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Introduction: Studying the distribution of the main 

rock-forming chemical elements such as Fe, Ti, Ca, Si, 

Mg, Al, O, etc., natural radioactive elements (K, Th, 

and U), as well as volatile compounds provides im-

portant information about the conditions of formation 

and evolution of celestial bodies. It is well known that 

methods of nuclear physics allow one to study distribu-

tion of hydrogen-bearing compounds in the upper 1–2 

m subsurface soil layer of atmosphereless celestial bod-

ies or planets with thin atmospheres like Mars by 

measuring neutron spectra leak from the surface [1]. 

For this study one needs not only to measure neutron 

spectra but to perform also a set of numerical simula-

tions of the neutron production by the Galactic Cosmic 

Rays (GCRs) in subsurface soil, leakage of these neu-

trons from the surface, their transport to the instrument 

on the orbit and processes of neutron interactions with 

the instrument’s detectors. These simulations make 

possible a model dependent deconvolution of the 

measured data to obtain the hydrogen concentration 

and/or other soil properties at a particular region of the 

planet. Such approaches were used to analyze neutron 

data gathered by a different neutron spectrometers on a 

number of missions to the Moon, Mars, Mercury, etc. 

One of them is Lunar Exploration Neutron Detector 

(LEND) on board Lunar Reconnaissance Orbiter 

(LRO) [2], [3]. 

Method: Currently a number of numerical codes 

are being used for simulations of the neutron produc-

tion and transport in planetary applications. The most 

popular of them are: MCNP, Geant4, FLUKA, PHITS, 

etc. All these codes provide a reasonable precision 

both in modeling of laboratory experiments and nuclear 

planetology tasks. However, the gravitational field de-

scription appropriate for simulation of a neutron prop-

agation on planetary scales is not well addressed. For 

the planetary scales, it is not just enough to implement 

a uniform gravitational field (this option is available in 

some numerical codes). The planetary gravity should 

be described as a full-scale central force field with its 

potential depending from the distance from the center 

of planet. It should be taken into account and became 

quite significant option if determination of abundance 

of hydrogen-bearing compounds in the planetary soil 

from neutron spectroscopy data is required, especially 

if thermal neutrons are involved in the analysis. Proper 

consideration of gravitational effects may be important 

both for data processing of existing neutron spectrome-

ters and for development of future instruments. It is 

important for Moon studies where hydrogen abundance 

in the subsurface is not high and even tiny changes in 

lunar neutron flux should be correctly interpreted to 

exclude all effects except hydrogen driven one. Thus, 

we have developed a method of accounting effects of 

gravity force and finite neutron lifetime on the spectral 

and angular distributions of neutrons at the different 

spacecraft altitudes [4]. We have implemented this 

method to LEND/LRO data processing because it is a 

good example of planetary neutron experiment where 

detection of neutrons is implemented in broad energy 

range starting from thermal ones and includes collimat-

ed and non-collimated techniques. 

Discussion: Data gathered by collimated epither-

mal neutron detectors of LEND instrument are used for 

hydrogen/water reconnaissance in the top layer of lunar 

regolith with high spatial resolution [3], [5]. That in-

vestigations are based on MCNP simulations of the 

leakage neutron flux from the lunar surface. The lunar 

gravity field and neutron lifetime were not accounted 

for in these simulations since this code does not con-

sider both of them.  

To illustrate importance of proper accounting ef-

fects of gravity and neutron lifetime, we simulate the 

neutron flux spectra at three different altitudes above 

the Moon (see Fig. 1). The 30 – 200 km range is a typ-

ical range of lunar orbiter spacecraft altitudes. The 

altitude of 3000 km was added to make the discussed 

effects readily visible in the figure. In addition to up-

ward (directed from lunar surface to space) neutron 

flux there is additional component of the downward 

neutron flux in the thermal energy range (dashed lines) 

since all neutrons escaping from the lunar surface with 

energy < 0.0295 eV move along elliptical orbits. This 

subject is discussed in details in the paper [4].  

We implement the discussed method to repro-

cessing of the data gathered by the collimated detectors 

CSETN1-4 of LEND. The altitude dependence of 

counting rate in these detectors is the smallest among 

such dependences in other LEND detectors. This may 

be explained by the next: collimated detectors have 

smallest field of view (FOV) which leads to the fact 

that largest fraction of the counting rate is generated by 

the flux of neutrons with small zenith angles. The de-

crease of this flux with the increase of the orbit altitude 

is partially compensated by the increase of the FOV 

footprint area on the lunar surface. One of the most 

significant reasons, which brings the altitude depend-

ence in the collimated detectors counting rate, is that 
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the collimator does not completely eliminate neutrons 

from angles outside the FOV. This must be properly 

considered during data processing. 

 
Fig. 1. Neutron flux spectra at different altitudes above 

the lunar surface. Spectra of upward and downward 

fluxes are shown by solid and dashed lines, corre-

spondingly. Spectra simulated without accounting of 

gravity and finite neutron lifetime are shown by dotted 

lines for comparison. 

 

In result of the LEND collimated detectors data re-

processing with the discussed method, we obtained a 

new estimations of Water Equivalent Hydrogen (WEH) 

in the regions with deepest epithermal neutron flux 

suppression (NSR) and new map of WEH at polar re-

gions. Map of WEH distribution in vicinity of Cabeus 

crater is shown in Fig. 2. Both previous [5] and new [4] 

estimations of WEH are shown here below in Table 1. 

One may compare previously published values with the 

new values and find that the new values are systemati-

cally higher but almost all of them agree with values 

from the paper [5] within the statistical uncertainty of 

the neutron flux suppression in the considered NSRs. 

 
Fig. 2. Map of the WEH abundance in wt% in the Ca-

beus crater vicinity. 
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Table 1. List of NSRs with deepest neutron flux suppressions at North and South polar regions. 

Index Latitude Longitude Previous WEH (wt %) Current WEH (wt %) Nearest crater 

North 

1N 87.3º 64.3º 0.44±0.06 0.53±0.08 Erlanger 

2N 86.2º 51.3º 0.40 
+0.06 

-0.05 0.48±0.07 Fibiger 

3N 80.3º 176.8º 0.40 
+0.09 

-0.08 0.46 
+0.07 

-0.06 Plaskett 

4N 85.5º 139.3º 0.39±0.05 0.46±0.05 unnamed crater  

5N 88.8º 116.3º 0.39±0.04 0.44 
+0.09 

-0.08 Whipple 

6N 84.5º 153.8º 0.37 
+0.07 

-0.06 0.43 
+0.09 

-0.08 Rozhdestvenskiy U 

7N 78.0º -170.8º 0.36±0.09 0.42 
+0.08 

-0.07 Milankovic E 

South 

1S -84.5º -47.3º 0.54 
+0.07 

-0.06 0.65 
+0.09 

-0.08 Cabeus 

2S -88.0º 53.8º 0.51±0.04 0.62±0.05 Shoemaker 

3S -87.3º 1.8º 0.44±0.04 0.53±0.05 Haworth 

4S -84.8º 32.3º 0.37±0.05 0.44 
+0.07 

-0.06 Scott M 

5S -88.8º -107.3º 0.36±0.03 0.43±0.04 de Gerlache 

6S -77.8º 80.8º 0.34 
+0.11 

-0.10 0.41 
+0.14 

-0.12 Hale Q 

7S -83.6º 99.8º 0.34 
+0.08 

-0.07 0.41 
+0.10 

-0.09 Amundsen 
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