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NEUTRON PRODUCTION BY COSMIC RAYS: DEPENDENCE ON PRO- 
TON ENERGY AND SPECTRA*; Robert C. Reedy, Earth and Space Sciences Division, 
Mail Stop D438, Los Alamos National Laboratory, Los Alamos, NM 87545. 

Cosmic-ray-produced cosmogenic) nuclei are only partially made by the primary 
protons and CY particles in t I e cosmic rays, being mainly made by the secondary particles 
produced within the target by primary-induced cascades (1). The few exceptions to the 
above statement include very small objects in space and nuclei made mainly by high-energy 
reactions, such as 1°Be, (2) and almost all nuclei made by solar cosmic rays (1,3). These 
cosmogenic neutrons can be slowed to thermal (E-0.02 eV) energies and produce nuclides 
by neutron-capture reactions in large objects (4). The depth and energy distributions 
for the production of these neutrons are important in calculating the production rates 
of cosmogenic nuclides in the moon and in meteorites of various sizes and compositions. 
Such neutron distributions have been estimated in several ways by a number of investi- 
gators (e.g., 1-7). Presented here are preliminary calculations for the neutron production 
systematics for a number of incident cosmic-ray proton spectra and energies. 

The High Energy Transport Code (HETC) was used to calculate the transport of 
primary cosmic-ray protons in a target and to track the production and transport of 
secondary particles. It is similar to the code used for the moon by Armstrong and Alsmiller 
(3). HETC (7,8) is a Monte Carlo code that randomly selects the energy and direction of 
the incident proton and stochastically follows the proton and the cascade of all strongly- 
interacting secondary particles until they escape from the object, are removed by nuclear 
interactions, or are stopped by ionization energy losses. The number of incident protons 
used for each calculation was adjusted to get good statistics on the number of neutrons 
made in the target. There are some limitations in the results calculated by HETC (e.g., 
9), but the relative results are believe more than adequate to determine the importance 
of proton spectra and energy on neutron production. Besides being useful in the studies 
of actual extraterrestrial objects, these calculations also are good guides in planning and 
interpreting simulation experiments (e.g., 10,ll).  

Proton S~ec t ra .  A number of different spectra for the incident protons were used 
to compare their relative rates for neutron production. For galactic cosmic rays (GCR), 
spectra for solar minimum ("MIN"), solar maximum ("MAX"), the solar-cycle average 
("AVG"), and the local interstellar space ("ISn) from (2) were used. Also run were 
the million-year average spectrum for the solar cosmic rays ("SCRn), assumed to be 70 
protons/cm2 s above 10 MeV with a exponential-rigidity spectral shape of R, = 100 MV, 
and the spectrum near the peak of the 7 May 1978 solar-proton event ("5/78"), which had 
a fairly small event-integrated fluence above 10 MeV of 1 . 7 ~  10' protons/cm2 (12). 

The numbers of neutrons produced per second as calculated by HETC for a slab 
target with an average lunar composition are given in Table 1 along with the incident 
proton flux for energies above 30 MeV. (Few protons with energies below 30 MeV react 
as most are stopped by ionization energy losses.) The neutron production ratio for solar 
minimum to solar maximum calculated here, 1.63, is less than that estimated from other 
data (2), e2.5, possibly indicating a deficiency in the parameters used in HETC for these 
calculations. Also, the calculated rate for making neutrons in the moon for the average 
GCR, 18.2, is higher than the value determined by the Lunar Neutron Probe Experiment 
(Is), M 12.8. Additional calculations and comparisons with experimental data are needed 
to see if these discrepancies can be understood and possibly corrected by adjusting some 
of the parameters used in HETC. 

For the average GCR and SCR fluxes over a million years, only -1.6% of the neutrons 
in the moon are made by SCR particles (although they will tend to be concentrated near 
the lunar surface), showing the dominance of GCR particles in producing neutrons, similar 
to conclusions of (3). However, over short periods of times (typically hours to a day) near 
the peaks of fairly intense solar-proton events (stronger than the 7 May 1978 event), solar 
protons can produce more neutrons than are made by the GCR. 
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Monoenernetic Protons. Monoenergetic protons incident on a chondritic sphere with 
a radius of 70 g/cm2 ( ~ 2 0  cm) were used to see how the number of neutrons varied with 
proton energy in a typical stony meteorite. Also run for this target was the solar-cycle- 
averaged GCR proton spectrum. The neutrons produced per incident proton are plotted 
in Fig. 1 as a function of the proton's energy. The number of neutrons produced per 
Werage GCR proton, 2.17, compares to 1.25 neutrons per proton for 600 MeV, the energy 
used at CERN in irradiations of stony spheres (10) and to 1.83 neutrons per proton for 800 
MeV, the proton energy that will be used at Los Alamos for irradiations of four simulated 
stony and metallic meteorites. In laboratory simulations using monoenergetic protons, the 
best energy would be about 1.1 GeV, where the number of neutrons produced per incident 
proton is the same as that for the average over the GCR spectrum. 

The calculated number of neutrons per proton made in the chondritic sphere of radius 
70 g/cm2, 2.17, is much less than that made by the same spectrum in the moon, 13.1 
neutrons/proton. This factor of 0.166 for neutron production in the sphere to that in a 
slab is because many particles never react with or escape from the small sphere that react 
in a slab. Additional calculations are also planned on neutron-production systematics as a 
function of size and shape. Also, the neutron production rates as function of composition 
(e.g., stone versus metal meteorites) will be studied and, if HETC is so modified, for 
incident a particles. The radioactivities measured in thick targets bombarded by 2.1-GeV 
protons and 3.2-GeV cr particles (11) also will be modeled. 
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Table 1. Incident 27r proton fluxes (cm-2 s-l) and numbers of neutrons produced per 
second calculated for various incident proton spectra (see text for details on spectra). 
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Spectrum MAX AVG MIN IS SCR 5/78 
Flux (E > 30 MeV) 0.80 1.40 2.09 7.19 12.6 635. 

Neutrons/second 14.1 18.2 23.1 35.0 0.3 27.7 
5 

Fig. 1. The calculated , 
numbers of neutrons pro- - 
duced per proton as a func- % * 
tion of the incident proton & 
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averaged GCR spectrum, $ 
2.17 neutrons were calcu- 2 
lated to be produced per in- z 1 

cident proton. 
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