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Many cosmogenic nuclides have been used to study the fluxes of the cosmic rays in the past. 
For energetic ( E  N 1-100 MeV) particles from the Sun, such studies use radioactivities in the tops 
of lunar rocks 1). Lunar radionuclides have been used almost always to study protons in the solar 
cosmic rays (S & R) because protons are ~ 9 8 %  of the nuclei in the SCR (2) and it is hard to see the 
"signal" of nuclides made by other SCR nuclei. Because of low abundances of Co and Ni, 76-ka 59Ni 
in the surfaces of lunar samples is made almost entirely from Fe by solar cr particles (3). Because 
the decay radiations of 59Ni are hard to measure, there are few measurements of i t  in lunar samples 
(3,4). However, accelerator mass spectrometry (AMS) could change this situation, making 5 9 ~ i ,  
like other long-lived radionuclides, easy to measure in small samples. 

Fluxes and Cross Sections. Over relatively small energy intervals, the spectral shape of solar 
a particles is fairly well described by a power law in energy, E-Y, where y is z 2  (3,5). Such a power 
law with y = 1.9 was used for the " ~ i  production rates reported in (3). Over wider energy intervals, 
a power law is not as good a fit to the flux, J ,  as an exponential in rigidity, dJ /dR = k xexp[-R/R,] 
(6), which is the spectral shape typically used for solar protons (7). There is also some evidence 
that, averaged over long periods, the spectral shape for a particles has about the same R, as do 
protons (6). Thus I used four values for R, here, spread around the values (R, z 75-100 SIV) that 
best fit the long-term proton fluxes (1). 

For the omnidirectional flux normalization above 10 MeV at 1 AU, I assumed 10 cu/(cm2 s ) ,  the 
solar-a-particle flux estimated by (4) from several lunar " ~ i  measurements. Above this energy, 
Lanzerotti et ai. (3) reported an integral flux of 8 a / (cm2 s). The measured p / a  ratio of ~ 6 0  
(2,6,8) and the ~ l -Ma-averaged  proton flux above 2.5 hleV/nucleon imply a flux of -G cr/(cm2 s), 
although the proton flux over -0.1-Ma could be higher than that over the last -1-Ma (1). Part 
of the problem in comparing proton and a-particle fluxes is with which unit (MeV, hleV/nucleon, 
rigidity) to do the p / a  flux comparisons. 

I also calculated the direct production of 59Ni by cu particles in the galactic cosmic rays 
(GCR) using the solar-cycle-averaged spectrum of (9). This spectrum includes a rise in the flus of 
a particles at energies below -50 MeV/nucleon that is now attributed to  the "anomalous" cosmic 
ray (ACR) component. Fluxes of ACR particles are not well known at 1 AU and vary greatly with 
solar modulation and location in the solar system (lo),  being lowest a t  solar maximum and near 
the Sun (ACR fluxes increase -15%/AU). 

The cross sections used by (3) for the F e ( a , ~ n ) ~ ' N i  were those of (11) up to 15 MeV. The 
cross-section set used here includes those measured by (12) up to 25 b4eV. This set has higher cross 
sections above 14 MeV than the old set, with a peak cross section of 540 mb at  ~ 1 6 . 6  MeV. Using 
this new cross-section set increases the 59Ni production rates of ( 3 )  by ~ 1 . 4 - 1 . 5  above those \vith 
the old set. The calculations were done with pure iron using the model of (7).  

Results and Discussion. Production rates of 59Ni as a function of depth in the ?\loon for four 
values of R, are in Table 1. As in (3), the rates drop very rapidly with depth, being -0.5 of the 
surface value in only ~ 0 . 0 1  g/cm2 ( ~ 0 . 0 3  mm). With an erosion rate of 1 mm/?ila, such a depth is 
removed in only ~ 3 0 - k a ,  less than the 76-ka half-life of 59Ni. Thus, as shown in Table 2, erosion of 
lunar-rock surfaces greatly affects the 59Ni profile in the top few mm. The production rates of '"i 
from Fe by the (Y particles in the GCR and ACR are calculated to be ~ 0 . 1  and -0.3 atoms/(min kg- 
Fe), respectively. Other lunar-surface production rates of 59Ni were estimated by ( 3 )  to be -0.G 
and ~ 2 . 6  atoms/(min kg-Fe), respectively, for GCR reactions with Ni and solar-proton reactions 
with Co and Ni. Solar-a-particle production of " ~ i  will be hard to see deeper than -1 g / c n ~ 2 .  

Table 2 gives saturation (T,,,XO.j Ma) "Ni activities for erosion rates of 0 to 2 nlnl/?\Ia in 
layers with thicknesses ranging from 0.2 mm in the top mm to 1 mm for 3-.5 mm (assuming a 
density of 3 g/cm3). Erosion greatly changes the 59Ni activities from the production profile. Thus 
the erosion rate of a rock's surface needs to be known well. Lunar surface soils of known thicknesses 
could also be used to determine the total 59Ni production rate per surface area on the ?\loon. 

With a sensitive measurement technique (such as AhiS) for 59Ni, a series of 59Ni profiles in the 
top few mm of several hard lunar rocks with known erosion rates plus in surface soil samples should 
provide information about the flux and spectral shape of solar a particles over the last -10" years. 
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Once so calibrated, "Ni would be very useful in demonstrating tha t  a sample was within a few 
mm of the surface or determining lunar-rock erosion rates. Activities of 59Ni in cosmic spherules 
would then also be very useful in establishing their pre-atmospheric size. 
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Table 1. Nickel-59 production rates in atoms/(min kg-Fe) as a function of depth in g/cm2 in the 
Moon ("slab" geometry) by solar cr particles with various exponential-rigidity spectral shapes and 
an omnidirectional flux above 10 h1eV of 10 cu/(cm2 s) assuming no erosion. 

Depth = 0 0.01 0.02 0.05 0.1 0.2 0.5 1.0 2.0 5.0 

Table 2. Equilibrium activities of jgh'i in decays/(min kg-Fe) calculated from Table 1 for 
layers (in g/cm2) as a function of spectral shape and erosion rate (in g/cm2 per Ma). 

Erosion 0-0.06 0.06-0.12 0.12-0.18 0.18-0.24 0.24-0.3 0.4-0.5 0.6-0.75 0.9-1.2 1.2-1.5 
R, = 50 hfV 

0.0 283.2 39.4 14.12 6.67 3.63 0.97 0.29 0.07 - 
0.15 40.8 10.9 4.89 2.65 1.60 0.51 0.17 0.05 - 

0.30 22.7 6.6 3.07 1.71 1.06 0.35 0.13 0.03 - 

0.45 1.5.5 4.7 2.25 1.27 0.80 0.27 0.10 0.03 - 

0.60 9.3 2.9 1 .42 0.81 0.51 0.18 0.07 0.02 - 
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