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Neutron production in the lunar subsurface from alpha particles
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The neutron production from alpha particles in galactic cosmic rays (GCR) in the lunar subsurface has
not been estimated with reliable precision despite its importance for lunar nuclear spectroscopy and space
dosimetry. Here, we report our estimation of neutron production from GCR nuclei (protons and alpha particles)
with the Particle and Heavy Ion Transport code System (PHITS), which includes several heavy ion interaction
models. PHITS simulations of the equilibrium neutron density profiles in the lunar subsurface are compared with
experimental data obtained in the Apollo 17 Lunar Neutron Probe Experiment. Our calculations successfully
reproduced the data within an experimental error of 15%. Our estimation of neutron production from GCR
nuclei, estimated by scaling that from protons by a factor of 1.27, is in good agreement within an error of 1%
with the calculations using two different alpha particle interaction models in PHITS during a period of average
activity of the solar cycle. However, we show that the factor depends on the incident GCR spectrum model used
in the simulation. Therefore, we conclude that the use of heavy ion interaction models is important for estimating
neutron production in the lunar subsurface.
Key words: Neutron, alpha particle, lunar and planetary spectroscopy, Moon, gamma ray spectrometer,
SELENE, PHITS, heavy ion transportation.

1. Introduction
The lunar surface is quite distinct from Earth’s surface.

Since the Moon has no atmosphere and its magnetic field is
very weak, the lunar surface is directly exposed to galactic
cosmic rays (GCR). Secondary products, including neu-
trons and gamma rays, are continuously produced by the
nuclear interactions between the GCR nuclei and the ma-
terials in the lunar subsurface. In the field of lunar sci-
ence, it is very important to know the production rates of
these secondary products because the neutrons and gamma
rays emitted from the lunar surface can be used to estimate
the elemental abundance of the lunar subsurface material
(Evans et al., 1993; Feldman et al., 1993). The composi-
tion of the Moon’s surface has been investigated using neu-
tron and gamma ray spectroscopes following the launch of
the Lunar Prospector (e.g., Gasnault et al., 2000; Lawrence
et al., 2004). Above all, the recent successful mission of
the Japanese lunar orbiter SELENE (KAGUYA) equipped
with a Ge gamma ray spectrometer is expected to report
drastically improved global mapping data of the lunar sur-
face composition (Hasebe et al., 2008, 2009). In order to
be able to derive the absolute abundance of elements by nu-
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clear spectroscopy, lunar scientists need a good simulation
code for transporting the GCR nuclei and secondary prod-
ucts in the lunar material.

From the view of not only lunar science but also human
activities on the Moon, the simulation of particle production
and transportation in matter is essential. Future human ac-
tivities on the lunar surface will lead to further progress in
space science. To this end, the building of a lunar base has
been seriously discussed for a long period of time. On the
lunar surface, human beings would be exposed to not only
to both primary GCR and their secondary radiation from the
lunar surface but also to high energetic solar energetic par-
ticles (SEPs). Consequently, the shielding of human beings
from intense radiation exposure is one of major problems to
be solved to secure the safety of future human activities on
the lunar surface. The unshielded dose equivalent rate on
the Moon is currently estimated to be 300–400 mSv/year
(Adams et al., 2007), depending on the solar cycle, but it
has recently been estimated to be as high > 800 mSv/year
during the solar minimum of the solar cycle (Hayatsu et al.,
2008, 2009); in comparison, the unshielded dose equivalent
rate is about 2.4 mSv/year on the Earth (UNSCEAR report,
1988). This variability in dose estimation mainly results
from uncertainties in the observational data of GCR spectra,
composition of the lunar soil, and the particle and heavy ion
transportation code. As the qualities and quantities of the
observational data are progressively being improved by the
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launching of continuous lunar missions, such as SELENE,
Chang’e, and Chandrayaan-1, transport simulations with an
increased accuracy is required.

Many transport codes have been developed for the re-
search of fundamental high-energy particles, and these are
used for radioprotection in space and for the treatment plan-
ning systems (TPSs), such as heavy ion cancer therapy.
These codes typically include MCNP (Briesmeister, 1997),
FLUKA (Fasso et al., 1993), Geant4 (Agostinelli et al.,
2003), and PHITS (Particle and Heavy Ion Transport code
System) (Niita et al., 1995, 2006). These transport codes
are continuously being improved, such as the development
of new and better models for nuclear and electromagnetic
interactions and the extension of the energy region for the
nuclear data libraries, etc. A careful comparison of these
codes is found in Sihver et al. (2008a). Since each code has
its own specific advantages and disadvantages, it is essen-
tial to use the best transport code for the purpose being de-
fined, taking the respective advantages/disadvantages into
account. Remarkable progress in the calculation of heavy
ion reactions and transportation has been made during the
last decade (see, for example, Sihver et al., 2007, 2008a, b,
2009; Sihver, 2008). In recent years, PHITS has received
considerable attention due to its applications in heavy ion
transport calculations. Several interaction models for calcu-
lating heavy ion reactions, such as JQMD and JAMQMD,
are incorporated into PHITS. Consequently, it is possible to
transport heavy ions with a considerably high reliability.

By taking advantage of the heavy ion transport models
in PHITS, we have estimated neutron production by GCR
protons and heavy components. Accurate calculation of the
heavy ion reactions and transportation are important when
estimating the neutron and gamma ray production from
GCR. Although the amount of heavy nuclei (Z ≥ 2) in the
GCR flux is small relative to that of protons, the neutron
and gamma ray production rates by heavy ions are much
larger than those by the protons. Therefore, neutron produc-
tion from heavy ion reactions should be taken into account.
The neutron production from alpha particles is of particular
importance because alpha particles are more abundant than
other heavy nuclei (Z > 2). The neutrons produced by the
protons and alpha particles form the major part of the to-
tal neutron density profile produced by all the nuclides in
the GCR. We have therefore focused on the production of
neutrons from alpha particles in the GCR. To date, neutron
production from alpha particles has been mainly estimated
by scaling the calculation of protons (Dagge et al., 1991;
Masarik and Reedy, 1996). The primary aim of our study
was to compare, in detail, the estimation of neutron produc-
tion from alpha particles by the proton scaling method with
that by alpha particle interaction model.

We first calculated the neutron density as a function of
depth (neutron density profile) produced by the interaction
of GCR particles with lunar material. We then compared
our calculated values with the experimental values obtained
in the Apollo 17 Lunar Neutron Probe Experiment (LNPE)
(Woolum et al., 1973, 1975; Woolum and Burnett, 1974a,
b). Since neutron production affects gamma ray production,
our calculation is a major contribution in furthering neutron
and gamma ray spectroscopy and space dosimetry on the

Moon.

2. Simulation Procedure
2.1 PHITS

The simulations described in this paper were performed
with the three-dimensional Monte Carlo Particle and Heavy
Ion Transport code System (PHITS), which was developed
by Niita et al. (2006) and Iwase et al. (2002). PHITS ver.
2.13 was used throughout the work reported here. PHITS
has several models for calculating nuclear reactions and the
transportation of energetic particles, such as protons, neu-
trons, heavy ions, and some exotic particles > 10 MeV/n
(heavy ions) and > 1 MeV (otherwise) in matter. In ad-
dition, PHITS can deal with the complex motion of low-
energy neutrons < 20 MeV in a similar manner as the
MCNP4C code. PHITS has been successfully used for
many radiation transport analyses of the space radiation en-
vironment both inside and outside a spacecraft (the reader
is referred to Sato et al., 2006, 2008a; Sihver et al., 2009;
Gustafsson et al., submitted; Sihver et al., submitted).
Thus, we concluded it is possible to calculate the neu-
tron production in the lunar subsurface accurately using the
PHITS.
2.2 Geometry and material

The simulation procedure for neutron production in the
lunar subsurface basically follows the conditions under
which the LNPE was performed from Extra-Vehicular Ac-
tivity (EVA) 1 to EVA 3 in the Apollo 17 mission in 1973.
The LNPE measured equilibrium neutrons within the first
400 g/cm2 using two kinds of track detectors, namely, mus-
covite mica fission detectors with 235U targets and cellu-
lose triacetate (Triafol TN) plastic detectors with 10B targets
(Woolum et al., 1973). A total of eight 235U targets and 23
10B targets were attached to a 2-m-long rod. The rod was
then inserted into the drill hole created in the lunar sub-
surface. The neutron capture rates of 235U and 10B targets
were obtained from the track densities of fission fragments
emitted from 235U induced by neutrons with about 5 meV
to 5 keV energy and the alpha and some Li recoils emitted
via the 10B(n, α)Li reaction induced by neutrons with about
5 meV to 500 eV energy (Woolum et al., 1975). Finally, the
235U fission rate and neutron density as a function of depth
were measured by converting the 235U and 10B neutron cap-
ture rates, respectively, using the neutron capture cross sec-
tions. The instrument and its measurement method are de-
scribed in more detail in Woolum et al. (1973). Data anal-
ysis and the estimation of experimental error can be found
in Woolum and Burnett (1974a) and Woolum et al. (1975).
In this study, our calculation was compared with the neutron
density profile obtained with Triafol TN detectors. The data
labeled “Woolum” in this paper were taken from Woolum
et al. (1975) and are the same as those used by McKinney et
al. (2006). An overall experimental error of 15% estimated
by Woolum and Burnett (1974b), which includes errors of
track measurements (7–9%) and several correction effects
for conversion to neutron densities, was used in the data
(Woolum et al., 1975).

The geometry of the target and beam source in our sim-
ulation is modeled after the relationship between the lunar
body and the GCR. First of all, a sphere with a radius of
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Table 1. Abundances (wt%) and densities of the lunar subsurface used in our calculations. These data were taken from the Lunar Neutron Probe
Experiment borehole analysis by McKinney et al. (2006). ∗Read 4.174E-1 as 4.174×10−1.

Depth (cm) 0–22 22–71 71–224 >224

(Density (g/cm3)) (1.76) (2.11) (1.78) (1.79)

Element Abundance (wt%)

O 4.174E-01∗ 4.156E-01 4.230E-01 4.264E-01

Na 2.923E-03 3.136E-03 3.075E-03 3.455E-03

Mg 6.162E-02 6.026E-02 6.156E-02 6.091E-02

Al 6.061E-02 5.977E-02 7.384E-02 7.550E-02

Si 1.903E-01 1.896E-01 1.967E-01 2.022E-01

K 7.262E-04 7.896E-04 9.201E-04 1.632E-03

Ca 7.541E-02 7.668E-02 8.020E-02 7.707E-02

Ti 5.144E-02 4.905E-02 3.380E-02 3.198E-02

Cr 2.872E-03 3.090E-03 2.641E-03 2.545E-03

Mn 1.764E-03 1.778E-03 1.519E-03 1.458E-03

Fe 1.350E-01 1.403E-01 1.228E-01 1.169E-01

Sm 8.334E-06 7.747E-06 7.343E-06 1.051E-05

Eu 1.816E-06 1.782E-06 1.545E-06 1.700E-06

Gd 1.100E-05 1.058E-05 9.818E-06 1.355E-05

Th 9.449E-07 8.022E-07 1.382E-06 3.006E-06

Table 2. Parameters of proton and alpha particle energy spectra, and total fluxes (particle/cm2/s) used in our calculations. The total fluxes were obtained
by integration of the spectra ranging from 10 MeV/n to 20 GeV/n. ∗Units are particle/cm2/s.

Particle C a b γ Flux∗ Flux∗ Flux∗

(1/cm2/s/MeV) (MeV) (1/MeV) (φ = 500) (φ = 550) (φ = 600)

Proton 1.24E+06 780 2.50E-04 2.65 3.16 2.88 2.63

Alpha 2.26E+05 660 1.40E-04 2.77 0.233 0.21 0.19

1738 km, which is the same size as the moon, was desig-
nated the target. Then, the three concentric spheres were
configured inside the lunar sphere to reproduce differences
in material and the density dependent on the depth from the
surface. The materials and densities in the lunar body used
as input are summarized in Table 1. These data were ob-
tained by McKinney et al. (2006) based on data obtained
from the Soil Mechanics experiment in the Apollo 17 mis-
sion carried out by Carrier (1974) and Mitchell et al. (1974).
The temperature of the material was set at 250 K, as sug-
gested by Woolum and Burnett (1974a). The actual temper-
ature may vary under 333 K, which the LNPE temperature
indicators suggested as a maximum, because the LNPE was
carried out for 49 h. However, based on the results of our
preliminary tests, differences in material temperature pri-
marily affect the shape of the low-energy neutron spectrum
but have small effects on the neutron density. Similar results
have also been reported by other investigators (Woolum et
al., 1975; Dagge et al., 1991; Masarik and Reedy, 1996).
Therefore, exact information on the temperature is not im-
portant. As the beam source, a shell with a radius of 1738 +
0.001 km was configured outside the lunar sphere. Protons
and alpha particles were used as the source particles from
the GCR. The energy spectra of the proton and alpha parti-
cles were generated with the analytical functions described
in the following section. The particles are created within
PHITS as an external isotropic source on the shell and then
originate randomly and inwardly from the shell. The space
between the lunar surface and the shell with the source par-
ticles was set as a vacuum.

2.3 Beam source
A form of analytical functions for the energy spectra of

proton and alpha particles in GCR has been widely ac-
cepted as the means to vary the parameters (Castagnoli
and Lal, 1980; Dagge et al., 1991; Masarik and Reedy,
1996; McKinney et al., 2006). The 4π GCR flux J
(particle/(MeV/n)/cm2/s) is expressed by

J (E, φ) = C
E

(
E + 2mp c2

)
(E + χ + φ)−γ

(E + φ)
(
E + 2mp c2 + φ

) , (1)

where C (1/cm2/s/MeV) is a normalization factor, E
(MeV/n) is the kinetic energy of GCR nuclei, φ (MV) is
the solar modulation parameter to characterize the effect of
solar activity, mp (MeV/c2) is the mass of the proton, c is
the velocity of light, χ = a exp(−bE), and the remaining
parameters, such as a, b, and γ , are provided in Table 2.
These parameters have been described in detail for protons
(Castagnoli and Lal, 1980) and alpha particles (Lal, 1985).
When the LNPE was carried out, φ corresponds to 550±50
MV. The determination of φ was studied by McKinney et
al. (2006) in detail. Therefore, we used the energy spectra
for proton and alpha particle at φ = 550±50 MV. As can be
seen in Table 2, the variability in total flux at φ = 500 and
600 MV ranges over 10% from 1 at φ = 550 MV, respec-
tively, because GCR particles with energies of < 10 GeV/n
are extremely affected by the solar activity. Therefore, neu-
tron density also depends on the value of φ. In our cal-
culation, the energy cut-off of the generated source parti-
cles was set at a minimum of 10 MeV/n and a maximum of
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Table 3. Interaction model options in the PHITS (∗ denotes the default model).

Particle Model options (E denotes the kinetic energy of particle)

Proton Bertini Free (1 MeV < E < 3.5 GeV) + ∗JAM (E > 3.5 GeV)
∗Bertini Cugnon Old (1 MeV < E < 3.5 GeV) + ∗JAM (E > 3.5 GeV)

Bertini Cugnon New (1 MeV < E < 3.5 GeV) + ∗JAM (E > 3.5 GeV)

Isober (1 MeV < E < 1 GeV) + ∗Bertini Cugnon Old (1 GeV < E < 3.5 GeV) + ∗JAM (E > 3.5 GeV)

JAM (E > 1 MeV)

JQMD (E > 1 MeV)

JAMQMD (E > 1 MeV)

Alpha JQMD (E > 10 MeV/n)

JAMQMD (E > 10 MeV/n)

20 GeV/n.
The beam was projected inwardly from the shell with

the angular probability distribution of the cosine, i.e.,
p(cos θ) = cos θ . Here, θ is the angle between the particle
incident direction and normal to the shell surface. The co-
sine angular distribution generated from the shell makes the
density of the particles within the sphere uniform. As such,
it has been ensured that the lunar surface is bombarded with
the GCR nuclei isotropically.

In the simulations described in this paper, typically
100,000 and 25,000 source particles were used for proton
and alpha particles, respectively, and the statistical error
was estimated to be < 1%.
2.4 Nuclear interaction model

The different theoretical models used for the proton-
induced and alpha-induced nuclear interactions in our study
are summarized in Table 3. Below 3.5 GeV, PHITS uses the
Bertini intranuclear cascade model as a default option for
the nucleon-induced interaction. There are three different
optional parameterizations of the nucleon-nucleon interac-
tion cross section data used in the Bertini model, namely,
“Cugnon Free”, “Cugnon Old”, and “Cugnon New”, re-
spectively. PHITS uses the Cugnon Old parameterization
step in the Bertini model as the default. Although the
Bertini model is a default model as far as these cross-section
data exist (1 MeV < E < 3.5 GeV), it is no longer ap-
plicable > 3.5 GeV, when the default model switches to
the JAM (Jet AA Microscopic Transport Model), which
is an original hadronic cascade model (Nara et al., 2000;
Niita et al., 2001, 2006). However, it is possible to se-
lect other models, such as JAM, JQMD (JAERI Quan-
tum Molecular Dynamics), and JAMQMD for the full en-
ergy range (1 MeV < E < 200 GeV) (Niita et al., 1995).
For the nucleus-induced interaction, PHITS uses JQMD
< 3.5 GeV/n and JAMQMD > 3.5 GeV/n as a default. Sim-
ilarly to the proton interaction model, it is possible to use
JQMD and JAMQMD for the full energy range (10 MeV/n
< E < 100 GeV/n). JQMD describes the behavior of the
nucleon-nucleus and nucleus-nucleus reactions by solving
the equation of motion for each nucleon-nucleon interac-
tion. JAMQMD is basically the same as JQMD, with the
exception that the nucleon-nucleon interaction cross section
is calculated using the JAM model. In this work, the calcu-
lations for both protons and alpha particles were verified as
shown below.

2.5 Simulated geometry
In the target sphere, 55 concentric spheres were con-

figured in order to calculate the neutron fluxes at various
depths. These spheres were set to depths of 1–10 cm, and
then the neutron flux crossing the spherical surface was cal-
culated at each depth. In this way, neutron fluxes were ob-
tained at 55 points from the surface down to the first 3 m,
corresponding to about 500 g/cm2 in the lunar subsurface.
The neutron density (ρneutron) at a given depth (d) was ob-
tained by conversion from the neutron flux (Fneutron) at d
with energies (E) <500 eV using the neutron velocity (v).
This conversion is given by

ρneutron(d) =
∫ 500 eV

0

Fneutron(d, E)

v(E)
d E . (2)

3. Neutron Density Profile Estimated by GCR
Protons Using a Scale Factor

The first step was to calculate the neutron density profile
using the conventional estimation method, which is scaling
of neutron production from the GCR protons (Dagge et al.,
1991; Masarik and Reedy, 1996). Since many transporta-
tion codes can not transport particles heavier than protons,
a scale factor to estimate the neutron contribution from the
alpha particles has been used for many years. This scale
factor corresponds to the average ratio of alpha particle to
the proton in terms of neutron production efficiency in the
full energy range of GCR spectra. When we define the
scale factor as x at φ = 550 MV, the neutron production
from protons and alpha particles will increase by a factor of
(2.88 + 0.210 × x)/2.88 compared to that from only pro-
tons (note 2.88 and 0.210 are the total fluxes of protons and
alpha particles (particle/cm2/s), respectively). For example,
Reedy and Arnold (1972) estimated the scale factor to be
2.8 for energies > 1 GeV/n, Masarik and Reedy (1996) in-
voked the scale factor of 3.0 (Reedy, 2009) using the LCS
(Prael and Lichtenstein, 1989), and Dagge et al. (1991) re-
ported 3.5 to be the optimum factor using the HERMES
code (Prael and Lichtenstein, 1989; Prael, 1993), which
supports the alpha particle irradiation. By indirect means,
Yamashita et al. (2006) measured the factor to be 3.5 from
the ratio of the efficiencies of the alpha particle and pro-
ton to produce gamma rays. On the other hand, McKinney
et al. (2006) suggested a factor of 3.8 using a preliminary
version of MCNPX 2.6.0, which supports the alpha parti-
cle transportation. In this section, we calculated the neutron
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Fig. 1. Comparison of calculated neutron density profiles with the experimental results reported by Woolum et al. (1975). The calculations were
performed using seven different kinds of proton interaction models; (a) Cugnon Free, Cugnon Old, Cugnon New, (b) Isobar, JAM, JQMD, JAMQMD.
In both figures, neutron production from alpha particles in the GCR was estimated using a scale factor of 3.5; this factor was based on that for protons
in the GCR.

Fig. 2. Comparison of calculated neutron density profiles with the experi-
mental results resported by Woolum et al. (1975). The calculations were
performed using the JAM interaction model for the three different solar
modulation parameters. Neutron production from alpha particles in the
GCR was estimated using a scale factor of 3.5; this factor was based on
that for protons in the GCR.

production from proton and alpha particles in GCR using
the scale factor of 3.5.

The calculated neutron density profiles are shown in
Figs. 1 and 2. The results calculated by all patterns of mod-
els in Table 3 at φ = 550 MV are shown in Fig. 1(a) and (b).
The trend that peaks of neutron density profiles exist around
150–180 g/cm2 is similar to the experimental results. How-
ever, the greatest difference in the absolute values is that of
30% by JAMQMD around 200 g/cm2 and 50% by Bertini
Cugnon Old around 350 g/cm2. Compared to the LNPE
data, it is evident that JAM provides the best agreement.
As mentioned above, the solar modulation parameter φ also
has a large influence on neutron production. Therefore, we
calculated the neutron density profile at φ = 500, 550, and

Fig. 3. Comparison of calculated neutron density profiles with the experi-
mental results reported by Woolum et al. (1975). The calculations were
performed using three modes at φ = 600 MV. In the calculation using
the scale factor, the neutron production from alpha particles in the GCR
was estimated using a scale factor of 3.5; this factor was based on that
for protons in the GCR.

600 MV using the JAM in Fig. 2. The agreement between
the calculation at φ = 600 MV and experimental values is
much improved. Thus, our calculation results successfully
reproduced the LNPE data within the measurement error of
15%.

4. Neutron Production from the GCR Alpha Par-
ticles

In this section, we report our estimation of neutron pro-
duction from the GCR alpha particles using two differ-
ent heavy ion interaction models: JQMD and JAMQMD
(see Table 3). The calculated results of neutron density
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Fig. 4. Degree of correspondence of neutron density profiles calculated at 55 points from the lunar surface to the first 3 m at φ = 600 MV by the proton
scaling method with those calculated by the two different alpha particle interaction models of JQMD and JAMQMD. The degree of correspondence
was defined as the ratio of the result obtained by the alpha particle interaction model to the proton scaling method.

Fig. 5. (a) Distributions of neutron fluxes in the lunar subsurface calculated by the proton scaling method and alpha particle interaction models. Note
that all of the patterns of calculations overlap in the individual distributions of fast, epithermal, and thermal neutrons, respectively. (b) Comparisons
of neutron fluxes calculated at 55 points from the lunar surface to the first 3 m by the alpha particle interaction models of JQMD and JAMQMD with
that by the proton scaling method.

profile using JQMD and JAMQMD for alpha particles are
shown in Fig. 3. In these calculations, JAM was used for
the proton interaction. The results by JQMD and JAMQMD
showed a good agreement with each other, although the re-
sults from both JQMD and JAMQMD are a few percent-
age points higher than that achieved by the proton scaling
method. This difference suggests that a scale factor of 3.5
is a little low to estimate correctly the contribution from
the GCR alpha particles. To study the contribution of al-
pha particles in more detail, we changed the scale factor to
3.6, 3.8, and 4.0, respectively. Comparisons of the neutron
density profile by the proton scaling method with those us-
ing JQMD and JAMQMD are shown in Fig. 4. As can be
seen in Fig. 4, a scale factor of 3.8 provides a better agree-

ment with the calculations performed with both the JQMD
and JAMQMD. The standard deviations of such distribu-
tions are about 1%, suggesting that no special difference
was found between the proton scaling method and the al-
pha particle interaction models. We conclude that 3.81 and
3.72 are the best factors by which to obtain the best fits to
the results by JQMD and JAMQMD, respectively, in the
more detailed comparison. More detailed differences from
the view of thermal (E ≤ 1 eV), epithermal (1 eV < E ≤
1 MeV), and fast neutrons (E > 1 MeV) using the scale fac-
tor of 3.77 are shown in Fig. 5(a) (3.77 is the mean of 3.81
and 3.72). Detailed comparisons are made in Fig. 5(b). In
this figure, one can see that there is an agreement between
the proton scaling method and the alpha interaction models
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Fig. 6. Comparisons of calculated neutron density profiles by the proton
scaling method and the alpha particle interaction models (JQMD and
JAMQMD) in the periods of minimum and maximum activities of the
solar cycle.

within an error of 1% < 250 g/cm2 for all energy ranges.
On the other hand, the discrepancies increase up to a few
percent points > 250 g/cm2. However, these discrepancies
result in only a small specific difference in the actual appli-
cation method, e.g., neutron and gamma ray spectroscopy
and space dosimetry.

5. Discussion
5.1 Correlation between the scale factor and solar cy-

cle
We have determined the scale factor for estimating the

neutron production from alpha particles in the lunar subsur-
face at φ = 600 MV, or around a period of average activity
of the solar cycle. In this subsection, the validity of the
scale factor is verified at the solar minimum (φ = 300 MV)
and solar maximum (φ = 1000 MV) of solar cycle activ-
ity. The calculated results at φ = 300 and 1000 MV are
shown in Fig. 6. We found that a scale factor of 3.77 repro-
duced neutron production from alpha particles for the cases
of both φ = 300 and 1000 MV within an accuracy of 1%
(standard deviation). Therefore, the scale factor can be ap-
plied throughout the entire period of solar cycle. When we
use our estimated scale factor of 3.77, neutron production
from the GCR particle (proton + alpha particles) increases
by a factor of 1.29, 1.27, and 1.26 for φ = 300, 600, and
1000 MV, respectively, compared to the one from only pro-
tons.
5.2 Reliability of transport models

As shown in Fig. 3, our calculation successfully repro-
duced the LNPE neutron density profile data within the
measurement error of 15%. However, there is still room
for improvement of both the simulations and the evaluation
of the measurements. For example, Woolum et al. (1975)
suggested that the LNPE data may have 10–30% system-
atic errors that result from the different observer-dependent
criteria for nuclear track recognition. We therefore discuss
possible options for improvement in this and the next sub-
section. We also discuss the reliability of our calculation

from the points of uncertainty of the transport model and
the GCR spectra.

In our calculations, the neutron density profile is directly
dependent on the correlation of the neutron production cross
section and the energy of the GCR particles. Therefore,
we calculated the excitation functions of the total neutron
production cross sections for protons and alpha particles on
the lunar material (aluminum as an example). A thin cubic
target made of aluminum, 4 × 4 × 4 µm3, was established,
and the source particles of protons and alpha particles were
then generated at the point of 1 cm from the target. The
space surrounding the target was a vacuum, and the target
was bombarded with pencil and monochromatic beams that
were perpendicular to the target surface. Thus, the total
neutron production cross section for the incident particles
on the Al target was determined from the numbers of source
particles and from the neutrons produced. The geometry of
this simulation can be found in more detail in Mancusi et al.
(2007). The cross sections were calculated from 10 MeV/n
to 10 GeV/n.

The excitation functions of the total neutron produc-
tion cross sections produced from protons and alpha par-
ticles reacting with aluminum targets are shown in Fig. 7(a)
and (b), respectively. Appreciably differences can be ob-
served for the production of both protons and alpha parti-
cles. However, the difference in the neutron density profiles
between the alpha particle interaction models of JQMD and
JAMQMD is extremely small, as shown in the Fig. 3, sug-
gesting that the accuracy of those heavy ion reaction mod-
els does not greatly influence neutron production. On the
other hand, as can be seen in Fig. 1, the differences in the
calculated neutron density profiles between the proton inter-
action models of Cugnon Free, Cugnon Old, Cugnon New,
Isobar, JAM, JQMD, and JAMQMD fluctuated within 20%,
which implies that these fluctuations are caused by differ-
ences in the calculated energy-dependent cross sections in
Fig. 7(a). Consequently, it is important to use an accurate
proton interaction model—and not the alpha particle inter-
action model—to be able to calculate the cross sections at
all energy ranges. When the proton interaction models that
differ from JAM are used, the calculated results do not agree
with the LNPE data. However, all of the calculation pat-
terns agree with the LNPE data within 30% systematic er-
ror. Benchmarking and improvement of these models are
therefore important. At the present time, we do not have
any means to determine the best model for our calculation.
In the near future, therefore, our aim must be to carefully
benchmark the different models available in PHITS against
the measurement of neutron production double differential
cross sections for nuclear spallation reactions induced by
0.8, 1.5 and 3.0 GeV protons, respectively (Ishibashi et
al., 1997). In addition, the Japanese Evaluated Nuclear
Data Library High Energy File (JENDL-HE) has recently
become available (Fukahori et al., 2002; Watanabe et al.,
2005). It has been frequently used to reproduce various ex-
perimental values (Sato and Niita, 2006; Sato et al., 2008b).
We are in progress of incorporating the JENDL-HE into our
calculation. These results will be reported in future publi-
cations.
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Fig. 7. (a) Excitation functions of the total neutron production cross section for protons on the Al target calculated using seven different interaction
models. (b) Excitation functions of the total neutron production cross section for alpha particles on the Al target using JQMD and JAMQMD.

Fig. 8. Comparison of the GCR proton and alpha particle spectra used in
this work and given by Hayatsu et al. (2008).

5.3 Reliability of the GCR spectra
We emphasize the importance of accurate GCR spectral

data for the precise calculation of the neutron production
in the lunar subsurface. Since Simpson’s first report on the
GCR spectra (Simpson, 1983), many researchers have made
calculations based on his spectra. However, some recent
measurements of GCR spectra performed within the frame-
work of the AMS, CAPRISE98, and BESS balloon exper-
iments reveal a number of important discrepancies from
Simpson’s data (Alcaraz et al., 2000; Boezio et al., 2003;
Shikaze et al., 2007; Hayatsu et al., 2008). For example,
according to Hayatsu et al. (2008), the total fluxes of pro-
tons and alpha particles calculated from the GCR spectra
(10 MeV/n–20 GeV/n) by BESS at φ = 600 MV are 3.37
and 0.346 particle/cm2/s, which are 28 and 82%, respec-
tively, higher than the fluxes used in this paper (see Table 2).

Figure 8 shows the GCR proton and alpha particle spectra
calculated in our work and by Hayatsu et al. (2008) The
neutron density profiles using the GCR spectra given by
Hayatsu et al. (2008) are shown in Fig. 9(a). These are
apparently higher than the results from our primary calcu-
lations. However, we should note that the results using the
GCR spectra by Hayatsu et al. also give good agreement
with the LNPE experimental values, within the systematic
error of 30%, as shown in Fig. 9(b). Thus, the uncertainties
in the GCR spectra may cause overestimations or underes-
timations of neutron production. Therefore, further studies
of GCR spectra are needed for a precise estimation of radi-
ation environment on the Moon.

Another interesting topic is how the difference in the
scale factor is dependent on the GCR spectra. In Fig. 9(a),
the estimation using the scale factor of 3.77 is described.
However, this scale factor does not seem to reproduce
neutron production from alpha particles. The best fit to
the calculations by the alpha particle interaction models is
achieved with a scale factor of 2.94. This is in agreement
with a scale factor of 3.0 that was previously estimated by
Masarik and Reedy (1996) and Reedy (2009). Thus, we
can safely state that variations in the scale factor are largely
dependent on the GCR spectra, thereby demonstrating the
need for more accurate data on the GCR spectra. On the
other hand, it is not necessary to use a scale factor when us-
ing a heavy ion interaction model. Therefore, the use of the
heavy ion interaction model in the radiation environment on
the Moon will give more accurate results when calculating
the neutron production in the lunar subsurface.
5.4 Applications and future prospects

The suitability of PHITS for the simulation of neutron
spectroscopy was verified by the calculations reported here.
In this subsection, we discuss future prospects for additional
calculations in the application fields of lunar science and
space dosimetry using the PHITS.

For neutron spectroscopy, the leakage neutron spectrum
from the lunar surface is essential. Therefore, we calcu-
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Fig. 9. (a) Neutron density profiles in the case of the GCR spectra reported by the BESS balloon experiment. (b) Comparison of neutron density profiles
calculated using the GCR spectra by BESS with the experimental data reported by Woolum et al. (1975). The experimental data are multiplied by a
factor of 1.3 to take into account the systematic error of 30%.

Fig. 10. (a) Leakage neutron spectra from the lunar surface calculated by the proton scaling method and the alpha particle interaction models (JQMD
and JAMQMD). Note that the results by JQMD and JAMQMD are multiplied by a factor of 0.1 and 0.01, respectively. (b) Comparison of the leakage
neutron spectra in various energy ranges by the alpha particle interaction models with that by the proton scaling method. Longitudinal error bars are
the statistical error.

lated the leakage neutron spectra from the lunar surface at
φ = 600 MV by the proton scaling method and by the alpha
particle interaction models in Fig. 10(a). As can be seen,
there is a good agreement between all patterns of calcula-
tion results. Detailed comparisons are shown in Fig. 10(b),
and the total neutron fluxes from the surface are shown in
Table 4. It is obvious that no specific differences exist be-
tween the proton scaling method and the alpha particle in-
teraction models.

Also, the consideration that the contribution of GCR nu-
clei is heavier than that of the alpha particles may be impor-
tant. While GCR nuclei comprise only about 1% of GCR
particles, they contain more than 10% of the nucleons in
the GCR (Shapiro and Silberberg, 1970). However, it is
more difficult to obtain accurate spectra of these particles

Table 4. Total leakage fluxes using different calculation modes. Percent-
ages in parentheses indicate deviations from the proton scaling method.

Calculation mode Total leakage flux (neutrons/cm2/s)

Proton + Alpha (factor = 3.77) 6.21

Proton + Alpha (JQMD) 6.17 (−0.6%)

Proton + Alpha (JAMQMD) 6.12 (−1.5%)

than it is to obtain accurate spectra for the protons and al-
pha particles. Therefore, further detailed observations of
GCR heavy components (Z > 2) over a wide energy range
are needed. According to our preliminary calculations, if
we assume (1) the same parameters and shape of the spec-
trum as those for the alpha particles used in this work and
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(2) total fluxes as those given by Simpson (1983), the neu-
tron production in the lunar subsurface by those particles is
2% of that by protons and alpha particles. We can there-
fore conclude that neutron production from the GCR heavy
components (Z > 2) is negligibly small.

Heavy ion interaction plays an essential role in terms of
space dosimetry. According to Hayatsu et al. (2008), who
considered only GCR as incident particles, secondary neu-
tron and GCR heavy components (Z ≥ 2) contribute about
9 and 84%, respectively, to the ambient dose equivalent on
the lunar surface. Therefore, it is of importance that the
transport and interactions of heavy ions are preformed with
accuracy.

Finally, taking into account the availabilities in these ap-
plications fields, we conclude that PHITS is a suitable trans-
port code to estimate the radiation environment, including
the neutron components, in the lunar environment.

6. Summary
Galactic cosmic rays and solar energetic particles, which

are main contributors to the neutron production in the lunar
subsurface, include not only protons but also heavy compo-
nents, such as alpha particles. It is important to be able to
precisely estimate the neutron production from such com-
ponents for the lunar spectroscopy and space dosimetry.
Therefore, we calculated neutron production from the inter-
actions of GCR protons and alpha particles with the lunar
subsurface using the Particle and Heavy Ion Transport code
System.

Neutron density profiles calculated by PHITS success-
fully reproduced the experimental data from the Apollo 17
Lunar Neutron Probe Experiment. In future studies, further
detailed simulations of the emission and transport of radi-
ation produced by cosmic radiation, including secondary
products such as neutrons and gamma rays, are essential
to determine the relationship between the chemical abun-
dances and the intensities of gamma ray lines for planetary
nuclear spectroscopy. This can also be applied to space
dosimetry for the design of shielding and protection for a
lunar base.

In this work, we found that the best scale factor to esti-
mate neutron production from GCR alpha particles imping-
ing on the lunar surface was 3.77±0.05 using the conven-
tional GCR spectra given by Castagnoli and Lal (1980) and
Lal (1985). No major difference was found between neu-
tron production from alpha particles calculated using the
proton scaling method and that calculated using the alpha
particle interaction models. The main reason for this lack
of difference is that the flux of alpha particles is relatively
small so the difference in neutron production by alpha par-
ticles from that by protons is not a large contributory factor.
However, the factor cannot be determined in advance, as
it depends on the GCR spectra. Actually, when using the
GCR spectra based on the latest observation data by BESS,
the best scale factor was 2.94. This is almost in agree-
ment with the estimation by Masarik and Reedy (1996) and
Reedy (2009). Thus, the variation in the scale factor is
largely dependent on the GCR spectra. This clearly shows
the need for more accurate data on the GCR spectra. On
the other hand, it is not necessary to use a scale factor when

using a heavy ion interaction model. Therefore, we con-
clude that the use of heavy ion interaction models, such as
JQMD and JAMQMD, are important for estimating neutron
production from the interactions of GCR with the lunar sub-
surface.

For future work in this area to be more accurate, two
main uncertainties should be decreased. The uncertainties
in the GCR spectra need to be decreased because these may
cause overestimations or underestimations in the calcula-
tions. Improved modeling of GCR spectra has been re-
cently reported by some investigators (Alcaraz et al., 2000;
Boezio et al., 2003; Shikaze et al., 2007). Further detailed
study on GCR spectra is necessary. On the other hand, it
is also necessary to evaluate the accuracy of the different
proton interaction models available in PHITS for neutron
production. In the near future, we therefore aim to carefully
benchmark the different models available in PHITS against
the measurement of neutron-production double-differential
cross sections for nuclear spallation reactions induced by
0.8, 1.5, and 3.0 GeV protons (Ishibashi et al., 1997). We
will also compare the calculated results using the Japanese
Evaluated Nuclear Data Library High Energy File (JENDL-
HE). Those results will be reported in a future publication.
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