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When a cosmic particle hits matter it produces radio emission via the Askaryan effect. This allows
to use Earth’s moon as detector for cosmic particles by searching for these ns-pulses with radio
telescopes. This technique potentially increases the available collective area by several orders of
magnitude compared to current experiments. The LOw Frequency ARray (LOFAR) is the largest
radio telescope operating in the optimum frequency regime for corresponding searches. In this
contribution, we report on the design and status of the implementation of the lunar detection mode
at LOFAR.
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1. Introduction

The low intensity of the cosmic-ray flux at the highest energies (UHECR) is one of the major
challenges in answering the long standing open questions about their origin, acceleration, and
composition (e.g. [1]). The same challenge arises in testing specific theories on super heavy dark
matter [2, 3] and grand-unification [4] that predict an even lower flux of neutrinos with energies
beyond the Zetta-eV scale. Even the largest currently operating cosmic-ray experiments [5, 6]
detect only dozens of the highest energy particles per year, but cover already areas on the scale
of small nations. It is thus doubtful, that experiments with an increase of more than an order of
magnitude in sensitive volume can be realized on Earth.

Searching beyond Earth’s atmosphere, a possible detector volume may be provided by Earth’s
moon, as particle interactions in the lunar rock emit a radio signal emitted by the Askaryan ef-
fect [7]. These radio signals can be recorded by an antenna array on the Moon’s surface, or pos-
sibly cheaper with by radio-observatories on Earth [8]. Previous searches with Earth-bound radio
telescopes have established only upper limits limits on the ZeV-scale neutrino flux, and have not
been sensitive enough to constrain underlying production models or to observe UHECR [9–13].

An important limiting factor for these experiments is the frequency range of the used tele-
scopes. While at GHz frequencies the expected pulse amplitude reaches a maximum, the pulse
cannot escape the moon on most of its surface. The high frequencies are strongly beamed in di-
rection of the Cherenkov angle, while the lower frequencies are emitted in a broader cone. As the
critical angle of total internal reflection is identical to the Cherenkov angle, only radiation which
strikes the surface at an acute angle with respect to the surface normal is emitted by the Moon. The
lower frequencies can thus reach Earth at a wider range of impact angles of the primary particle
than the higher frequencies. Also, as the lunar rock is more transparent to lower frequencies, the
diminished signal amplitude is greatly outweighed by the increase in effective detector volume.
Together, this results in an improved sensitivity of searches with telescopes operating at lower fre-
quencies compared to searches that used higher frequencies. The optimal frequency range for lunar
observations thus includes frequencies just above approximately 100 MHz [14].

2. The LOw Frequency ARray

The currently largest telescope covering the optimal frequency range for lunar detection of
cosmic particles is the LOw Frequency ARray (LOFAR) [15]. As the first fully digital radio tele-
scope, LOFAR contains no moveable dishes, but consists of fixed antenna arrays whose signals are
directed into beams by digital processing.

The antennas arrays are grouped into multiple stations distributed throughout the Nether-
lands and with additional stations in France, Germany, Poland, the United Kingdom, and Sweden.
Twenty-four of the stations are located in a dense core with an diameter of approximately 2 km in
the Netherlands. The additional stations are distributed with increasing distances to this core yield-
ing a maximum baseline of 1292 km. However, for lunar particle detection only the core stations
can be used, as the data has to be processed in realtime and only the core stations are connected
sufficiently fast.
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Each core station is equipped with fields of 96 low-band antennas (LBAs) with a frequency
range from 10-90 MHz and fields of 192 high-band antennas (HBAs) with a frequency range
from 110-240 MHz. The signal received by the antennas is sampled in intervals of 5 ns and copied
to a ring buffer of 5 s length at antenna level before being processed further. The signals of the in-
dividual omni-directional antennas are then filtered into sub-bands by a polyphase filter (PPF) and
combined into a single beam of approximately 5◦ width at 120 MHz per station pointing towards
a user-defined direction in the sky. A selection of sub-bands is then transmitted to a computing
cluster for further processing as e.g. combining the station beams into smaller ‘tied-array’ beams
and integrating the signal over longer time spans. Each station thus assumes the role of a single
dish in a classical radio telescope.

3. Lunar Detection of Cosmic Particles with LOFAR

The lunar detection of cosmic particles with LOFAR faces several technical challenges. To
maximize the effective area the signals of multiple stations have to be combined. As this reduces
the size of the individual beams, multiple beams are required to cover the entire Moon. As each
station, respectively beam, produces data with a rate of more than 6.4 Gbit s−1, analysis of the data
in real-time is required as only selective storage of the data is possible. Signals originating from the
moon are dispersed in the Earth’s atmosphere. Triggering on the amplitude of a pulse thus requires
correction for the dispersion. The pulse from a particle interaction is of only ns duration. By the
PPF the time-resolution of the signal is reduced from 5 ns to only about 5 µs in the individual sub-
bands. Therefore, the inversion of the PPF is required for the lunar detection of paticles. However,
the inversion is not a loss-less procedure. We therefore use the recovered ns resolution signal only
to trigger the read-out of the Transient-Buffer-Boards containing the original ADC traces. The
offline analysis will thus not be limited by the accuracy of the PPF inversion which may produce
artefacts, but all realtime-processing, i.e. beamforming, PPF inversion, ionospheric de-dispersion,
and triggering has to be done within 5 s.

Station
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Figure 1: Overview of the online data analysis processing steps for the detection of ns-pulses with LO-
FAR [16].
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The resulting sequence of the data processing steps necessary for the lunar detection of cosmic
particles with LOFAR is sketched in figure 1. After transfer to the computing cluster, the station
beams, each covering the full moon, will first be combined into multiple smaller beams, each
focussed on a small fraction of the moon. The signal in ns resolution within each beam will then be
recovered by inversion of the PPF, before the signal will be de-dispersed and eventually a trigger
will be sent.

Prototypes for all necessary processing steps before the trigger have been developed. For the
trigger we for now assume only a simple threshold excess. The real-time signal processing will
require several thousand GFLOPs−1 of computing power per beam. Here, inversion of the PPF
is the most costly operation [17]. This required processing power is not available on the regular
LOFAR processing machines, but the adjacent DRAGNET CPU/GPU cluster [18] designed for
pulsar searches. However, the network connection limits the amount of data that can be processed
in realtime on DRAGNET. Therefore a subset of 5–7 stations has to be selected for online analysis.

4. Station Selection and Beam Properties

The choice of LOFAR stations defines the properties of the individual beams and herby the
quality of the received signal. For lunar detection of cosmic particles, the following beam properties
are desirable. As we can process 48 beams at maximum with the available computing power, the
beam-size has to be symmetrical and of approx. 0.5◦ size to be able to cover the full moon.

As only 5 out of 48 substations can be used, 1712304 possible combinations exists which are
too many to study individually in detail. However, based on the station position and orientation
several combinations can be excluded without detailed simulation.

For LOFAR, the beam-size at wavelength λ can be estimated to

ΘFWHM = .8
λ

L
(4.1)

based on the maximum baseline between the stations L [15]. We consequently do not consider
combinations with a maximum baseline below 1000 m and above 2000 m.

To achieve symmetry, the selected stations have to be arranged in a circular pattern as other-
wise the beam-shape is also elongated. To quantify this behavior, we use the length of the resultant
R = 1

N ‖∑i~vi‖ from the ensemble of station positions relative to the geometrical center of the subset
of stations (cf. e.g. [19]).

In addition, the included baselines and station orientations should be uniformly distributed to
minimize sidelobes. We again use the length of the resultant calculated from the station orientations
to quantify the distribution of orientations. To quantify the uniformness of the distribution of
baselines we use the standard Kolmogorov distance.

Using these variables as preselector, we calculated the beams of few selected combinations to
find a suitable combination of stations. Figure 2 (a) shows the beam of a combination of stations
that is acceptable in the maximum beam-size and has an above average uniformity of distribution
of baselines, but has a directed distribution of beam-lines. Consequently the gain patterns are
also directed, and several sidelobes are visible. The example beam shown in figure 2 (b) has good
values also for the directions of the stations and beam-lines, resulting in asymmetric beam with few
sidelobes. The corresponding stations are marked in the map of HBA stations shown in figure 3.
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Figure 2: Example beams from different combinations of stations as indicated in figure 3. The dashed line
marks the size of Earth’s moon.

52.9◦N

52.92◦N

6.85◦E 6.9◦E
Figure 3: Map of the LOFAR core based on data by OpenStreetMap [20]. LOFAR HBA fields are marked
with squares. Red markers correspond to station selection as in beam example fig. 2 (a), blue markers
correspond to station selection as in beam example fig. 2 (b). Stations marked in black are not used in the
examples.

The preselected combinations still have a large diversity in the properties of the beam and
sidelobes. The final choice of stations will depend on the results of simulations of different trigger
possibilities, with the achievable sensitivity as the deciding metric.

5. Expected Sensitivity

Currently, the best estimate of the expected sensitivity to cosmic particles with lunar obser-
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Figure 4: Existing limits (solid lines) on the flux of ultra high energetic neutrinos of previous observa-
tions [21, 22] and estimated limits for future observations (dashed and dotted lines). Model predictions
for the flux of neutrinos from interaction of cosmic rays with background photons (GZK+) [23], cosmic
strings [24], and super heavy dark matter (SHDM) [3] are marked as shaded areas.

vations is obtained following the procedure used in [25, 26]. Here, analytical approximations for
multiple experiments are derived based on small angle approximations and constant transmission
coefficients. While these approximations reproduce some features of early Monte Carlo simula-
tions, the simplifications are valid only for large frequencies and may be in particular uncertain
with the low observation frequencies used here. However, while the absolute scale of the sensi-
tivity is uncertain, the approximation can be used to estimate the relevance of individual design
choices.

In contrast to the revised calculation of the LOFAR sensitivity Bray 2016 [26], we here as-
sume triggering on the coherently added polarizations and a trigger threshold nσ = 6.4 instead of
nσ = 12.4 yielding a trigger rate of 1min−1. Furthermore, the previous estimate was based on a
bandwidth of 48 MHz, while now 78.125 MHz can be used. The combined effect of these changes
of parameters is shown assuming 5 and 48 substations in figure 4 for 200 h of observation. While
the reduction of the total effective area to Aeff ≈ 2150m for a moon elevation of 56◦ significantly
reduces the expected sensitivity to using the full LOFAR array, the improved bandwidth and trigger
assumptions still yield an improvement compared to the previous estimate.

6. Conclusion

Using the moon as detector that is read-out by Earth based radio telescopes still provides
a chance to significantly increase the sensitive volume to detect high energetic cosmic particles.
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However, conducting measurements with existing telescopes faces several technical challenges, as
these instruments are not designed to operate on nano-second timescales. Nevertheless, observa-
tions with LOFAR, the currently most sensitive instrument, are currently in preparation. These
observations can likely meet or exceed the previously estimated sensitivity.
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