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The high number density of radio antennas at the LOFAR core in Northern Netherlands allows
to detect radio signals emitted by extensive air showers in the energy range 1016 − 1018 eV,
and to characterise the geometry of the observed cascade in a detailed way. The radio signal
emitted by extensive air showers along their propagation in the atmosphere has been studied in
the 30 − 70 MHz frequency range. The study has been conducted on real data and simulated
showers. Regarding real data, cosmic ray radio signals detected by LOFAR since 2011 have
been analysed. For simulated showers, the CoREAS code, a plug-in of the CORSIKA particle
simulation code, has been used. The results show a clear dependence of the frequency spectrum
on the distance to the shower axis for both real data and simulations. In particular, the spectrum
flatten at a distance around 100 m from the shower axis, where the coherence of the radio signal
is maximum. This behaviour could also be used to reconstruct the position of the shower axis at
ground. A correlation between the frequency spectrum and the geometrical distance to the depth
of the shower maximum Xmax has also been investigated. The final aim of this study is to find a
method to improve the inferred information of primary cosmic rays with radio antennas, in view of
affirming the radio detection technique as reliable method for the study of extensive air showers.
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1. Introduction

Radio emission from Extensive Air Showers (EAS) was detected for the first time by Jel-
ley et al. in 1965 [1]. Since 2005 radio experiments like CODALEMA [2] and LOPES [3] started
detecting air showers up to an energy of 1018 eV, confirming the radio emission mechanisms of
cosmic rays in the Earth atmosphere. Measurements performed in the last years by the LOFAR ex-
periment [4], the Auger Engineering Radio Array of the Pierre Auger Observatory (AERA) [5], and
the Tunka-Rex radio array [6] have greatly improved the understanding of radio emission processes
of extensive air showers. First studies of radio frequency spectra below 100 MHz were conducted
in late 1960s and early 1970s [7]. Analytical calculations [8, 9] and simulation studies [10] con-
ducted at the beginning of years 2000s indicated a dependence of the radio frequency spectrum on
cosmic ray air shower characteristics. Furthermore, recent analysis conducted at AERA shows a
dependence of the frequency spectrum on primary particle properties [11]. This demonstrates that
it is feasible to extrapolate information from the frequency spectrum with the current radio antenna
arrays.

A detailed study for characterising the pattern of the radio frequency spectrum and studying its
correlation with the primary cosmic ray features has been conducted with LOFAR. Among radio
experiments, LOFAR is the one with the densest number of antennas, thus the most suitable for
this kind of analysis. In order to find the best parameters which describe the correlation between
primary cosmic rays and the emitted radio signals, data collected by LOFAR since 2011 have been
studied in the 30− 70 MHz frequency range. Results obtained on real data have been cross-checked
with simulations.

2. The LOw Frequency ARray

The LOw Frequency ARray (LOFAR) is a radio antenna array which consists of 50 stations
in Northern Europe with a denser core in the Northern Netherlands. Each Dutch station consists
of 96 Low Band Antennas (LBAs) and 48 High Band Antennas (HBAs) which operate in the
frequency range 10 − 90 MHz and 110 − 240 MHz, respectively. The 24 stations which form the
LOFAR core are located in the Northern Netherlands, and cover a circle of approximately 2 km
radius. In the central area, six stations, also called Superterp, are located in a circular area of
roughly 320 m diameter, and form the densest area of antennas. The layout of LOFAR central
stations is shown in figure 1, together with a picture of one LBA. The LOFAR central array is also
instrumented with 20 scintillator detectors, the LORA array [12]. Triggers for cosmic ray data
acquisition are provided by LORA, which also permits the reconstruction of the arrival direction
and energy of primary particles. In the current configuration the LOFAR array allows for the
detection of cosmic rays in the energy range 1016 − 1018 eV.

Measurements of cosmic rays are performed mostly by using signals from LBAs. The LBAs
are designed to operate between 10 MHz, where the ionospheric cut-off of radio wavelengths takes
place, and 90 MHz where the commercial FM radio band starts. Nevertheless, due to the presence
of strong Radio Frequency Interference (RFI) at the lowest frequencies, and the proximity of the
FM band at the highest ones, the LBA operational range is limited between 30 − 80 MHz. Each
LBA consists of two dipole arms oriented in the NE−SW and NW−SE direction.
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Figure 1: Left: layout of the six LOFAR central stations, the so-called Superterp. The location of LBA inner and outer
antenna set is depicted as grey crosses; the position of the HBAs is shown as well (open grey squares). The red squares
indicate the position of LORA scintillator detectors. Right: picture of one LBA.

3. Radio emission processes of extensive air showers

Secondary charged particles, produced in the atmosphere by the interaction of primary cosmic
rays with the atmospheric nuclei, emit radio signals. Radio emission is generated by two mech-
anisms, the geomagnetic and the charge excess process. In the geomagnetic process, secondary
electrons and positrons in the cascade are accelerated in opposite directions due to the Earth mag-
netic field. This effect creates a current which is linearly polarized in the direction perpendicular to
the shower axis and to the geomagnetic field. In the charge excess process (also called Askaryan ef-
fect [13]), the radio emission is instead produced by a negative charge excess created at the shower
front. In this latter case, the negative charge excess is caused by electrons which are knocked-out
and start moving with the cascade, and by the annihilation of secondary positrons with electrons.
The radiation emitted due to the charge excess process is polarized in the radial direction with re-
spect to the shower axis. Thus, the combination of these two mechanisms creates an asymmetric
distribution of the total radio signal around the shower axis [14, 15].

4. Analysis and results

In order to study a correlation between the radio frequency spectrum and EAS characteristics,
the radio signal in the frequency-domain has been investigated on events detected by LOFAR since
2011. The analysis method used is the following:

• the signal intensity in the time-domain is converted into the frequency-domain by applying
a Fast Fourier Transform (FFT). The FFT is calculated on a time-window of 128 samples
(1 sample = 5 ns) corresponding to 640 ns time-window defined as [t0 − 240 ns, t0 + 400 ns]
around the signal peak; the FFT squared module is then calculated (hereafter, |FFT|2signal )

• the background contribution is calculated on a longer time-window of 216 samples, equal
to 328 µs, centred on the pulse peak; this long time-window is divided in about 400 sub-
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Figure 2: Left: electric field in the time-domain as measured by one LBA in the Superterp. The maximum intensity has
a time length of about 50 ns, while the entire window is 640 ns long, and it is the one used in this analysis. Right: cor-
responding signal in the frequency-domain; the error bars on the |FFT|2 correspond to an uncertainty of 20% which has
been evaluated through a calibration analysis.

windows of 128 samples, after having excluded the pulse region. The |FFT|2background is then
calculated by averaging the |FFT|2 on each of these sub-windows;

• the final |FFT|2 is evaluated as |FFT|2 = |FFT|2signal − |FFT|2background

Following the above method, the frequency spectrum has been characterised by fitting the
log10 |FFT|2 with a linear function and looking for correlations between the slope of the linear fit
and certain parameters. Figure 2 shows, for one event, the electric field measured by one antenna
in the time-domain (left), and the corresponding signal in the frequency-domain (right) where the
antenna band-filters at 30 MHz and 80 MHz are clearly visible. Errors on the |FFT|2 have been
evaluated from data taken during a calibration campaign performed in May 2014. The calibration
measurements have been performed using an external emitting source positioned over one inner an-
tenna of one Dutch station, and a difference of 20% in the receiving power between the two dipoles
has been found. This uncertainty has been used as an error on the evaluation of the |FFT|2 in this
analysis (see figure 2−right). Figure 3−left shows the distribution of log10 |FFT|2 as function of
frequency for one antenna of one event after the background subtraction. Due to the presence of
many RFI around 30 MHz, which are removed during the data reduction process, most of the anten-
nas displays a low radio signal intensity at 30 MHz. For this reason, the first point of the linear-fit
region has been considered at 33 MHz. Furthermore, during this study, it has been observed that
the frequency spectra measured in all antennas increase above 70 MHz. This is expected to be
caused by the low-pass filter in the different antennas. Therefore, in order to not introduce any bias
in the fitting procedure, the last point of the linear-fit region has been chosen at 70 MHz.

For each event, the linear-fit has been applied to all the antennas, in order to study the de-
pendence of the slope parameter as function of distance to the shower axis. The antenna position
at ground has been projected onto the plane perpendicular to the particle arrival direction vec-
tor ~v (hereafter, shower plane). Since the linear-fit method is very sensitive to the signal-to-noise
ratio detected in one shower event, strict selection criteria have been used in order to select good
events for this analysis. Events have been selected by requiring that, at least in one station, half of
the antennas show a pulse-peak value larger than 10 σ , where σ is computed for each antenna in
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Figure 3: Left: distribution of log10 |FFT|2 as function of frequency for one antenna of one detected event; the dis-
tribution has been fitted with a linear function, taking into account the 20% uncertainty on the |FFT|2 converted into
logarithmic values. Right: distribution of the linear-fit slope as function of distance to the shower axis in the shower
plane for one event (green points). The uncertainties on the slope values are obtained from the previous linear-fit pro-
cedure; the systematic uncertainties from the calibration procedures are shown on the top-right corner. Comparison
with the corresponding simulated event is also shown (red points). Both distributions have been fitted with a parabolic
function (solid line).

the long time-window of 328 µs, as described previously. To these pre-selected events, for every
frequency ν in the range 33 − 70 MHz, the following criterion has been applied:

|FFT (νi)|2Signal−|FFT (νi)|2Background > RMS
(
|FFT (νi)|2Background

)
(4.1)

Events with less than 10 antennas satisfying condition 4.1 have been discarded. By using these
selection criteria, 103 events have been selected and used for the analysis presented here. All
the 103 selected events have been compared with the corresponding simulated events. CORSIKA
simulations have been produced by using, as input, proton as primary particle, and energy and
arrival direction as reconstructed from the real event. The antenna layout used in simulations
(see figure 4) has been chosen in order to have a symmetric star-shape around the shower axis on
the shower plane. Each simulated event has 160 antennas displayed at 25 m distance between each
others on the shower plane, and distributed on 8 arms, thus covering an area of 500 m radius around
the shower axis.

Figure 3−right shows the linear-fit slope as function of distance to the shower axis for one
selected event (green points) together with one simulated event having the value of Xmax closest to
the observed one (red points). This event has a primary energy of (1.7 ± 0.8) · 1017 eV as recon-
structed by the LORA scintillator array, and a value of the atmospheric depth where the cascade
reaches its maximum development Xmax = (757 ± 38) g/cm2 as reconstructed by the radio Lateral
Distribution Function (LDF) method [16]. The simulated event has Xmax = 755 g/cm2.
As visible in figure 3−right, the distribution of the slope parameter as function of distance to the
shower axis is well described by a parabolic function for both real data and simulations. The
displayed error bars on the slope parameters have been extrapolated from the fitting procedure.
Moreover, systematic uncertainties on the slope values (about 0.01 MHz−2) have been evaluated
from the two antenna calibration procedures used at LOFAR [17], and are indicated on the top-right
corner of the figure. Both distributions display a maximum at a distance around 100 m, in agree-
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Figure 4: Distribution of the linear-fit slope on the shower plane for two simulated events with Dmax = 3.6 km (left)
and Dmax = 5.9 km (right). In both figures values of the 160 antennas (open circles) have been interpolated in order to
create a smooth background.

ment with the expectations from the radio Cherenkov ring, i.e. the region where the coherence of
the radio signal is the uppermost. Nevertheless, the slope distribution for data shows a shift towards
smaller slope values. Investigation of this shift is still on-going.

The analysis performed shows also that the slope parameter depends on the geometrical dis-
tance of the observer from Xmax (hereafter Dmax). Figure 4 shows the distribution of the slope
parameter on the shower plane for two simulated events having a value of Dmax = 3.6 km (left) and
Dmax = 5.9 km (right) respectively. For all the 103 selected events, the linear-fit procedure has been
applied, and only events with a good parabolic fit of the slope parameter as function of distance to
the shower axis have been considered. Figure 5 shows the distribution of the slope parameter as
function of Dmax at 180 m and 220 m distance from the shower axis (blue points). The distributions
have been fitted with the following function:

slope(Dmax) =
α

1+ exp(−β ·Dmax)
− γ (4.2)

This fit-function has been previously used on AERA data as described in [11], and has been ad-
justed to LOFAR data by adding a third free parameter. This was needed because of the different
geographical location and different antenna design. Distributions shown in figure 5 display a good
agreement between the data points and the fit-function, even if the reliability of the fit is affected
by the large uncertainties on Dmax (about 300 m). A full parametrization of the frequency spectrum
as function of Dmax is still under investigation.

5. Conclusions and outlook

The radio frequency spectrum in the 30 − 70 MHz range has been studied. The analysis
has been conducted on cosmic ray radio signals detected by LOFAR and on the corresponding
simulated events. Results show a clear dependence of the frequency spectrum on the distance to the
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Figure 5: Distribution of the linear-fit slope parameter as function of Dmax at 180 m (left) and 220 m (right). Uncer-
tainties on the slope parameter have been extrapolated from the linear-fit procedure. Uncertainties on Dmax have been
evaluated from σXmax = 38 g/cm2 [16]. The red lines indicate the result of the fit obtained using equation 4.2, with the
68% confidence region delimited by the dashed purple lines.

shower axis, as predicted by theoretical and analytical calculations. However, the obtained spectral
indices for real data are systematically steeper than for simulated showers. This discrepancy is
currently under investigation. These characteristics of radio signals can be used as an additional
independent method to reconstruct the position of the shower axis at ground. Studies about this
option are on-going [18].

Furthermore, a dependence of the frequency spectrum on the geometrical distance to the
shower maximum Dmax has been investigated. Results show that, at a fix distance from the shower
axis, the slope parameter of the frequency spectrum increases as Dmax increases. This is related
to the fact that the majority of the radio emission is emitted at an height around Xmax , and then
propagates with an opening angle of ∼ 1◦ given by the atmosphere refractive index. Thus, if the
primary interaction happens at higher altitude, the radio footprint is projected from a higher altitude
on a larger surface. A study on how to use the frequency spectrum as an independent method to
reconstruct Xmax for events detected by LOFAR is still on-going.
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