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Abstract: The neutron leakage fluxes from the lunar surface are calculated by Monte Carlo transport code

based on Geant4. The integral fluxes of fast neutrons, epi-thermal neutrons and thermal neutrons are analyzed.

Numerical results for 20 kinds of lunar soils and 7 minerals show that the fast neutron fluxes are linearly

related to the average atomic mass numbers of the lunar materials used in simulations. Meanwhile, the average

atomic mass numbers are strongly modulated by the abundances of iron (Fe) and titanium (Ti), and a linear

relationship between the average atomic mass numbers and the abundances of Fe and Ti is found. Furthermore,

the results show that the ratios of epi-thermal to thermal fluxes for lunar soils are linearly related to the

macroscopic absorption cross sections of lunar materials, and that the macroscopic absorption cross sections

monotonically increase with the abundances of Fe and Ti by a simple function. Then we reach the conclusion

that the neutron fluxes can provide the information about the Fe and Ti contents.
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1 Introduction

In planetary exploration, the distribution of ele-
ments on the surface at present is important in un-
derstanding the history of formation and evolution
of the moon. In order to determine the abundances
of elements on the planetary surface, gamma-ray and
neutron spectroscopies were proposed and have been
used in planetary exploration. Detailed descriptions
of the gamma-ray and neutron spectrometers for ear-
lier planetary missions can be found in Refs. [1, 2].
Recent missions of Lunar Prospector [3], Kaguya [4]
and Chang’E-1 [5] also carried gamma-ray and/or
neutron spectrometers. The gamma-ray and neutron
spectrometers have also been widely used to detect
the element distribution on other planets, including
Mars [6] and Mercury [7].
is as follows. The galactic-cosmic-rays (GCRs) are
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incident on the surface of a planet with no or little
atmosphere, such as the Moon. The GCRs interact
with the nuclei of the surface material and produce
many secondary particles, such as protons, neutrons,
mesons and photons. The charged particles lose en-
ergy continually by both electromagnetic and nuclear
interactions with the component atoms and nuclei of
the lunar surface. The short-lived mesons will de-
cay, for instance, ° — y ++y. The net result is that
the neutrons and gamma-rays dominating the particle
fluxes escape from the planetary surface, which can be
measured by orbital detectors. In the present work,
we put emphasis on the neutrons. Three main inter-
action mechanisms between neutrons and nuclei will
occur: the elastic scattering, inelastic scattering and
neutron capture reactions. By elastic scattering, the
neutrons will be moderated. The moderating power
is determined by the mass and elastic scattering cross
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section of the component nuclei. Among the major
elements of planet, hydrogen is the lightest, which
has a comparable mass with the neutron. Therefore
just a little hydrogen can influence strongly the inte-
gral flux and shape of neutron spectroscopy. For this
reason, neutron spectroscopy can be used to measure
the deposition of water on the planetary surface [8—
12]. Tt will also be influenced by neutron capture
reactions. According to the very low capture cross
section of carbon, neutron spectroscopy can be used
to detect the deposition of carbon. For example, it
has been used to measure the seasonal change in the
CO, ice cap on the Mars [13]. In addition, the ab-
sorption cross sections for Fe and Ti are larger than
other major elements, i.e., O, Na, Mg, Al, Si, and
Ca, on the lunar surface. So one can expect neutron
spectroscopy also to provide information about the
abundances of Fe and Ti. At the same time, the in-
elastic scattering and neutron capture reactions will
produce characteristic gamma-rays of the component
nuclei. Therefore, by combining the data of gamma-
ray spectroscopy and neutron spectroscopy, one can
obtain information about the chemical composition
more adequately.

As mentioned above, the interaction processes be-
tween the GCRs and nuclei on the planetary surface
are very complex. Monte Carlo simulation is the pre-
ferred method for these calculations. Monte Carlo
methods have been widely used in nuclear radiation
detection, more details of which can be found in [14].
Many software based on the Monte Carlo method
have been developed and used in various fields. MC-
NPX [15] and Geant4 [16] have been used in calcu-
lating the characteristics of detectors and the neu-
tron and gamma-ray spectroscopies on the planetary
surface [4, 17].
toolkit, Geant4 has been used more and more widely
in nuclear physics and techniques (see for example
Refs. [18, 19]). In the present work, we will use
Geant4 to calculate the neutron fluxes from the lunar

In particular, as a free simulation

surface.

2 Basic physical theory of neutron
moderation

In this work, we simulated the neutron fluxes on
the lunar surface using Geant4. The galactic-cosmic-
rays (GCRs) can penetrate the surface of solid bod-
ies with no or little atmosphere, such as the Moon.
Long before GCRs are stopped in the medium, they
can induce spallation reactions with the nuclei of sur-
face material and produce many secondary particles.

This reaction mechanism can be described by the
two-step model, i.e., the knock-on and evaporation
process [20]. In the former case, the neutrons are
produced with continuous energy up to the incident
cosmic-rays. These neutrons can induce further spal-
lation reactions. In the latter case, the neutrons are
emitted with energies typically below 10 MeV, and
the distribution is Maxwellian. After production, the
neutrons will travel in the medium. During trans-
portation, the neutrons will be moderated by elastic
scattering and inelastic collision, be absorbed by nu-
clear reactions, or escape from the surface. The flux
and spectroscopy of neutrons are mainly influenced
by two factors: the energy loss and the number loss.
After elastic scattering against a nucleus with mass
number A, the neutron will lose a fraction of its ki-
netic energy. Since the energy of the neutrons we are
interested in is not high, we only consider isotropic
scattering. This means that only the s-wave of neu-
trons scattered by the central field is considered. In
this case, the rate of log energy loss is

() (), o

where E; and FE, are the kinetic energies of the neu-
tron before and after an elastic collision, respectively.
From this equation, one can see that ¢ is dependent
on the mass number of the moderating nucleus but
not on the energy. Besides £, the moderation power
of a given nucleus is also dependent on the elastic
scattering cross section o,. Therefore, the modera-
tion power of a given nucleus can be described by &
times 0. When the medium includes more than one

element, one can define the macroscopic slowing down
power

<§Zs> :Zniasi§i7 (2)

where n; is the number density of the ith element.
The loss of neutrons results from nuclear reactions
in which the neutrons are absorbed, such as a ther-
mal neutron capture reaction. Similarly, this process
can be described by the macroscopic absorption cross
section

<Ea> :Zniaaiu (3)

where o,; is the thermal neutron absorption cross sec-
tion for the ith element. When travelling through
the lunar surface, the neutrons can be moderated or
absorbed, so the moderating ratio is introduced to
describe comprehensively the slowing down power of
the medium,

n=(X5)/(Xa). (4)
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As has been pointed out by Feldman et al. [21],
the macroscopic slowing down powers (£X,) for lu-
nar samples from Apollo and Luna missions are al-
most constant. This is because the elements lighter
than oxygen in the returned samples are very rare.
The main exceptions may be found when H,O and/or
CO, are rich. This is because the mass of H is close
to that of the neutron, and C has a very low neu-
tron capture cross section. Due to the temperature
environment on the lunar surface, H,O and CO, can
only exist in the polar regions of the Moon. Since
the main purpose of this paper is to investigate the
relationship between the neutron fluxes and the ma-
jor elements of the lunar surface, it is the macroscopic
absorption cross section but not the moderating ratio
that is considered.

3 The model of simulation

In simulations, the model of the GCR, flux (in pro-
tons /em?/s) is taken as follows [22],

J(E, M) =1.244 x 10%(E+ M + )%
x [E(E+1876)]/[(E+M)(E+1876+M)),
(5)

where F is the energy (in MeV) of protons, M is
the modulation parameter due to the solar activ-

average value during a typical 11-year solar cycle
is M = 550 MeV. In the present work, we take
M = 550 MeV. The geometry of the lunar sam-
ple is taken to be a sufficiently large cylinder, and
the protons incident on the upper surface. In sim-
ulations, we take 20 kinds of lunar soils and 7 lu-
nar minerals as materials, the chemical compositions
of which are shown in Table 1. The minerals used
for simulation are Ca,Si,Og, CaMgSi,Og, CaFeSi,Og,
Fe,Si, 06, CaAlySiy0g, KyAlSizOg, FepSiO,.  The
data for these materials are taken from Ref. [23]. Ob-
viously, the density of lunar soils and minerals is de-
pendent on the average atomic mass number and the
total number of atoms per volume. Therefore, it is
difficult to determine the density of lunar soils be-
forehand. For this reason, we keep the density and
geometry parameters of materials as constants. The
mass of the materials is

m=v{A) = pV, (6)

where (A) (in gram/mol) is the average atomic mass
per mole and v is the total mole number of atoms.
The average atomic mass per mole is

<A> :ZfiAi' (7)

In this equation, f; is the number fraction of the ith
element. Then the total mole number of atoms per

ity and z = 780 exp(—2.5 x 107*FE). During pe- volume is

riods of maximum solar activity M = 950 MeV, v p

and M = 375 MeV for minimum activity. The V(A (8)

Table 1. Composition of 20 kinds of lunar samples from Apollo (A) and Luna (L) missions [23].

mission SiOo TiOo Al>O3 FeO MnO MgO CaO NaoO K20 Cra0s3 P20Os5 S
All 42.0 7.5 13.5 15.8 0.21 7.9 12.0 0.44 0.14 0.30 0.10 0.11
Al2 46.1 2.7 12.6 16.5 0.21 10.2 10.3 0.46 0.24 0.38 0.30 0.08
Al2 47.0 2.5 14.3 14.6 0.20 9.1 10.6 0.64 0.39 0.33 0.39 0.07
Al4 47.7 1.7 17.4 10.5 0.14 9.4 10.9 0.70 0.52 0.20 0.49 0.10
Al5 46.2 2.0 10.4 19.8 0.25 11.1 9.6 0.30 0.094 0.53 0.11 0.06
Al5 46.3 1.3 15.6 13.0 0.17 11.9 10.4 0.41 0.16 0.36 0.16 0.07
Al5 46.7 1.5 16.4 12.2 0.16 10.4 11.2 0.46 0.21 0.34 0.22 0.08
Al5 46.5 1.3 17.6 11.6 0.16 10.4 11.5 0.42 0.18 0.31 0.16 0.07
Al6 44.9 0.59 26.7 5.44 0.07 6.0 15.3 0.46 0.121 0.111 0.12 0.07
Al6 45.0 0.66 26.2 5.85 0.07 6.3 15.1 0.46 0.131 0.119 0.14 0.08
Al6 45.3 0.50 28.3 4.36 0.06 5.0 15.9 0.48 0.083 0.084 0.10 0.0
Al6 45.3 0.47 28.0 4.45 0.06 5.4 16.4 0.46 0.107 0.086 0.11 0.05
Al6 44.7 0.39 28.7 4.14 0.05 4.6 16.3 0.53 0.084 0.080 0.08 0.03
A17 38.7 8.8 6.5 22.3 0.29 14.5 7.5 0.37 0.077 0.70 0.06 0.05
A17 39.9 9.6 10.9 17.7 0.24 9.5 10.7 0.38 0.078 0.46 0.07 0.12
A17 43.5 3.3 18.2 10.7 0.15 10.8 12.2 0.40 0.116 0.28 0.09 0.08
A17 45.1 1.3 21.3 8.3 0.11 9.8 12.9 0.43 0.144 0.22 0.13 0.06
L16 44.3 3.4 15.6 16.3 0.21 8.4 11.9 0.39 0.11 0.30 0.05 0.21
L20 45.2 0.49 22.8 7.3 0.11 9.5 14.4 0.35 0.07 0.19 0.12 0.0
L24 44.8 1.1 11.8 19.7 0.26 9.7 11.3 0.28 0.03 0.46 0.04 0.14
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When the flux of the GCRs is fixed, the number of
GCR-induced nuclear interactions and hence the neu-
tron leakage fluxes are proportional to the atom num-
ber density of the material. Therefore we multiply the
calculated fluxes by the factor (A)/p, e.g., Jrs(A)/p
(in neutrons - cm/s), which are independent of the
density of the lunar soils.

4 Numerical results and analysis

Now, let us analyze the neutron fluxes in differ-
ent energy ranges, i.e., the fast neutron with energy
between 0.6 MeV and 8 MeV, the epi-thermal neu-
tron with energy between 0.4 eV and 0.6 MeV, and
the thermal neutron with energy less than 0.4 eV.
We choose 20 kinds of typical soils and 7 minerals
as materials to simulate the neutron leakage fluxes
from the lunar surface. The compositions of lunar
soils are listed in Table 1. It is reasonable to believe
that the conclusions drawn from the results for these
materials can be applied to others. According to the
above discussions, the fast neutrons are mainly pro-
duced by GCR-induced spallation reactions. One can
expect that the number of fast neutrons will increase
with the neutron numbers in the nuclei of materi-
als. The major components of the Moon are stable
light nuclei, among which Fe and Ti are the heavi-
est ones. For these nuclei, the neutron number and
proton number tend to be equal. So the fast neutron
flux will be related to the average atomic mass of the
material. From Table 1, one can see that the con-
tents of FeO in different samples range from 4.14%
to 22.3%, and that the contents of TiO, range from
0.39% to 9.6%. So the abundances of them will in-
fluence the average atomic mass strongly. Now let
us investigate the quantitative relationship between
the fast neutron flux and the average atomic mass.
The main purpose of choosing these minerals is to
extend the range of the average atomic mass. The
average atomic masses of the returned lunar samples
change in a small range, typically from 21 to 24. As
discussed in Sec. 3, the neutron flux is related to the
density of the material, so we multiply the flux by a
factor (A)/p. The results are shown in Fig. 1. From
this figure, one can see immediately that the fast neu-
tron fluxes are linearly related to the average atomic
mass. The relationship is given by

Jras (A)/p = a(A) = b, 9)

where a = 0.612 and b= 1.787. The linear relation-
ship between the fast neutron fluxes and the aver-
age mass number has also been obtained by Gasnault

et al. [24]. The difference is that in Ref. [24] they
do not consider evidently the dependence of the neu-
tron fluxes on the density of the lunar soils. The
present work can be regarded as a natural extension
of Ref. [24]. Tt must be noted that this relationship
is valid for typical minerals and soils. It will be mod-
ified strongly when element H is abundant. Then let
us see the dependence of the average atomic mass on
the abundance of Fe and Ti. From Fig. 2, we can see
clearly that the average atomic mass is also linearly
related to the mole percentage of iron and titanium.
Then one can reach the conclusion that the fast neu-
tron flux is related to the mole percentage of Fe and
Ti linearly.
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Fig. 1. The simulated fast neutron leakage flux
Jrast (A)/p (in neutrons - cm/s) from the lu-
nar surface for 20 kinds of soils from Apollo
and Luna missions and 7 lunar minerals. The
composition of the materials is taken from
Ref. [23].
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Fig. 2. Average atomic mass of 20 kinds of lu-

nar soils versus the mole percentage of iron
(Fe) and titanium (T1i).

Besides the largest mass number, Fe and Ti have
much larger thermal neutron absorption cross sec-
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tions than other major elements on the lunar sur-
face. Now let us investigate the relationship between
the macroscopic absorption cross section and the con-
tents of iron and titanium. When neutrons are trans-
porting in the lunar surface, they will either be scat-
tered to lower energies or be absorbed. According to
the neutron transport theory, the ratio of epi-thermal
to thermal fluxes is linearly related to the parameter
(X.)/{€X,) [21]. Since the macroscopic slowing down
powers are almost constant for typical lunar soils, for
which elements H and C are very rare, we only show
the ratios of epi-thermal to thermal neutron fluxes
versus the macroscopic absorption cross section in
Fig. 3. The data of thermal neutron absorption cross
sections are taken from Ref. [25]. From this figure,
one can see that the ratio Jepi. /Jinerm. does relate to
(X,) linearly,

Jopi./ Jiherm, = 2.432 4 200.61(5,). (10)

This means that the simulated results are fairly con-
sistent with the neutron transport theory. Then it is
interesting to see whether there are simple relation-
ships between the macroscopic absorption cross sec-
tions and the mole percentages of Fe and Ti. In Fig. 4,
we show the macroscopic absorption cross sections for
20 kinds of lunar soils versus the mole percentage of
iron and titanium. From this figure, one can see that
the macroscopic absorption cross sections monotoni-
cally increase with the increasing contents of Fe and
Ti, and that the relationship deviates from the linear
function slightly.

4 n 1 " 1 " 1 n 1 "
1.0 1.5 2.0 2.5 3.0 3.5
(Z)/m™!
Fig. 3. The relationship between the ratio

of epi-thermal to thermal neutron fluxes
Jepi./ Jeherm. and the macroscopic absorption
cross sections for 20 kinds of soils.

Combining the results given above, one can reach
the conclusion that the neutron fluxes in different en-
ergy ranges can be used together to derive the abun-

dance of Fe and Ti. In principle, it is possible to ob-
tain the abundance of one of these two elements when
the other one can be constrained by other tools. For
example, if the abundance of Fe can be determined
using, for instance, orbital gamma-ray spectroscopy
or the optical spectral reflectance one can obtain the
abundance of Ti.

1 1 1 1 1 1 1 1 1
1 2 3 -+ 5 6 7 8 9 10 11

mole percentage of Fe and Ti (%)

Fig. 4. Macroscopic absorption cross sections
for 20 kinds of lunar soils versus the mole per-
centage of iron (Fe) and titanium (T4i).

Finally, it should be noted that in the above dis-
cussions, H, C and the Rare Earth Elements (REEs)
are assumed to be ignored. In theory, hydrogen will
strongly modify the relationship between the fast neu-
tron fluxes and the average atomic mass. In addition,
the macroscopic slowing down power will increase
sharply when the content of element H increases [21]
and the macroscopic absorption cross section will be
modified strongly when C is rich. For these cases,
the moderating ratio but not the macroscopic absorp-
tion cross section will be used to analyze the ratio of
epi-thermal to thermal neutron fluxes. Furthermore,
the REEs Gd and Sm are very strong thermal neu-
tron absorbing elements. The macroscopic absorp-
tion cross section will be modified strongly with quite
small REEs. So in order to obtain the abundance of
Fe and Ti as accurately as possible, it is necessary to
determine the abundance of REEs by the relationship
with Th [23]. The content of Th can be measured by
gamma-ray spectroscopy [4].

5 Summary and discussion

In summary, the neutron leakage spectroscopy
above the lunar surface has been simulated by
Geant4. In calculations, 20 kinds of typical lunar
soils and 7 minerals are used as materials. The neu-
tron fluxes in different energy ranges have been an-
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alyzed in terms of the chemical composition of the
lunar surface. It is found that the fast neutron fluxes
are linearly related to the average atomic masses and
the ratios of epi-thermal to thermal fluxes are lin-
early related to the macroscopic absorption cross sec-
tions. By further analysis, we find that the average
atomic masses and the macroscopic absorption cross
sections are modulated strongly by the abundances of
Fe and Ti elements when light elements H and C are
absent. The linear relationship between the average
atomic masses and the mole percentage of Fe and Ti
for 20 kinds of lunar soils is found. The dependence
of macroscopic absorption cross sections on the abun-
dances of Fe and Ti are also investigated. It is found
that the macroscopic absorption cross sections mono-
tonically increase with the abundances of Fe and Ti
by a simple function. The reason for these results is
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