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Improved flux limits for particles with energies in excess of 1022 eV and the status of the Nu-
Moon@LOFAR observations.
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Abstract: When Ultra-high-energy (UHE) neutrinos or cosmic rays interact in the lunar surface they will initiate a
particle cascade. These cascades have a sizeable negative charge excess and radiate coherent Cherenkov radio emission in
a process known as the Askaryan effect. The optimal frequency window for observing these pulses with radio telescopes
on the Earth lies around 150 MHz. Using this principle we are able to set a limit on the flux of both UHE neutrinos and
UHE cosmic rays with 47.6 hours of observation time with the Westerbork Synthesis Radio Telescope array. In the near
future, the digital radio array LOFAR will be used to perform a more sensitive observation. The status of this project, the
NuMoon project, will be presented including the results of a complete simulation of the sensitivity.
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1 Introduction

In 1989, Dagkesamanskii and Zhelenznykh [1] proposed to
measure the flux of UHE neutrinos impinging on the Moon
using the Askaryan effect [2]. The large acceptance allows
for sensitive measurements of the flux of these UHE neu-
trinos and cosmic rays. Observations have been carried
out at the Parkes [3, 4], Goldstone [5], Kalyazin [6] tele-
scopes, and recently at the VLA [7]. These experiments
have looked for short radio pulses near the frequency where
the intensity of the Askaryan effect is maximal. The ad-
vantage of looking for pulses at lower frequencies is the
increased angular spread of the emission, resulting in an
increase in detection sensitivity [8]. This is for three rea-
sons: for a much larger range of incident angles the ra-
dio waves will reach Earth, internal reflection at the lunar
surface is of lesser importance, and the absorption length
increases which means that the waves emitted by neutrino-
induced showers at greater depth will still be detectable.
It was shown [8] that the optimum frequency-window for
this observation is around 100-200 MHz. The Westerbork

Synthesis Radio Telescope (WSRT) has been used to make
such observations at frequencies near 150 MHz which al-
lowed to improve the flux-limit for UHE neutrinos [9] by
about an order of magnitude. We aim to further improve
this result by using LOFAR (LOw Frequency ARray) [10].

2 Radio emission from a particle cascade

The Moon, with an area of 2 107 km2, can be used as a
highly efficient detector for UHE particles. The top layer
of the lunar surface consists out of dust and small rocks, the
regolith, created through a constant bombardment with me-
teorites, with a thickness of several kilometers [12]. This
regolith is fairly transparent to radio waves.
When an UHE neutrino impinges on the regolith about 20%
of its energy is converted into a cascade of particles, called
the hadronic shower. Due to processes like Compton scat-
tering off electrons bound in the atoms of the regolith a
net excess of electrons is formed in the shower front, typ-
ically of the order of 30% [13] of the number of particles

Vol. 3, 6



O. SCHOLTEN et al. NUMOON OBSERVATIONS

in the shower, N � 106. This time-varying fast-moving
net charge will emit electromagnetic radiation. At wave-
lengths that are larger than the typical dimension of the
charge cloud (10 cm) [14] coherent radiation is emitted,
known as the Askaryan effect [2]. At a frequency of about
3 GHz the radiation reaches its maximal intensity since the
wavelength is of the same order of magnitude as the size
of the charge cloud. At this frequency the emitted radia-
tion is sharply focussed at the Cherenkov angle since the
distance over which the shower travels, about 3 m, is much
larger than the wavelength. At lower frequencies the angu-
lar spread increases which is important for two reasons; i)
At a larger range of angles the shower will be detectable
at Earth; ii) Diminishing importance of total internal re-
flection at the surface. At lower frequencies the attenua-
tion length increases and showers at large depth (500 m is
very well possible) may emit a detectable signal strongly
increasing the detection volume. An optimum detection ef-
ficiency is reached at frequencies of 100-200 MHz where
the wavelength is comparable to the longitudinal extent of
the shower [8].
This emission mechanism has been experimentally verified
at accelerators [15] and in Monte-Carlo [14] simulations as
well as in more schematic analytical calculations [8, 16].
Only very recently experimental evidence is emerging sup-
porting coherent radiation from a shower induced by an
UHE particle from the study of radio emission from ex-
tensive air showers (EAS) in the Earth’s atmosphere [11].
Neutrino showers develop well below the surface and radio
emission can therefore be described as two successive pro-
cesses, the emission of radiation from the time-dependent
charge distribution followed by a refraction of the emitted
waves at the surface. As cosmic ray showers lie in close
proximity to the surface, often less than a wavelength re-
moved from it, the concept of a formation zone as was
used in calculations of the detection probability of high-
energy cosmic particles [26]. Detailed investigation of the
emission process [27] shows that the concept of a forma-
tion zone does not apply which implies that the lunar-pulse
observations by WSRT discussed in this work result in a
limit on the cosmic ray flux.

3 WSRT Observations

As mentioned, the first experiments were carried out at
relatively high frequencies (2 GHz) where the emission
is strongest. However, at lower frequencies the detection
probability is much larger. For this reason we have per-
formed lunar observations with the Westerbork Synthesis
Radio Telescope (WSRT) using the Low Frequency Front
Ends (LFFEs) which cover the frequency range of 115–
180 MHz with full polarization sensitivity. They were per-
formed using 11 equally-spaced WSRT parabolic antennas
of 25 m diameter. We have used 8 subbands of 20 MHz
each as 4 frequency bands centered at frequencies of 123,
137, 151 and 165 MHz for each of two beams aimed at dif-
ferent sides of the Moon. The System Equivalent Flux Den-

sity (SEFD) for the WSRT, averaged over the frequency
range under consideration, is σ2 = 400 Jy per time sam-
ple. Observing with two beams creates the possibility of
an anti-coincidence trigger. Radiation from a neutrino-
induced shower is emitted from a very localized spot on
the lunar surface and should thus be visible in only one
beam. The total bandwidth per beam is 65 MHz. The time
series data is recorded for each subband with a sampling
frequency of 40 MHz by the Pulsar Machine II (PuMa II)
backend [17]
After mitigation of narrow band Radio Frequency Inter-
ference (RFI) and correcting for the dispersion due to the
ionosphere of the Earth the data is searched for large pulses
in a first processing stage. The dispersion is calculated
from the vertical total electron content (TEC) values of
the ionosphere, corrected for the elevation of the Moon,
in terms of the slanted-TEC (STEC) value. In the analy-
sis we have accounted for an inaccuracy in the determined
STEC value due to variations of the ionosphere on short
timescales which will result in an increased time width
of the pulses. For this reason we construct from the de-
dispersed and RFI-mitigated spectrum a 5-time-sample-
summed relative-power spectrum. When in all four fre-
quency bands in the same beam a value over a set threshold
is found, the data are stored for later off-line processing.
In the off-line analysis the data is ‘cleaned’ by eliminating
repetitive signals, pulses that are very wide, and also pulses
that appear in both beams in the same time trace. The
largest remaining pulse corresponds to a lunar pulse with
a strength certainly less than 240 kJy. The lack of stronger
pulses during the observations for 47.6 h converts into a
limit on the flux of neutrinos [9] where attenuation of the
signal in the Moon, transmission at the lunar surface, and
angle with respect to the direction of the neutrino have to
be taken into account [8] assuming the neutrino cross sec-
tions given in Ref. [18]. The observations have resulted in
the most stringent flux limit at the highest energies [9] with
the 90% confidence flux limit shown in Fig. 1. The deter-
mined limits are subject to systematic errors of 50% due
to uncertainties in the acceptance simulation. The obtained
limit is still well above the Waxman-Bahcall flux [19] but
borders on the predictions of a top-down model [20] for ex-
otic particles of mass MX = 1024 eV. The previous limits
in the UHE region have been set by the ANITA [21] and
FORTE [16] experiments.

4 LOFAR

LOFAR (Low Frequency Array) is a new-concept radio
telescope that is presently being rolled-out in The Nether-
lands and other European countries [22] where a large num-
ber (thousands) of antennas are coupled. In software the
relative phasing of the antennas can be tuned such that the
array is (virtually) pointed towards a certain direction in
the sky offering the possibility to simultaneously perform
observations with multiple beams. For observations in the
frequency range of 100–200 MHz, using the High Band
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Figure 2: Online signal processing of LOFAR in the NuMoon pipeline [24].

10-9

10-8

10-7

10-6

10-5

10-1 1 10 102 103 104 105

LOFAR, 1w

RICE
FORTE

WB

GZK

TD Mx=1024

WSRT
ANITA’08

E [1020 eV]

E2
dN

/d
E

[G
eV

/c
m

2 /s
r/s

]

Figure 1: The predicted sensitivity for LOFAR is compared
with the results obtained from the NuMoon observations
with WSRT [9].

Antennas (HBA), a sensitivity can be reached of SEFD =
93 Jy using only the core stations while when including all
international stations a value of SEFD = 30 Jy is obtained.
Due to the large baselines the position resolution on the
Moon is very good which improves the sensitivity to gen-
uine pulses generated by neutrino impacts.

A particular challenge for these observations is the han-
dling of the large amounts of data. The data flow through
the system starting at the antennas is schematically de-
picted in Fig. 2. The main structures indicated are the many
stations in the field, schematically shown by the two boxes
in the upper half of the figure. Each station receives the
signals from the HBA-tiles of the station where each HBA-
tile contains 16 dual antennas. In the station electronics
the analog signals of each tile are sampled at 200 MHz and
converted to a 12 bit digital signal. The digitized data are
stored on a ring buffer (the Transient Buffer Board, TBB)
for possible later processing. In addition the digitized sig-
nals are fed into a PolyPhase Filter (PPF) which also per-
forms a Fast Fourier Transform (FFT) resulting in 512 fre-
quency channels (subbands). The merits of the PPF over
a straight FFT are that narrow-band RFI can be mitigated
more easily due to an improved frequency filter. In the Sta-
tion Beamformer the subbands of all tiles of a single HBA-
antenna field are added in phase to form a single station
beam. The phase-masks necessary for forming the station
beams are recalculated by Local Control Units every sec-
ond for the source (the Moon) under observation. Each
station beam is sent to the CEntral Processor (CEP) in the
form of 244 frequency channels (subbands) as indicated by
the heavy black arrow connecting the stations and CEP, cor-
responding to approximately half the available bandwidth.
At CEP the data of all stations is collected and a correc-
tion is applied to compensate for the ionospheric disper-
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sion of the signal. The massive parallel processing capabil-
ity of CEP is used to apply a station-dependent phase shift
to form 50 tied-array beams for each of the 244 subbands.
Simulations show that 50 tied-array beams are sufficient
to cover the full lunar surface. All the subbands of a sin-
gle beam are collected to transform the data back into the
time-domain. This step inverts the effect of the PPF.
For each beam the time-domain data will be searched for
suitable pulses. The design of an efficient search proce-
dure is essential. In practice many wide-band RFI (tran-
sient noise) pulses may be misinterpreted as coming from
the Moon. It is thus necessary to have an efficient proce-
dure to distinguish the noise pulses from genuine cosmic-
ray events (hereafter “genuine” pulses will refer to events
caused by cosmic ray and neutrino impacts on the Moon).
Since a genuine pulse comes from a very localized spot on
the lunar surface it should be seen in at most a few adjacent
beams. In the WSRT observations as well as in the LU-
NASKA experiment [23] it has been found that putting an
anti-coincidence requirement between the beams is an ef-
ficient means of suppressing transient-noise triggers. The
NuMoon pipeline at LOFAR will incorporate such an anti-
coincidence requirement in its triggering criteria. In imple-
menting this trigger care should be taken with the side-lobe
sensitivities of the beams. There are two important reasons
for keeping the trigger rate low; i) Triggering causes the
TBBs to upload large amounts of data to the CEP and re-
sults in system dead time. ii) A high trigger rate will strain
the data storage capacity.
We have simulated each block in the data-processing chain
of Fig. 2. Using a realistic background level and assum-
ing a trigger rate of once per minute we estimate the total
pulse-detection efficiency for the NuMoon observing mode
of LOFAR. This is used in Fig. 1 where the sensitivity is in-
dicated that can be reached with a week of observation us-
ing the stations in the core. This shows that the sensitivity
reaches that of the WB flux.
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