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Abstract: Possible experiments aimed at studying the primary cosmic rays on the Moon’s surface and in orbit around 
the Moon are considered. Monte-Carlo simulation was used. Three components (secondary neutrons, gamma rays, 
and radio waves) of back scattered radiation can be simultaneously registered. These components of radiation are 
generated by showers developing in the lunar regolith. Primary particle parameters can be reconstructed.  
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1 Introduction 
 
High energy cosmic rays investigation on the Earth’s 
surface is limited by atmosphere effects. On the other 
hand balloon and satellite experiments can be carried out 
only by comparatively light apparatus. However addi-
tional opportunities are afforded by experiments on the 
Moon. The chemical composition of PCRs must be stu-
died to discover the origin of peculiarities in the PCR 
energy spectrum, investigate the ratio of second-
ary_to_primary nuclei in the high energy range, and 
search for exotic particles.  

Since the first Earth satellites were launched, proposals 
have repeatedly been made for deploying ionization 
calorimeters on the lunar surface, in which the Moon’s 
surface layer (regolith) would play the role of energy 
absorber [1]. The neutron absorption in regolith is weak. 
The Lunar Neutron Probe Experiment was performed on 
Apollo 17 to measure the neutron flux on the Moon [2]. 
The neutron flux depends on hadronic interactions of 
cosmic rays. Thus it is possible to design the Moon’s 
surface neutron calorimeter. In addition, the idea of re-
cording ultrahigh energy PCRs via radio emissions from 
showers developing inside the Moon was expressed as 
far back as 1965 [3, 4]. 

We analyze using three components to measure the pa-
rameters of PCR particles incident on the lunar surface: 
secondary neutrons, gamma quanta (particles of back 
current), and radio waves. The signals for each compo-
nent are evaluated using a Monte Carlo (MC) simulation 
of showers. The model for the Moon’s surface layer is 
taken from [5]. 

2 Neutron albedo 
 
High energy cosmic rays investigation by registration of 
neutrons generated in hadronic interactions was proposed 
in 1973 [6]. This approach was developed in the project 
of ionization neutron calorimeter INCA [7,8]. The mea-
surement of neutron flux from hardronic showers can 
obtain additional information about energy and type of 
primary particles. For example number of neutrons in 
hadronic showers is more in 20 times than in electro-
magnetic ones [7,8] at the same energy.  

MC simulations of showers in the lunar regolith using the 
FLUKA code [9] allowed  to study different shower 
characteristics. These characteristics included  the num-
ber of neutrons generated at a given depth; the time of 
neutron diffusion to the Moon’s surface; and the spectra 
and spatial distribution of neutrons over the surface. The 
shower parameters depend on the nature and energy of 
PCR particles. A system of detectors (orthocarborane 
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scintillators) covering an area of 100 m2 with no gaps 
was considered as the first approximation.  

It was found during simulations that for PCR particles 
incident at angles of ~ 50° to the vertical, the total num-
ber of neutrons reaching the surface is ~104 at 100 TeV 
(in a period of ~10–6 s), or approximately 10% of the 
total number of neutrons generated in the regolith. Neu-
tron flux energy dependence is near to power with expo-
nent 0.7-0.8 as presented in fig.1 for different compo-
nents of cosmic rays. The number of generated neutrons 
is approximately proportional to the mass of the particle. 
Neutron energy spectra are presented in fig.2 for protons, 
helium and iron nuclei at 15 GeV/n. The shapes of spec-
tra are close for different primary nuclei. 
 

 
Figure 1. Neutron flux energy dependence. Squares are 

protons, circles are helium nuclei, triangles are iron nuc-
lei. 

 
Figure 2. Neutron energy spectra (protons, helium, iron) 

 
Within the knee’s energy range (~around several PeV), 
the number of neutrons emerging on the surface can thus 
be as high as a quarter of a million. The flux of thermal 
neutrons is less by an order of magnitude, while the error 
of determining the primary particle energy is approx-
imately ≈ 30–40%.  

The time of neutron diffusion to the Moon’s surface is 
hundreds of microseconds. The unit records a fairly high 
number of albedo neutrons from low energy PCR par-
ticles in this time. Detailed calculations for background 

neutrons on the Moon indicate that the threshold for 
recording is quite high: (5–10)×1014 eV for protons, (4–
6)×1014 eV for helium nuclei, and (2–3)×1014 eV for iron 
nuclei per nucleon. 

We then considered the fluctuations and spatial characte-
ristics of a neutron spot on the Moon’s surface. It was 
found that at PCR energies E0 ~ 1014 eV, the fluctuations 
in the neutron flux of primary nuclei are ~20% for the 
case of iron and ~30% for carbon, while for protons they 
are ~70%. The last effect is due to the higher penetrabili-
ty of protons. 

The area in which around 70% of the neutrons are identi-
fied is ≈ 7–8m2. The error in determining the position of 
the PCR particle track using neutrons is near 1 m. There-
fore we suggest using the back current of the charged 
particles to localize the track since its spatial distribution 
is narrower. The current is recorded in the 100 ns interval, 
allowing us to identify a primary particle in a charged 
detector against the background of fluxes of low energy 
particles. 

3 Albedo of gamma-rays 
 
Many secondary particles are generated by showers in 
matter. The part of these particles is emitted at big angles 
relative to the primary particle direction. The gamma 
quanta contribution into back current is sufficient due to 
decay of low energy secondary neutral pions. 

We considered primary protons with energies of 1012 to 
1015 eV to estimate the albedo gamma ray yield. By 
means of MC simulation (using the GEANT3.21 code 
[10]) we studied some characteristics of back scattered 
particles (with energies >15 keV) included the total 
number of albedo gamma quanta ng and their spatial 
distribution.  

The main part of albedo gamma quanta is concentrated is 
some meters area near the track of the primary particle. 
The radial distributions of back scattered paricles are 
presented in fig.3 for protons. The data are averaged over 
track directions.  

 
Figure 3. Gamma albedo radial distributions. 1013 

(dashed) and 1014 (solid) eV. 
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The total back current depends on the angle of the cas-
cade axis’s inclination θ , which can be determined us-
ing the asymmetry of the back scattered particles spatial 
distribution. This distribution is more asymmetrical for 
large inclination angles. We used as asymmetry parame-
ter the ratio of spatial distribution dispersions 
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)/25.7ln(505.0cos ctR�� . The RMS of cosθ  are 
equal 0.16 at 1013 eV and 0.12 at 1015 eV. 

Since it is impossible to determine the position of the 
primary track by the charged signal in the case of a pri-
mary proton, we can select the geometric center of the 
spot as the coordinate origin, so that each particle that 
emerges on the surface has a corresponding radius of its 
own. This radius can be averaged over all particles fall-
ing within the given interval of azimuth angles ϕ. The 
azimuth asymmetry of mean radius Rγ  of the density of 
albedo gamma quanta is approximated as follows for 
every event: Rγ  =r + υ  cos2(ϕ – κ ), where κ  deter-
mines the direction of the back current spot’s axis of 
symmetry. The degree of symmetry is characterized by 
the ratio of parameters υ  and r. The dependences of υ /r 
on cos θ 0 are close to exponential. 

Primary energy E0 can thus be reconstructed from two 
measured parameters, ng and υ /r. In addition to these, a 
parameter of reduced multiplicity nυ  = ng ×10–5υ /r is 
introduced, using which the number of gamma quanta for 
a track with an arbitrary slope is recalculated for the case 
of vertical incidence. This is important, since the addition 
of an asymmetry dependent multiplier reduces the fluctu-
ations caused by the showers’ different angles of inci-
dence.      

It was found that nυ  ≈  102.7(E0/1 TeV)0.83. The distribu-
tions over restored energy E0 were constructed on the 
basis of this dependence. We can see from fig.4 that as 
energy E0 grows, the error of its determination declines 
from ~200% (at E0 ~ 1012 eV) to ~100% (at E0 ~ 1014 –
1015 eV).  

An analysis of the shape of the back scattered particles 
spatial distribution allows to identify large track inclina-
tion events. It is important to determine the charge of a 
PCR particle (e.g., using silicon pad detectors). Difficul-
ties are most probable for separating protons and helium 
nuclei. Analysis shows that for a 1×1 cm2 pad, the prob-
ability of an alpha particle imitating a proton changes 
from 0.2 (E0 = 1012 eV) to 0.6 (E0 = 1015 eV). Thus the 
maximum detailed sectioning of detectors is quite neces-
sary. 
 

 

 
Figure 4. Proton reconstructed energy distributions. 1012 

eV (dotted line), 1013 eV (dashed line), 1014 eV (thin 
solid line), 1015 eV (thick solid line). 

 
 
4 Albedo of radio emission 
 
MC simulations were conducted for showers created by 
photons (using the GEANT3.21 code [6]; threshold ener-
gy of particle simulation, 50 keV). At low energies (E0 
≤ 1014 eV) the field of radio emission was calculated 
from every particle of the shower. The time required for 
this calculation would be too great at higher energies, so 
we used a macroscopic approach in which the shower 
was treated as a continuous system of currents and the 
field was found through numerical integration of the 
Maxwell equations over these currents [11]. The data on 
the length of radio wave absorption in the regolith are 
taken from [12,13]. Refraction factor n was set at 1.7 for 
density ρ =1.7 g/cm3, and was scaled for other values 
according to the Clausius–Mossotti formula. 

As the first stage, we considered an intermediate problem 
in which radio pulses inside the Moon were recorded at 
distance R = 50 km from the center. It was assumed that 
there was no absorption and refraction factor n = 2. Si-
mulations of showers were, however, performed in con-
formity with the regolith’s real structure [5]. Figure 5 
shows the frequency spectrum of radio waves calculated 
for the described conditions.  

As can be seen, frequencies ≈ 2–10 GHz are best for 
observations. The field fluctuations at the Cherenkov 
peak are on the order of several percent. At frequencies 
ν <100 GHz, the intensity of the radio emission field 
Е ν (θ ) (averaged over many showers) can be approx-
imated as follows: 
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where  θ c  is the Cherenkov angle, Δ (ν )=0.042 
GHz/ν ,  ν 1=1.29 GHz, ν 2=25 GHz. At frequencies 
ν >ν 1, the coherent regime of emission is disrupted in 
the direction of the lateral axis of the shower; at frequen-
cies ν >ν 2, in the longitudinal direction. 
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Figure 5. Frequency spectrum of the field intensity of 
radio waves  (total field) for registration inside the Moon 
at a distance of 50 km from the shower (proton, 1014 eV) 

at different angles of observation θ  (θ =60° corres-
ponds to the Cherenkov angle). 

 
Subsequent computations of radio waves were performed 
under more realistic conditions of recording from a satel-
lite. At this stage of the work, we restricted ourselves to 
considering the absorption and refraction of radio waves 
on the surface, and thus examined only inclined showers 
in which the emission from a Cherenkov peak emerges 
from the regolith into the vacuum of space. The angular 
width of the Cherenkov maximum increases somewhat as 
compared to recording inside the Moon, but the field of 
radio emission is reduced by approximately 75% (at a 
frequency of 2GHz). If we assume that the noise level is 
1 μ V m–1 MHz–1 [14], then the lower threshold of radio 
emission field recording is ~1019 eV; it is therefore more 
efficient to arrange the receiving antennas immediately 
above the ionization neutron calorimeter, since the thre-
shold in this case turns out to be ~1015 eV. 
 
5 Conclusion 
 
Our simulations demonstrate the feasibility to registrate 
PCR particles in three components (neutrons, gamma 
rays, and radio waves) of the back current from showers 
developing in the lunar regolith. The lower threshold for 
recording the PCR particles in each component is ~1015 
eV, and the error of primary energy determination is 
sufficiently low to reconstruct primary energy spectra. 
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