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When high-energy cosmic rays (ionized atomic nuclei) impinge on the atmosphere of the Earth
they interact with atomic nuclei and initiate cascades of secondary particles — the extensive air
showers. Many of the secondary particles in the air showers are electrons and positrons. They
cause radiation in the frequency range of tens of MHz. The LOFAR radio telescope detects this
radiation in the frequency range 30 to 240 MHz. LOFAR has a high antenna density and good
time resolution. In turn, the properties of the radio emission are measured in detail. The properties
of the shower-inducing cosmic rays are derived from the air shower measurements, namely their
direction, energy, and particle type (atomic mass). The uncertainties achieved are competative
to established techniques. This demonstrates that the radio technique is now a standard tool to
measure extensive air showers and to study the properties of the incoming cosmic rays. The mean
logarithmic mass of cosmic rays as measured with LOFAR is derived as a function of energy. In
an examplary study, these data are used to show that the radio measurements of air showers are
now in a state to discriminate astrophysical models of the origin of cosmic rays.
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an event. During processing, the signals from all tiles in a station
are first coherently beamformed in the cosmic-ray arrival direction
as reconstructed from the particle data. When a significant signal,
with a signal-to-noise ratio exceeding three in amplitude, is
detected in the beamformed signal the station is selected for further processing and the event is selected as a cosmic ray candidate.
Using a smaller search window, around theJ.R.
peakHörandel
in the beamformed signal, a pulse search is then performed on the Hilbert
envelope of the up-sampled signals from each tile. Up-sampling,
by a factor 16, is needed such that the pulse maximum search is
not the limiting factor in achieving the required time resolution.
From the arrival times of those pulse maxima for which the signal-to-noise ratio in amplitude exceeds three, the direction of the
cosmic ray is reconstructed. Additionally the amplitude (in each
instrumental polarization) and integrated pulse power, over
55 ns centered on the pulse maximum, are extracted.
However, due to the different hardware and other dominant
contributions to the background there are some differences in
the reconstruction of the HBA data.

Fig. 1. Radio antennas at LOFAR. Behind a low-band antenna a cluster of 24 black
tiles of high-band antennas are shown. The inset shows the construction of a highband element in which the bow-tie shaped antennas are mounted before they are
packed in weather-proof foil.
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3.1. Removal of radio frequency interference (RFI)
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In parallel to any observation the tile-beamformed data from all
tiles are filled into ring buffers (Transient Buffer Boards), from
which the last 5 s of data can be recorded when triggered. Triggers
can be generated by inspecting the data with an on-board FPGA1 or
received through the LOFAR control software. In order to record cosmic-ray pulses, the dense core of LOFAR is equipped with an array of
particle detectors [20], as also shown in Fig. 2. In routine observations, coincidences of several particle detectors trigger a read-out
of the ring buffers [18].
The HBAs can be sampled at two different clock frequencies,
which allows for several different observing bands. The one mostly
used in the present data-set is 110–190 MHz with 200 MHz sampling, i.e. second Nyquist zone. Alternatively, observations of
170–230 MHz (160 MHz, third Nyquist zone) or 210–240 MHz
(200 MHz, third Nyquist zone) can be chosen. However, so far no
cosmic-ray observations were conducted in the highest band.

3.2. Non-removable background

1. Introduction

The HBAs are no longer fully dominated by the diffuse sky noise.
In addition to the system noise, some astronomical sources introduce measurable signals in every single tile, most evident for
bright sources such as Cas A or Cyg A. This means that the background noise in HBA observation is neither uniform nor independent of the direction of observation.
With dedicated on- and off-source observations it was established that the noise-level will vary at most 15% due to different
background sources, which reduces the sensitivity for cosmic ray
observations. However, due to their brightness these sources are
not a common target for HBA observations.

To understand the origin of high-energy cosmic rays is one of the open key questions in astroparticle physics [1, 2]. An inspiring article, published in 2003 [3] accompanied the renaissance
of radio detection of extensive air showers with the ultimate goal to measure the properties of cosmic rays with this technique and the pioneer experiments LOPES [4] and CODALEMA [5] have
been initiated. The big success of these pathfinders stimulated further investigations of the radio
emission of air showers on larger scales, with installations such as Tunka-Rex [6], AERA at the
telescope.
Pierre Auger Observatory [7, 8], and the LOFAR radio
3.3. Gain
corrections Significant progress has been
achieved in the last decade [9] and we now understand the emission processes of the radio waves
The HBA antennas are not read out individually but rather in
tile-groups
of 16 of
antennas
after analogue
in the
in the atmosphere. Most of the emission is due to the
interaction
the shower
with beamforming
the magnetic
direction of the observation. In order to minimize artefacts in
Field programmable gate array.
field of the Earth, which leads to an transverse current in the shower. In addition to this emission,
the overabundance of electrons in the shower that are collected from atmospheric molecules leads
to a current in the direction of the shower.
1

2. LOFAR Radio Telescope
A modern radio detector for extensive air showers is the LOFAR radio telescope (in particular,
its dense core in the Netherlands). The layout of the LOFAR core is depicted in Fig. 1. The
LOFAR key science project Cosmic Rays represents one of the six scientific key objectives of
LOFAR [10, 11]. LOFAR is a digital radio telescope. Its antennas are spread over several European
countries and are used together for interferometric radio observations in the frequency range of
10 − 240 MHz. The density of antennas increases towards the center of LOFAR. Here, about
2400 antennas are clustered on an area of roughly 10 km2 . This high density of antennas together
with the excellent time resolution makes LOFAR the perfect tool to study features of the radio
emission created by extensive air showers. Air shower measurements are conducted based on a
trigger received from an array of scintillators (LORA) [12, 13], which results in a read-out of the
ring buffers that store the raw voltage traces per antenna for up to 5 s. LOFAR comprises two types
2
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The frequency band of the HBAs is less radio quiet than the LBA
band. Especially an emergency pager signal at around 170 MHz
-200
adds a non-negligible amount of power to the spectrum. Therefore,
-200
-100
0
100
200
300
before additional RFI removal is applied [18], all power in a band of
x [m]
3 MHz around the pager frequency is set to zero with the edges convolved with a Gaussian to prevent artificial ringing in the signal.
Fig. 2. Central core of LOFAR. The black crosses are the low-band antennas, the blue
open squares indicate the tiles of high-band antennas and the filled squares are the
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4.3. Fitting the wavefront shape
Various wavefront shapes have been proposed; we test a conical and spherical shape, such as argued for in [12]. We also test a
hyperboloid; this is a natural function with 2 parameters that combines a curved shape for small distances, and a conical shape for
large distances.
The fit functions, for the arrival time differences with respect to
a plane wave as a function of distance to the shower axis, are those
for a line (cone), a circle (sphere) and a hyperbola (hyperboloid)
respectively:

ð7Þ

ð9Þ

where s is the cone slope, R the radius of the sphere, and a and b are
the parameters of the hyperboloid. These three functions are fitted
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3. Precision measurement of the radio emission in air showers
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(perpendicular to the shower axis) is described as




(x0 − X− )2 + (y0 −Y− )2
(x0 − X+ )2 + (y0 −Y+ )2
− A− exp −
,
P(x , y ) = A+ exp −
σ+2
σ−2
0

0

(3.1)

The parameters are the scaling factors A+ and A− (where in general A− > 0), the width of the Gaussian functions σ+ and σ− , and the centers of the two-dimensional Gaussian distributions (X+ ,Y+ )
and (X− ,Y− ).
First quantitative measurements in the frequency range 120-240 MHz Radio emission from
extensive air showers has also been recorded with the LOFAR high-band antennas in the 200 MHz
frequency domain [20]. The measured power is depicted in Fig. 4 (right) as a function of the
distance to the shower axis. A clear maximum is visible at distances around 120 m in this onedimensional projection, indicating a clear (Čerenkov-like) ring structure. Such rings are predicted
from theory [21]: relativistic time compression effects lead to a ring of amplified emission, which
starts to dominate the emission pattern for frequencies above ∼ 100 MHz. The LOFAR data clearly
confirm the importance to include the index of refraction of air as a function of height into calculations of the radio emission.
Shape of the shower front The precise shape of the radio wave front is a long-standing issue. In
the literature different scenarios have been discussed: a spherical, conical, or hyperbolical shape
(e.g. [22]). The LOFAR findings clearly indicate that a hyperboloid is the best way to describe
the shape of the measured wave front [16]. A hyperboloid asymptotically reaches a conical shape
at large distances from the shower axis and can be approximated as a sphere close to the shower
axis. A measured wave front of a shower registered with LOFAR is shown in Fig. 3 (right). The
time difference relative to a plane is plotted as a function of a distance to the shower axis. The line
indicates a fit of a hyperboloid to the measured data. The lower part of the graph shows the time
differences of the individual antennas with respect to the fit function.
5
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Figure 4: Total power measured in an air shower as a function of the distance to the shower axis (in the
shower plane) as measured by LOFAR in the frequency range 30 − 80 MHz (left) [17] and 110 − 190 MHz
(right) [20].
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Figure 5: Left: Polarization as measured with individual LOFAR antennas (arrows) in the shower plane
during fair weather conditions. The expected polarization direction for fair-weather air showers is indicated
with "normal". The position of the shower axis, orthogonal to the shower plane, is indicated by the intersection of the dashed lines [23]. Right: The ratio a between contributions due to the Askaryan effect and the
geomagnetic emission is plotted and as a function of the distance to the shower axis (in the shower plane)
for showers with different zenith angles as measured by LOFAR (right) [24].

Polarization of the radio signal The radio emission in extensive air showers originates from
different processes. The dominant mechanism is of geomagnetic origin [4, 25]. Electrons and
positrons in the shower are accelerated in opposite directions by the Lorentz force exerted by the
magnetic field of the Earth. The generated radio emission is linearly polarized in the direction
of the Lorentz force (~v × ~B), where ~v is the propagation velocity vector of the shower (parallel
to the shower axis) and ~B represents the direction and strength of the Earth magnetic field. A
secondary contribution to the radio emission results from the excess of electrons at the front of the
shower (Askaryan effect) [26, 27]. This excess is built up from electrons that are knocked out of
atmospheric molecules by interactions with shower particles and by a net depletion of positrons due
to annihilation. This charge excess contribution is radially polarized, pointing towards the shower
axis. The resulting emission measured at the ground is the sum of both components. Interference
between these components may be constructive or destructive, depending on the position of the
observer/antenna relative to the shower. The emission is strongly beamed in the forward direction
due to the relativistic velocities of the particles. Additionally, the emission propagates through the
atmosphere, which has a non-unity index of refraction that changes with height. This gives rise
to relativistic time-compression effects, most prominently
resulting in a ring of amplified emission
FIG. 2 (color online). Radio intensity pattern during a thunderFIG. 1. Polarization as measured with individual LOFAR
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Probing atmospheric electric fields during thunderstorms Radio detection of air showers is
also used for auxiliary science, such as the measurements of electric fields in the atmosphere during
thunderstorms [31, 32, 23]. The footprint of the radio emission from an air shower, which developed during a thunderstorm is shown in Fig. 6 (left) [23]. The intensity and polarization patterns
of such air showers are radically different from those measured during fair-weather conditions, as
shown in Fig. 5 (left). The figures illustrate the polarization as measured with individual LOFAR
antennas (arrows) in the shower plane. LOFAR antennas are grouped into circular stations, of
which seven are depicted. An arrow labeled "normal" indicates the expected polarization direction
for fair weather conditions. The position of the shower axis, orthogonal to the shower plane, is
indicated by the intersection of the dashed lines. A simple two-layer model for the atmospheric
electric field is used as illustrated in Fig. 6 (right). Parameters of the model are the heights of the
boundaries of the electric fields hl and hu and the electric field strengths El and Eu in the lower
and upper layer, respectively. For the shower shown in the figure the parameters obtained are
hl = 2.9 km, hu = 8 km, |Eu | = 50 kV/m, and |El |/|Eu | = 0.53. With this model the measured
7
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Fig. 9. Angular difference between reconstructed shower axis direction for three wavefront shape assumptions. Assuming a planar wavefront shape typically introduces an
error in the direction of up to %1!, when the shape is in fact hyperbolic (top plot). The differences in reconstructed direction between a conical and hyperbolic wavefront
shape are approximately a factor of ten smaller (bottom plot).

patterns are well reproduced by state-of-the-art simulation codes. This in turn provides a novel
way to study atmospheric electric fields.

4. Measuring properties of cosmic rays with the radio technique
Ultimate objective is to fully characterize the incoming cosmic ray with the radio measurements, i.e. to determine its arrival direction, its energy, and the particle type/mass (see e.g. [33, 18,
34, 35, 36]).
Arrival direction A precise description of the shape of the shower front is essential to correctly
reconstruct the direction of the incoming cosmic ray. Different shapes have been investigated
at LOFAR as discussed above [16]. Reconstructing the arrival directions of the same measured
showers with different wavefront shapes results in differences in the reconstructed arrival directions
of typically less than 1◦ between a plane and a hyperboloid and typically less than 0.1◦ between a
cone and a hyperboloid, see Fig. 7 (left). The figure shows the anglular difference, typical values
are below 0.1◦ . Based on these investigations it is expected that the angular resolution for the arrival
direction of the shower is better than 1◦ .
Energy The parameters of the function to model the intensity pattern of the radiation on the
ground (as described above) are sensitive to the properties of the shower-inducing cosmic rays
[17]. The integral of the measured power density is proportional to the shower energy. This is
illustrated in Fig. 8 (left). The shower energy is plotted as a function of a parameter, being proportional to the integrated power. The measured signal strength is corrected for a factor, which
depends on the angle between the shower axis and the direction of the geomagnetic field. This is
necessary, since the dominating geomagnetic emission strongly depends on this angle. The shower
energy is determined in two ways in the figure: it is derived from Monte Carlo simulations (using
CORSIKA [39] and CoREAS [29]) and it has been measured with the particle detector array at
LOFAR (LORA). A clear correlation is seen between the shower energy and the measured radio
intensity on the ground.
8
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Figure 7: Resolution to measure the shower parameters with the radio technique. Left: Angular difference
between the reconstructed shower axais direction, describing the wavefront with a conical and a hyperbolic
wave front, typical values are below 0.1◦ [16]. Center: Energy resolution with an average of about 32%.
Right: Resolution for the depth of the shower maximum Xmax with an average of about 17 g/cm2 [37, 38].
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Figure 8: Determining the properties of cosmic rays with radio measurements [17]. Left: Energy of the
cosmic ray (determined from simulations and measured with the LORA air shower array) as a function of
a quantity, being in principle proportional to the integrated measured radio power. Right: Width of the
footprint of the radio emission as a function of the distance to the shower maximum.

Depth of the shower maximum The most challenging task is to derive the type of the incoming
cosmic ray or its atomic mass A from the radio measurements. Key is to measure the depth of the
shower maximum Xmax in the atmosphere, which is proportional to ln A. The width of the measured
footprint is proportional to the geometrical distance from the antennas to the position of the shower
maximum. This correlation is shown in Fig. 8 (right). This method is used at LOFAR [17] (and has
been adapted to the Auger Observatory [18]) to estimate the cosmic-ray mass.
To obtain a precise value of the depth of the shower maximum for each shower, we apply the
following procedure [40, 37]. The shower direction and energy are obtained from the measured
signals in the particle detectors and the radio antennas. With these parameters simulations are
initiated, simulating the development of air showers and the accompanied radio emission, using the
CORSIKA and the CoREAS codes, for primary protons and iron nuclei. Due to fluctuations in the
individual particle interactions in an air shower this results in showers with a wide distribution for
the depth of the shower maximum (all showers having the same energy and direction of incidence
as the measured shower). The predicted signals in the particle detectors and the radio antennas
are then compared to the measurements. A χ 2 method is used to determine the simulated shower,
which best matches the measured values. This yields a value for the depth of the shower maximum.
The method is illustrated in Fig. 9 (left). The χ 2 values are depicted as a function of the depth of the
shower maximum Xmax . A parabola is fit to the χ 2 values and the minimum of this function gives
the estimated Xmax value for the measured shower. With this method Xmax is determined with an
accuracy of about 17 g/cm2 at LOFAR, see Fig. 7 (right), where the uncertainty in Xmax is shown
for individual showers. During this procedure the energies of the showers are slightly scaled in
order to best match the measured signals in the radio antennas and the particle detectors. For the
same shower, the energies obviously should be identical. The difference between these scaling
factors is taken as the energy resolution. An average value of about 32% is obtained, as depicted in
Fig. 7 (center).
With this method the average depth of the shower maximum has been measured for three
9
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energy bins around energies of 1017 to 1017.6 eV as shown in Fig. 9 (right) [37, 38]. The LOFAR
measurements are compared to results from the literature. The lines indicate predictions according
to the hadronic interaction models EPOS [41] and QGSJET [42, 43] for protons and iron nuclei.
The relative distance between the data points and the predictions for protons and iron nuclei is
a measure for the mean logarithmic mass of the cosmic rays (see e.g. [44] for a detailed discussion)
hln Ai ≡ ∑ ri ln Ai =
i

meas − X p
Xmax
max
· ln AFe .
p
Fe
Xmax − Xmax

meas are the measured
ri are the relative fractions of elements with mass Ai in cosmic rays. Xmax
p
Fe are predictions for protons and iron nuclei at a given energy, respectively.
values and Xmax and Xmax
Converting the LOFAR measurements yields values around ln A ≈ 1.9 to 2.4 at energies above
1017 eV.

5. Potential of the radio technique
The mass measurements of LOFAR are in an astrophysically very interesting energy range
between 1017 and 1018 eV, where a transition is expected from a galactic to an extragalactic origin
of cosmic rays (e.g. [1, 46]). The values obtained are depicted in Fig. 10 as a function of energy.
The LOFAR values (interpreted with two hadronic interaction models) are compared to values
from the literature (for details and references, see [45]). The difference between the interpretations
with the different hadronic interaction models is of the order of ∆ ln A ≈ 0.4 and illustrates the
systematic uncertainty introduced by the limited understanding of inelastic hadronic interactions at
these energies.
10

PoS(ICRC2015)033

ainty on the
applying the
howers. First,
are produced
each LOFAR
same level as
f each LORA
as simulated
ropriate noise
39 simulated
e same fitting
s a value Xreco
the simulated
d for all 40
hat the simuet is excluded
construction).
co − X real j for
cular shower.
jXreco − Xreal j
ertainty that is

Radio Detection of Cosmic Rays with LOFAR

Radio Detection of Cosmic Rays with LOFAR

J.R. Hörandel

A general trend can be seen in the figure: a rise of the mean logarithmic mass as a function of
energy between 1015 and almost 1017 eV as expected due to the subsequent fall-off of individual
elements in Galactic cosmic rays as a function of rigidity (E/Z) towards the end of the Galactic
component (e.g. [47, 48]). The mean ln A decreases as a function of energy in the energy range between roughly 1017 and 1018 eV, in this region the extragalactic cosmic-ray component contributes
more and more to the observed measured cosmic-ray (all-particle) flux. At the highest energies
(E > 1018 eV) again an icnrease of hln Ai is observed as a function of energy.
The lines represent predictions of two recent models to describe the origin of cosmic rays
[45]. Motivated by the recent high-precision measurements of the cosmic-ray energy spectrum and
mass composition by several new-generation experiments, a detailed study has been conducted to
understand the observed properties of (Galactic) cosmic rays up to about 1018 eV. The study involves building a propagation model for cosmic rays, originating from supernova explosions in the
interstellar medium. Although these cosmic rays can satisfactorily explain the observed spectra
of different elements at low energies, provided by balloon and satellite-borne experiments, it has
been found that they cannot account completely for the cosmic rays above ≈ 1016 eV observed by
air shower experiments. An additional component of Galactic cosmic rays is required in order to
explain the observed cosmic rays beyond this energy up to about 1018 eV. Two cases have been
studied: cosmic rays being re-accelerated in the galactic wind ("GW-CRs", green curve in the figure) and a special class of supernovae, originating from Wolf-Rayet stars, being able to effectively
accelerate cosmic rays at high energies ("WR-CRs", black line in the figure). As can be inferred
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Figure 10: Mean logarithmic mass hln Ai of cosmic rays as a function of energy [45]. Results from LOFAR
as shown in Fig. 9 are compared to data from the literature. The lines illustrate predictions of two models to
describe the origin of cosmic rays. For details and references, see [45].
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from the figure, both models describe the mass composition quite well. In this two-component
model, the knee and the second knee in the all-particle energy spectrum of cosmic rays are caused
by the cut-offs in the energy spectra of the first and the second component, respectively. The first
component also explains the spectral breaks observed in the proton and helium spectra at about
200 GeV/nucleon.
Taking the LOFAR QGSJET values literally would clearly prefer the "Galactic Wind" model. This
illustrates that the radio measurements of air showers are now competitive and start to discriminate
astrophysical models of the origin of cosmic rays.

Radio emission from extensive air showers in the frequency range from 30 to 80 MHz is
now routinely observed with several experimental set-ups. The results of CODALEMA, LOPES,
Tunka-Rex, AERA and, in particular, the very detailed results of LOFAR, with its high density of
antennas and the excellent time resolution, have provided a wealth of information to understand
the emission processes. They are now well understood and well described by latest air shower
simulation codes such as e.g. CORSIKA together with CoReas.
With LOFAR it has been demonstrated that the relevant inmformation about the showerinducing primary cosmic ray can be measured with the radio technique: namely its direction, its
energy and its particle type (mass A of nucleus). Uncertainties are competative to established techniques, i.e. better than 1◦ for the direction, about 30% energy resolution, and a resolution for Xmax
better than 20 g/cm2 .
LOFAR (and also Tunka-Rex and AERA at the Pierre Auger Observatory) measure in the very
interesting energy range from 1017 to 1018 eV. In the next years, precise measurements of the mass
composition of cosmic rays are expected from these facilities. They will significantly contribute to
our understanding of the origin of cosmic rays in this energy range.
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