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Introduction:  Cosmic-ray-induced nuclides and 

naturally radioactive elements result in emission of 
gamma rays with energies characteristic of planetary 
surface materials. Measuring the gamma rays deter-
mines the elemental composition of  the surface [1].  

Quantitative nuclear data are required for the 
analysis of mission data. Fluxes of line gamma rays 
from a planet are essential to the analysis of elemental 
abundances. A continuum level in the energy spectrum 
is important in designing a gamma-ray spectrometer 
for a space mission, but is not precisely known. A 
minimum detectable limit of elements is determined 
not only by emission fluxes of the elements but also 
sensitivity of a detection system, which is governed by 
observation time, detection efficiency, energy resolu-
tion, and background counts in terms of signal-to-noise 
ratio. Therefore the increase in planetary missions 
which employ gamma-ray spectrometers, e.g. 
SELENE [2], demand more sophisticated nuclear data, 
which will be gained by ground experiments using an 
accelerator. When executing ground experiments, 
some basic parameters are required, for example, how 
large a target should be. When carrying out an efficient 
and low-cost experiment, the behavior of secondary 
neutrons produced by energetic protons in thick mate-
rials should be studied.  

Calculations:  Monte Carlo simulation library Ge-
ant4 release 5.2.p02 is employed to calculate produc-
tion, transport, and reaction of neutrons and gamma 
rays [3]. The irradiation environment of a planetary 
surface is simulated using proton beams regarded as 
cosmic rays and target materials as planetary surfaces, 
except the fact that the targets are not isotropically 
irradiated on the whole surface. 

Target Size.  The targets are presumed to be cubic 
or rectangular for convenience of actual handling at an 
experimental site. The target size is adjusted in two 
ways; variable depth with constant width, and variable 
width with constant depth. Note that when changing 
the width, two sides of the targets are enlarged at the 
same time. The maximum size of the targets consid-
ered here is 1 x 1 x 1 m3. This size corresponds to ap-
proximately 7.9 metric tons of iron or 2.7 metric tons 
of aluminum. Stone targets are estimated to weigh ap-
proximately the same as the aluminum target.  

Average Energy Leakage.  The primary proton en-
ergies are taken to be 210, 500, and 1000 MeV, re-

spectively. The average kinetic energies that are car-
ried away by secondary particles or protons themselves 
from the iron and aluminum targets per incident proton 
are calculated and shown in Fig. 1. 

 With 210 MeV proton beams, the average energy 
leakage increased by 3.1 % when the depth of the 1 m3 
cubic target of iron was reduced to one third, and by 
2.1 % when that of aluminum was reduced by half. 
The iron target of 50 cm width (and height) and the 
aluminum targets of 30 cm width had average energy 
leakages higher by 7% in comparison with those of 1 
m3, respectively. 

As can be seen from the Fig. 1, it is difficult to re-
duce the kinetic energies of secondary neutrons, and 
consequently to expedite neutron capture reactions 
without any moderator. The iron and aluminum targets 
of 0.5 m depth are efficient for 500 MeV proton beam 
experiments. Experiments with 1 GeV beams might 
require larger targets in terms of confining all the pri-
mary and secondary particles. The rapid increase in 
average energy leakage from small targets is due to the 
range of primary protons that exceed the thickness of 
the targets.  

Simulation of experiments.  In order to verify the 
calculation accuracy by comparing with experiments, 
gamma-ray detection by a germanium detector is simu-
lated with 0.5 x 0.5 x 0.5 m3 iron and aluminum targets 
bombarded by 210 MeV proton beams. The results 
will be described later. 
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Fig. 1. Average kinetic energies that are carried away by 
particles from iron and aluminum targets per incident 
proton. The solid lines indicate the width of targets as a 
variable, and the broken lines indicate the depth of tar-
gets as a variable. 
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Fig. 3. Ratios of major peak areas in experiment to those 
in calculation. 

 
Experiments:  The beam experiments using accel-

erator facility were carried out at Riken (The Institute 
of Physical and Chemical Research, Japan). The iron 
and aluminum cubic targets with 0.5 m each side were 
bombarded with 210 MeV proton beams. The conse-
quent gamma-ray emission was observed with a high 
purity germanium detector [4]. The energy spectrum of 
gamma rays from the iron target is shown in Fig. 2, 
together with that calculated by Geant4. The spectra 
were normalized to the number of incident protons. 

Discussions:  As expected from the calculations, 
most of the gamma-ray peaks observed in the experi-
ments were originated in the inelastic scattering of fast 
neutrons.  

Peaks.  Fig. 3 shows the ratios of peak areas in the 
iron experiment to those in the calculations at 847, 931, 
1038, 1316, 1811, 2113, and 2523 keV. Three had-
ronic reaction models in the Geant4 code were used 
for comparison; LHEP_HP, LHEP_PRECO_HP, and 
QGSP_HP. All of them showed good agreements with 
the experiment at 847 keV, while they showed differ-
ences of a factor of ~2 at 931 and 1038 keV. At other 
energies, the peak counts were generally consistent 
within the error of one sigma. Dependences of the ra-
tios on the models were seen. A peak at 844 keV from 
the aluminum target were observed with an experi-
ment-to-calculation ratio of 97.9 + 0.9 % when calcu-
lated with QGSP_HP model. The errors are attributed 
to statistical ones. 

Continuum.  The continuum was reproduced fairly 
well, within the difference of a factor of ~2 (Fig.2). 
There existed a slight difference in the continuum be-
low 600 keV. This could be attributed to effects from 
surrounding materials in the exposure room, including 
lead shield materials which produced strong lead lines 
e.g. at 570, 803, and 2615 keV. More complicated and 
realistic disposition of materials around the detector 
should be implemented in the calculation. This result is 
helpful in application for calculation of background 
gamma rays from iron.  

Since planetary surfaces contain various materials, 
further investigation of aspects of elements are re-
quired theoretically and experimentally. 
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Fig. 2. Comparison of energy spectra of gamma rays from 
iron target between experiment (right axis) and calcula-
tion (left axis). 
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