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Abstract: A small air shower array has been installed in the core of the LOFAR radio telescope in the Netherlands. The
objective is to contribute to the investigation of radio emission from extensive air showers with the LOFAR telescope.
LORA serves as trigger for the radio antennas and is used to determine basic air shower parameters. The set-up of the
detector array is described. The performance of the detector and first results are discussed.
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1 Introduction

The search for the origin of the highest-energy particles
in the Universe is a big challenge in astroparticle physics
[1, 2, 3]. From an experimental point of view, a good mea-
surement of the elemental composition of cosmic rays at
highest energies is crucial. The present work is part of an
endeavor to establish a new method to measure air show-
ers at high energies and determine the mass composition of
cosmic rays with nearly 100% duty cycle: the radio detec-
tion of air showers. To contribute to the measurement of
radio signals from air showers with the LOFAR telescope,
we have installed an air shower array in the LOFAR core.
To demonstrate the performance of the array, we want to
measure the all-particle energy spectrum of cosmic rays in
the energy region from 1015 to 1017 eV.

High-energy cosmic rays impinging onto the atmosphere of
the Earth induce cascades of secondary particles. The bulk
of charged particles are electrons and positrons. They are
deflected by the magnetic field of the Earth, while, in addi-
tion, there is an excess of negative charge. Due to the vari-
ation of the number of charged particles, coherent radiation
is emitted with frequencies of tens of MHz [4, 5, 6, 7, 8, 9].

The feasibility of quantitative radio measurement of air
showers has been demonstrated with the LOPES experi-
ment (LOFAR prototype station) [10, 11, 12]. It has been
shown that radio emission can be detected using low-noise

amplifiers and fast digitizers in combination with sufficient
computing power to analyze the registered signals.

Radio emission from air showers is detected with the LO-
FAR radio telescope in the framework of the LOFAR key
science project ”cosmic rays” [11]. The LOw Frequency
ARray (LOFAR) is a new digital radio observatory which
has been inaugurated in June 2010 [13]. It is designed as
multi-sensor network to assist scientists in the fields of as-
tronomy, 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.

More than 40 stations with fields of relatively simple anten-
nas work together as a digital radio interferometer, i.e. the
measured signals are digitized with fast ADCs and interfer-
ences are formed in a central processing unit. The antenna
fields are distributed over several countries in Europe with
a dense core in the Netherlands. The latter consists of 24
stations on an area measuring roughly 2 × 3 km2. Each
station comprises 96 low-band antennas, simple inverted
V-shaped dipoles, operating in the frequency range from
30 to 80 MHz. In addition, fields of high-band antennas1

cover the frequency range from 110 to 240 MHz.

The ultimate goal is to independently detect radio emission
from air showers with LOFAR. This requires a sophisti-
cated trigger algorithm that analyzes the digitized antenna

1. The fields comprise 48 antennas in the Dutch stations and 96
in the European ones.

Vol. 1, 303
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Figure 1: Location of the LORA detectors (red boxes) in
the core of LOFAR.

signals in real time. To assist with the development of the
trigger algorithm and to measure basic air shower parame-
ters, a field of conventional particle detectors has been in-
stalled in the core of LOFAR.

The LOFAR Radboud Air Shower Array (LORA) is an ar-
ray of scintillation counters located in the compact center
of LOFAR, the ”super-terp”, which comprises six LOFAR
stations.

In the following, we describe the set-up of LORA, its prop-
erties, and first results. We illustrate the analysis steps to
derive the all-particle energy spectrum of cosmic rays.

2 Detector set-up

LORA comprises 20 detector units, located on a circular
area with almost 400 m diameter. The positions of the de-
tectors in the core of LOFAR are illustrated in Fig. 1. The
array is subdivided in five electronic units, comprising four
detectors each. The detectors are located on circles with
a radius of about 40 m around a central electronics unit,
respectively.

Each detector unit contains two scintillators (0.45 m2, NE
114), read out via wavelength shifter bars (NE 174 A)
through a photomultiplier tube (EMI 9902). A detector
is sketched in Fig. 2.2 The detectors are installed inside
weatherproof shelters. The most probable energy deposit
of through-going muons is taken for energy calibration and
calculated to amount to 6.4 MeV.

The signals of the two photomultiplier tubes in each de-
tector are read out with a single digitizer channel. We use
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Figure 2: Schematic view of a scintillation detector.

12-bit ADCs3 which sample the incoming voltage with a
time resolution of 2.5 ns. A FPGA circuit provides a trig-
ger signal in real time. For each event, traces are stored in
a time window of 10 μs.

Four detectors form an electronic unit, comprising two
HISPARC ADC units (with two electronic channels each),
controlled by a Linux-operated, single-board mini-PC. The
PC also controls a four-channel high-voltage supply. The
two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain in the two tubes,
we use a resistor network to adjust the voltage correspond-
ingly. A local trigger is formed in each sub-array, with
typical conditions of 3 out of 4 or 4 out of 4 detectors with
signals above threshold. Five such units are installed to
read out the 20 detectors.

The data from the five mini-PCs are sent via Ethernet to a
central, Linux-operated PC. Data are stored locally on this
PC. In this PC a high-level trigger is formed, for which a
certain number of sub-arrays have detected an air shower.
This trigger is used to trigger LOFAR, i.e. to read out the
radio antennas.

The set-up of LORA has been completed in early 2011, and
data acquisition is ongoing since then.

3 Event reconstruction

For each detector, the arrival time of the particles and the
deposited energy are measured. The arrival time is defined
as the position in the time trace where the signal crosses the
threshold. The recorded time traces are integrated around
the peak to obtain the energy deposit in each detector. The
measured signals are converted to the equivalent of a verti-
cal muon penetrating the detector. Thus, we obtain a local
particle density in each detector.

We use a simple plane fit to obtain the arrival direction of
the shower as the normal to the plane. The position of the

2. The detectors have formerly been operated in the hadron
calorimeter of the KASCADE experiment [14].

3. from HISPARC, see http://www.hisparc.nl
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Figure 3: Measured arrival directions of cosmic rays.

shower axis is defined as the center of gravity of the energy
depositions in the individual detectors.

The measured arrival directions of cosmic rays are depicted
in Fig. 3. They reflect, as expected, the angular distribution
of air showers produced from an isotropic distribution of
primary cosmic rays, after the showers are attenuated in
the atmosphere of the Earth. The zenith angle distribution
can be described by a function dN(Θ)/dΘ = sinΘ cosnΘ
with n = 9.25± 0.05.

4 Lateral distribution

To obtain the lateral distribution of the signals in the shower
plane, the measured signals are corrected for the cosine ef-
fects of track length and varying detector size. The mea-
sured average lateral distribution for showers with zenith
angles Θ < 30◦ are presented in Fig. 4. A NKG function
[15, 16] of the form

ρ(r, s,Ne) =
Ne

r2M

Γ(4.5− s)

2πΓ(s)Γ(4.5− 2s)
(1)

×
(

r

rM

)s−2 (
1 +

r

rM

)s−4.5

has been fitted to the data. It describes the particle density
as function of the distance to the shower axis r for showers
with a total number of electrons (particles) Ne. s is the age
parameter and rM a scale radius. The latter is classically
the Molière radius of about 0.25 radiation lengths in air.

In our analysis we treat Ne, s, and rM as free parameters.
Best fit values are s = 1.63±0.10 and rM = (110±20)m.
These values describe the lateral distribution for all charged
particles. The KASCADE group obtained separate lateral
distributions for electrons and muons [17]. For electrons a
scale radius rM = 20 to 30 m and an age parameter s be-
tween 1.6 and 1.8 has been obtained. The muon lateral dis-
tribution is described best by rM = 420 m. Our value for
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Figure 4: Measured particle density as function of distance
to the shower axis averaged over many showers with zenith
angle Θ < 30◦. Data taken with one electronic unit, i.e.
four detectors.

s is similar to the parameter obtained by KASCADE and
our scale radius for all charged particles is in between the
values obtained by KASCADE for electrons and muons.

The values for s and rM determined from the average lat-
eral distribution have been fixed to fit individual showers.
An example of the lateral distribution obtained for an indi-
vidual shower is shown in Fig. 5. The only free fit parame-
ter is the total number of electrons (or particles) Ne. Thus,
we obtain Ne for each individual shower.

5 Shower size spectrum

The measured shower size spectrum, obtained by determin-
ing Ne event by event is depicted in Fig. 6. The right-hand
side of the distribution follows a power law with a spec-
tral index of β = 2.63± 0.02. The data correspond to two
months measuring time with one sub-array (four detectors).

Using a simple Heitler model to describe the shower devel-
opment [18], the energy E0 of the primary particle (with
mass number A) can be estimated from the measured total
number of particles Ne using the approximation [19]

E0

1 PeV
≈

(
Ne

5.95 · 105
)1/1.046

A0.046/1.046. (2)

For the conversion to energy, it is assumed that all pri-
mary particles are protons (A = 1). Assuming iron nu-
clei (A = 56) yields a 20% higher energy. Hence, for a
mixed composition, the reconstructed energies are slightly
underestimated. We plan to establish a more sophisticated
energy conversion based on air shower simulations with the
CORSIKA code [20] at a later time.

The peak position in Fig. 6 corresponds to an energy of
about Eth ≈ 1014 eV. This corresponds to the trigger
threshold of a sub-array of four detectors, requiring a 4
out of 4 trigger. The biggest measured showers (with
Ne ≈ 107) correspond to energies above 1016 eV.
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Figure 5: Measured particle density as function of distance
to the shower axis for a single air shower.

6 Conclusion and outlook

An air shower detector has been installed in the dense core
of the LOFAR radio telescope. All detector units perform
well and are now in continuous operation. We are looking
forward to reconstruct the all-particle energy spectrum of
cosmic rays in the range from 1015 to 1017 eV from our
data. Coincident events from air showers recorded with
the particle detectors and the radio antennas of LOFAR are
expected soon.

The shower size spectrum presented in Fig. 6 has been
acquired with one sub-array (i.e. four detectors) in two
months data acquisition time. Air shower signals above
the Galactic background are expected for shower ener-
gies exceeding 5 · 1016 eV [21]. Based on the measured
data we expect to register about 170 showers with ener-
gies above 5 · 1016 eV in one year with all LORA detectors
(≈ 0.1 km2).

These data will be used to optimize the trigger algorithm
of the LOFAR radio detectors with the objective to enable
a radio-only trigger, independent from LORA. This trig-
ger algorithm will then be applied to all LOFAR stations
in the core (≈ 6 km2). We then expect to measure more
than 10000 showers above 5 ·1016 eV per year and approx-
imately 350 showers with energies exceeding 1017 eV per
year.

These measurements will be used for detailed studies of
the radio emission in air showers. The dense LOFAR core
with several hundreds of antennas, sensitive to two polar-
ization directions (north-south and east-west) provides a
unique tool for such investigations. In particular, we will
perform detailed studies of the shape of the shower front.
This will lead to a better understanding of the emission pro-
cesses in particle cascades (see also [21]). The investiga-
tions with LOFAR are complementary to our investigations
with the Auger Engineering Radio Array (AERA) at the
Pierre Auger Observatory in Argentina [22, 23].
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Figure 6: Measured shower size spectrum.
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