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COUPLED NEUTRON/GAMMA-RAY SPECTROSCOPY FROM LUNAR ORBIT. 
R. C. Reedy, D. M. Drake, and W. C. Feldman, Earth and Space Sciences 
Division, MS-D438, Los Alamos National Laboratory, Los Alamos, NM 87545; 
E. L. Haines, Sunrise Research, Inc., Eugene, OR 97404; and A. E. Metzger, 
Jet Propulsion Laboratory, Pasadena, CA 91109. 

The orbital remote sensing that was done of the moon with Apollos 15 and 
16 included a gamma-ray spectrometer (GRS) that had a NaI(T1) scintillator 
for detecting the lunar gamma rays. The Apollo GRS measurements provided 
maps of natural radioactivity (K, U, and Th), iron, and titanium for about 
209. of the moon (e.g., 1) that have been very useful in lunar studies. A GRS 
is being built for the Mars Observer mission that is a great improvement over 
the Apollo GRS. It includes a gamma-ray detector of high-purity germanium, 
which has high resolution and will make it much easier to quantitatively 
measure gamma rays from many elements (2). A new feature of the Mars 
Observer GRS will be a boron-loaded plastic anti-coincidence shield that can 
also be used to measure thermal and epithermal neutrons using the 
spacecraft's velocity as a Doppler filter (3). Together, these two detectors 
on the Mars Observer GRS will provide a wealth of data about the elemental 
composition of Mars and about martian climatology (4,s). 

Such an advanced GRS on the Lunar Geoscience Observer (LGO) or similar 
lunar polar orbiter will provide much additional elemental data that could be 
used for many lunar studies. The improved gamma-ray detector on an LGO GRS 
would determine the concentrations of many more elements than were measured 
by the Apollo GRS (2). However, the interpretation of even a high-resolution 
lunar gamma-ray spectrum can be difficult because of uncertainties in the 
flux of the exciting cosmic-ray particles and because the neutron-transport 
property of the lunar surface needs to be known to unfold the observations. 
Most of the lunar gamma rays are made by cosmic-ray-produced neutrons 
following a complex cascade of reactions (6). The chemical composition of 
the lunar surface affects the neutron fluxes and the leakage fluxes of 
neutron-capture and nonelastic-scatter gamma rays (7). The presence of large 
amounts of water or other hydrogen containing materials, such as could be 
present in perpetual cold traps near the lunar poles (8), significantly 
affects the spectrum of neutrons and the absolute and relative fluxes of 
nonelastic-scatter and neutron-capture gamma-ray lines that escape from the 
moon (9,lO). Similarly, planetary neutron spectroscopy is a valuable 
remote-sensing technique by itself (5,lO) but requires additional elemental 
information, such as can be determined by gamma-ray spectroscopy, to be used 
to its fullest potential. 

The power of using both neutron and gamma-ray spectroscopy together was 
examined by doing neutron-transport calculations using the computer code 
ONEDANT (3,s) followed by gamma-ray production and transport calculations. 
Several measured or possible lunar chemistries were used to study how 
sensitive the neutron and gamma-ray leakage fluxes were to the surface 
composition. The neutron source term used in the calculations is similar to 
that used previously (5). The chemical compositions included that of the 
Apollo 11 (a mare) and 16 (a highland) soils, which are very different in 
their iron and titanium concentrations and thus in their macroscopic cross 
sections for the absorption of thermal neutrons (7). (As the set of cross 
sections used to date did not include the elements gadolinium and samarium, 
we could not study the effects of the rare-earth elements, present in high 
amounts in KREEPy regions, on the results. However, we plan soon to include 
in the calculations these two elements with their very high absorption cross 
sections near and below thermal energies.) Also calculations were done for 
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the Apollo 16 highland soil with various amounts of water to model the polar 
regions that could contain trapped water (8). 

The output from ONEDANT included the spectrum of the neutrons that 
escaped from the lunar surface and the profile and fluxes of the neutrons 
inside the lunar surface. The leakage spectra of neutrons with energies 
below 1 keV were well fitted in terms of a thermal and an epithermal 
component (5). The intensity profile of the thermal neutrons inside the 
lunar surface were used in calculations that determined the fluxes of the 
escaping gamma rays. The first result involved a comparison of the Apollo 11 
mare soil with the Apollo 16 highland soil. The intensity of the neutrons 
inside the moon varied but both compositions had the same depth profile. 
However, the neutron leakage from the Apollo 11 soil could be fit with only 
an epithermal term, whereas the Apollo 16 soil had a thermal component that 
was clearly above an epithermal term that was similar to the Apollo 11 one. 
Thus the spectrum of the leakage neutrons is sensitive to the macroscopic 
cross sections of the lunar surface. (It will be interesting to see how the 
rare-earth elements, such as in KREEP, affect the leakage.) 

The presence of hydrogen in the surface changed the neutron leakage 
(5,10,11) and the neutron depth profile inside the moon (9,lO). The 
intensity of the thermal component increased until the water content was 
5-10X, then it decreased (because hydrogen has a fairly high neutron-capture 
cross section [9], whereas the flux of the epithermal neutrons decreased 
monotonically as the water content increased. The fluxes of nonelastic- 
scattering gamma-ray lines decrease with the water content (because the 
neutrons with energies of a few MeV are more rapidly moderated by the 
hydrogen) while the trend is the opposite for the neutron-capture lines 
(because the thermal fluxes are enhanced and the peak of the thermal-neutron 
profile is moved towards the surface). Thus as noted earlier (9), the ratio 
of a nonelastic-scatter gamma ray to a neutron-capture gamma ray, both from 
the same element, may also be a measure of the hydrogen content of a 
planetary surface. The use of all neutron and gamma-ray signals for hydrogen 
(the neutron leakage spectrum and intensity, the flux of 2.223-MeV gamma ray 
from neutron capture by hydrogen, and the nonelastic-scatterlneutron-capture 
ratio from an element) will allow detailed studies of any lunar hydrogen 
(9,11), as described for Mars (4,5). 

The use together of both gamma-ray and neutron spectroscopy will be a 
powerful technique for lunar remote-sensing on future lunar missions, such as 
LGO. The two types of measurements complement each other well, with the 
results from either one being useful in interpreting the results from the 
other. Coupled neutron/gamma-ray spectroscopy will give abundances of many 
elements, especially those that affect the transport of low-energy neutrons. 
The elemental abundances determined from coupled neutron/gamma-ray 
spectroscopy will be useful for many lunar studies (8,12). 
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