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Depth-dependent production rates of "Be, 26A1, 36Cl and 5 3 ~ n  in the lunar surface were cal- 
culated using evaluated cross sections and the LAHET Code System for particle fluxes. Good agree- 
ment with experimental data were obtained for all investigated radionuclides down to 400 g/cm2 
for a primary galactic-cosmic-ray particle flux of 4.56 nucleons/cm2/s. The nature of the reactions 
making a nuclide strongly affects the amount of the production-rate increase from the surface to 
the peak and the depth of this peak but has little effect on the rate of decrease below 200 g/cm2. 

The study of cosmogenic nuclides in extraterrestrial bodies allows us to study the histories 
of cosmic rays and the irradiated object. In order to use cosmogenic nuclides as such a tool. it is 
essential to understand how production rates depend on the shielding of the sample in which the 
nuclide is measured. Because of their low energies, most solar cosmic rays (SCR) are stopped by 
ionization loses in the outermost few g/cm2. We did not simulate the contribution of SCR to the 
total production rates and therefore have underestimated nuclide production near the surface. The 
galactic cosmic rays (GCR) have much higher energies and penetrate very deep inside the irradiated 
body and produce many secondary particles that contribute to nuclide production. The nuclear 
processes involved in the interaction of GCR particles with matter are simulated in our model 
with the LAHET Code System (LCS) [I],  which is a system of coupled Monte Carlo codes that 
treats the relevant physical processes of particle production and transport. LCS and its adaptation 
to meteorite applications are described in [2]. Production rates calculated in meteorites using 
LCS-calculated fluxes have agreed well with various measurements [2-41. 

We simulated the irradiation of the lunar surface with an isotropic GCR particles flux of 
1 proton/cm2/s with an energy distribution corresponding to the GCR primary particle flux aver- 
aged over a solar cycle. The Moon was modeled as a sphere with the average lunar radius, and the 
bulk composition and density were from the Apollo 15 deep-drill core (15001/6). To map the depth 
dependence of production rates, we divided the model sphere into concentric shells with thickness 
6 g/cm2. In each shell, neutron and proton fluxes were calculated. Simulation of 50,000 primary 
GCR particles gives calculated particle fluxes with statistical errors less than 3%. Having calcu- 
lated the particle fluxes, the production rates of cosmogenic nuclides were calculated by integrating 
over energy the product of these fluxes with cross sections for the nuclear reactions making the 
investigated nuclide [2]. Cross sections were those evaluated for extraterrestrial studies: ''Be [5], 
26A1 [6], 36C1 (like in [7] but with 0.8 of all Ca cross sections below 1 GeV), and 53Mn [8,9]. 

We first determined the flux of GCR particles over the few last Myr by fitting the calculated 
depth profiles for the production of 26A1 and 5 3 ~ n  in the Apollo 15 drill core to  the experimental 
data [lo-121 (cf., Figs. 1 and 2). The 26A1 measurements of [13] are -0.81 of the others. Fairly 
good agreement was found over the whole depth region with an effective incident GCR particle flux 
of 4.56 protons/cm2/s. The agreement with the "Be and 36Cl lunar measurements [14] are also 
fairly good (Figs. 3-4). This flux is slightly less than the one of 4.8 protons/cm2/s we found for 
these radionuclides in meteorites [3], implying that the average GCR flux at meteorites are -5% 
greater than that at 1 AU. This effective flux includes contributions from the alpha particles in 
the GCR (-13%) [2] and is equivalent to  a primary GCR proton flux of 3.04 protons/cm2/s. Our 
GCR flux of 4.56 protons/cm2/s is slightly less than the lunar ones of [15] (4.72) and [16] (5.5) 
calculated with a similar code, the differences probably due to the cross sections used. 

The figures present the total calculated production rates and the contributions of protons and 
neutrons. Contributions of other particles (e.g., pions) are negligible [2]. Neutron production is 
dominant for all depths and nuclides except for ''Be near the surface. The neutron contributions 
vary from -60% at the surface (only -30% for ''Be) to about 90% at depths 2400 g/cm2. 

A characteristic feature of all production-rate-versus-depth profiles is an increase from the 
surface to  a peak value and then an approximately exponential decrease to greater depths. The 
depth of the peak production and the steepness of increase from surface to the peak are determined 
by characteristics of the nuclear reactions making the nuclide [17]. The highest energy product 
investigated in this study, ''Be, has a peak production rate at a depth about 20 g/cm2 and the 
difference between peak and near surface production rates is less than 1 atom/min/kg. The flat 
experimental ''Be profile [I81 together with our calculations imply that the SCR contribution to 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



LUNAR NUCLIDE DEPTH PROFILES Reedy R.C. and Masarik J .  

- Neutron 
Proton - Roton - 10 
ExwrbwniU data Exparlmmtal data 
( W v n l  rt U. 1884) ( N l a W m  at 01.. 1884) 

- 5 %  5 - 5 

. . 

the "Be production is -1 atom/min/kg. The steepest increase from surface to  the peak production 
rate is observed for 26Al, which like 36C1 and j3Mn reach peak production rates near 50 g /cm2.  
The e-folding lengths for depths of 200-450 g/cm' are 179 g/cm2 for "Be and 53Mn and 182 g/cm' 
for 26A1 and 36Cl, in very good agreement with measured values [13.11]. Over the depth range of 
150-450 g/cm< the e-folding lengths of these four radionuclides decreases with increasing depth. 
with the biggest rate of change nearest the surface and the least change for " ~ e .  

These calculations for the production of cosmogenic nuclides are in good agreement with 
measured data  and with other model calculations [8,15] with respect t o  the absolute magnitude 
as well as the shape. Our inferred GCR flux for the last few hlyr are similar to  modern fluxes, 
indicating no significant change of the GCR intensity during the last few million years. 
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Figs. 1-4. Calculated and measured production rates in the -4pollo 15 deep drill core. 
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