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Jr., Harvard Cyclotron Laboratory, Harvard University, Cambridge MA 02138; A. J. T. Jull, D. 
J. Donahue, S. Cloudt, NSF Arizona Accelerator Mass Spectrometry Facility, University of 
Arizona, Tucson, AZ 85721; A. Beverding and P. A. J. Englert, Department of Chemistry, San 
Jose State University, San Jose, CA 92192; C. Castaneda, Crocker Nuclear Laboratory, 
University of California, Davis, CA 95616; J. Vincent, TRIUMF, University of British 
Columbia, Vancouver, B.C. V6T 2A3, Canada; R. C. Reedy, Los Alamos National Laboratory, 
Group NIS-2, Los Alamos, NM 87545. 

The solar cosmic ray (SCR) record preserved in lunar rocks can be one of the simplest 
records to interpret if the elemental analysis of the rock is well understood, all of the cross 
section data for the interactions of SCR particles with these elements are known, and 
production rates of these nuclides by galactic cosmic ray (GCR) particles are well known (1). 
Although many proton production cross sections have been measured, at least over part of the 
proton energy range required (2, 3,4), there is still insufficient data, particularly for energies 
near the reaction thresholds, for this record to be fully understood with confidence. New 
measurements have been made for the cross sections 160(~,3~)14C, si(p,x)14C, ~ g ( p , x ) l ~ C ,  
27~l(~,x)14C, Fe(pYx)l4C and ~ i ( p , x ) l ~ C  as part of the ongoing effort by this collaboration to 
provide these needed cross section values, which will help in the interpretation of the SCR 
record by establishing elemental GCR production rates and by unfolding the depth profile 
measurements (e.g. 5, 6) after removing GCR contributions. 

Depth profiles for the production of the cosmogenic nuclides, 8 1 ~ r ,  14c, 5 3 ~ n ,  2 6 ~ 1 ,  2 1 ~ e ,  
22Ne, and 38Ar have been analyzed for lunar rock 68815 (6). Theoretical production rates by 
energetic SCR particles were calculated for these nuclides by Rao et al(1994) using the SCR 
model of Reedy and Arnold (7), assuming an exponential rigidity for the solar proton flux of 
the form dJ/dR = constant *exp(-R&) and the best cross section data available. These 
theoretical predictions were then compared to the measured depth profiles and the parameters 
Rg, J (the integral omnidirectional proton flux above 10 MeV), Q (the erosion rate) and the 
GCR production rates in these surface samples determined for the best fit to each profile. The 
fit to 14c data required proton fluxes that were 10-40% higher than those predicted by other 
nuclides. (glKr also gave anomalous results but will not be discussed here.) Even though Rao et 
al. (1994) used the most recent values available for the 160(~,3p)14C cross section (3), one 
conclusion reached in their paper was "It is our opinion that proton cross-sections for both 14c 
and 8 1 ~ r  need further investigation. If cross-section data for production of any of these 
nuclides are inaccurate, then derivation of the energetic proton fluxes are limited in their 
accuracy, regardless of the precision with which the SCR depth profiles may be measured." 

It is to solve dilemmas like these that it is so essential that careful cross section 
measurements are made in relevant target materials using thin target techniques. Although this 
sounds so simple to do, these measurements require an interdisciplinary collaboration and 
access to both accelerators and Accelerator Mass Spectrometry (AMS) facilities. The results 
that are reported here, principally for 14C are part bf the ongoing effort by this 
collaboration to systematically measure the relevant cross sections over the proton energy range 
of -20 - 500 MeV. Three accelerators are used; proton energies of -20 - 67 MeV at the Crocker 
Nuclear Laboratory, University of California at Davis; 60 - 160 MeV at the Cyclotron 
Laboratory, Harvard University, and 200 - 500 MeV at TRIUMF, University of British 
Columbia. In all cases thin target stacks are irradiated, with at most 10 MeV being lost through 
any stack and a maximum of -2 MeV in any individual target. Both standard dosimetric 
methods and monitor foils are used to determine the number of protons through the stack (3). 
AMS measurements are made at the appropriate collaborating AMS facility and details of the 
AMS techniques used are reported in earlier papers (8). 
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Results have already been reported for 160(p,3p)14~, ~i(p,x)l4C and 160(p,x) over 
some of the energy range (3,4). New data for the cross sections 160(p,3p)14C and Si(p,x)14C at 
other proton energies as well as the cross sections for 14C production from Al, Mg, Fe and Ni 
are shown in Figures 1 ,2  and 3. No cross sections had been previously measured for 14C 
production from Mg, Al, and Ni. Very limited data is available for 14C production from Fe 
(11)- 

Figure 1. 
Error bars are as indicated or are smaller than the symbols. Figure 2. Figure 3 

With these new cross section results it will be possible to provide better input data for 
models (6) used to estimate the SCR flux from the measured 1 4 ~  production depth profile for 
lunar rock 68815. Until now, the only cross sections that had ever been measured at any energy 
were those of 1 6 0 ( ~ , 3 ~ ) 1 4 ~  and ~ i ( ~ , x ) l 4 ~  (3). Mg, A1, and Fe, make up about 22% of the 
rock's composition and these are the f i t  measurements reported for 14C production cross 
sections from these elements. 

Using the values for 160(p,3p)14~ and ~ i ( ~ , x ) l 4 C  and reasonable assumptions for the 
behavior of the other unknown cross sections, estimates have been made for the cross sections 
~ g ( p , x ) l ~ ~ ,  27~1(P,x)14~, F ~ ( ~ , X ) ~ ~ C  and ca(p,x)14c so that GCR elemental production rates 
and SCR fluxes over the time period in the past contained in the 14C production record have 
been estimated. Now it will be possible to use actual cross sections for all elements in lunar 
rock 68815, except Ca, and although the accuracy of these determinations has yet to be 
established, it is likely that improved estimates can be made for GCR elemental production 
rates and the SCR flux over this time period in the past. If, after these new cross section data 
are used, there is still some discrepancy in the SCR flux as compared to that obtained from 
other radionuclides, then some other source for this discrepancy should be explored, such as 
temporal variations in the solar-proton fluxes. 
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