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NuMoon: Status of Ultra-High Energy Cosmic Ray detection with LOFAR and improved limits
with the WSRT.
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A. HORNEFFER1,8, H. FALCKE1,4,8, J. HÖRANDEL1, C.W. JAMES1, J.L. KELLEY1, R. MCFADDEN4 , M. MEVIUS3,
P. SCHELLART1, O. SCHOLTEN3, K. SINGH5 , B. STAPPERS6, S. THOUDAM1

1Department of Astrophysics, IMAPP, Radboud University Nijmegen, 6500 GL Nijmegen, The Netherlands
2Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
3Kernfysisch Versneller Instituut, University of Groningen, 9747 AA Groningen, The Netherlands
4ASTRON, 7990 AA Dwingeloo, The Netherlands
5Department of Physics, University of Alberta, Edmonton, AB, T6G 2R3, Canada
6Jodrell Bank Center for Astrophysics, School of Physics and Astronomy, The University of Manchester, Manchester M13
9PL, UK
7now at: Anton Pannekoek Astronomical Institute, University of Amsterdam, 1090 GE Amsterdam, The Netherlands
8Max-Planck-Institut für Radioastronomie, 53121 Bonn, Germany
s.terveen@astro.ru.nl

Abstract: LOFAR (Low Frequency Array) is a new distributed digital radio telescope built in the Netherlands and
surrounding countries. It can be used to detect radio emission induced by cosmic rays as well as other transient signals,
due to its design of stations of simple antennas. We will present LOFAR and how the NuMoon project plans to use the
telescope to detect ultra-high-energy cosmic rays (> 1021eV). The flux at these energies is very low, therefore, the Moon
is chosen as target because of its large surface area of 107 km2. When a cosmic ray hits the Moon surface it will produce a
cascade of secondary particles with an excess of electrons. This causes radio emission, a process known as the Askaryan
effect. Until recently, an unsolved problem was the possibility of formation-zone suppression of near-surface cascades,
as produced by cosmic rays, which could prevent this radiation from being visible from Earth. We will show an analytic
calculation that solves this problem. With this result we are able to set a limit on the flux of cosmic rays at the highest
energies with data from the Westerbork Synthesis Radio Telescope and provide the expected sensitivity for LOFAR and
the Square Kilometre Array.
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1 Introduction

Cosmic rays have been measured up to energies of a few
times 1020 eV [1]. An open question is still: what objects
can accelerate particles to these extremely high energies.
The next question is: up to what energies can these ob-
jects accelerate particles. It is also possible that very heavy
unknown particles decay into Ultra-High Energy Cosmic
Rays (UHECR). These particles are predicted by various
extensions to the standard model either to explain dark mat-
ter, or to add more symmetry to the standard model, i.e.
super symmetry. Also, above 5 × 1019 eV, the Greisen-
Zatsepin-Kuzmin (GZK) effect [2] is expected to reduce
the flux due to cosmic rays interacting with cosmic mi-
crowave background photons. Limits on particle fluxes at
energies above 1020 eV constrain the standard model exten-
sions and will give more information about the GZK cut-off
and the sources of UHECR.

Because the flux at energies above 3 × 1019 is less then 1
per square kilometer per century and the latest indication
is that it drops off faster than dN/dE = E−4.0 [3] a large
collecting area is needed to answer these questions. In or-
der to observe particles with an energy ten times higher,
a collecting area even larger than the Pierre Auger Obser-
vatory is needed. In the first section we explain that the
Moon, with a surface area of 107 km2, combined with a
powerful radio telescope is a suitable detector as first pro-
posed by [4]. In that section we also solve an outstanding
problem, the possibility of suppression of radiation in the
formation zone, close to the Lunar surface. We continue in
the next section with a limit on the UHECR flux as set by
the Westerbork Synthesis Radio Telescope (WSRT) within
the NuMoon project. To improve the sensitivity a larger
telescope is needed: LOFAR [5]. In the fourth section it is
explained how we plan to use this revolutionary telescope
in our search for UHECR.
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2 Detection principle for UHE Cosmic Rays

2.1 The Askaryan effect

When an UHE cosmic ray or neutrino impinges on the
Moon, it creates a shower of secondary particles in the
Moon. In this shower a charge excess builds up, because
electrons from the Lunar regolith are kicked out by pho-
tons and electrons in the shower. This charge excess acts
like a current and this current creates a radio pulse of a few
nanoseconds. This is known as the Askaryan effect [6].
The frequencies at which this radiation is coherent depend
on the dimensions of the shower. The lateral distribution
is of the order of 15 cm, which gives coherent radiation at
3 GHz, but only close to the Cherenkov angle. The lon-
gitudinal distribution is a few metres, which gives coher-
ent radiation around 150 MHz, but spread out over a much
wider angle [9]. This wider spread is essential for cosmic
ray detection, because cosmic ray induced showers are al-
ways directed inwards, which means it is highly unlikely
that the Cherenkov angle is directed towards Earth.

2.2 The absence of formation zone suppression

Until recently, an unsolved issue in the detection of cosmic
rays with the Lunar Askaryan technique was the possibil-
ity of suppression in the formation zone. Because cosmic
rays create showers at the surface, there may not be enough
material to create coherent waves before the Lunar surface
is reached, and also internal reflection could diminish the
signal. Detailed modeling [7] shows that there is no for-
mation zone effect, because we can view the radiation as
coming mainly from the endpoints of the shower (or each
electron in the shower) instead of Cherenkov radiation from
the electron tracks.

To calculate the Askaryan effect the problem is usually split
into two separate calculations. The first part calculates the
radiation from the shower to the Lunar surface, the second
part calculates the transmission through the surface and the
radiation to Earth. In both calculations a far field approach
is used. This is possible if the shower is induced far be-
low the surface, as is the case for neutrinos. However, if
the shower is induced at the surface, the first far field ap-
proximation cannot be used. As cosmic rays interact at the
surface another approach has to be taken.

To do this we consider two half-spaces divided by the plane
x = 0. For x > 0 the refraction index is n′ (=1 for vac-
uum). For x < 0 the refraction index is n (=1.8 for the
Moon). In the lower half-space a particle with charge Q
and velocity β moves from z = −L/2 to z = L/2 at
x = −a, y = 0 passing through z = 0 at t = 0. We
start out with the vector potential and write it as an integral
over waves in the frequency domain:

A(r, t) =

∫
d3k dω

4π2
A(k, ω)eik·r−iωt . (1)

Here A is the vector potential, k is the wave vector, ω is
the wave frequency, r denotes the spatial coordinates and
t denotes time. Each incoming wave eik·r−iωt generates
a transmitted wave tAz||e

ik′·r−iωt for x > 0 where k′ is
the refracted wave vector and tAz || is the transmission co-
efficient for the vector potential that can be obtained from
the transmission coefficient of the electric potential. The
transmitted radiation (x > 0) can now be expressed as

A′z(r, t) =
∫

d3k dω

4π2
tAz||Az(k, ω)e

ik′·r−iωt , (2)

The full calculation is performed in detail in [7] and is com-
pared with the double far field approach. In this calculation
there is the implicit assumption that the observer is far from
the surface and the outgoing waves can be treated as plane
waves. Still a complete integral is calculated, partly nu-
merically, over all waves, leading from the source to the
surface, that contribute to the field at the observer. Fig. 1
shows the result for both methods for a shower deep un-
der the Lunar surface. The results are equivalent, as both
methods apply to this case. Fig. 2 shows that the emission
does not depend on the shower depth, if observed from suf-
ficiently far away. Therefore there is no suppression effect
in the formation zone. This means that Lunar cosmic ray
showers can in principle be observed by radio telescopes
on Earth.
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Figure 1: [color online] Electric field strength as a function
of angle at 150 MHz and 1 GHz at a distance of 1400 km
for a shower length of 3 m and a charge Q = 1012e, cal-
culated according to the double far-field analytic and the
exact numerical methods.

3 UHECR flux limit with the WSRT

The NuMoon project is part of the LOFAR Cosmic Ray
Key Science Project and aims to detect cosmic rays and
neutrinos at the highest energies using the Lunar Askaryan
technique. So far, measurements were taken with the West-
erbork Synthesis Radio Telescope (WSRT) for the Nu-
Moon project to search for UHE neutrinos[8]. In 46.7 hours
no pulse was detected above 240 kJy with a 87.5 % proba-
bility. Because of the absence of a formation zone suppres-
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sion (Section 2), this also sets a limit on the cosmic ray flux
as shown in Fig 3 according to the theory in [9]. The lim-
its set by the WSRT are at a much higher energy threshold
than the highest energy measured by the Pierre Auger ob-
servatory [3], but they are the best limits above 1022 eV. To
increase the sensitivity new observations are planned with
LOFAR, currently the most sensitive radio telescope at fre-
quencies between 100-200 MHz.
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Figure 2: [color online] Electric field strength as a function
of depth, normalized by the strength at a = 10−2 m, for 3
different angles at 150 MHz at a distance of 1400 km for a
shower length of 3 m. [a.u.] stands for arbitrary units.

Figure 3: The currently established cosmic-ray flux limit
from WSRT observations [8] (thick upper line) is compared
to the flux determined by the Pierre Auger Observatory [11]
(data points with error bars) and a simple polynomial ex-
pansion (grey band). Also the prospective flux sensitivi-
ties are indicated that can be obtained with LOFAR [5] and
SKA [14] observations.

4 LOFAR

LOFAR ( Low Frequency Array ) [5] is a new digital radio
telescope that consists of several thousand simple dual po-
larization antennas. There are two types of antennas: the
Low Band Antennas (LBA), operating from 10-90 MHz,
and the High Band Antennas (HBA), operating from 110-
190, 170-230 or 210-250 MHz. The HBA are grouped in
tiles of 16 antennas. The antennas are grouped in stations.
There are three types of stations, named Core Stations, Re-
mote Stations, both placed in The Netherlands, and Inter-
national Stations, currently in Germany, France, Sweden
and the United Kingdom. There are also plans for stations
in other countries. Each station has 96 LBA antennas, but
the number and configuration of the HBA tiles is different.
The station types have 2x24, 48 and 96 tiles respectively.
LOFAR furthermore consists of a BlueGene/P supercom-
puter and two computer clusters to combine and analyze
the data from the different stations.

In traditional radio telescopes the signal is enhanced by us-
ing a dish. A larger dish gives a higher sensitivity, but also
takes more effort to move around. To increase the reso-
lution and the sensitivity, multiple dishes can be used to-
gether. The signal is then corrected for the time difference
between the different dishes, according to the viewing di-
rection. LOFAR takes this multiple dish approach one step
further, by not using multiple dishes, but fields of many
simple antennas. By correcting the time delays for the sig-
nal within one field, the field can act as a dish. This has
three benefits: it is cheap to make a large telescope, the tele-
scope can point in a different direction very fast because the
antennas do not have to move, and the telescope can point
in multiple directions at once. In addition, LOFAR is a
digital telescope which means that with enough computing
resources the telescope can run multiple observations at the
same time.

4.1 Operation modes

LOFAR has three main operation modes: aperture synthe-
sis imaging, beam forming, and analyzing/obtaining data
from the antenna ring buffers. The first mode is making
images of the sky with high spatial resolution. The second
mode is used to look at one or more patches of the sky with
high time resolution. The last is the most basic level of
data. Each dipole is connected to a ring buffer, the Tran-
sient Buffer Boards (TBBs). This buffer can be stopped
and read out if an interesting event is detected. This is also
used for the detection of radio emission from air-showers
with hundreds of antennas[10].

4.2 Transient detection

There are a lot of transient phenomena at radio frequen-
cies from our galaxy and beyond. Examples are pulsars,
the Jupiter/Io system, lightning on Earth and other planets
and cosmic rays. To look for these transient phenomena
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with LOFAR the beam-forming mode is used. In beam-
forming mode the data from each station is added either in
voltage domain (coherently) or in power domain (incoher-
ently). Coherent addition has the benefit of a higher signal
to noise ratio, while the incoherent mode probes a larger
part of the sky. We use this last method to probe a large
part of the sky ( 10 sq. deg. instantaneous coverage) for
single pulses of a few milliseconds from pulsars and other
objects, parallel to other observations. When such a pulse
is found, the buffers from each antenna are read out and
analyzed further. With this TBB data it is possible to re-
construct a telescope pointing to determine the origin of
the pulse more precisely and also to check if it is not of
terrestrial origin. As a test we have detected a giant pulse
from the Crab pulsar and reconstructed the position of the
Crab pulsar from the TBB data.

4.3 NuMoon @ LOFAR

With LOFAR a similar detection method can be used to
look for pulses created by UHE Cosmic Rays. Instead of
using a less sensitive beam that covers a large part of the
sky, we use multiple coherent beams to cover the Moon
surface. The size of such a beam depends on the distance
between the different stations. Because it is not feasible to
make hundreds of beams, we limit ourselves by using only
the 24 Core Stations within a radius of 2 km. In this case
50 beams are required to cover the complete Moon surface.
Each beam has 48 MHz of bandwidth that can be chosen
freely in chunks of 195 kHz bandwidth between 110 and
190 MHz. In this way narrow band radio frequency inter-
ference (RFI) can be excluded. Simulations have shown
that it is best to choose the lowest possible frequencies, ex-
cluding the channels containing RFI [12]. In order to look
for pulses, the data first has to be corrected for dispersion
in the atmosphere. Then the data is transformed to time do-
main. For this an inverse polyphase filter has been devel-
oped, because the station conversion to frequency domain
also uses a polyphase filter (an advanced fast Fourier trans-
formation with better separation in the frequency domain).
In time domain the samples are 5 ns but because of the lim-
ited bandwidth the intrinsic resolution is 10 ns. To check
for cosmic ray induced pulses the data is summed over a
sliding window of 15 samples. When a sufficiently high
peak is found for a certain beam a trigger message is send.
A central program handles the trigger messages from all
beams. If many beams are triggered at the same time, the
signal is probably interference and is discarded. However,
if a pulse is found in only a few adjacent beams, another
message is sent to obtain 1 millisecond of data from all the
antennas from all the stations, not only the Core Stations on
which the trigger was based, at full bandwidth. In this way
a more sensitive beam can be formed towards the Moon,
because the bandwidth and the number of stations is larger.
This data can then be analyzed to check if this pulse is in-
deed of Lunar origin and if it resembles a cosmic ray signal.
More details and the application to detect neutrinos can be
found in [12] [13].

5 Status and outlook

As shown in section 2, ultra-high energy cosmic rays and
neutrinos can be found by detection of Lunar Askaryan ra-
diation by pointing a radio telescope at the Moon. With
data from the WSRT a new limit has been set. The next
telescope we will use for this is LOFAR. In the next months
we will investigate if the suggested trigger, based on simu-
lations of the whole system under the assumption that the
noise is Guassian, works as expected on real data and if
the anti-coincidence trigger between the beams is efficient
enough to suppress interference. This should lead to a def-
inition of the real trigger algorithm for LOFAR.

The expected sensitivity that can be reached in a one week
measurement using the LOFAR telescope is shown in Fig.
3 as well as the expected sensitivity for a one day measure-
ment with the future SKA telescope [14]. At lower fre-
quencies (100-300 MHz band, SKA-l in Fig. 3) the SKA
is sensitive to a smaller flux, while at intermediate frequen-
cies (300-500 MHz band, SKA-m in Fig. 3) the SKA is
sensitive to cosmic-rays of lower energy. The increased
sensitivity will make this method sensitive to cosmic ray
energies of the order of 1020 eV where, due to the large
collecting area, competitive measurements are possible.
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