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The energetic particles in the cosmic rays are about 90% protons and induce a wide 
variety of nuclear reactions in extraterrestrial matter (1,2). Relatively low energy (-10- 
to 100-MeV) particles are emitted occasionally from the sun, the so-called solar cosmic 
rays (SCR), and are rapidly stopped in matter (within a few centimeters), producing a 
high density of &low-energyn product nuclei very near the surface (2). The high-energy 
(-1-GeV) galactic-cosmic-ray (GCR) particles can produce a large cascade of secondary 
particles, especially neutrons, that penetrate meters into solid matter. The flux of GCR 
particles in the solar system varies with solar activity and is lowest at  periods of maximum 
solar activity. Most studies of cosmogenic nuclides have been for large objects (the Earth, 
moon, and meteorites) and for long periods of time (averaged over many solar cycles). 
Recently, there has been more interest in cosmogenic nuclide production in very small 
objects, by primary GCR particles, and unusual GCR spectra. Production-rate calcula- 
tions for small objects using one SCR and several GCR spectra, including solar maximum, 
solar minimum and local interstellar space, were reported earlier (3), as were studies of 
the production of cosmogenic nuclides by primary GCR particles in meteorites (4). The 
emphasis in this paper is on unusual GCR spectra, such as found outside the solar system 
and which could account for a very high Be-10 activity (about 50 dpm/kg) observed in a 
cosmic spherule (5). 

The spectrum of solar protons is well approximated by an exponential function in 
rigidity (2); it has an average spectral shape over the last million years (1) of R, = 100 
MV. Castagnoli and La1 (6 )  give an equation (also in [3,4]) for the spectral shape of the 
GCR as a function of a solar modulation parameter (M). For the GCR protons, spectra 
were used for solar minimum (M = 375 MeV), maximum (M = 950 MeV) (1,6), and the 
average over a typical 11-year solar cycle (M = 550 MeV). A fourth GCR spectrum was for 
no modulation (M = 0), possibly like that of the GCR particles outside the solar system 
in the local interstellar space (IS) and approached in the solar system during the long 
periods of essentially no solar activity that occur about every few hundred years (1,6). 
One estimate of the proton spectrum at  the source of GCR particles is a power law in 
rigidity (H. Viilk, priv. comm.). At high energies, this rigidity power law was assumed to 
have the same intensity and shape as that observed in the solar system. As any source 
GCR-particle spectrum is modified by passage through -5 g / ~ m 2  of IS matter, this pure 
rigidity power-law spectrum probably overestimates the proton fluxes near the solar system 
at lower energies, especially below -100 MeV (2). 

Production rates for seven cosmogenic nuclides were calculated (see Table I) with these 
proton spectra, cross sections for proton-induced reactions, and a C2 chemistry (although 
carbon was not included). The production rates of these nuclides observed in meteorites 
(with typical radii of 10 to 30 cm) are also given in Table I. As noted before (3), production 
by solar protons usually dominates that by primary GCR protons for nuclides made mainly 
by relatively low-energy protons, and there is a variation of a factor of 2-3 between solar 
minimum and solar maximum. Only the GCR source spectrum exceeds the solar-proton 
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production rates, mainly because of its high fluxes at lower energies. The ratio of the 
GCR production rates typically observed in meteorites to the solar-cycle-averaged rates 
for primary GCR protons ranged from 2.3 to 8.0, illustrating the importance of secondary 
particles in nuclide production in large objects like meteorites (similar results were obtained 

by [41). 
The production rates of nuclides by GCR protons in interstellar space are high, similar 

to the rates produced by both primary and secondary GCR particles in meteorites. The 
relatively low-energy protons normally removed by solar modulation in the inner solar 
system have produced about the same numbers of nuclides as are made by secondary 
neutrons in meteorites. These high production rates mean that one should be able to 
identify grains that were irradiated in IS space. Such grains may have been incorporated 
in meteorites or could enter the Earth's atmosphere as cosmic dust. Such high production 
rates could account for the high Be-10 seen in a cosmic spherule (5), although the measured 
Be-10 activity of 50 dpm/kg is higher than the IS rate and is almost as high as the GCR 
source rate. However, the A1-26 activity in the same spherule is not unusually high (abcut 
71 dpm/kg), which it would be if made with a GCR spectrum that can make 50 dpm/kg of 
Be-10. Production of Be-10 from carbon was not included but should not be a significant 
source unless large amounts of carbon were removed recently from the spherule. 

References: 1. Reedy R. C. et al. (1983), Science 219, 127-135. 2. Reedy R. C. and J. 
R. Arnold (1972), J. Geophys. Res. 77, 537-555. 3. Reedy R. C. (1983), Meteoritics l8, 
383-384. 4. Michel R. and R. Stiick (1984), J. Geophys. Res. 89, B673-B684. 5. Raisbeck 
G. M. et al. (1985), In Papers Presented to the Bordeaux Meeting of the Meteoritical 
Society, p. 141. 6. Castagnoli G. and D. La1 (1980), Radiocarbon 22, 133-158. This 
research was supported by NASA work order W-14,084 and done under the auspices of 
the US DOE. 

TABLE I. Nuclide Production Rates (in atoms/minute/kg) by Primary Cosmic-Ray Pro- 
tons, Assuming C2-Chondritic Chemistry. 

lo6 years Solar Solar Solar Local GCR 
Av SCR M u .  GCR Av GCR Min. GCR IS GCR Source 

Parameter R,=100 M=950 M=550 M=375 M = 0 R-2.65 Typical 
Fluxa 70 1.21 1.80 2.39 4.33 4.33 Meteorite 

He-3 566. 190. 318. 459. 1258. 4095. 900. 
Be-10 4.1 5.0 8.1 11.5 28.6 60.8 22. 
Ne-21 395. 11.6 20.8 31.7 117. 1603. 150. 
AI-26 344. 3.9 7.5 11.9 56. 1344. 60. 
(21-36 0.9 1.8 3.1 4.5 11.2 20.1 7. 
Ar-38 72. 3.3 5.5 8 .O 24.4 260. 20. 
Mn- 5 3 590. 7.6 13.6 20.8 90. 2177. 105. 

aIntegral protons/cm2/s: solar protons for E > 10 MeV, GCR for E > 1 GeV. 
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