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SUMMARY 
The Los Alamos National Laboratory Monte 
Carlo N-Particle, eXtended-energy radiation 
transport code MCNPX1 is rapidly becoming an 
international standard for a wide spectrum of 
high-energy radiation transport applications. 
One such application includes the study of 
gamma rays produced by cosmic-ray 
interactions within a planetary surface. Such 
studies can be used to determine surface 
elemental composition. This paper presents 
various MCNPX enhancements that make these 
gamma ray spectroscopy (GRS) simulations 
possible, gives elemental spectra results for a 
specific lunar material, provides a comparison 
between various high-energy physics models, 
and shows results of an elemental least squares 
analysis using Lunar Prospector measurements. 
 
I. BACKGROUND 
Gamma rays are produced in planetary surfaces 
by cosmic ray interactions and by the decay of 
radioisotopes. For planetary bodies with thin 
atmospheres, such as the Earth’s moon, the 
gamma ray spectrum measured from orbit 
contains information on the abundance of major 
elements, including O, Si, Ti, Al, Fe, Mg, and 
Ca, and radioactive elements, including Th, U, 
and K. The Lunar Prospector mission acquired 
gamma ray and neutron spectra at two altitudes 
(30- and 100-km) over the entire moon. We 
have binned these spectra on equal area 
squares to produce data sets from which maps 
of elemental abundance can be determined.   
 
Lunar gamma ray pulse-height spectra can be 
decomposed into components corresponding to 
gamma rays produced by radioactive decay, 
nonelastic reactions with energetic particles, and 
thermal neutron capture.  The shape the 
spectral components can be assumed to be 

independent of composition.  Their magnitude 
varies in proportion to the weight fraction of the 
element or radionuclide. For gamma rays 
produced by nuclear reactions, the magnitude of 
spectral components also varies in proportion to 
the number density of particles that induce 
reactions.  The number density of thermal 
neutrons can be determined from thermal- and 
epithermal-neutron count rates measured by 
Lunar Prospector.2 We assume that the number 
density of energetic particles (fast neutrons and 
energetic protons) is proportional to the effective 
atomic mass <A> of the surface material, which 
can be determined from fast neutron 
measurements. Maps of <A> have been 
developed by Gasnault.3 
 
The elemental components of the gamma ray 
spectrum can be determined by simulating the 
galactic cosmic ray shower, the transport of 
gamma rays produced by the shower through 
the surface to the spacecraft, and their detection 
by the gamma ray spectrometer. Simulations of 
the cosmic ray shower were carried out using 
the general-purpose Monte Carlo radiation 
transport code MCNPX, which has been 
adapted with special tally features for planetary 
science applications. MCNPX extends the 
transport code MCNP4 to include tracking of all 
particles at nearly all energies. As discussed in 
the section II.E, the elemental spectra calculated 
by MCNPX are fed into a detector transport 
code to generate elemental responses. 
 
The Lunar Prospector gamma ray spectrometer 
consisted of a BGO scintillation detector with a 
plastic-scintillator anticoincidence shield. The 
pulse height resolution of the spectrometer was 
~13% full-width-at-half-maximum at 662 keV. At 
this resolution, most spectral features included 
contributions from multiple elements.  Maps of 
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Th have been made using the well-resolved 2.61 
MeV gamma ray.5 Maps of Fe have been made 
by analyzing net count rates in the region above 
7.5 MeV.2 Contributions from Al to this region 
were ignored, which may influence the accuracy 
of Fe abundance in regions with low Fe. Maps of 
Fe and Ti have been made by deconvolution of 
the spectrum above 5.5 MeV.6 We have 
extended the deconvolution method to 700 keV, 
using an elemental least squares technique to 
determine the abundance of all major- and 
radioactive-elements.7  
 
II. APPROACH 
MCNPX offers a variety of capabilities to aid a 
scientist in performing analyses of particle 
transport applications. Examples include mesh 
tallies for viewing source and secondary particle 
production, multiple physics packages for 
validation comparisons, and code hooks to 
facilitate user-supplied enhancements. 
 
Details of the MCNPX input used in this lunar 
GRS analysis, including source, geometry, 
physics, and tally options, are provided in the 
following four subsections. In the last 
subsection, details of the GRS elemental least 
squares analysis are provided. 
 
A. Cosmic Ray Source 
The cosmic ray source was modeled as an 
energy-dependent proton source. While a more 
realistic cosmic ray source includes a somewhat 
significant fraction of alpha particles (~4%) and a 
less significant fraction of heavy ions, 
normalization on a per nucleon (i.e., proton) 
basis provides an adequate representation (and 
most high-energy codes do not provide heavy 
ion transport). Figure 1 shows the isotropic 
proton spectrum used as a source in MCNPX. 
This distribution has an average energy of about 
1 GeV with a peak value at about .5 GeV. 
 
B. Lunar Material 
Lunar material varies significantly over the 
surface of the moon. For example, Th is 
concentrated on the near side of the Moon in 
and around Procellarum basin.  The presence of 
radioactive materials may have played a 
significant role in the formation of the basaltic 
plains (or mare) that are visible from Earth. The 
lunar composition used in this analysis is the 
average composition of soil samples collected 
by Apollo 11 (see Table 1), which landed in 
southwestern Tranquillitatis and sampled Ti-rich 

lunar maria.8 For simplicity, the moon was 
modeled in MCNPX as an infinite slab. The 
density of the soil was arbitrarily selected to be 1 
g/cm3. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Proton spectrum used in MCNPX. 
 
 

Table 1. Lunar Material (ρ=1.0 g/cc) 
Element Isotope Wt. Fraction
Oxygen 8016 0.42520 
Magnesium Elemental 0.04782 
Aluminum 13027 0.06658 
Silicon Elemental 0.19630 
Calcium Elemental 0.08391 
Titanium Elemental 0.04759 
Iron 26054 0.00772 
 26056 0.11676 
 26057 0.00265 
 26058 0.00034 
Gadolinium 64154 9.863E-07 
 64155 6.653E-06 
 64156 9.143E-06 
 64157 6.945E-06 
 64158 1.095E-05 
 64160 9.519E-06 

 
 
D. Physics Options 
The following paragraphs provide an overview of 
the physics options exercised in MCNPX to 
perform the planetary GRS analysis. Physics 
details implemented within MCNPX for the 
various particles and energy regimes can be 
found in the MCNPX manual1 and its associated 
references. 
 
A high-energy source (> 1 GeV protons) 
producing a low-energy secondary particle tally 
(0-10 MeV gammas) requires the use of very 
accurate physics models and data. To this end, 

Pr
ot

on
s/

M
eV

Energy (MeV) 

0.0E+00

1.0E-04

2.0E-04

3.0E-04

4.0E-04

0 5000 10000 15000 20000



nine particle types were included on the MCNPX 
MODE card: protons, neutrons, photons, neutral 
pions, charged pions, deuterons, tritons, 3He, 
and alphas. Neutral pions are important because 
they contribute to the gamma background. 
Charged pions can cause nuclear interactions 
similar to protons and neutrons, and the light ion 
transport can generate a significant 
Bremstrahlung background. 
 
MCNPX provides one model for very high 
energies (FLUKA9), three models for 
intermediate energies (Bertini10, ISABEL11, 
CEM12), and tables or libraries for low energy 
transport. Particles above 5 GeV are handled by 
the FLUKA interaction physics. Below this, one 
of the intranuclear cascade (INC) models is 
invoked. Differences between the INC models 
include the nucleon density profile, nucleon 
cross sections, and energy cutoffs between 
stages. Default values were taken for these 
high-energy physics options, unless stated 
otherwise. For neutrons below 20 MeV, library 
transport was used. 
 
Due to the fact that some of the nuclei of interest 
(Mg, Ti, Gd) are not included in the 150 MeV 
MCNPX libraries (LA15013), this analysis was 
performed with the 20 MeV ENDF/B-VI neutron 
library (ENDF6014). Use of the ENDF60 library 
means that below 20 MeV no protons or light 
ions were generated from neutron interactions. 
This also means that above 20 MeV models 
were used to sample the interactions. For the 
same reason, the LA150 proton library was not 
used. In this case, the physics models are used 
to sample the interactions and, although low 
energy protons will produce light ions within 
these models, use of the models below 100 MeV 
is questionable. Photon cross sections were 
taken from the MCPLIB02 library for all 
energies. 
 
C. Gamma Production Enhancements 
The simulation of neutron-induced gammas has 
always suffered from a lack of adequate 
precision in the gamma spectral data contained 
within the neutron cross-section library.15 Some 
of these deficiencies have been addressed in 
the recent release of ENDF/B-VI libraries; 
however serious problems still exist. For 
example, Figure 2 presents the (n,γ) spectrum 
currently available in the ENDF/B-VI library for 
natural Ti (blue line). In contrast, Figure 1 also 
shows the gamma lines from a more complete 

compilation16 (red line). Clearly the former 
spectrum is useless for a GRS analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Gamma lines for Ti. Blue line is 

ENDF60 data and red is Reedy data. 
 
 
A new physics option was added to MCNPX to 
alleviate this problem. When this option is set, 
gamma production data for any nuclide and any  
reaction can be read from an auxiliary file. This 
data is properly normalized and used in place of 
the library data when gammas are produced 
from a neutron collision. For the results given in 
this paper, all capture gamma spectra were 
represented in this manner using data compiled 
by Reedy.16 
 
D. Tally Enhancements 
Planetary GRS is always complicated by the fact 
that gamma production can result from 
numerous mechanisms, including intranuclear 
reactions, residual nuclei deexcitation, neutron 
inelastic reactions, bremsstrahlung, radioactive 
decay, etc. To deconvolve measured spectra 
into material composition requires the ability to 
separate simulated spectra into its various 
components, based on collisions (i.e., collided 
versus uncollided), source nuclei, reaction, etc. 
As mentioned earlier, MCNPX provides a 
convenient way to alter tallies in this manner. A 
special tally feature was developed that 
subdivides a tally into user-supplied bins, which 
enables the separation of spectra into various 
components based on the gamma creation 
mechanism. Collided gammas can retain their 
creation information or be placed in a separate 
bin. 
 
E. GRS Analysis 
A Monte Carlo detector gamma ray transport 
code (McOGX) was used to convert MCNPX 
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surface gamma-ray energy-angle distributions 
(for Apollo 11 soil) to elemental response 
functions. McOGX models the coincidence 
response of the Lunar Prospector gamma ray 
spectrometer, which consists of a BGO 
scintillation detector surrounded by a plastic 
anticoincidence shield. To produce a library of 
response functions, the components of the 
accepted spectrum were divided by weight 
fraction, the average atomic number in the case 
of high-energy reactions, and the thermal 
neutron number density in the case of thermal 
neutron capture. A separate simulation was 
carried out to generate spectral components for 
the radioactive elements. 
 
The abundance of all major- and radioactive-
elements was determined by fitting the gamma 
ray spectrum in the 700 keV to 9000 keV region 
using library least squares. The major element 
abundances were constrained to sum to one 
and Al was determined by correlation to Fe. The 
spectrum acquired during cruise (i.e., space 
flight) was used to represent the background 
from galactic gamma rays and activation of the 
BGO.  Analysis of residuals for highlands 
material was used to adjust the cruise spectrum 
for additional buildup of radioactivity. Highland 
residuals were also used to modify the oxygen 
component to account for minor inconsistencies 
between the model and data at high energy, 
which may be due to errors in gamma ray 
production data. 
 
III. RESULTS 
MCNPX has the ability to output a plethora of 
simulation results. Its mesh tallies, general 
tallies, and history tape (HTAPE) capabilities 
have proven invaluable to understanding the 
underlying physics of many applications. Due to 
space limitations, only a subset of this output is 
presented in the following subsections. 
 
A. Neutron and Gamma Production 
The spatial production of secondary particles 
can be analyzed most readily by using a mesh 
tally. In MCNPX this is accomplished by adding 
a few lines that describe the mesh in the input 
file. Rectangular, cylindrical, or spherical 
meshes are available for a variety of output 
quantities, including track-based data (e.g., 
number of tracks, flux, dose, etc.), source data, 
energy deposition (i.e., ionization, nuclear, 
recoil, etc.), and detector/DXTRAN tracks. For 
this application a 2m cube, just below the 

incident proton source, was subdivided into 1cm 
zones in two dimensions. A utility called 
GRIDCONV is provided with MCNPX to read the 
mesh data and convert it for viewing in various 
plotting packages. Figures 3 and 4 give the 
spatial dependence of the neutron and photon 
production within the lunar surface. The 
deexcitation gammas and Bremsstrahlung 
photons generated along the path of an incident 
proton are quite evident in Figure 4. 
 

 
 

Figure 3. Neutron production within a 2m 
cube. Red arrow indicates proton source. 

Legend units are neutrons per incident 
proton. 

 

 
 
Figure 4. Photon/gamma production within a 
2m cube. Red arrow indicates proton source. 

Legend units are photons per incident 
proton. 
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B. Gamma Spectra 
With the tally enhancements discussed in 
section II.D, it is possible to tally gammas 
emerging from the lunar surface based on the 
interaction nuclei. Figures 5 and 6 give the 
uncollided capture gamma spectrum for Ti and 
Fe. Use of the Reedy (n,γ) production data is 
evident, especially for Ti. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Uncollided (n,γ) spectrum for Ti. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Uncollided (n,γ) spectrum for Fe. 
 
 
It is also possible to get a separate tally bin for 
deexcitation gammas produced by spallation 
residual nuclei. Figure 7 shows the gamma 

spectra resulting from the Bertini breakup of 
oxygen into C and N (gammas from Li, Be, and 
B also occur but are omitted for clarity). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Deexcitation gamma spectra from 
the breakup of oxygen into 12C (black), 13C 

(blue), 14N (red), and 15N (green). 
 
 
Figure 8 gives the collided and total photon 
spectra from all interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Total (black) and collided (blue) 
photon spectra. 
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C. Impact of Physics Models 
Spectral differences resulting from the Bertini 
and CEM INC models are clearly visible in 
Figure 9. The Bertini and ISABEL models gave 
nearly identical gamma spectra and resulted in 
the best comparison to lunar GRS 
measurements, while the CEM model had 
obvious discrepancies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Total gamma spectra for the Bertini 

(black) and CEM (blue) INC models. 
 
 
D. Lunar Prospector Analysis 
The GRS detector response for the MCNPX 
gamma spectrum from the Apollo 11 material is 
compared to Lunar Prospector GRS 
measurements in Figure 10. The pulse height 
spectrum measured during the cruise phase of 
the mission was added to the modeled spectrum 
to account for background sources unrelated to 
lunar surface emissions.  Note that the modeled 
spectrum does not include gamma rays from 
radioactive elements. 
 
Least squares fits to measured spectra acquired 
at high altitude and binned on 5° squares are 
shown in Figures 11-13 for the highlands, 
western Procellarum, and Tranquillitatis.  Major 
element abundances along with the thermal 
neutron number density (nT) and average atomic 
number <A> used to modify the spectral 
components are given in the figure captions. 
Note that some spectral components, including 
the background spectrum measured during the 

cruise phase of the mission, were adjusted 
based on an analysis of residuals to account for 
activation of detector materials and prompt 
gamma ray production in the detector by 
neutrons emitted from the surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Comparison between MCNPX / 
MCOGX model of the Lunar Prospector 

gamma ray spectrometer with lunar spectra 
measured over western Procellarum and the 

highlands. 
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Figure 11. Highlands:  0° latitude, -96.75° east 

longitude, <A> = 21.8, nT = 2.02×10-9 cm-2. 
Major element composition: SiO2 44.5%, TiO2 
0.3%, Al2O3 30.2%, FeO 2.3%, MgO 0.0%, CaO 

22.8%. 
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Figure 12. Western procellarum: 0° latitude, -

42.75° east longitude, <A> = 23.6, nT= 
7.85×10-9 cm-2. Major element composition: 
SiO2 50%, TiO2 8.1%, Al2O3 3.4%, FeO 22%, 

MgO 10%, CaO 6.3%. 
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Figure 13. Tranquillitatis: 10° latitude, 22.5° 
east longitude, <A> = 23.6, nT = 8.25×10-9 cm-

2. Major element composition: SiO2 44.5%, 
TiO2 8.6%, Al2O3 16%, FeO 12.8%, MgO 16%, 

CaO 1.2%. 
 
 
Maps of all major elements have been 
constructed.  SiO2 and Al2O3 have maximum 
abundance in the highlands. TiO2 and FeO 
maps are consistent with those previously 
published. The abundance of MgO is lowest in 
the highlands and highest in western 
Procellarum.  Relatively high concentrations of 

MgO can be found in the South Pole Aitken 
basin. 
 
IV. FUTURE WORK 
The lunar GRS analysis will continue for other 
regions of the moon, yielding perhaps a finer 
resolution of composition maps, an analysis of 
errors, and an improvement in the accuracy of 
nuclide components and detector background 
signals. A similar analysis is planned for Mars 
GRS measurements currently underway. 
Furthermore, additional MCNPX features are 
under development to enhance its usefulness for 
performing such analyses: 
 
A. Coincidence Tally Enhancement 
This special tally feature will enable MCNPX to 
model the response of spectrometers with 
anticoincidence shields, such as the Lunar 
Prospector gamma ray spectrometer.  
Implementation of a coincidence tally in MCNPX 
will enable detailed characterization of 
background sources (e.g. energetic electrons 
and protons) that interfere with measurements of 
gamma rays from the planetary surface. The 
tally will also aid in the design of future planetary 
spectroscopy systems, which may produce a 
correlated signals from a large number of 
detector elements. 
 
B. Non-analog Pulse-Height Tallies 
This tally enhancement will allow the use of 
variance reduction techniques with pulse-height 
tallies. The current implementation requires 
analog transport, which greatly increases the 
computational time required for detector 
simulations. 
 
C. New INC CEM Physics Module 
Numerous speed and physics improvements 
have been made to the new INC CEM 2000 
module which will be integrated into MCNPX in 
the near future. 
 
D. Multiprocessing 
Work is underway to extend the low-energy 
parallel processing capabilities within MCNPX to 
the high-energy physics modules. Preliminary 
implementations will include distributed-memory 
multiprocessing with PVM. 
 
V. CONCLUSIONS 
The analysis documented here demonstrates 
the usefulness of MCNPX in planetary gamma 
ray spectroscopy. Furthermore, new MCNPX 
features developed over the course of this 
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analysis will prove extremely useful for other 
applications as well. Comparisons of MCNPX 
results to lunar GRS measurements are better 
than expected and have lead to the identification 
of spectral features previously unknown. 
Through a library least squares analysis, these 
simulation spectra have resulted in detailed 
maps of lunar composition. 
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