

Usually, studies based on 10Be data use a simple assumption that
the isotope is first homogenously mixed in some region of the
atmosphere, and then deposited in natural archives such as polar ice
(e.g., McCracken, 2004; McCracken et al., 2004; Usoskin et al., 2004).
Typical assumptions were polar mixing (only regions above 60°
latitude contribute, roughly corresponding to the polar vortex), global
mixing (the entire atmosphere mixes up) and an intermediate model
(the entire stratosphere but only polar troposphere contribute to the
polar 10Be precipitation). Then the deposited beryllium amount is
assumed to be directly proportional to the production averaged over
the corresponding region. In the framework of this method, the
normalization uncertainty of the production model is not important,
since an ad hoc proportionality factor is anyhow used. Recently, a new
realistic approach has been developed that combines the isotope
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production model with a direct simulation of the beryllium transport
using a general circulation model (e.g., Field et al., 2006; Heikkilä
et al., 2009; Pedro et al., 2006; Usoskin et al., 2009b). This approach is
capable of computing the absolute isotope's deposition, in contrast to
the ad hoc proportionality used earlier. This has been demonstrated in
a case study (Usoskin et al., 2009b), when the concentrations of
another beryllium isotope 7Be actually measured in different sites
around the globe in January–February 2005 has been well reproduced
by a production+transport combined model. For this approach it is
crucially important to resolve the problem with the normalization of
production models.

In order to use a realistic combined model, the isotope production
model needs to provide the output in 3D (geographical coordinates
and altitude) and time. Most earlier models do not provide infor-
mation on the altitudinal profiles of the isotope production. Even
though some of them are capable of doing 3D modelling, this infor-
mation is not available in the published version or is lacking a clear
numerical recipe.

Here we present a new numerical model of 10Be production in the
Earth's atmosphere, called CRAC:10Be (Cosmic Ray Atmospheric
Cascade for 10Be), which is based on a full physical Monte-Carlo
simulations (see Section 2). In order to test the quantitative validity of
the model, we compare it with direct production experiments
(Section 3). The model is valid in variable solar activity conditions
in the entire atmosphere. It is also capable of computing the effect of
solar energetic particles. We also provide a detailed numerical recipe
(see Appendix) and a set of pre-calculated tables that forms a do-it-
yourself kit, so that a user can compute the production rate of 10Be at
any location and time and possible merge it with another model (e.g.,
an atmospheric circulation code).

2. Modelling isotope production in the atmosphere

The isotope 10Be is produced in the atmosphere mainly as a result
of spallation of oxygen and nitrogen caused by energetic protons,
neutrons and α-nuclei. These energetic particles can be either primary
cosmic rays in the upper atmosphere or nucleonic secondaries of the
cascade initiated by interactions of cosmic rays in the atmosphere.
Here we present a new numerical model CRAC:10Be to compute the
production of the isotope in the atmosphere under various conditions.
The model includes full simulation of the atmospheric cascade using a
Monte-Carlo simulation tool CORSIKA (Cosmic Ray Simulations for
Kascade, version 6.617, 2007 — (Heck et al., 1998)) extended by
FLUKA (version 2006.3b, 2007 — (Fassò et al., 2001)) for low energy
(below 80 GeV of total energy) hadronic interactions. We used a
realistic curved atmosphere, also allowing for upward moving
secondary particles. The chemical composition of the atmosphere
was taken as N2, O2 and Ar in the volume fractions of 78.1%, 21% and
0.9%, respectively. The atmosphere's density profile was modeled
according to the standard U.S. atmosphere as parameterized by
(Keilhauer et al., 2004). First, differential spectra of nucleonic
secondaries (protons, neutrons and α-particles) of the cascade were
computed by the Monte-Carlo tools in great detail for primary cosmic
ray particles of prescribed type and energy. This step is identical to

that of the CRAC:7Be model (Usoskin and Kovaltsov, 2008). The
computed spectra were then converted with cross sections of spall-
ation reactions producing 10Be. Cross sections for spallation of oxygen
and nitrogen targets by protons and neutrons have been adopted from
Fig. 2 of Webber and Higbie (2003), and by α-particles — from Lange
et al. (1994). The accuracy of the cross-section for such spallation
reactions is typically of the order of 10% (Masarik and Reedy, 1995;
Webber et al., 2003; Masarik and Beer, 2009). As the next step, we
computed the yield function Yi (units — atoms g−1cm2 sr) of the
isotope production, in a way similar to that of Usoskin and Kovaltsov
(2008). The yield function is defined as the number of isotope atoms
produced locally in the Earth's atmosphere by primary particles of
type i with the unit intensity Ji in the interplanetary space at the
Earth's orbit (i.e., one primary cosmic ray nucleon with kinetic energy
T falling per [srscm2]. Here we assume isotropic flux of primary
cosmic rays. The yield function is themain tool to compute the isotope
production by cosmic rays with given energy spectrum. The tabulated
yield function is presented in Tables 3 and 4 for primary cosmic
protons and α-particles, respectively. Henceforth we assume the
isotope production per nucleon of the incident primary particle, i.e.,
production by one α-particle is four times that shown here.

The production of the isotope at a given atmospheric level h (g/cm2)
and geomagnetic cutoff rigidity Pc can be computed as a sum over
different species of cosmic rays of the following integrals:

Q h;ϕ; Pcð Þ = ∑
i
∫∞
Tc;i

Ji T;ϕð ÞYi h; Tð ÞdT; ð1Þ

Here ϕ is the time variable modulation potential, which depends
on the level of solar magnetic activity (Gleeson and Axford, 1968;
Caballero-Lopez and Moraal, 2004). Ji gives the number of nucleons
(which is equal to the particle number for protons but is four times that
for α-particles) expressed in units of [nucleons (cm2srs GeV/nuc)−1].
Integration of Eq. (1) is over the kinetic energy T above Tc,i, which is
the kinetic energy corresponding to the local vertical geomagnetic
rigidity cutoff Pc, defined as

Tc;i = Tr �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eZi � Pc
Ai � Tr

� �2
+ 1

s
−1

0
@

1
A; ð2Þ

where Tr is the proton rest mass, and Zi and Ai are the charge andmass
numbers of the cosmic ray particle, respectively. The value of Tc,i
depends on the particle's Zi/Ai ratio which makes, together with the
weaker heliospheric modulation, cosmic rays species with Ai>1
important in the isotope production (Webber and Higbie, 2003). The
use of the vertical cutoff is a simplification, which may underestimate
the effect in the upper equatorial atmosphere (e.g. O'Brien, 2008,
2009). However, it is a commonly used approach for cosmic ray effects
in the lower atmosphere (below 20 km), where contribution of
obliquely incident cosmic ray particles is small (e.g., Kudela and Bobik,
2004; Kudela and Usoskin, 2004; Smart et al., 2006).

As a reasonable parametrization of the energy spectrum of galactic
cosmic rays near the Earth, we use the force field approximation
(Usoskin et al., 2005), where the spectrum of ith specie of cosmic rays

Table 1
Comparison of the parameters of models for the global beryllium isotope production (in atoms cm–2 s–1, averaged over a solar cycle) in the atmosphere: LP67— (Lal and Peters, 1967;
Lal and Suess, 1968); OB79 — (O'Brien, 1979; O'Brien et al., 1991); L88 — (Lal, 1988); MR95 — (Masarik and Reedy, 1995); MB99 — (Masarik and Beer, 1999); K00 — (Kollár et al.,
2000); N00 — (Nagai et al., 2000); WH03/07 — (Webber and Higbie, 2003; Webber et al., 2007); MB09 — (Masarik and Beer, 2009); CRAC — this work (for 10Be) and (Usoskin and
Kovaltsov, 2008) for 7Be.

Model LP67 OB79 L88 MR95 MB99 K00 N00 WH03/07 MB09 CRAC

Methoda Emp Analyt Semi-emp MC MC MC Semi-emp MC MC MC
7Be 0.08 0.063 N/A 0.013 0.035 0.053 ≈0.06 0.035 0.04 0.062
10Be 0.045 ≈0.03 ≈0.04 0.02 0.018 0.032 ≈0.03 0.019 0.021 0.032

a MC — Monte-Carlo simulations; Emp — empirical; and Analyt — analytical approximation.
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at the Earth's orbit, Ji, is related to an unmodulated local interstellar
spectrum (LIS) of the same specie, JLIS,i via the modulation potential ϕ
(given in GV) as:

Ji T ;ϕð Þ = JLIS;i T + Φið Þ T T + 2Trð Þ
T + Φið Þ T + Φi + 2Trð Þ ; ð3Þ

where T is the particle's kinetic energy per nucleon andΦi=(eZi/Ai)ϕ.
Here we adopt the shape of LIS as given by Burger et al. (2000) in

the form parameterized by Usoskin et al. (2005)

JLIS;p Tð Þ = Ci
P Tð Þ−2:78

1 + 0:4866 P Tð Þ−2:51 ; ð4Þ

where Cp=1.9 and Cα=0.57 for protons and α-particles (effectively
including also heavier species), respectively. If other shape of the
cosmic ray primary spectrum Ji is used, e.g., for solar energetic particle
events, the corresponding production of 10Be can be accordingly
computed. The particle's momentum (in GeV/c/nuc) is given as

P Tð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T T + 2 � Trð Þ

p
; ð5Þ

where T is given in GeV/nuc, and Tr=0.938 GeV/nuc. Note that the
exact value of ϕ depends on the assumed LIS and may vary between
different studies. A conversion factors between most commonly used
models of ϕ can be found in Usoskin et al. (2005). The local geo-
magnetic cutoff Pc dependsmainly on the strength of the geomagnetic
dipole component and the local geomagnetic latitude and can be
straightforwardly computed for different epochs (Cooke et al., 1991),
using an eccentric dipole approximation of the geomagnetic field
(Webber, 1962; Fraser-Smith, 1987; Usoskin et al., 2010).

Finally, we have computed 3-dimensional (h, Pc and ϕ) matrix of
the 10Be production rate Q, which can be found at http://cosmicrays.
oulu.fi/10Be/ or requested directly from the authors. Using this matrix
one can instantly evaluate the 10Be production rate, due to galactic
cosmic rays, for given location (quantified as the local geomagnetic
rigidity cutoff Pc), and latitude and time (or actually the heliospheric
magnetic potential ϕ). In the following we discuss some peculiar
features of the isotope production in the atmosphere.

As an illustration, Fig. 1 shows the global mean production rate of
10Be depending on the geomagnetic dipole moment and cosmic ray
modulation quantified via the modulation potential ϕ. For example,

the global solar cycle averaged contemporary production (for modern
geomagnetic dipole moment M/M0=1, and moderate cosmic ray
modulation ϕ=550 MV) is 0.032atoms cm−2 s−1 (see Table 1).

The vertical profiles of the local isotope production are shown in
Fig. 2 for different conditions. The production rate is greatly depen-
dent on the altitude, varying by several orders of magnitude between
the maximum at 10–km (which corresponds to upper troposphere–
lower stratosphere) and the minimum at the sea level. The effect of
geomagnetic shielding is also important, changing the production rate
by a factor of 3–20 (depending on the altitude) between geomagnetic
poles and equator. The range of variations due to the solar cycle
ranges from 15% (sea-level at the equator) to a factor of 3 (polar upper
stratosphere). It is apparent that temporal variations within a solar
cycle (the difference between solid and dotted curves) is much
smaller, few tens of %, than the spatial changes in the altitude (more
than an order of magnitude between the ground and the production
maximum) and in the latitude (a factor of 5–10). Therefore, it is
crucially important to make sure that the model adequately repro-
duces the 3D pattern of the 10Be production.

Because of the complicated transport of beryllium isotope in the
atmosphere, it is important to separate its production in the
troposphere, from where it can quickly precipitate, and stratosphere,
where it is well mixed. The tropospheric production of 10Be is nearly
homogeneous, at the rate of about 0.01atom/cm2/s, over the globe
(see Fig. 3) since the reduced production rate towards the equator due
to the geomagnetic shielding is roughly compensated by the
enhanced height, and hence the volume, of the troposphere at
lower altitudes. The stratospheric production is more variable over
the globe, leading to the inhomogeneous columnar production (i.e.,
production within the atmospheric column of unit area). We have
calculated the mean columnar production (Fig. 4), which can be
roughly compared to deposition flux of 10Be isotope in the polar
region (see, e.g. Beer, 2000) for the three mixing assumptions, dis-
cussed in the Introduction, namely polar, medium and global mixing
models. The tropospheric contribution is about 20% for the polar
mixing model and 40–45% for the medium and global models. This is
shown only for illustration, since a more realistic approach includes
direct simulation of the beryllium transport using a general
circulation model. In order to study details of the isotope deposition,
the present production model needs to be combined with a realistic
air transport model.

Because of the discrepancies between different models, discussed
in the Introduction, it is necessary to make sure that the model
presented here agrees with observations. Such a test is performed in
the subsequent section using a direct test of the model.

Fig. 1. Global production rate (atoms cm−2 s−1) of 10Be as function of the modulation
potential ϕ and the magnetic dipole strength relative to the present one, M/Mo.

Fig. 2. Local production Q (atoms cm–3 s–1) of 10Be in the atmosphere as function of
altitude. Different curves correspond to: 1 — solar minimum (ϕ= 300 MV), polar
region; 2 — solar maximum (ϕ=1000 MV), polar region; 3 — solar maximum, equator;
and 4 — solar maximum, equator.
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3. Testing the model

First we notice that the core of the CRAC model — Monte-Carlo
simulations of the cosmic ray induced cascade, has been tested against
observations in two other applications. The code computing cosmic
ray induced ionization CRAC:CRII (Usoskin and Kovaltsov, 2006) has
been validated to agree with direct measurements of the atmospheric
ionization rate under various conditions (Bazilevskaya et al., 2008;
Usoskin et al., 2009a). This verifies the overall simulation of the

cosmic-ray induced atmospheric cascade. Correctness of the nuclear
production in the cascade has been further verified for another
beryllium isotope, 7Be, produced in similar reactions, by agreement
between modelled and measured concentrations (Usoskin and
Kovaltsov, 2008; Kovaltsov and Usoskin, 2009; Usoskin et al.,
2009b). Now we perform a confrontation of the present CRAC:10Be
model and results of direct experimental measurements of 10Be
production rates.

In order to exclude transport effects, the production rate needs to
be measured in a sealed volume. Because of the low density, it is
difficult to produce a measurable amount of 10Be in a gaseous air
sample. As a compromise, several experiments (Nishiizumi et al.,
1996; Brown et al., 2000) have been performed to measure the
production rate of the isotope in a sealed water tank, where 10Be
isotope is produced only on oxygen. Typically, the amount of the 10Be
atoms produced in water exposed to cosmic ray radiation for a period
of one–two years can be reliably measured using the Accelerator Mass
Spectrometry technology. This provides an opportunity to directly
test the production model, by means of confronting the measure-
ments with model results obtained for the corresponding conditions
and considering production of 10Be only on oxygen target.

Nishiizumi et al. (1996) have performed a series of measurements
of 10Be in a sealed water tanks at different altitudes in two US sites
(Echo Lake and La Jolla— see Table 2) during periods of moderate and
high solar activity. We adopted the values of production rate,
corrected for shielding, from their Table 3. Brown et al. (2000) have
preformed a series of measurements of 10Be in a sealed water tanks at
different altitudes in French Alps (Mont Blanc, l'Aiguille du Midi and
High-school — see Table 2) during a period of moderate solar activity.
The production rate of 10Be in water was computed as the measured
concentration, corrected for shielding, background and transporta-
tion/laboratory environment (see Table 5 there) divided by the
exposition period. Each measurement was then confronted with the
corresponding computations by our model, using the actual param-
eters (altitude, geomagnetic cutoff and the modulation potential over
the period of exposition) and assuming a thin target production of
10Be in water, using only oxygen target cross-sections. The results are
summarized in Table 2 and Fig. 5, where both measured Qmeas and the
corresponding computed Qcomp values are given. One can see that the
model results match nearly perfectly the measured production rates
for a wide range of conditions, from the sea-level measurements in La
Jolla at 1016 g/cm2 up to the mountain altitude of 570 g/cm2

(>4.5 km), and from moderate to high solar activity. The agreement
is always within 5–6%, except (≈30%) for the low-altitude high-
school data, where however, much lower production rate reduces
the accuracy of measurements (Brown et al., 2000) The relation
between measured and modelled production rates is nearly one-to-
one: Qmeans/Qcomp=1.01±0.03. Although beryllium production on
oxygen is only about 20% of the total atmospheric production, this
approach makes it possible to test the entire cascade simulation and
oxygen spallation cross-sections. The nitrogen-related production is
fairly similar to that on oxygen. Therefore, we believe that the overall
normalization of our model is correct.

4. Concluding remarks

We have presented a new model to compute production of
cosmogenic 10Be isotope in the atmosphere, based on a full Monte-
Carlo simulation of the cosmic ray induced nucleonic cascade in the
atmosphere. The model is capable of computing 3D (altitude and
geographical location) production rate of the isotope in realistic
conditions. The present model is in qualitative agreement with earlier
models, but deviates from some of them in the absolute values. The
validity of the model, including the absolute normalization, has been
verified by quantitative agreement with direct measurements of 10Be
production rate in several dedicated experiments.

Fig. 3. Tropospheric production (atoms cm–2 s–1) of 10Be (left Y-axis) at moderate solar
activity (ϕ=600 MV) and modern geomagnetic field configuration as function of
Northern latitude, for the realistic (solid curve 1) and constant at Xtrop=800 g/cm2

(dashed curve 2) tropospheric thickness. The mean realistic tropospheric thickness
(right Y-axis), according to the World Meteorological Organization, is shown as thick
curve 3.

Fig. 4. Mean columnar production rate (atoms cm–2 s–1) of 10Be at the modern
geomagnetic field configuration as a function of the heliospheric modulation potential
ϕ for three mixing assumptions: polar, medium and global, as shown in panels A–C,
respectively. In each panel, solid, dashed and dotted curves represent the total,
tropospheric and stratospheric production, respectively. Notice different Y-axes.
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A detailed recipe (see Appendix) and a set of pre-calculated digital
tables for the yield function for 10Be production by cosmic rays is
presented, forming a “do-it-yourself” kit. The kit makes it possible for
everyone interested to compute easily production of 10Be isotope at a
given location, altitude and time (or the spectrum of cosmic rays).
Alternatively, a set of pre-computed 3D tables of the 10Be production
rate can be found at http://cosmicrays.oulu.fi/10Be/ or requested
directly from the authors. This provides a new opportunity in applying
a cosmogenic isotope method, allowing for direct integration (i.e.,
without parametrization or approximation) of the present model
with other models, e.g., atmospheric circulation models. This is an
important step forward towards a realistic quantitative model of the
dynamical beryllium production/transport/deposition in the Earth's

atmosphere. The usefulness of this approach has been demonstrated
using 7Be isotope tracing (Usoskin et al., 2009b).
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Appendix A. Numerical recipe of 10Be production rate computations

In order to compute the 10Be production rate for a given altitude h,
location (geomagnetic rigidity cutoff Pc) and time (the modulation
potential ϕ), one can use the following precise recipe:

1. Tabulated values of the yield function Y(To,h) can be found in
Tables 3 and 4 for protons and α-particles, respectively.

2. The value of the modulation potential ϕ can be obtained for a given
period from (Usoskin et al., 2005) or from a continuously updated
list at http://cosmicrays.oulu.fi/phi. The shape of the differential
energy spectrum J(T,ϕ) is then calculated using Eq. (4) for both
protons and α-particles. If another shape of the energy spectrum J
is taken, e.g., for a solar energetic particle events, the corresponding
isotope production can be also computed.

3. The production rate at the given location and time is finally
computed using Eq. (1), where the integration bounds are different
for the two species of GCR (see Eq. (2)).

Table 3
Normalized yield function Yp/π of 10Be production (in atoms g−1cm2 sr) by primary cosmic protons with the energy given in GeV/nuc (Columns 2–14). Column 1 depicts the
atmospheric depth h in g/cm2.

h\T 0.03 0.05 0.1 0.15 0.4 0.76 1.9 4.6 10.0 21.5 46.4 100

1 1.0E-10 1.4E-5 4.4E-5 5.8E-5 1.1E-4 1.5E-4 1.7E-4 1.7E-4 1.7E-4 1.7E-4 1.7E-4 1.7E-4
10 0 0 0 2.3E-4 8.5E-5 1.6E-4 1.9E-4 2.1E-4 2.4E-4 2.5E-4 2.7E-4 2.3E-4
20 0 0 0 7.4E-5 8.5E-5 1.6E-4 2.1E-4 2.3E-4 2.9E-4 3.1E-4 3.4E-4 3.0E-4
45 0 0 0 6.8E-6 7.8E-5 1.5E-4 2.3E-4 2.9E-4 3.8E-4 4.3E-4 4.9E-4 4.5E-4
100 0 0 0 9.7E-7 4.2E-5 9.5E-5 2.2E-4 3.1E-4 4.3E-4 5.3E-4 6.6E-4 6.7E-4
200 0 0 0 2.3E-7 1.5E-5 4.0E-5 1.4E-4 2.5E-4 3.8E-4 5.0E-4 6.6E-4 7.6E-4
300 0 0 0 7.0E-8 7.0E-6 2.2E-5 8.7E-5 1.7E-4 2.6E-4 3.9E-4 5.2E-4 6.8E-4
400 0 0 0 1.0E-8 2.5E-6 1.0E-5 4.3E-5 1.0E-4 1.6E-4 2.4E-4 3.7E-4 4.8E-4
500 0 0 0 0 8.0E-7 4.0E-6 2.2E-5 5.8E-5 9.6E-5 1.4E-4 2.4E-4 3.1E-4
700 0 0 0 0 2.6E-7 1.0E-6 5.1E-6 1.7E-5 2.8E-5 4.9E-5 8.4E-5 1.2E-4
850 0 0 0 0 1.8E-7 4.5E-7 1.8E-6 6.2E-6 1.1E-5 1.9E-5 3.7E-5 5.8E-5
1000 0 0 0 0 1.7E-7 2.6E-7 7.2E-7 2.4E-6 4.5E-6 6.8E-6 1.4E-5 2.3E-5

Fig. 5. Scatter plot of measured vs. computed production rates of 10Be in water target
(see Table 2 and text).

Table 2
Production rate of 10Be (10−/g H2O/s) in water, as measured by (N96 — (Nishiizumi et al., 1996)) and (B00 — (Brown et al., 2000)), as well as computed by the present model
for the corresponding conditions (geomagnetic rigidity cutoff Pc, atmospheric depth h, and the mean modulation potential ϕ during the exposition period).

Measurement Pc
(GV)

h
(g/cm2)

Exposition period ϕ
(MV)

Qmeas Qcomp

Echo Lake I [N96] 2.8 693 27/10/1988–11/09/1989 1020 2.6 2.45
Echo Lake II [N96] 2.8 693 12/09/1989–16/11/1991 1290 2.22 2.13
Echo Lake III [N96] 2.8 693 17/11/1991–12/08/1993 765 2.61 2.8
La Jolla I [N96] 5.1 1016 23/01/1989–18/10/1989 1120 0.245 0.232
La Jolla II [N96] 5.1 1016 20/10/1989–07/11/1991 1290 0.2 0.21
La Jolla III [N96] 5.1 1016 11/11/1991–05/07/1993 765 0.195 0.26
Mont Blanc I [B00] 4.8 570 05/02/1993–25/05/1994 580 4.55 4.8
Mont Blanc II [B00] 4.8 570 05/02/1993–25/05/1994 580 5.1 4.8
l'Aiguille du Midi I [B00] 4.8 644 03/02/1993–17/05/1994 580 2.8 3.0
l'Aiguille du Midi II [B00] 4.8 644 03/02/1993–17/05/1994 580 3.15 3.0
High-school [B00] 4.8 960 15/02/1993–17/06/1994 580 0.25 0.36
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Alternatively, one can use a set of pre-computed and tabulated
production rates Q as a 3D grid of h (0–1030 g/cm2 with the grid size
of 10 g/cm2), Pc (0–20 GV with the grid size of 0.5 GV) and ϕ (0–1500
MV with the grid size of 50 GV). The production rate then can be
obtained as simply an interpolation between the grid knots. These
digital tables are available at http://cosmicrays.oulu.fi/10Be/ or can be
requested directly from the authors. The authors would be also glad
to provide, upon requests, computation of 10Be production rate for
any specific location and/or time, including contribution from solar
energetic particles.
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h\T 0.02 0.03 0.05 0.1 0.15 0.4 0.76 1.9 4.6 10.0 21.5 46.4 100

1 1.5E-4 3.4E-4 3.2E-4 3.2E-4 3.2E-4 3.2E-4 3.1E-4 3.1E-4 3.1E-4 3.1E-4 3.1E-4 3.1E-4 3.1E-4
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