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Abstract

The ionizing radiation environment on the moon that contributes to the radiation hazard for astronauts consists of galactic cosmic
rays, solar energetic particles and albedo particles (mainly neutrons), from the lunar surface. We present calculations of the effective dose
rate due to lunar albedo neutrons. These calculations are based on GEANT4 Monte Carlo simulations of albedo neutron production on
the moon. We compare our results with the Lunar Prospector (LP) fast neutron data. We also compare the effective dose rate from lunar
albedo neutrons to that from galactic cosmic rays and solar energetic particles.
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1. Introduction

The radiation hazard in deep space mainly comes from
galactic cosmic rays (GCRs) and solar energetic particles
(SEPs). On the Moon, albedo particles, mainly neutrons,
are produced by the interactions of GCRs and SEPs with
the Lunar crust. These neutrons contribute to the radiation
environment on the lunar surface and in turn to the radia-
tion hazard to astronauts.

The Neutron Spectrometer on board the Lunar Prospec-
tor (LP) mission measured lunar albedo neutrons at ther-
mal (up to ~0.4eV), epithermal (~0.4-100¢V) and fast
neutron energies (0.6-8 MeV). The low-altitude data set
on fast neutrons was taken between December 20, 1998
and July 28, 1999, and the resulting neutron energy spec-
trum has been published (Maurice et al., 2000). Counts
of thermal and epithermal neutrons are also available
(Feldman et al., 1998b,a).
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We have compared the results from our calculations to
the LP measurement of the fast neutron flux, and this gives
us confidence in the absolute yield of fast neutrons from
our calculations. We then use the albedo neutron flux over
the entire energy range from our calculations to estimate
the effective dose rate. We have also calculated the total
neutron effective dose rate for GCR environments during
solar minimum and solar maximum conditions. The results
are compared with the corresponding effective dose rates
from GCRs. We also compare neutron and SEP effective
doses for the October 1989 SEP event.

2. Analysis
2.1. Lunar Prospector fast neutron data

The LP data on fast neutrons were published by Mau-
rice et al. (2000) and are shown in Fig. 1. We have calcu-
lated the neutron spectra on the Moon using the
GEANT4 code at the level of solar modulation that existed
when the low-altitude LP measurements were made. This
level was determined using the Badhwar—O’Neill Model
(O’Neill, 2006) normalized to the cosmic ray proton and
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Fig. 1. Comparison of LP fast neutron data with GEANT4 calculations.

helium spectra measured by the BESS experiment (Wang
et al., 2002) by adjusting the modulation parameter in
the model. BESS measured the proton and helium spectra
during a balloon flight on July 29-30, 1998 (Sanuki et al.,
2000) and the proton spectrum was measured once again
on August 11, 1999 (Asaoka et al., 2002). We found that
the proton measurements in 1998 were best fit using a mod-
ulation parameter of 1000 MV and the 1999 proton mea-
surements were best fit with a modulation parameter of
1050 MV. The fast neutron measurements were made on
the LP mission between December 20, 1998 and July 28,
1999. The median modulation parameter during this period
was 1034. This modulation parameter was used in the
model to predict the proton spectrum when the LP albedo
neutron measurements were made.

The BESS helium spectrum measurements in 1998 were
best fit also using a modulation parameter of 1000 MV in
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Fig. 2. GEANT4 calculations of neutron albedo for the entire energy
range, compared to the LP fast neutron data.

the Badhwar—O’Neill model after using a correction
(O’Neill, 2007). Using the proton interpolation as a guide,
the modulation parameter was increased to 1034 MV for
calculating the helium spectrum during the LP albedo neu-
tron measurements.

Our results for fast neutrons are also shown in Fig. 1 for
comparison. The calculated flux distribution agrees quite
well with the data.

2.2. Albedo neutron flux for the entire energy range

We used our calculated albedo neutron spectrum over
the entire energy range to extract the fraction of the effec-
tive dose rate contributed by the fast neutrons. We use the
isotropic conversion factor from Bozkurt et al. (2000, 2001)
to convert the neutron flux from Fig. 2 to the effective dose
rate. Fig. 3 shows the differential effective dose rate multi-
plied by neutron energy. The area under the curve is pro-
portional to the annual effective dose for the
corresponding energy range. Our GEANT4 results show
that fast neutrons from 0.6 MeV to 8 MeV contribute
37.1% of the total neutron effective dose rate and that
97.4% of the total effective dose rate comes from neutrons
between 10 keV and 1 GeV. The thermal and epithermal
neutrons contribute only 0.14% and 0.77% to the total
effective dose rate, respectively, and are thus unimportant
for estimating radiation hazard on the Moon. Even the
higher thermal neutron fluxes anticipated in the perma-
nently shadowed craters will not significantly increase the
radiation hazard.

2.3. Effective dose rates from neutrons at other phases of the
solar cycle

We also calculated the albedo neutron spectra resulting
from GCR protons and Helium nuclei during the 1970
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Fig. 3. Differential effective dose rate multiplied by neutron energy from
GEANT4 calculations of neutron albedo during the LP data collection
period: area under the curve is proportional to the effective dose rate.
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solar maximum and the 1977 solar minimum conditions.
The fast neutron spectra are shown in Fig. 4 and the differ-
ential effective dose rates are shown in Fig. 5. The effective
dose rates are 1.98 cSv/yr for 1970 and 4.71 cSv/yr for
1977.

2.4. Effective dose from lunar albedo neutrons produced by
the October 1989 SEP event

We used the SEP fluence spectrum for the October 1989
event that is given by Sauer et al. (1989) to compute the
albedo neutron spectrum shown in Fig. 6. Using this spec-
trum (and assuming no anisotropy in the spectrum), we
find that the effective dose from albedo neutrons for the
October 1989 event to be 2.35 cSv.
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Fig. 4. Fast neutron fluxes for 1970 and 1977 GCR environments.
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Fig. 5. Differential neutron effective dose rates multiplied by neutron
energy for 1970 and 1977 GCR environments.
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Fig. 6. Lunar albedo neutron spectrum due to the October 1989 solar
particle event.

2.5. Total effective dose rates

GCRs and SEPs are the main sources of radiation on
the Moon. The flux and therefore effective dose rate on
the Moon from these sources are about half of that in deep
space due to the self-blocking by the Moon. The effective
dose rates for 1977 solar minimum and 1970 solar maxi-
mum GCR environments in deep space have been calcu-
lated by Hoff et al. (2002) for various depths in
aluminum. In Table 1 we compare the effective dose from
albedo neutrons with the corresponding doses from GCRs
behind 1 g/cm? of aluminum during 1970 and 1977. It
should be noted that there could be significant variations
in the GCR effective dose rate calculations due to the
choice of environment and the model dependence of the
neutron flux to effective dose conversion factors.

Hoff et al. (2002) have also calculated the effective dose
from the October 1989 SEP event behind various thickness-
es of aluminum shielding. In Table 1 we also compare the
effective dose from albedo neutrons during this event with
the effective dose from SEPs during the same event behind
1 g/cm? of aluminum shielding.

Table 1
Comparison of the effective dose rates from GCRs and albedo neutrons
during the 1970 solar maximum and the 1977 solar minimum

1970 cSv/yr 1977 cSv/yr October 89 cSv
Neutrons 1.98 4.71 2.35
GCR/SEP 8.95 24.40 96.40
Total 10.93 29.11 98.75
% from neutrons 18.1 16.2 24

Also shown is a comparison of the effective doses from the SEPs in the
October 1989 event and the albedo neutrons generated by the SEPs during
this event. The GCR and SEP effective doses were calculated behind 1 g/
cm? of aluminum shielding.
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3. Summary

We have calculated the lunar albedo neutron spectrum
for the solar modulation level that existed when the Lunar
Prospector data on fast neutrons were collected, the calcu-
lations agree quite well with these measurements. We calcu-
lated the albedo neutron spectra during the 1970 solar
minimum and the 1977 solar maximum and also during
the SEP event of October, 1989.

We converted these neutron spectra into effective
doses and compared them with the effective doses due
to GCRs and SEPs behind 1 gm/cm? of aluminum shield-
ing. The results show that the contribution of albedo
neutrons to the effective dose is small in all cases. The
largest fractional contribution occurs at solar maximum.
At solar maximum the neutron effective dose is 18% of
the total effective dose. This is comparable to the uncer-
tainty in the models for cosmic ray flux prediction. At
solar minimum albedo neutrons contribute only 16% of
the effective dose. During the October 1989 event only
2.4% of the dose came from albedo neutrons produced
by SEP protons. We conclude that albedo neutrons make
only a small contribution to the total radiation hazard
on the moon.
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