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1. Introduction

At present, a new digital radio observatory is
under construction in the Netherlands and in Eu-
rope, the Low Frequency Array (LOFAR) [1]. It
is designed as a multi-sensor network to assist sci-
entists in the fields of astronomy, geophysics, and
agriculture. The main focus of the astronomy
community is to observe the radio Universe in the
frequency range from 30 to 240 MHz. The astro-
nomical part of LOFAR is organized in several key
science projects, namely: cosmology (the epoch of
re-ionization), wide-field surveys, transient detec-
tion, cosmic magnetism, the sun, and cosmic rays.
The aim of the latter is the detection of radio
emission from particle cascades, originating from
extremely high-energy particles from outer space.
Two main lines of research are followed: (i) the
measurement of radio emission from extensive air
showers, generated by interactions of high-energy
cosmic rays in the atmosphere and (ii) the detec-
tion of radio emission of particle cascades in the
Moon, originating from ultra high-energy neutri-
nos and cosmic rays interacting with the lunar
surface. The present article gives a short intro-
duction to the key science project “cosmic rays”.

2. The antenna array

More than 40 stations with fields of relatively
simple antennae will work together as a digital
radio interferometer. The antenna fields are dis-
tributed over several countries in Europe with a
!corresponding author, email: j.horandel@astro.ru.nl

dense core in the Netherlands. The latter will
have at least 18 stations in an area measuring
roughly 2 ! 3 km2. Each station will comprise
96 low band antennae, simple inverted V-shaped
dipoles, operating in the frequency range from 30
to 80 MHz. Each antenna will have a dipole ori-
ented in north-south and east-west directions, re-
spectively. In addition, fields 2 of high-band an-
tennae will cover the frequency range from 110
to 240 MHz. For air shower observations the sig-
nals from the low band antennae are digitized and
stored in a ring bu!er (transient bu!er board,
TBB). For valid triggers the data are sent to a
central processing facility, based on an IBM Blue
Gene supercomputer.

3. Radio emission from air showers

When high-energy cosmic rays interact with
the Earth’s atmosphere they generate cascades
of secondary particles, the extensive air showers.
The most abundant (charged) particles species
are electrons (and positrons). They mainly cause
the radio emission. Two mechanisms have been
proposed: coherent Čerenkov radiation [2] and ra-
diation due to the acceleration of charged parti-
cles in the Earth’s magnetic field (geosynchrotron
radiation) [3–5]. Combined e!orts are also in
progress, performing radio emission calculations
within the framework of a unified approach [6–8].

Radio emission from air showers was experi-

2The fields comprise 48 antennae in the Dutch stations
and 96 in the European ones.
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Figure 1. Total energy in the electromagnetic
shower component as a function of the registered
field strength [20].

mentally discovered in 1965 at a frequency of
44 MHz [9]. The early activities in the 1960s
and 1970s are summarized in [10]. Only recently,
fast analog-to-digital converters and modern com-
puter technology made a clear detection of radio
emission from air showers possible. LOPES, a
LOFAR Prototype Station had shown that radio
emission from air showers can be detected even in
an environment with relatively strong radio fre-
quency interference (RFI) [11]. Subsequent in-
vestigations of the radio emission followed with
LOPES [12–16] and the CODALEMA [17,18] ex-
periment, see also [19].

3.1. Measuring shower parameters
The goal of LOFAR is to further push the devel-

opment of radio detection to be a new, indepen-
dent way to measure air shower properties. The
ultimate goal is to derive information about the
primary, shower-inducing particle from the mea-
surements, such as the particle’s energy, mass,
direction and point of incidence.

Recent studies show that the energy of the pri-
mary particle can be inferred from a calorimet-
ric measurement of the number of electrons (and
positrons) in the shower via radio detection. The
electromagnetic energy in a shower is plotted in
Fig. 1 as function of the field strength, measured

Figure 2. Distance from the observer to the
shower maximum, reconstructed values are plot-
ted as a function of the true values in the simu-
lations [21].

in the frequency range from 32 to 64 MHz at a
distance of 175 m to the shower axis [20]. A lin-
ear relation between the two quantities can be
inferred from the figure.

In another study the curvature of the shower
front has been investigated [21]. It could be
shown that the radius of curvature measured at
ground level from the radio observations is related
to the distance to the shower maximum. The re-
constructed distance to the shower maximum is
shown as a function of the true distance in the
simulations in Fig. 2. The depth of the shower
maximum in the atmosphere, Xmax, is an im-
portant observable to determine the mass of the
primary particle. The scatter of the points in the
figure is caused by assuming realistic uncertain-
ties. This yields to a resolution of Xmax from
radio observations of the order of 30" 40 g/cm2.

These studies indicate promising approaches to
infer properties of the primary particle from ra-
dio measurements only. The LOFAR observatory
with its dense core, comprising several hundred
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Figure 3. Layout of the LOFAR Air Shower Ar-
ray (LASA). Red squares mark the foreseen po-
sitions of scintillator stations in the super core of
LOFAR.

antennae in an area of 6 km2 will be ideal to
study details of the radio emission, such as the
shape of the shower front. This will help to es-
tablish a radio observable for Xmax as well as
the direction and point of incidence. In parallel,
investigations of the radio emission are pursued
at the Pierre Auger Observatory [22]. They will
complement the LOFAR activities and deliver in-
formation about the dependence of the measured
signals on the shower energy, thus, yielding a ra-
dio observable for the shower energy.

Essential for radio-only measurements is a re-
liable algorithm to derive a trigger signal from
radio air shower signals. Based on simulated sig-
nals and on background measurements we are
presently developing an air shower trigger for LO-
FAR [23]. Its basic idea is that air shower radio

pulses are short pulses (< 20 ns), beamed in the
direction of the shower axis. The shower front ex-
hibits some curvature. Thus, compared to a plane
wave, the radio pulses arrive later with increas-
ing distance to the shower axis. These features
are used to distinguish air shower signals from
pulsed RFI. The trigger will be implemented in
each station, where the signals are processed in
real time by a FPGA and a control PC. After
a trigger all stations in the LOFAR core will be
read out.

3.2. A scintillator array to measure air
showers

To confirm the findings of the radio trigger and
to assist its development a small air shower array
will be installed in the LOFAR core. Its layout
is sketched in Fig. 3. It comprises 20 scintilla-
tor counters, electronically set up in groups of
four. Each scintillator has an active area of about
1 m2, the detectors have been used previously
in the Top Cluster of the KASCADE experiment
[24]. This small air shower array will provide ba-
sic shower information, such as point and angle
of incidence as well as an estimate of the shower
energy. It may also serve as a trigger for the radio
antennae.

4. Radio emission from neutrinos interact-
ing on the Moon

When ultra high-energy neutrinos impact
on the Moon’s surface they produce coherent
Čerenkov radiation via the Askaryan e!ect [26].
The lateral size of the cascades developing in the
lunar rock is of the order of 10 cm, thus, the radia-
tion is coherent up to frequencies of about 3 GHz.
If the particles are incident almost tangential to
the surface the Čerenkov radiation leaves the lu-
nar rock and can be detected with a radio tele-
scope. This technique was pioneered by observa-
tions with the Parkes telescope [27] and with the
GLUE experiment [28].

The Moon will be observed with the LOFAR
high band antennae. Multiple beams will be
formed to cover the surface of the Moon. The
expected sensitivity to detect ultra high-energy
neutrinos is depicted in Fig. 4 [25]. For compar-
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Figure 4. Expected sensitivity of LOFAR to de-
tect ultra high-energy neutrinos [25]. The curves
correspond to di!erent detection scenarios. For
comparison, the sensitivities for other experi-
ments are also shown.

ison, the sensitivity of other experiments is also
shown. The experimental sensitivities are com-
pared to theoretical predictions of the neutrino
flux according to di!erent scenarios: the Wax-
man Bahcall limit [29], neutrinos from interac-
tions of cosmic rays with photons of the 3" K
microwave background (GZK e!ect) [30], and an
exotic model for the origin of the highest energy
cosmic rays (topological defect model) [31].

5. Outlook

At the time of writing (Spring 2009) the first
LOFAR stations have been installed in the field.
It is expected that about 36 Dutch stations will
be deployed and be operational by the end of
2009. Presently, the required analysis tools are
prepared. We are looking forward to open a new
window on the (radio) Universe with LOFAR.
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