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Abstract. Radio detection of extensive air showers is a flourish technique, attracting more
and more interest to investigate the properties of high-energy cosmic rays. Past, present,
and future developments are reviewed.

1 Historical remarks
The idea of radio detection of extensive air showers started in the 1940s at Jodrell Bank [1]. Blackett
and Lovell suggested detecting air showers by the means of the radar echoes from the trail of ionization
left behind the shower front as it passes though the atmosphere. Experiments in 1946 used surplus
military radars. They failed to detect air showers but instead, they found high-altitude trails of meteors.
This work led to the development of radio astronomy at Jodrell Bank [2].

John Jelley suggested in 1958 that air showers itself may emit radiation at radio wavelengths [3].
In the 1960s Porter and Jelley built a small particle detector array and antennas at "Blackett’s field"
at Jodrell Bank. The particle detectors were three trays of Geiger counters located on a 50 m triangle
build by Trevor Weeks, later a pioneer in gamma-ray astronomy. The radio antenna was a 6λ×6λ array
of dipoles operating at 44 MHz. This frequency was used throughout the day by BBC TV and was
quiet at night time. First radio signals from air showers were recorded by Jelley and Porter around
1965 [4, 5]. Coincident pulses from the counters triggered an oscilloscope fitted with a recording
camera. The radio signals from the antenna were delayed to allow for delays in the triggering system,
filtered, amplified and the power measured before being displayed on the oscilloscope.

Harold Allan’s group set up radio antennas, operating at frequencies of 32, 44, and 60 MHz at
the Haverah Park air shower experiment from the University of Leeds in the late 1960s, see Fig. (1)
(left). The right-hand panel of Fig. (1) shows Harold Allan lecturing at the 1st European Symposium
on High Energy Interactions and Extensive Air Showers, Lodz, Poland in April 1968. The early work
on the radio detection of air showers is summarized by Allan in an excellent review [6]. The review
presented the lateral distribution of the electric field from the radio emission of air showers
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Figure 1. Left: Roger Clay and Keith Jones working at the radio antennas at the Haverah Park extensive air
shower array. Right: Harold Allan lecturing at the 1st European Symposium on High Energy Interactions and
Extensive Air Showers, Lodz, Poland, April 1968 (courtesy Alan Watson).

where R0 = 110 m at ν = 55 MHz. This lateral distribution was used for decades until recently preci-
sion measurements and simulations allowed the determination of more detailed numerical descriptions
[7, 8]. The interest in the radio detection of air showers declined in the 1970s. It experienced a re-
naissance after the year 2000 [9] when "modern" experiments such as CODALEMA [10] and LOPES
[11] entered the scene.

2 Actual status and recent results

In recent years the interest in the radio detection of air showers is strongly growing [12, 13]. Activities
around the world include the LOFAR key science project Cosmic Rays [14, 15]; the Auger Engineer-
ing Radio Array (AERA) at the Auger Observatory [16]; in Siberia installations at Yakutsk [17] and
the Tunka valley [18]; and ARIANNA [19] on the Ross Ice Shelf in Antarctica. Significant efforts
are made to calibrate the response of those detection systems with high precision, both for the signal
strength (e.g. [20, 21]) and the signal arrival time (e.g. [22, 23]).

2.1 Emission processes

LOFAR has a very dense antenna spacing in its core [25], which is very useful to examine details of
the radio emission processes in the atmosphere. There is now consensus that the bulk of the radiation
originates from the transverse separation of charges in the shower due to interactions with the Earth
magnetic field: the geomagnetic effect [26]. One expects the radiation intensity to be proportional
to v × B, where v denotes the direction of the particles in the shower (shower axis) and B the Earth
magnetic field. This yields to a north-south asymmetry in the arrival direction of air showers with a
strong radiation signal, as e.g. observed by LOFAR in the frequency band 30 − 80 [20] and 110 −
190 MHz [14]. CODALEMA has measured a clear correlation between the effective field strength
and the relation v × B [24], see Fig. (2) (left). The geomagnetic radiation is linearly polarized.

A second, sub-dominant component arises through the longitudinal separation of charges in the
shower (Askaryan effect [27]). This component is radially polarized. The direction of the electric
field within the shower is measured with high resolution with LOFAR [28]. This allows one to quan-
titatively evaluate the contribution of the two emission processes to the overall shower emission. The
results yield a dependence on the zenith angle and the distance to the shower axis for the ratio of the
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sensitive to showers arriving from East and West directions. Preli-
minary results of radio detected showers observed with a new sub-

array of three NS oriented dipoles seems to confirm this v ^ B
electric field dependence. Indeed, with the limited set of data
collected so far with the NS antenna (45 events), one observes
mainly showers arriving from eastern and western directions.

3.4. Field polarity

The observed v ^ B polarization dependence also implies a sign
dependence of the field components to the arrival direction of the
air shower. The normalized EW component of v ^ B multiplied by
the trigger coverage map is represented in the Fig. 14 (the same
as the Fig. 9 besides the sign). This sky map should be interpreted
as the event density for each polarity and can be directly compared
to the observed events. Positive signals are arbitrarily associated to
showers coming from Northern directions while events in the
South hemisphere are characterised by negative pulses.

The pass-band filter used in the data analysis transforms tran-
sient signals associated to EAS into multipolar oscillating signals.
The sign of the filtered signal extrema is used as the electric field
polarity estimate. In order to limit the effect of the noise which
sometimes changes the sign of the extremum, we have defined
the sign for one event as the majority sign among all the signals
associated with tagged antennas. In addition, only events with a
clear sign majority (at least a majority of 2 units) are considered.
About 2/3 of the events fulfil this condition. The resulting experi-
mental sky map is shown on the Fig. 15.

Fig. 10. Zenith (top) and azimuthal (bottom) angular distributions (dots) observed
for the radio events. The solid line represents the predicted distribution obtained
from simulated events according to the coverage map presented in Fig. 9. The
dashed lines define the ±1r band around the prediction.

Fig. 11. Number of radio events relative to the number of scintillator events
(E > 1017 eV) with respect to j(v ^ B)EWj/(vB).

Fig. 12. Mean energy of showers seen by the radio method versus j(v ^ B)EWj/(vB).

Fig. 13. Radio detection efficiency versus E0 defined as the energy multiplied by
j(v ^ B)EWj/(vB). The dashed line corresponds to a Fermi function fit.
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Fig. 1. (left) Distance to X max as a function of the zenith angle for an average X max of 669 g/cm 2 for two observation altitudes. The dotted line shows the distance to X max 
where the air shower has emitted all its radiation energy. (right) Distribution of the energy fluence (in the 30–80 MHz band) of an air shower with 60 ° zenith angle at an 
observation altitude of [1564] m a.s.l., which corresponds to the height of the Engineering Radio Array of the Pierre Auger Observatory. Superimposed is the polarization 
direction of the geomagnetic and charge-excess emission processes at different positions in form of arrows. The black points show the observer positions for which the radio 
signal was simulated in CoREAS and the larger black points highlight the axis where the signal can be decomposed into the geomagnetic and charge-excess component. 

The radio emission from air showers is due to the acceleration 
and creation of charged particles within the air shower [14] and is 
described by classical electrodynamics. In practice, particles other 
than electrons and positrons do not contribute significantly to 
the radio emission due to their smaller charge-to-mass ratio [4] . 
From a macroscopic point of view, radio emission is attributed 
to two main emission mechanisms: The geomagnetic and charge- 
excess emission processes. In the dominant geomagnetic emission 
process, electrons and positrons are deflected in the geomagnetic 
field in opposite directions due to the Lorentz force, resulting in a 
transverse current. The strength of the emission scales with sin α, 
where α is the angle between the particle movement (shower axis) 
⃗ v and the geomagnetic field ⃗ B . In the charge-excess emission pro- 
cess, a time-varying negative charge-excess in the shower front 
leads to a longitudinal current which is mostly due to the knock 
out of electrons from air molecules. 

The spatial distribution of the energy fluence, i.e., the energy 
per unit area of the radio electric-field pulse, holds information on 
relevant air shower parameters such as the energy and the atmo- 
spheric depth of the shower maximum X max [15] . The amount of 
energy emitted in the form of radio emission by the air shower 
– referred to as the radiation energy – is given by the spatial in- 
tegral over the energy-fluence. The radiation energy is directly re- 
lated to the electromagnetic shower energy E em and allows for a 
precise measurement with a theoretical energy resolution of only 
3% [12] . Thus, the radiation energy serves as a universal estima- 
tor of the cosmic-ray energy and is already exploited by the Pierre 
Auger Collaboration to measure cosmic-ray energies [7,8] . 

The shape of the spatial signal distribution is primarily deter- 
mined by the distance D X max from the observer to the emission re- 
gion. The emission region can be approximated by the position of 
the shower maximum X max [12] . The distance D X max depends pri- 
marily on the zenith angle θ of the air shower and scales approx- 
imately with D X max ∝ 1 / cos θ , with a second order dependence on 
the value of X max for the typical physical range of X max [12] . The 
dependence is visualized in Fig. 1 left. The usage of D X max has the 
advantage that a universal description of the radio signal distribu- 

tion can be given that does not depend on the specific altitude of 
the experiment. 

A long-standing challenge to access the energy and X max infor- 
mation experimentally with a sparse grid of antennas is an analytic 
modeling of the radio signal distribution and will be addressed 
in this article. In [16] , an empirical parametrization for the spa- 
tial radio signal distribution is introduced based on morpholog- 
ical arguments, which gives an adequate description of the data 
measured by LOFAR and the radio array of the Pierre Auger Ob- 
servatory (AERA) and was already successfully exploited to mea- 
sure cosmic-ray energies [7,8] . However, explaining the behavior 
and value of the parameters of this parametrization is not straight- 
forward, as most parameters depend on various shower features. 
With the knowledge gained over the past years (e.g. [12,16,17] ), we 
formulate an analytic description of the spatial signal distribution 
directly based on its physical emission processes whose parameters 
directly depend on the air-shower parameters energy, incoming di- 
rection and X max . In addition, we explicitly use the polarization of 
the radio signal which effectively doubles the available informa- 
tion of each antenna station. This is achieved by the following ap- 
proach: 

We model the spatial signal distribution on the ground origi- 
nating from the geomagnetic and the charge-excess emission sepa- 
rately. Then, the two signal-strength distributions are both radially 
symmetric around the shower axis [12] . We note that for inclined 
air showers an additional asymmetry due to the projection of the 
signal distribution on the ground arises. This imposes no princi- 
ple problem for our approach but requires an additional correction 
of the projection effect first. Hence, we restrict our analysis to air 
showers with zenith angles smaller than 60 ° where the projection 
effect is still negligible. Then, the asymmetric two-dimensional ra- 
dio signal distribution is modeled naturally by the interference of 
the two emission mechanisms. This is because the two emission 
mechanisms exhibit distinct polarization signatures. The geomag- 
netic emission is polarized in the direction of the Lorentz force 
⃗ v × ⃗ B acting on the shower particles. The charge-excess emission, 
in contrast, is polarized radially towards the shower axis. 

Figure 2. Left: Number of measured air showers recorded with radio emission relative to the number of showers
recorded by scintillators with energies exceeding 1017 eV as a function of v × B [24]. Right: Footprint of the
energy fluence of the radio emission from an air shower. The arrows indicate the polarization direction of the two
emission components [8].

two radiation components. Values for the ratio range from about 5% to 20%, with an average contri-
bution of the Askaryan effect of about 15%. A similar value has been obtained through polarization
measurements with AERA [29].

Interference between the two radiation components with their different polarization behavior leads
to a non-rotational symmetric distribution of the radiation intensity on the ground, as illustrated in
Fig. (2) (right) and e.g. observed by CODALEMA [30]. This directly implies a non-trivial behavior
of the lateral density distribution of the radio emission. Measurements with the relatively small and
sparse LOPES array were puzzling [31]; lateral distributions with "unusual shapes" have been found.
The break through came with measurements, using the dense LOFAR core [7, 32]. It became obvi-
ous that the lateral density distribution is not rotationally symmetric and a simple description as e.g.
equation (1) is not sufficient. Instead now, more complex, two-dimensional functions are being used
to describe the azimuthal dependence of the radiation strength [7, 8].

The detailed measurements also stimulated progress in the theoretical understanding of the radio
emission from air showers. Standard simulation tools are now at hand to calculate the radio emission
induced by cosmic rays such as the CORSIKA/CoREAS code [33, 34] or ZHAireS [35].

2.2 Properties of cosmic rays

The ultimate goal of the radio measurements of air showers is to derive the properties of the incoming
cosmic rays, namely their arrival direction, energy and particle type (nuclear mass).

The direction of the cosmic ray is obtained through a precise measurement of the arrival time of
the wavefront at the individual antennas of an array. Again LOFAR, with its high antenna density was
valuable to clearly understand the precise shape of the radio wavefront in air showers [36] and it could
be shown that a hyperboloid is an appropriate analytical description. This confirms earlier work by
LOPES [37]. From measurements of the arrival time of the shower front the direction of the cosmic
rays can be determined with a resolution of better than 1◦.

The energy of the air shower is derived from the measurement of the radio energy density on
the ground. The integral of the lateral density distribution yields the total energy delivered by the air
shower to the ground in the frequency band of interest. This quantity is proportional to the shower
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Fig. 3. Correlation of the energy measured with the air-Cherenkov array and an energy estimator based on
the radio amplitude at 100 m measured with Tunka-Rex. The line indicates a linear correlation.

maximum is blind for everybody working on the Tunka-Rex analysis.
The data of the first season is used to optimize and tune the reconstruction of the energy and the

shower maximum from the radio measurements. The average deviation between the air-Cherenkov
and the radio reconstruction provides an estimate for the precision, and should be minimized. Once
the methods are finalized, a prediction will be made for the events of the second season. Afterwards,
it will be compared to the air-Cherenkov reconstruction, to check if the average deviation between
both reconstructions is still approximately equal to the first season. If not, then likely the methods
were ’over-tuned’, and the independent check of the second season gives the better estimate for the
true precision.

Since the second season is still blind, only results for the first season are presented here. More-
over, we show only the result of the energy reconstruction, since it relies on relatively many events
compared to the number of free parameters in the reconstruction method. Thus, the results should be
robust, and we expect only little changes for the precision between the ’tuning’ and the ’cross-check’
seasons. The full result of both seasons, and the results for the shower maximum will be published
after the unblinding will have been done.

The energy reconstruction is based on the radio amplitude at a distance of 100 m from the shower
axis. Results from earlier experiments and simulations [3, 10, 11] indicate that at this distance the
amplitude depends in good approximation only on the geomagnetic angle and the energy, but only
little on the shower maximum. Since the geomagnetic angle is known from the reconstruction of the
arrival direction, the measured amplitude can be corrected for the strength for the geomagnetic effect.
Moreover, we now correct for the known asymmetry of the radio signal due to the interference of
the geomagnetic effect and the Askaryan effect [12, 13]. The reconstruction is still based on a simple
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Figure 3. Left: Correlation of the energy measured with the non-imaging air Čerenkov array and the radio
antennas at the Tunka site [18]. Right: size of the air shower footprint as a function of the distance from the
antennas to the shower maximum [32]. The inset illustrates the underlying principle for air showers induced by
a proton and an iron nucleus.

energy. At LOFAR, using results from simulations and a comparison to measurements from a particle
detector array [38, 39] an energy resolution around 30% is obtained [32, 40]. At the Auger observatory
the shower energies obtained by the radio measurements have been compared to the energies measured
with the well established Auger Surface Detector array. For a set of high-quality showers an energy
resolution of better than 25% has been achieved [41, 42]. At the Tunka experiment, a good correlation
is found between the shower energy measured with the non-imaging air Čerenkov detectors and the
radio antennas [18], as illustrated in Fig. (3) (left).

Experimentally, the most challenging subject is the determination of the particle type or its nu-
clear mass. The basic observable in air shower physics is the depth of the shower maximum Xmax
being proportional to the nuclear mass A of the cosmic ray Xmax ∝ ln A. The radio signals are in prin-
ciple emitted on the Čerenkov cone. Thus, the size of the footprint of the radio emission on the ground
scales well with the distance from the emission region (basically Xmax) to the antennas (on the ground)
[32]. This is depicted in Fig. (3) (right). Knowing the vertical profile of the atmosphere, the depth of
the shower maximum Xmax can be derived. For LOFAR a high-precision method has been developed
to measure Xmax [43][15]. For each measured cosmic ray, dedicated simulations are conducted, taking
into account the measured energy and direction of the cosmic ray. The predicted signals in the particle
and radio detectors are compared to the measured values on a statistical basis and a best fit value is
obtained for Xmax. A resolution for Xmax of better than 20 g/cm2 has been obtained.
This method is also applied to AERA data. The obtained Xmax values from the radio measurements
have been compared to Xmax obseravtions from the fluorescence light telescopes. In first analyses
a resolution of the order of 40 g/cm2 has been achieved. The resolution depends on the number of
antennas participating in a measurement and thus, on the quality selection cuts applied [44].
At Tunka a different method is used [45]: The slope of the radio lateral distribution at a distance of
180 m from the shower axis is found to be sensitive to Xmax. The obtained values have been correlated
with the measurements from the non-imaging Čerenkov detectors and a resolution of the order of
40 g/cm2 has been obtained.
The described geometrical approach to derive Xmax works well for showers with small zenith angles.
For showers with large zenith angles, the distance from Xmax to the observer is quite large and the
expected angular differences are below the experimental resolution. Thus, to measure the mass com-
position of horizontal air showers a different approach is used [46]: the electron-to-muon ratio is
measured with a combination of radio and muon detectors.
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energy. At LOFAR, using results from simulations and a comparison to measurements from a particle
detector array [38, 39] an energy resolution around 30% is obtained [32, 40]. At the Auger observatory
the shower energies obtained by the radio measurements have been compared to the energies measured
with the well established Auger Surface Detector array. For a set of high-quality showers an energy
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Experimentally, the most challenging subject is the determination of the particle type or its nu-
clear mass. The basic observable in air shower physics is the depth of the shower maximum Xmax
being proportional to the nuclear mass A of the cosmic ray Xmax ∝ ln A. The radio signals are in prin-
ciple emitted on the Čerenkov cone. Thus, the size of the footprint of the radio emission on the ground
scales well with the distance from the emission region (basically Xmax) to the antennas (on the ground)
[32]. This is depicted in Fig. (3) (right). Knowing the vertical profile of the atmosphere, the depth of
the shower maximum Xmax can be derived. For LOFAR a high-precision method has been developed
to measure Xmax [43][15]. For each measured cosmic ray, dedicated simulations are conducted, taking
into account the measured energy and direction of the cosmic ray. The predicted signals in the particle
and radio detectors are compared to the measured values on a statistical basis and a best fit value is
obtained for Xmax. A resolution for Xmax of better than 20 g/cm2 has been obtained.
This method is also applied to AERA data. The obtained Xmax values from the radio measurements
have been compared to Xmax obseravtions from the fluorescence light telescopes. In first analyses
a resolution of the order of 40 g/cm2 has been achieved. The resolution depends on the number of
antennas participating in a measurement and thus, on the quality selection cuts applied [44].
At Tunka a different method is used [45]: The slope of the radio lateral distribution at a distance of
180 m from the shower axis is found to be sensitive to Xmax. The obtained values have been correlated
with the measurements from the non-imaging Čerenkov detectors and a resolution of the order of
40 g/cm2 has been obtained.
The described geometrical approach to derive Xmax works well for showers with small zenith angles.
For showers with large zenith angles, the distance from Xmax to the observer is quite large and the
expected angular differences are below the experimental resolution. Thus, to measure the mass com-
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radio antenna

segmented water 
Cherenkov detector

Figure 4. Dream of the author about a
next-generation cosmic-ray experiment,
covering an area of 40000 km2 with an
array of segmented water-Čerenkov
detectors and radio antennas.

Combining the various efforts around the world one can state that the radio detection technique is
now mature and the properties of cosmic rays are now being measured on a regular basis with such
devices with state-of-the-art accuracies of the order of 0.1◦ to 0.5◦ for the arrival direction, 20% to
30% for the energy, and 20 to 40 g/cm2 for the depth of the shower maximum (particle type), with the
accuracies mainly depending on the antenna density of the respective installation.

3 Future developments

Radio detection of air showers has a prosperous future ahead. Various activities are planed around the
world. Among them are the following projects:

The Square Kilometer Array (SKA) will provide ten thousands of antennas, operating in the fre-
quency band 50−350 MHz on an area of about 1 km2 [47, 48]. The extreme high antenna density will
allow precision measurements of the details of the radio emission from showers and the properties of
cosmic rays, in particular a precise determination of Xmax, a resolution of the order of 10 g/cm2 has
been estimated.

There are plans to enhance the IceCube surface array by scintillation and radio detectors. Simu-
lations predict that by using a broader frequency band the threshold can be lowered to the PeV range
[49, 50].

The ARIANNA experiment at the Ross Ice Shelf in Antarctica investigates radio emission in a
broad frequency range from 50 to 1000 MHz [19]. The broad frequency range is very valuable to
derive the properties of air showers recorded by single stations.

GRAND is an ambitious idea to measure highest-energy neutrinos and cosmic rays with a gigan-
tic array, covering 200 000 km2 [51]. Neutrinos are expected to interact in mountains and initiate
horizontal air showers, which are detected through their radio emission.

At present, the biggest radio detector for air showers is under construction at the Pierre Auger
observatory. All Surface Detector stations of the observatory will be equipped with radio antennas,
forming a 3000 km2 array to measure the properties of the highest energy cosmic rays [46, 52].

My personal dream for the next step in the investigation of the highest-energy particles in nature
is a next-generation cosmic-ray experiment, around the existing Auger observatory as illustrated in
Fig. (4). Such an idea would make sense if the upgraded Auger observatory [53] finds a fraction of
more than 10% protons in cosmic rays at the highest energies. The next-generation experiment should
have an area at least ten times the surface of the Auger observatory. It could comprise about 10 000
detector stations with a spacing of 2 km on an area of 200 × 200 km2. The stations could consist of
segmented water-Čerenkov detectors (as developed for the Auger project by Letessier-Selvon et al.
[54]) and radio antennas on top (as for the upgrade of the Auger observatory). Good mass sensitivity
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will be critical. This will be achieved through electron-muon measurements for vertical showers
with the segmented water-Čerenkov detector and for horizontal showers with a combination of radio
antennas for the electromagnetic component and the water-Čerenkov detector for the muons. Thus,
2π sky coverage will be reached. Key science questions would be: To isolate protons and conduct
proton astronomy to locate the sources of ultra-high-energy cosmic rays, searches for neutrinos and
gamma rays at the highest energies, and particle physics at extreme energies.
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