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COSMOGENIC-NUCLIDE PRODUCTION RATES IN INTERSTELLAR GRAINS.* 
Robert C. Reedy, Earth and Space Sciences Division, Mail Stop D438, Los Alamos National 
Laboratory, Los Alamos, NM 87545. 

The flux of galactic-cosmic-ray (GCR) particles in interstellar (IS) space is considerably higher 
than the modulated GCR fluxes usually present in the inner solar system (1). These interstellar 
galactic cosmic rays (ISGCR) can produce nuclides in a variety of materials. For large objects, 
ISGCR-produced nuclides will tend to have production ratios like those made by GCRs in meteorites 
or lunar samples, although the rates will be higher by a factor of ~4 (1). In small (radii less than 
1 cm or so) objects, such as interstellar grains, secondary particles, especially neutrons, are mainly 
absent, and the primary ISGCR particles produce most nuclides. The rates and isotope ratios for 
cosmogenic nuclides in small objects can vary considerably from those seen in large objects because 
often the cross sections for proton reactions are different from those for secondary neutrons. For 
example, 21Ne in large objects is usually made by the 24Mg(n,a)21Ne reaction (2), which will not 
occur in such small objects. 

Small objects could have been irradiated by ISGCRs recently, such as in grains arriving from 
outside the solar system or in the solar system during rare periods when the sun's activity is very 
low (1). Of interest lately are cosmogenic nuclides that were made ~ 4 . 5 ~  lo9 years ago, either 
in the early solar system, such as those seen in some grains from gas-rich meteorites (3,4), or in 
grains irradiated prior to  the formation of the solar system (5,6). These pre-solar-system grains 
can be very small and have unusual compositions (6), such as pure carbon, Sic ,  spinel (MgA12 04), 
hibonite (CaAll2 OI9), or iron carbide. My previously reported production rates for ISGCR-induced 
reactions in small objects were only for C2-chondritic (1,7) or metallic (8) compositions and only 
for a few nuclides. Reported here are production rates for a wide variety of products, including all 
stable isotopes of helium, lithium, boron, neon, and argon, and for nine individual target elements, 
including carbon (which I hadn't considered before). 

Interstellar GCR Fluxes and Cross Sections. The rates determined here for producing inter- 
stellar cosmogenic nuclides ISCN are the geometric means of those calculated for four different i h  estimates of contemporary SGC -proton flmes in (1). (The fifth ISGCR estimate in (I) ,  the 
M=100 MeV curve of (9), wasn't considered here.) Also used from (1) were the average GCR 
flux in the solar system and the possible GCR source spectrum, R - ~ . ~ ~ ,  which has a flux that 
increases considerably with decreasing energy, unlike the other ISGCR spectra, which are fairly flat 
below ~ 2 0 0  MeV. These contemporary ISGCR and source fluxes could be considerably different 
than those before or in the early solar system (3,lO). There are few estimates for the spectrum of 
interstellar GCR alpha particles, and modern fluxes of protons and a particles in the GCR near 
the Earth (11) (which are ~ 1 3 %  a particles, x l %  Z>6 nuclei, and the rest protons) were used to 
get the ratios for nuclide production by GCR a particles relative to that by GCR protons. 

Most cross sections for proton-induced reactions were those that I have used previously (e.g., 
1,8,12,13). Several new sets of cross sections were included in my calculations. For production 
from carbon, I used the cross sections of (14) for 3He and those of (15) for 1°Be. The compilation 
of 16) was used for the cross sections for isotopes of Li, Be, and B from carbon and oxygen by 
bot i protons and a particles. For all stable products, the cross sections were cumulative, i.e., they 
included any nuclide that decays to the stable isotope (e.g., 3 6 ~ r  includes decay of 36Cl). The cross 
sections of (17) were used for the production of 4 0 ~  from iron. For the production of 4 0 ~  from 
titanium, I adopted the cross sections of (18) for the F e ( p , ~ ) ~ ~ v  reaction. These cross sections 
usually have uncertainties of ~ 2 0 % .  The rates for each reaction were calculated by integrating over 
energy the product of the flux and cross section (1,12). 

Results and Discussion. The calculated ISGCR production rates for many targetlproduct 
pairs are given in Table 1. Only protons are considered as incident ISGCR particles, except for Li, 
Be, and B where separate rates for ISGCR a particles are also ven. The fractions of the nuclides 
made by a particles range from ~ 1 0 %  for Li from 0 to  x 2 5  $ o for Li and B from C. A similar 
increase for other products due to  incident ISGCR a particles would be expected. These ISCN 
rates are uncertain by factors of a t  least x1.6 due to  the spread in fluxes of the four estimated 
contemporary ISGCR-proton spectra (1). Using an arithmetic mean instead of the geometric mean 
for these four ISCN rates increases the values in Table 1 by x2-11%. As in ( I ) ,  IS rates are 
usually much higher than those for typical primary GCR protons in the solar system, especially for 
products made readily by lower (61-GeV) energy protons. Production rates calculated with the 
estimated GCR souxe spectra (R-2.65) are higher than the ones in Table 1, by as much as factors 
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of ~ 1 0  for low-energy reactions (e.g., Ne from Mg). The production rates in Table 1 do not include 
any corrections for the loss of a cosmogenic nuclide by recoil immediately following its formation. 
-4 typical cosmogenic 21Ne nucleus will recoil -1 pm in most grains, so a substantial fraction of 
ISCNs will be lost from grains that have dimensions less than the recoil lengths (5,6). 

For the rates in Table 1 compared to those in typical meteorites, besides most ISCN production 
rates being higher, the isotope ratios are also often different. The calculated 6Li/7Li production 
ratios are ~ 0 . 6 ,  which is much more than the natural abundance ratio of 0.081. Similarly, the 
1°B/llB production ratio is ~ 0 . 4 ,  twice that for normal boron. As lithium and boron are very rare 
elements, relatively few cosmogenic atoms could be detected by their isotope ratio, especially for 
lithium. Some of the ISCN production ratios in Table 1 are different than those for cosmogenic 
nuclides in typical meteoritic matter. For example, the 2 2 ~ e / 2 1 ~ e  ratios from Mg and Si in typical 
meteorites are x1.1 and x1.4, ~espectively, while the corresponding ratios in Table 1 are about 1.7. 
Thus isotopic ratios might help to confirm that the cosmogenic nuclides were made in small objects 
in IS space and not in or on a big object (assuming other sources of these isotopes, such as Ne-E, 
are not high or can be corrected for). A cosmogenic radionuclide that might be useful in unfolding 
the histories of such ancient grains is 1 .25x10~-~ear  40K, as ~ 8 %  of any ancient 40K will still be 
present in such grains. 
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Table 1. Nuclide production rates, atoms min-l (kg-element)-', for target elements in small (R 
61 cm) objects by primary interstellar galactic cosmic rays assuming no recoil losses. Rates are 
geometric means of calculations done with four estimates of ISGCR proton fluxes (I) ,  except values 
in [ 1, which are estimates for ISGCR a particles. Rates for stable isotopes are cumulative yields. 

He ~e ~i ' ~ i  Be llg loge 14c 

C 2354. 10798. 693. 1245. 222. 1210. 3198. 102. - a 

a Product not made from this target. 
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