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The LOw Frequency ARray (LOFAR) is a multipurpose radio antenna array aimed to detect radio
signals in the frequency range 10 — 240 MHz, covering a large surface in Northern Europe with a
higher density in the Northern Netherlands. The detection of the radio signal emitted by extensive
air showers allows to reconstruct the geometry of the observed cascade. Thus, several properties
of primary particles (e.g. arrival direction, mass composition) can be inferred. We describe a study
of several geometrical parameters of the radio signal emitted by extensive air showers propagating
in the atmosphere, and their correlation with the observed radio frequency spectrum. In order to
find the best parameters that describe the correlation between primary cosmic ray information
and the emitted radio signal, a preliminary study on simulated events has been done. Monte
Carlo simulations of radio signals have been produced by using the CoOREAS code, a plug-in of
the CORSIKA particle simulation code. The final aim of this study is to find a method to infer
information of primary cosmic rays in an independent way from the well-established fluorescence
and surface detector techniques, in view of affirming the radio detection technique as reliable

method for the study of high energy cosmic rays.
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1. Introduction

Radio emission from extensive air showers was detected for the first time by Jelley et al. in
1965 [1]. Since 2005 radio experiments like CODALEMA [2] and LOPES [3] started detecting
air showers up to an energy of 10'® eV, thus confirming the radio emission mechanisms of cosmic
rays in the Earth atmosphere. In the last years, new measurements have been performed with
the LOFAR experiment [4], and improvement in the understanding of radio emission processes of
extensive air showers has been made.

First studies of radio frequency spectra below 100 MHz were conducted in late 1960s and early
1970s [5]. Analytical calculations [6, 7] and simulation studies [8] conducted at the beginning
of years 2000 already showed a dependence of the radio frequency spectrum on cosmic ray air
shower characteristics. Previous measurements of the frequency spectrum performed by LOPES
did not show any significant dependence of the frequency spectrum with respect to the electric field
strength, distance to the shower axis and arrival direction [9].

In view of extending these measurements to all data detected by LOFAR since 2011, a prelim-
inary simulation study of the radio frequency spectrum has been conducted, and is presented here.
The LOFAR array is briefly described in section 2. Radio emission processes of cosmic rays are
introduced in section 3. Simulation analysis and corresponding results are presented in section 4.
Conclusions and outlook are summarized in section 5.

2. LOFAR

The LOw Frequency ARray (LOFAR) is a radio antenna array which consists of 48 stations
spread in Northern Europe with a more dense core in the Northern Netherlands. Each station
consists of a set of Low Band Antennas (LBAs) and 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, in the province of Drenthe, and
cover a circle of 2 km radius approximately. All Dutch stations consist of 96 LBAs, subdivided
into groups of 48 inner and 48 outer antennas, and 48 HBAs. The International stations consist
instead of 96 LBAs and 96 HBAs. In the central area, a core of six stations, also called Superterp,
are located in a circular area of roughly 320 m diameter, and form the most dense 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 [10].
Triggers for cosmic ray data acquisition are provided by LORA, which also permits to reconstruct
the arrival direction and energy of primary particles. The LOFAR array allows to detect cosmic
rays in the energy range 10'6 — 10'8 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 orthogonal dipole arms which are sensitive to two linear polarizations accord-
ing to their orientation, i.e. NE — SW for the X dipole, and NW — SE for the Y one. The two
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dipole arms are 1.38 m long which corresponds to a resonance frequency of 52 MHz. However, the
additional impedance of the amplifier shifts the resonance peak of the response curve to 58 MHz.
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Figure 1: Left: layout of LOFAR central stations. The six stations on the left represent the Superterp. The location
of LBA inner and outer antenna set is depicted as black crosses; the position of the HBAs is shown as well (open blue
squares). The magenta squares indicate instead the LORA scintillator detectors. Right: picture of a LBA [11].

3. Radio emission process of extensive air showers

Secondary charged particles, produced in the atmosphere by the interaction of primary cos-
mic rays with the atmospheric nuclei, emit radio signals. Radio emission is generated by two
mechanisms, the geomagnetic and the charge excess process. In the geomagnetic process, sec-
ondary electrons and positrons in the cascade are accelerated in opposite directions due to the
Earth magnetic field. This effect creates a current which is linearly polarized in the direction per-
pendicular to the shower axis and to the geomagnetic field. In the charge excess process (also
called Askaryan effect [12]), the radio emission is instead produced by a negative charge excess
created by knocked-out electrons at the shower front. In this latter case, the negative charge excess
is caused by electrons which are knocked-out by an energy transfer from shower particles to the air
molecules. These electrons start moving with the cascade, thus leaving positive ions behind. More-
over, the secondary positrons annihilate with the electrons, thus creating a negative charge excess
at the shower front. The radiation emitted due to the charge excess process is polarized in the radial
direction with respect to the shower axis. Thus, the combination of these two mechanisms creates
an asymmetric distribution of the total radio signal around the shower axis (see figure 2) [13, 14].

4. Simulation study of the frequency spectrum

The aim of this analysis is to study how the radio signal emitted by an extensive air shower is
related to the arrival direction, energy and type of the primary particle.

The analysis has been conducted first on simulated showers. Simulations have been produced
by using CORSIKA 7.400 [15] with the hadronic interaction models FLUKA 2011.2b [16] and
QGSJETIIL.04 [17], and protons as primary particles. The additional radio emission simulation
package CoREAS [18] has been used as a plug-in for CORSIKA. The antenna layout has been
chosen in order to have a symmetric star-shape around the shower axis, in the plane perpendicular
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Figure 2: Integrated energy density for one simulated shower. The shower has an energy E = 2.04 - 10'8 eV, and an
arrival direction with zenith angle 6 = 46.73° and azimuth angle ¢ = 239.4° (measured counter-clockwise starting from
the North direction). Left: antenna layout projected at the ground level. Right: antenna layout as seen on the shower
plane, where the centre corresponds to the position of the shower axis; the asymmetric distribution of the integrated
radio signal around the shower axis is clearly visible.

to both the shower axis and the geomagnetic field (hereafter, shower plane). Simulations have been
produced considering 160 antennas, distributed on 8 arms at an angle distance o = 45° between
each other in the shower plane. Each antenna is 25 m distant from the previous one, thus covering
an area of 500 m radius around the shower axis. Furthermore, the signal intensity in the time-
domain is converted to the frequency-domain by applying a Fast Fourier Transform (FFT). The
FFT distribution, as function of frequency, is then study for different cascade characteristics.

Figure 2 shows the antenna configuration used in this analysis, and the integrated pulse power
(i.e. energy density) at each antenna for one single simulated event. The asymmetric antenna layout
at the ground level (figure 2-/eft) becomes symmetric around the shower axis in the shower plane
(figure 2-right). Furthermore, the asymmetric distribution of the integrated radio signal due to the
interplay between the geomagnetic and charge excess process is clearly visible.

The asymmetric distribution of the integrated radio signal around the shower axis is also vis-
ible on the FFT distribution. Figure 3 shows the FFT distribution for the same simulated event
shown in figure 2, and for seven antennas positioned along the V x B direction at o = 0°, in the fre-
quency range 30 — 80 MHz. Starting from the antenna closest to the shower axis (i.e. atr =25 m)
and moving outwards, the FFT distribution becomes flatter until around 100 m from the shower
axis, where radio emission reaches its maximum intensity. Continuing further outwards, the radio
signal intensity decreases and, as a consequence, the FFT decreases as the frequency increases [19].

In order to describe the FFT distribution behaviour, the percentile statistical method has been
used. The FFT distribution has been integrated in the frequency range 30 — 80 MHz. In this fre-
quency range, the percentile indicates the frequency value at which the integrated FFT distribution
reaches a certain percent of the total integral. In the analysis described here, different values of
percentile have been evaluated. Figure 4 shows the frequency distribution for all the 160 antennas
in the shower plane considering the 30 percentile (leff), SO™ percentile (centre) and 70" per-
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Figure 3: Distribution of the FFT as function of frequency for seven antennas positioned along the vV x B direction at
a = 0°, and at different distances from the shower axis. The shower has an energy E = 2.04 - 10'8 ¢V, and an arrival
direction with zenith angle 6 = 46.73° and azimuth angle ¢ = 239.4° (measured counter-clockwise starting from the
North direction).

centile (right). Frequency values on the full shower plane have been evaluated through a polar
coordinate interpolation, in order to better visualize any structure. Figure 4 clearly displays that
the FFT distribution depends on the distance to the shower axis. Furthermore, it shows that the
50" percentile describes better the slope changing of the FFT distribution, in particular at a dis-
tance < 50 m and above 200 m to the shower axis.

Considering the same starting conditions (i.e. energy and arrival direction) of the previously
shown simulated event, the frequency spectrum was also studied by repeating the simulation for
different values of X, , i.e. the depth in the atmosphere where the cascade development reaches its
maximum in terms of secondary particles produced. It has already been demonstrated, in previous
simulation studies, that the size of the signal distribution around the shower axis in the shower
plane decreases as X, increases [20]. A similar result has been obtained in this analysis as
well. Figure 5 shows the frequency distribution obtained considering the 50" percentile for three
different values of X, . It is clearly visible that, as X,,,, increases, the frequency distribution at
the 50 percentile changes accordingly. This means that, as X,,,, increases, the FFT distribution
starts decreasing closer to the shower axis.

This effect is also visible by considering the FFT distribution only for antennas at 200 m
and 300 m from the shower axis, and for different simulated events. Figure 6 shows the frequency
distribution of the 50 percentile as function of X, for all the forty simulated events. For each
event, the frequency of the 50" percentile has been evaluated as the average of the antennas at
200 m distance (left), and 300 m distance (right) from the shower axis. Figure 6 clearly shows that
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Figure 4: Frequency distribution for all the 160 antennas and for one simulated event. The event has an energy
E =2.04 - 10'8 eV, and an arrival direction with zenith angle 8 = 46.73° and azimuth angle ¢ = 239.4° (measured
counter-clockwise starting from the North direction). The frequency distribution corresponds to the 30 percentile (leff),
50t percentile (centre), and 70" percentile (right). Frequency values on the full shower plane have been evaluated
through a polar coordinate interpolation.
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Figure 5: Frequency distribution of the 50" percentile for three simulated events and for all the 160 antennas. The start-
ing conditions of the three events were: energy E=2.04 - 10'8 ¢V, zenith angle 8 = 46.73° and azimuth angle ¢ = 239.4°.
The plots referred to three different values of X, : 660.24 g/crn2 (left), 740.42 g/cm2 (centre), 907.20 g/crn2 (right).

the frequency of the 50" percentile decreases as X, increases. The percentile statistical method
can be then used to study the frequency spectrum behaviour. This method will be then applied in
further simulation studies about the FFT distribution as function of primary particle characteristics.

5. Conclusions and outlook

The goal of the study here presented is to find a correlation between radio signals emitted
by extensive air showers and arrival direction, energy and type of primary particles. A prelimi-
nary analysis have been conducted so far on simulated events, by studying the radio signal in the
frequency-domain. The first part of the analysis consisted in choosing an appropriate parameter
for describing the frequency spectrum at different distances to the shower axis. It has been demon-
strated that the percentile statistical method allows to describe the change of the radio signal as
function of the distance to the shower axis. Furthermore, it has also been shown that the percentile
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Figure 6: Frequency distribution of the 50t percentile for forty simulated showers. For each shower, the frequency of
the 50t percentile has been evaluated as the average of the antennas at 200 m distance (left), and 300 m distance (right)
from the shower axis. The errors correspond to the RMS of the 50™ percentile frequency distribution for the antennas at
200 m and 300 m distance respectively.

can be used for studying changes of the frequency spectrum for different values of X, -

The final aim is to find a way, in the energy range 10'6 — 10'8 eV, to measure cosmic ray energy
and mass composition through the analysis of radio signals in the frequency-domain. LOFAR, with
its high density of antennas, provides a unique place to perform this measurement. This will be
carried out by applying the method described in section 4 to all data detected by LOFAR since
2011. As a cross-check, sets of simulations with protons and iron nuclei as primary particles will
be created for each detected shower. All simulated showers will have, as initial parameters, the
energy and arrival direction extrapolated from real events detected by LOFAR.
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