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PRODUCTION SYSTEMATICS OF COSMOGENIC NUCLIDES IN THE EARTH

Robert C. Reedy*
! Astrophysics and Radiation Measurements Group, Mail Stop D436, Los Alamos
National Laboratory, Los Alamos, NM 87545 USA.

The high-energy particles in the galactic cosmic rays (GCR) can produce nuclides
deep in any object exposed to them. These cosmic-ray-produced (cosmogenic) nuclides
have been extensively studied during the last four decades, mainly in meteorites and
lunar samples (e.g., 1,2). In extraterrestrial matter, several approaches have been used
to determine the production systematics of these cosmogenic nuclides. Production rates
of most cosmogenic nuclides in the Earth are much lower, especially those nuclides
made “in situ” in the Earth’s surface. Many of these terrestrial cosmogenic nuclides
are only now being measured because of improved techniques, such as accelerator mass
spectrometry (AMS). There have been very few determinations of the production rates
of nuclides made in the Earth by cosmic rays. The work being done for terrestrial
cosmogenic nuclides is following the approaches used for studying the production of
extraterrestrial nuclides.

For cosmogenic nuclides in extraterrestrial matter, initial studies used activities of
radionuclides in meteorites to infer production rates. For a long, constant exposure to
cosmic rays, a radionuclide’s decay rate approaches equilibrium with its production rate.
Irradiations of thick targets at high-energy accelerators were done to experimentally
simulate GCR irradiations in space. While such simulations are limited because of
the single energy at an accelerator instead of the wide range of energies in the GCR,
such thick-target bombardments helped in understanding the nuclear processes involved.
Measurements of radionuclides made in thick targets showed the build-up of the cascade
of secondary particles and the removal of primary GCR particles (e.g., 3,4). Accelerators
were also used with thin targets to measure cross sections for making these cosmogenic
nuclides. For nuclides made mainly at high energies, such as nuclides with atomic
numbers much less than 26 that are made in iron meteorites, ratios of their production
cross sections were used for their production ratios by GCR particles.

Several models were developed for predicting the systematics of the production of
cosmogenic nuclides, mainly semi-empirical fits to measured concentrations. Only re-
cently have models based only on physics been used to study nuclear reactions in extra-
terrestrial matter (e.g., 5,6). Like laboratory simulations, these numerical simulations
allow us to examine the details of how GCR particles interact with matter, such as the
influence of the target’s bulk composition on the production of secondary particles (7).

In determining the production systematics of nuclides made in the Earth’s surface by
cosmic rays, we are repeating the approaches used to study extraterrestrial cosmogenic
nuclides. The terrestrial case is more complicated than the extraterrestrial ones because
of the Earth’s atmosphere and its strong geomagnetic field. Most cosmic-ray particles
interact in the Earth’s atmosphere. The most famous cosmogenic nuclide is one made
in the Earth’s atmosphere, 1*C or radiocarbon. While 14C has been well studied, other
nuclides made in the Earth’s atmosphere, such as *H, "Be, 1°Be, and 2¢Cl, have not




been well studied.

The flux of energetic particles reaching the Earth’s surface is attenuated by factors of
~ 1073 because of the Earth’s thick (1033 g/cm?) atmosphere. While some cosmogenic
nuclides have been measured at great depths in a few iron meteorites (e.g., 8), the large
difference in the composition and density of the Earth’s atmosphere compared to extra-
terrestrial matter makes it hard to use data for cosmogenic nuclides in extraterrestrial
matter for nuclides made deep in the Earth’s atmosphere. One major difference is that
pions made in dense extraterrestrial matter interact before they can decay, while many
pions in the very-thin atmosphere decay to muons before interacting. These muons are
weakly-interacting particles and can go much further than strong-interacting particles
such as protons, neutrons, and pions. At depths below a few meters in the Earth’s
surface, muons are a major source of cosmogenic nuclides (9).

Another complication is that the production rates of a nuclide in the Earth’s surface
can vary much with the elevation of the sample and the geomagnetic latitude of the
location (9). Many terrestrial samples are in dynamic environments, and production
systematics can be complicated by material such as snow or dust covering a rock or by
the erosion of the rock itself (10).

Most production rates of nuclides made in the Earth are now based on a few mea-
surements made with natural samples. Several summaries have been made of these
production rates (e.g., 11,12). Generally, the production rate of a cosmogenic nuclide
is converted from that determined at the location’s elevation and geomagnetic latitude
to the rate at sea level and a geomagnetic latitude (260°) with no geomagnetic cutoff
of GCR particles. There are often uncertainties about the actual age of the sample,
which is needed to convert the measured concentration of the nuclide to a production
rate. Most measurements have been done on material with a simple composition, often
quartz (SiOy) or calcite (CaCQj3), so production rates for other target elements often
have not been determined.

Several studies have been done at accelerators on production systematics of terres-
trial cosmogenic nuclides. Many of these irradiations were done at the Los Alamos Me-
son Physics Facility (LAMPF). There are some locations near to, but not in, LAMPF’s
800-MeV proton beam that have mainly neutrons with energy spectra similar to those
in the Earth, such as behind the LAMPF beam-stop (13) and near the sides of a large
cylinder filled with sand and other minerals (14). Targets of Si and SiO; irradiated near
the LAMPF beam-stop were use to study the production ratios for several radionuclides
(13). The 2%A1/1%Be production ratio in quartz (SiO;) was measured to be 7.1, very
similar to that measured in quartz from the Sierra Nevada mountains, 6.0 (15). Targets
irradiated with such particles could be used to study production systematics for many
targets, such as pure elements.

Some accelerators are also sources of muon beams. The 26 Al/'%Be ratio in quartz
irradiated with stopping muons at LAMPF was 7.0, very similar to that in samples
from the LAMPF beam-stop and in natural samples (16). Work is also being done on
measuring absolute yields of nuclides for muons stopping in various targets.

Because terrestrial cosmogenic nuclides are made mainly by low-energy particles,
such as neutrons, measurements of cross sections with thin targets can not be used by




themselves for production ratios. As the ratio of neutrons to protons at the Earth’s
surface is higher than in most meteorites and lunar samples, cross sections for the
production of terrestrial cosmogenic nuclides by energetic neutrons are very important.
The use of such neutron cross sections with some models is discussed below.

While several sets of calculations have been done for nuclides made in the Earth’s
atmosphere (e.g., 17), until recently very little was done for nuclides made by cosmic-
ray particles in the Earth’s surface. Neutron-transport codes, such as the Monte Carlo
N-Particle (MCNP) code, can be used to study nuclides made by neutron-capture re-
actions. The MCNP code was used to show that rates for the **Cl(n,v)3¢Cl reaction
depend on the composition of the rock and its water content (18).

The LAHET Code System (LCS) has been used very successfully for studying cos-
mogenic nuclides in extraterrestrial matter (e.g., 7). It has recently been used to study
production of nuclides in the Earth (12). Rates calculated for the production of radionu-
clides in the Earth’s atmosphere and of nuclides made in the Earth’s surface agree well
with measured values. LCS calculates the fluxes of cosmic-ray particles as a function
of depth and energy. The product of these fluxes and cross sections for the relevant
nuclear reactions are then integrated over energy to calculate the nuclide’s production
rates.

Terrestrial cosmogenic nuclides are made mainly by neutrons, but there are only a
few cross sections measured for nuclide production by energetic (220 MeV) neutrons.
For many nuclides, cross sections measured with protons are used for neutron reactions.
A problem with some nuclides, such as 1°Be and *C, is that using proton cross sections
for neutron-induced reactions gives poor results. For these nuclides, the cross sections
with incident GCR protons are different than those for incident neutrons (e.g., 19).
More cross sections are needed for the production of cosmogenic nuclides by high-energy
neutrons (e.g., 19,20).

For most nuclides made in the Earth’s surface, cross sections for the important reac-
tions have been tested by comparing measurements and calculations for extraterrestrial
matter. Production rates calculated for several radionuclides at sea level and for no
geomagnetic cutoff agreed well with rates determined from natural samples (12). The
calculated variations in production rate with elevation agreed with those of Lal (9). A
limitation of LCS is that it is not very good for incident GCR particles with energies
above ~10 GeV. As geomagnetic cutoffs near the Earth’s equator are ~17 GeV, the
use of LCS for such regions is limited. Codes that can correctly handle incident GCR
particles with energies above about 20 GeV are needed to calculate production rates
near the equator.

As presented above, much progress has been made on determining production rates
of nuclides made in the Earth’s surface by cosmic-ray particles using natural samples,
simulations at accelerators, and numerical calculations. Some work, such as cross-section
measurements with neutrons, was noted above as being needed to better understand
production systematics of terrestrial cosmogenic nuclides. However, there is also a need
for much other work to improve our understanding of these production rates (e.g.,
11). There are some uncertainties in the production rates as a function of geomagnetic
latitude. Changes in nuclide production rates because of variations in the intensities of




GCR particles hitting the Earth, due to solar or geomagnetic variations, have not been
studied much. Such changes need to be known for production rates as a function of
time and location in the past. Production rates are needed for deep in the Earth, where
muons and muon-produced neutrons make most nuclides. Some exposure dates used
for natural samples are being questioned, and good ages are needed for many locations,
including some over a range of elevations and latitudes. Artificial samples should be
exposed to natural cosmic radiation because they will provide known exposure times.
Many groups are now working together to do such work. In a few years, there should
be an improved understanding of the production systematics of terrestrial cosmogenic
nuclides.
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