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Abstract. The problem of detecting nature’s most energetic
particles— cosmic rays and neutrinos —is reviewed. Pro-
spects for using orbital radio detectors for these highest-energy
particles are examined. Apertures are calculated for space
experiments using the Moon and similar-sized ice satellites of
planets of the Solar System as targets for the interaction of
cosmic-ray particles and neutrinos. A comparative analysis
shows that using the Moon as a target is the most promising
scenario.

1. Introduction

Studies into the nature and spectra of cosmic particles having
the highest energies in the Universe is one of the most topical
issues of modern science [1-7]. Information on the nature of
such particles is important for solving fundamental problems
of astrophysics and particle physics related to sources and
acceleration mechanisms of cosmic rays, as well as to the
nature of dark matter [8].

The ability of present-day and future experiments to
register ultrahigh-energy cosmic rays (UHECRs) is deter-
mined by the aperture of the detector in use. Despite the
progress in the development of UHECR detectors there is an
ambiguity in the interpretation of experimental data in which
the restored energy of the primary particle exceeds
Ecr ~ 10% eV. First and foremost, this is due to insuffi-
ciently large apertures, even of giant ground-based detectors
spread across an area of several thousand square kilometers.

The main goal of present-day neutrino astronomy is the
detection of ultrahigh-energy neutrinos (UHENSs). Such
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neutrinos can be produced in remote astrophysical sources
from superheavy particle decays, as well as during the
propagation of UHECRSs in the interstellar medium. New-
generation neutrino telescopes under construction have
sensitivity volumes exceeding 1 km? and allow the detection
of neutrinos with energies of up to E, ~ 10'° eV. However, if
the neutrino flux turns out to be lower than that predicted by
the most elaborated models, the exposed volumes of water
and ice (~ 1 km?) will be insufficient for its detection.

To detect cosmic rays and neutrinos with energies
E > 10% eV, new detectors based on novel principles and
using modern registration methods are required. In recent
years, a method based on registration of coherent Cherenkov
radio emission from cascades generated by ultrahigh-energy
particles has become wide-spread. The most important
advantage of the radio detection method includes the
possibility of browsing through huge volumes that are
transparent to radio emission and the registration with high
statistical confidence of rare events at ultrahigh energies.

In the present paper, we consider the prospects of
detection of UHECRs and UHENSs by orbital radio detec-
tors. The detection potential is determined from a comparison
of apertures of space experiments which utilize the surface
layer of the Moon and exotic ice satellites of Jupiter and
Saturn [10] as targets for the interparticle interaction. It
should be noted that the Luna-Glob space mission planned
for launch in the near future includes the lunar orbital radio
detector LORD (Lunar Orbital Radio Detector) [11-14].
Further into the future, missions to Jupiter’s satellites are
planned, so ice planets of Solar System are considered as
likely targets for registration of UHECRs and UHENS by the
radio detection method.

2. Problem of detection
of ultrahigh-energy cosmic rays and neutrinos

The main difficulty in detecting UHECRSs is related to their
extreme rarity. If the integral UHECR flux amounts to
~1 km=2 yr~! at energies Ecgr = 10'° eV, at energies
Ecr = 10% eV the flux reduces to not more than one particle
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per 1 km? per century. In total, the Haverah Park [15],
SUGAR (Sydney University Great Air Shower Ring) [16],
Yakutsk [17], AGASA (Akeno Giant Air Shower Array) [18],
Fly Eyes [19], and HiRes [20] experiments have registered
only several dozen UHECR showers with energies
Ecgr > 5 x 10" eV. Clearly, to detect UHECRS, vast-area
detectors are needed, which register secondary particles of an
extensive air shower (EAS). Currently, a new generation of
UHECR detectors with huge apertures are operating,
including the recently constructed P. Auger Observatory [21,
22] and Telescope Array [23]. The total area covered by the
Auger and Telescope Array detectors reaches 3 x 103 km?
and about 103 km?, respectively. However, these detectors are
apparently close to the area limit for ground-based detectors.

The employment of space detectors is the next step in
registering particles with ultimately high energies. In the
JEM-EUSO (Japanese Experiment Module— Extreme Uni-
verse Space Observatory) project, a detector will be installed
on the International Space Station [24] to watch the
fluorescent radiation created by UHECR air showers in the
shadowed part of Earth’s atmosphere. In addition, Cheren-
kov radiation reflected by the surface of the seas and oceans
can be detected. The effective aperture of the JEM-EUSO
detector will be about 10° km? sr. Somewhat smaller is the
TUS (Track Setup) project in Russia, which will be realized in
the nearest future [25]. Space-based experiments will also be
capable of registering horizontal air showers initiated by
high-energy neutrinos.

It could be quite possible that apertures of the Auger,
Telescope Array, and even EUSO detectors would be
insufficiently large to detect reliably UHECRs with energies
Ecr = 10% eV (if they exist in the Universe).

It is natural to expect that a small fraction of the UHECR
flux can be due to UHENS [6, 7]. To date, astrophysical
neutrinos have been registered only from two low-energy
sources — the Sun and supernova SN 1987A. However, there
are serious grounds to believe that the astrophysical and
cosmological sources of neutrinos with energies spanning
more than 10 orders of magnitude — from about 10'? eV to
1022—10%* eV—are also present. Possible astrophysical
sources where protons and nuclei can be accelerated up to
energies of ~ 10?° eV include gamma-ray bursts [26-29] and
active galactic nuclei [30-32]. In such space ‘accelerators’,
pp- and py-interactions must produce charged pions decaying
into UHENs with energies up to E, =~ 10" eV [33-35].
Neutrino fluxes could also be generated in decays or
annihilations of relic superheavy particles produced in the
early Universe and surviving up to now [36]. Maximum
neutrino energies in such scenarios depend on the mass of
decaying heavy particles and can reach E, ~ 10** eV [37-40].
The interaction of UHECRs with cosmic microwave back-
ground photons is the ‘guaranteed’ source of UHENS.
Decays of pions produced in photoproduction reactions
generate the so-called cosmogenic neutrino flux first calcu-
lated by Berezinsky and Zatsepin [41]. The energy spectrum of
the cosmogenic flux has a maximum at energies E, ~ 10" eV;
however, the value of this flux is indefinite due to the
unknown form of the initial proton spectrum in sources, the
proton source distribution over redshifts, and their evolution
[42-47]. The possibility of measuring the cosmogenic neu-
trino flux is usually considered as the starting point in
optimizing apertures of the planned neutrino detectors.
Neutrino fluxes calculated for different available models are
shown in Fig. 1.
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Figure 1. Experimental bounds on the diffuse neutrino flux at the 90%
confidence level for the total neutrino composition homogeneous in
flavors, viz. ve:v,:v, = 1:1:1, assuming approximately the E;2-shaped
energy spectrum (/—/1). Horizontal lines show the integral limits of the
neutrino flux derived from experiments: / —Ice Cube (v, x 3) [48], 2—
Baikal [49], 3— AMANDA [50], 4 —RICE [51], and 5 — HiRes [the limit
on the total flux (ve+v;) x 3/2] [52]. Curves 6-11 correspond to
differential limits: 6—Ice Cube [48], 7— Auger (v, x 3) [22], 8—
ANITA [53, 54], 9—GLUE [55], /0—FORTE [56], and //—Nu-
Moon/WSRT [57, 58]. Curves /2 and /3 conform to calculated differ-
ential limits on the neutrino flux to be achieved in future experiments:
12—LOFAR [59], and 13— LORD. Curve /4 matches the calculated
differential limit of the cosmic ray flux to be achieved in the LORD
experiment. Curves A and B show calculated neutrino fluxes from various
astrophysical sources: A — the main outburst in a gamma-ray burst [34],
and B—active galactic nuclei [35]; C and D stand for ‘top-down’ scenarios
[39] for heavy particle decays with masses My =2 x 10! eV and
My =2 x 10% eV, respectively. The hatched region E corresponds to
the uncertainties in the cosmogenic neutrino fluxes calculated in different
approximations [45-47]. The atmospheric neutrino flux is shown for
comparison with astrophysical fluxes: points show the v, 4V, flux as
measured by Ice Cube [60]; the hatched region restricts the model
predictions [61-66]. The approximation of the cosmic ray flux is also
illustrated [67].

To register UHENSs with energies E, > 10!° eV, neutrino
detectors with a volume of more than 1 km? are required [7].
Such detectors include natural volumes of pure water or ice,
which can be simultaneously utilized as targets for neutrino
interactions and radiators for generating Cherenkov radia-
tion by secondary particles produced by virtue of neutrino
reactions. At present, several neutrino telescopes are under
construction in the Mediterranean Sea (ANTARES (Astron-
omy with a Neutrino Telescope and Abyss environmental
RESearch) [68], NESTOR (Neutrino Extended Submarine
Telescope with Oceanographic Research Project) [69],
NEMO (NEutrino Mediterranean Observatory) [70], and
KM3NeT (km3-size Neutrino Telescope) [71]), and in the
Antarctica [AMANDA (Antarctic Muon And Neutrino
Detector Array)/Ice Cube] [48, 50, 72] with the exposed
volumes of water or ice of more than 1 km?.

3. Radio detection of cosmic rays and neutrinos

To register particles with the highest energies, detectors
working on new principles are needed. First of all, these are
experiments which detect coherent radio emission from
cascades initiated by neutrino interactions in radio-transpar-
ent natural media, such as the atmosphere [LOFAR (LOw
Frequency ARray)] [59], the ice shields of Greenland
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[FORTE (Fast on-Orbit rapid Recording of Transient
Events)] [56] and Antarctica (RICE (Radio Ice Cherenkov
Experiment) [51], ARTANNA (Antarctic Ross Ice shelf
ANtenna Neutrino Array) [73], and ANITA (ANtarctic
Impulsive Transient Antenna) [53, 54]), and salt minefields
[SalSA (Salt dome Shower Array)][74]. Some experiments use
the radio-transparent near-surface layer of lunar soil
(regolith) as a target to register UHECRs and UHEN:S;
here, the radio emission from cascades is observed (or is
planned to be observed) utilizing ground-based radio tele-
scopes (Parkes [75], GLUE (Goldstone Lunar Ultra-high
energy neutrino Experiment) [55], NuMoon [57], WSRT
(Westerbork Synthesis Radio Telescope) [58], LUNASKA
(Lunar Ultra-high energy Neutrino Astrophysics using the
Square Kilometer Array) [76-78]) or radio receivers aboard
circumlunar satellites (LORD [11-14]).

The radio method for detection of cosmic rays and
neutrinos was first proposed by G A Askar’yan as early as
the beginning of the 1960s [79, 80]. When a charged particle
moves in a medium with a velocity v exceeding the phase
speed of light in this medium (v > ¢/n, where n is the
refraction coefficient of the medium), Vavilov—Cherenkov
radiation is known to appear. In the optical range, this
radiation is widely used to register both individual relativistic
particles and particle cascades. As the pair creation processes
and bremssrahlung radiation in the Coulomb field of atomic
nuclei (which determine the cascade development at high
energies of the shower particles) are charge-symmetrical, in
the first approximation (with account of only high-energy
shower particles) the shower is electrically neutral. When the
radiation wavelength exceeds the distance between the
particles in a shower, the destructive interference must lead
to cancellation of emission from positively and negatively
charged particles. Because of this, the shower is expected to
not radiate in the radio frequency range. However, as was first
noted by G A Askar’yan [79, 80], a significant number of the
shower particles have energies of the order of 30 MeV and
lower, at which the interaction not only with nuclei but also
with atomic electrons becomes significant:

’Y+eat_>’Y+e ’ ¢ +ea[_>e +e ’

e +e, e +e .

This interaction leads to a ‘pulling out’ of electrons from
atoms of the surrounding medium into the shower, and the
charge asymmetry of the shower emerges, i.e., an excess of
negative charges in the shower disk. Calculations show that
this excess adds up to 20-30% of the total number of shower
electrons. Fast electrons from this excess with energies
exceeding the Cherenkov radiation threshold emit radio
waves.

The most important advantage of the radio detection
method is the possibility of using a very long propagation
length of radio waves, which allows watching huge volumes of
the atmosphere and other radio-transparent media and
detecting rare ultrahigh-energy events with high statistical
significance. The application of the radio detection method is
especially profitable at ultrahigh energies since the power of
the coherent radio signal increases as the square of the shower
energy, and at high energies the power of radio emission
exceeds that in the optical range [9].

By the present time, the radio detection method of
UHEN:Ss using ice targets has been tested in the FORTE [56],
RICE [51], and ANITA [53, 54] experiments. In the FORTE

experiment, the ice block of Greenland was browsed through
from a low-orbit satellite. The satellite had two broadband
log-periodic antennae which controlled the ice volume equal
approximately to 1.8 x 10° km3. The RICE experiment uses
20 dipole antennae with radio receivers frozen into the
Antarctica ice at depths of 100-300 m. In the ANITA
experiment, the radio wave detection is made by 36 horn
antennae which scan an ice target of &~ 9 x 10° km? during
aerostat flights at an altitude of ~ 40 km above Antarctica.
To date, two aerostat flights have been made with a total
duration of 66 days. The analysis of radio signals detected in
all these experiments has not revealed any candidates for
UHEN interactions in the ice. The upper limits of the diffuse
neutrino flux obtained in the FORTE, RICE, and ANITA
experiments are given in Fig. 1.

It should be emphasized that experiments with ground ice
targets (blocks in Greenland and Antarctica) can detect only
cascades initiated by superhigh-energy neutrinos, since
cosmic rays (protons and nuclei) do not reach the ice target
and start interacting already in the upper layers of the
terrestrial atmosphere.

4. Satellites of planets of the Solar System
as targets for the detection of cosmic rays
and neutrinos

The idea of employing the Moon as a target for detection of
UHECRs and UHENSs by the radio method was first
proposed by G A Askar’yan [80]. In essence, the production
of cascades and the generation of radio waves occur in the
near-surface layer of the lunar soil, viz. the radio-transparent
regolith, which consists of small particles and stones ejected
by meteorite impacts with the Moon. The depth of the
regolith is usually 10-30 m. Radio emission is generated by a
cascade initiated by a high-energy particle within a solid angle
close to the Cherenkov cone in a wide frequency band. Part of
this emission after refraction at the ‘regolith-vacuum’
boundary comes out of the lunar soil and can be registered
by a radio telescope. As the Moon has no atmosphere, both
UHECR and UHEN interactions with the lunar soil can be
detected.

In paper [81], R D Dagkesamanskii and I M Zheleznykh
proposed using ground-based telescopes for the purpose. The
Australia Parkes Observatory 64-m radio telescope was first
used in 1996 to search for radio emission from lunar limb
cascades for 2 hours [75]. In the GLUE experiment, two
NASA’s radio telescopes with mirror diameters of 70 m and
34 m, separated by a distance of 22 km, were used. The total
time of observations of radio pulses generated by neutrino
interactions in the lunar regolith was about 120 hours. The
first measurements in the NuMoon experiment [57] were
performed utilizing the WSRT telescope array consisting of
fourteen 25-m parabolic antennas positioned along a 2.7-km
line. Two separated beams were formed, each covering 1/3 of
the lunar surface. The maximum registration time of cascades
from ultrahigh-energy particles comprised 46.7 h [58].
Further measurements are planned by using the LOFAR
antenna array located across the area of 3 x 10* km? [59]. The
LOFAR phased-array radio telescope can be used to detect
UHECRs and UHENs by radio emission from cascades
generated both in Earth’s atmosphere and the lunar rego-
lith. The upper limits of the neutrino flux from the GLUE and
NuMoon/WSRT experiments, as well as the calculated
LOFAR limit, are presented in Fig. 1.
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Paper [11] for the first time proposed detecting radio
emission from UHECRs and UHENS using a circumlunar
satellite in the LORD experiment. Limits on the UHECR and
UHEN fluxes that can be obtained in one-year observations
in the LORD experiment in the near-lunar orbit are also
shown in Fig. 1. These limits are significantly higher than
those in the most ambitious Auger and ANITA projects
currently under way. Such a high registration potential of
UHECRs and UHENS is due to the large apertures of the
LORD radio detector. For cosmic rays with energies
Ecr = 10% eV, the total LORD aperture measures
2 x 10° km? sr, which is almost two orders of magnitude
larger than that of the Auger observatory.

To estimate the prospects of radio detection of UHECRs
and UHENSs, we studied the possibility of using as targets the
moons of Jupiter [Ganymede (radius Ry = 2631 km) and
Europa (Ry = 1561 km)], and of Saturn [Rhea (Ry = 764 km),
Tethys (Ry = 528 km), Dione (Ry = 559 km), and Enceladus
(Rp = 252 km)]. These moons are unique objects in the Solar
System since they almost entirely consist of ice, with a small
addition of rocks in the internal layers [10].

In the first approximation, the moons Ganymede,
Europa, Rhea, Tethys, Dione, and Enceladus can be
considered as ice spherical targets of different radii.

5. Calculation of the registration aperture
of cosmic rays and neutrinos
in space experiments

Figure 2 illustrates the scheme of registration of radio
emission from UHECRs and UHENs by a radio detector
from an orbital spacecraft.

An incident particle interacts with the matter of the target
and gives rise to a cascade whose excessive negative charge
generates Cherenkov radio emission propagating within a
cone of angular width Afc. The radio wave crosses the
surface, refracts according to the laws of geometrical optics,
and propagates in space a large distance (R;). By reaching the
antenna A on board the spacecraft at the altitude 4, the radio
emission can be registered by the detector.

The capabilities of existing and planned experiments on
the detection of UHECRs and UHENS are determined by the
energy dependence of the aperture, which is related to the
target’s characteristics. The registration apertures of cosmic
rays and neutrinos with energies of 10'8—10%° eV were
calculated by the Monte Carlo method for different targets.
The detectors were assumed to be at the altitude # = 1000 km.

The electric field of radio emission was calculated
according to the parametrization [82, 83]

Er [wWm™! MHz ™!

sin 0
sinfO¢

ET;
=N = P [~a(E)(cos 0 — cos Oc)’]
S

In this formula, the following notation was introduced:
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NN Sl
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Jfo = 3.3 GHz, cos0c = 1/n is the cosine of the Cherenkov
angle, n is the refraction coefficient of the soil, R [km] is the
distance from the refraction point on the surface to the
antenna, 0 is the polar angle of emission in the target’s

CRs
neutrinos

Figure 2. Schematic of the registration of cosmic rays and neutrinos by a
radio antenna A on board a spacecraft.

matter relative to the cascade direction, T is the transmis-
sion coefficient for the longitudinal polarization, E is the
cascade energy [TeV], f is the frequency [GHz], p is the matter
density, and Ny = 1.05 x 10™* uV m~! MHz"!. The a(E)
function characterizes the angular width of radio emission
and depends on the radiation length L.,q and the refraction
coefficient n:

wW(E)~ C?f*(A+BInE),

where 4 = 3413, B =163, and

~ Lrad n

~ Tice :
L rad Ttice

The angular distribution of E; for different media in the
energy range 108 —10% eV is depicted in Fig. 3.

The radiation length L4 in the regolith that was
calculated using data on the chemical composition of the
regolith, collected in space experiments Apollo-14, Apollo-
16, Luna-16, and Luna-20 during flights to the Moon, was
Liaq(reg) = 13.5 cm, and for basalt L,q(basalt) = 8 cm.

The interaction length of cosmic rays is determined by
the length Lyn of proton—nucleon (pN) interaction, and for
neutrinos by the length L,n of neutrino—nucleon (vN)
interaction. At an energy of ~ 10® GeV, the cross section of
the pN interaction is ooy &~ 1072 cm?, and for matter with
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Figure 3. The angular distribution of Cherenkov radio emission at the
frequency 200 MHz from cascades with particle energies of 10'8—10% eV
for ice (1), the regolith (2), and basalt (3).
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Table 1. The main characteristics of targets that are utilized in radio detection of UHECRs and UHENS.

Medium p,gem™3 n Liag, cm LN (E, =108 eV), km Jabs (f [GHz]), m
Ice 0.92 1.8 39 1250 5000 x f03
Regolith 1.8 1.73 13.5 640 18/f
Basalt 3.0 2.5 8.0 380 9/f

density p = 0.92—3.0 gcm 3 the interaction length of cosmic )

rays is less than several centimeters. The ratio Aaps/Lpn is 10° E

much larger than unity and hence all the cascades are o

initiated by cosmic rays so close to the surface that the 105 i

absorption of emitted radio waves can be neglected (the E

‘surface target’). As the cross section oy of the VN -

interaction at energy ~ 10% GeV is almost five orders of 7% 10% i

magnitude smaller than oy, the length Ly > LN reaches £ £

several hundred kilometers. For example, the neutrino ) C

interaction length in ice is L,N(10'® eV) ~ 1250 km. The ‘g 100 b

cross section o,y increases with energy, and in the energy & E

range 10'% eV < E, < 10% eV it can be approximated by the C

expression [84] 10°

E. 0363 B
ow(Ey) = 7.84 x 107 cm? (@) : 1ot L el il vl el vl
109 10 102 102 108 10% 10¥

The probability of detecting radio emission from cascades
is proportional to the ratio Aqus/LyN, so the Moon and other
space bodies constitutes volume targets for neutrinos.

The modeling algorithm was as follows. First, the number
Ncr(E) or Ny(E) of particles incident on the target’s surface
according to the energy spectra £~ (k is the exponent of the
spectrum slope for cosmic rays or neutrinos) was determined.
Then, the spherical coordinates (0s, ) of the incident points
of particles, the angles (0,,¢,) of incident directions of
particles, the energy E, and, in the case of neutrinos, the
interaction depth z were randomly chosen. At the next step,
the strength E; of the radio emission field was calculated with
account for the emission geometry, absorption in the radio-
transparent medium, the transmission coefficient at the
matter—vacuum boundary, and the attenuation due to
increasing distance R,. The significant events were selected
by simultaneous exceeding the threshold field Ey =
0.1 0V m~! MHz ! at three frequencies: 200, 300, and
400 MHz. The target characteristics listed in Table 1 were
used in computations.

The total aperture A(E) is calculated by integrating the
angular aperture AQ(0s, ¢, E) over the visible target’s sur-
face:

A(E) =2nR§J1

cos by

AQ(6s, @, E) d cos by,

where Ry is the target radius, / is the height of the orbit,
1 = cosls = coslpy, and cosby = Ry/(Ry + h). For cosmic
rays, only the upper hemisphere (cos 0, > 0) contributes to
the angular aperture AQcg:

AQcr = [COS 0,0 [Ef(E, 0s,0) — Elh] ©(cos 0,) dg, dcos 0, ,

where ©(x) is the Heaviside step function: @ = 0 for x < 0,
and O =1 for x > 0. Both upper and lower hemispheres are
important for the neutrino contribution to the angular
aperture AQ,. After integrating over the depth z, we obtain

Energy, eV

Figure 4. Apertures of different moon-targets for UHECR registration.
Curves / and 2 correspond to targets with the regolith and basalt densities,
respectively; curves 3 and 4 show apertures of the ice planets Ganymede
and Europa, respectively.

the angular aperture for neutrinos:

dZ ~ z ~
AQ, = J Im J@ [Ef(EV, 05, 0) exp <— 2;vabs) - Elh}

L(z,0,)
X €xXp (7 m) d(pn dcos Hn ;

where the exponential factors describe the radio wave
absorption under the surface of the target and the neutrino
absorption in the target’s matter in the path of length L(z, 0,,)
to the point of cascade formation.

The results of modeling revealed a decrease in the
apertures for cosmic rays and neutrinos with decreasing
target radius. For example, the aperture of the largest ice
moon in the Solar System, Ganymede (Ry = 2630 km), is
almost 40 times larger than that of the smallest ice moon,
Enceladus (Ry = 252 km). For comparison with the lunar
target, the largest Jupiter satellites, Ganymede and Europa,
were chosen. The lunar target was considered as a
homogeneous solid body with the properties of either the
regolith or basalt. The results of the aperture calculations
are given in Figs 4 and 5 for UHECRs and UHEN:S,
respectively. Figure 4 demonstrates that the aperture of the
Moon for UHECR registration is an order of magnitude
larger than that of ice moon-targets in the whole energy
range considered. For UHEN registration, the situation is
somewhat different (see Fig. 5). In the neutrino energy
range 3 x 10 < E, <3 x 10?2 eV, apertures of moon-
targets exceed those of the lunar target. However, the
situation is similar to that for UHECRs for the highest
neutrino energies (E, ~ 10%*—10% eV)— the aperture of the
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Figure 5. Apertures of different moon-targets for UHEN registration.
Curves are labeled as in Fig. 4.

lunar target becomes significantly greater than that of ice
moon-targets.

6. Conclusion

In the present paper, an analysis of possibilities of using
Jupiter’s and Saturn’s ice satellites as targets for registration
of UHECRs and UHENSs by orbiting radio detectors is
carried out. The results are compared with those for the
lunar target. The Monte Carlo method was applied to
calculate apertures of planned experiments with radio
detectors on spacecrafts. The calculations were carried out
in the energy range 10'® —10% eV with account for the target’s
physical properties, such as density, radiation length, radio
waves absorption length, refraction coefficient, and radius.
Modeling has been performed for UHECRs and UHENs
separately, because of significant differences in the pN- and
vN-interaction cross sections. For UHECRs, the typical cross
section is about 100 mb, and the interaction length is no more
than several centimeters. So, all targets for UHECRSs can be
considered as surface targets, and radio wave absorption can
be neglected. As the VN cross section is 5-6 orders of
magnitude smaller than the pN cross section, the character-
istic interaction length L,N for UHENs can be as long as
several hundred kilometers. Thus, neutrino interaction can
occur at significant depths under the surface and absorption
of radio waves in the volume target must be taken into
account.

The results of calculations show that the aperture of the
Moon (3 x 10° km? sr) for the detection of UHECRs with
energies of 3 x 10! < Ecg < 10% eV is an order of magni-
tude greater than that of the largest ice object in the Solar
System, the Jovian satellite Ganymede (2 x 10* km? sr).

In the energy range 3 x 10" < E, <3 x 10??> eV, the
apertures of ice targets for UHENSs exceed those of the lunar
target. However, the aperture of the lunar target significantly
increases at higher energies of neutrinos and reaches
~ 10° km? sr at E, = 10% V.

The characteristic features of UHECR and UHEN
registration are due to the effect of the radio wave absorption
length (A4ps), the neutrino interaction length (L,n), and the
angular dependence of Cherenkov emission (Alc). It is

shown that pure ice is, contrary to expectations, not an
optimal material to detect UHECRs and UHENSs. Despite
the small attenuation of radio waves (4,ps in ice comprises a
few kilometers), the angular width of the Cherenkov radia-
tion cone mostly affects the registration aperture which is
3-3.5 times smaller in ice than in the regolith or basalt.

The comparative analysis presented here showed that the
Moon is more advantageous for radio detection of UHECRs
and UHEN:Ss at the highest energies than the ice satellites of
Jupiter and Saturn. Thus, within the Solar System there are
no objects that can be utilized in space experiments for the
detection of UHECRs and UHENSs as an alternative to the
future space mission Luna-Glob with the LORD orbital radio
detector.

The work was done with partial support from RFBR
grant 08-02-00515 and the RAS Program ‘Neutrino Physics’.
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