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Radio detection of extensive air 
showers
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Present Detection Methods

Hybrid detection of extensive 
air showers

•lateral distributions on ground 
level

•~100% duty cycle

The Pierre Auger Observatory

•longitudinal shower 
development

•~15 % duty cycle (moonless 
nights)

•light absorption by aerosols

Fluorescence telescopes

Water Cherenkov detectors
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Radio Emission
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Radio Emission in Air Showers

n Mainly: Charge separation in 
geomagnetic field

Theory predicts additional 
mechanisms:

n excess of electrons in shower:
charge excess

n superposition of emission due to 
Cherenkov effects in atmosphere
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Synchrotron radiation in Geomagnetic Field

•radio emission dominated by geosynchrotron emission
•emission strength depends on angle to Earthʻs B field

α
shower

NorthSouth

Geomagnetic field

East

C. Glaser, ARENA (2012)D. Arduin et al., Astropart. Phys. 31 (2009) 192
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History
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Jodrell Bank 1946

Echos from meteor trails
Radio emission from M31

radio
astronomy

No air showers detected• No luck due to rapid attachment time (ns) of 
free electrons in the lower atmosphere 
(damping factor)

• However did detect echoes from Meteor 
trails: led to major research programmes on 
meteors and radio astronomy

• Large 218 ft telescope pointing to Zenith for 
CR radar – but found meteors and  
discovered radio emission from M31

• Even larger fully steerable telescope built:

-
2 2O Oe+ !

No luck due to rapid attachment time (ns) of free 
electrons in the lower atmosphere (damping factor)
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Blackett’s Field ~1967, Porter MSc

First radio detection of air showers 1965

Jelley et al Nature 1965,  R. A. Porter MSc Thesis 1967,

Jelley et al Nature 1965
R. A. Porter MSc Thesis 1967

Blackettʼs Field ~1967
Porter MSc

8



Haverah Park (Leeds)          Allan 1971

Lateral Distribution

Results Summary
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But later results (Baggio 1977, MacDonald and Prescott 1981)
showed:
• Spectrum Flat over 30-100 MHz
•Large fluctuations in field strength (100 %)

– no clear dependence on energy
What’s the story today?
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Radio Detectors
to measure properties of cosmic rays
- direction
- energy
- mass/type of particle
with ~100% duty cycle
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1 km

>2000 antennas

153 antennas

Auger Engineering Radio Array
AERA

Fig. 1. Layout of AERA at the Pierre Auger Observatory and the dense core of LOFAR – drawn to scale.

with an array of 1660 water-Čerenkov detectors and 27 fluorescence telescopes at four locations on
the periphery. The area near the Coihueco fluorescence detector contains a number of low-energy en-
hancements, including AERA. AERA is located in a region with a higher density of water Čerenkov
detectors (on a 750 m grid) and within the field of view of HEAT [13], allowing for the calibration
of the radio signal using super-hybrid air shower measurements, i.e. recording simultaneously the
fluorescence light, the particles at the ground, and the radio emission from extensive air showers.

Since March 2015 AERA consists of 153 autonomous radio detection stations, distributed with
different spacings, ranging from 150 m in the dense core up to 750 m, covering an area of about
17 km2. Different types of antennas are used, including logarithmic periodic dipoles and butterfly
antennas, covering the frequency range from 30 to 80 MHz [14, 15].

3. Precision measurement of the radio emission in air showers

LOFAR combines a high antenna density and a fast sampling of the measured voltage traces in
each antenna. This yields very detailed information for each measured air shower and the properties
of the radio emission have been measured with high precision. At the Pierre Auger Observatory
air showers are measured simultaneously with various detector systems: radio detectors, fluorescence
light telecopes, water Čerenkov detectors, and underground muon detectors. This unique combination
yields complementary information about the showers and allows to investigate correlations between
the various shower components. Some important aspects of radio emission in air showers are reviewd
in the following. We focus on radio emission in the frequency range 30 − 80 MHz, only one result
(Fig. 3 right) deals with higher frequencies.
Lateral distribution function of the radio signals The footprint of the radio emission recorded at
ground level is not rotationally symmetric [16,18,19], such as e.g. the particle content of a shower, see
Fig. 2 (left). Radio emission is generated through interactions with the Earth magnetic field, which
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             core
23 stations ~5 km2

Large-scale radio detectors
to measure extensive air showers
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LOPES
Lofar Prototype Station
30 antennas operating at 
KASCADE-Grande
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Fig. 1. Outline of the LOPES hardware. The signal is picked up by the
antenna, sent via a coaxial cable to the receiver module, digitized and sent to
the memory module. From there it can be read out by the front-end PC and
transmitted to the central data acquisition PC. The clock signals are generated
by the master clock module and, together with the sync-signal, sent to the
slave modules for further distribution.

ray measurements. LOPES is set up at the site of KASCADE-
Grande an existing air shower array.

In this paper the hardware, configuration, calibration, and
the analysis software of LOPES is presented. A more detailed
description of LOPES can be found in [2], details about the
Self Trigger Array LOPES-STAR can be found in [3].

II. EXPERIMENTAL SETUP

A. The Hardware of LOPES

LOPES operates in the frequency range of 40 MHz to
80 MHz. This is a band with relatively little RFI in between
the short-wave- and the FM-band. Additionally this frequency
range is low enough that the emission from air showers is
strong, but not so low that the background emission from the
Galactic plane is too strong.

Although we chose a relatively quiet frequency band
LOPES still has to deal with significant RFI (see fig. 8). But
LOPES must also be able to detect faint radio pulses from
air showers. This leads to two design goals for the hardware.
The first is that the noise added by the hardware should be
less than the background noise from the sky. As the average
sky temperature in our frequency band ranges from 2000 K at
80 MHz to !10000 K at 40 MHz this goal is relatively easy to
meet. The second goal is that the dynamic range of the system
has to be large enough to handle both the RFI and the small
signals, i.e. distortions of the signal caused by the RFI in our
electronics should be also less than the background noise. This
puts a significant restriction on the kind of ADCs we can use,
i.e. we cannot use 8-bit ADCs. The availability of ADCs with
a sufficient dynamic range limited the bandwidth to 40 MHz
and thus prevented us from using the range between 40 MHz
and the short-wave-band.

The outline of the hardware used for LOPES can be seen in
figure 1. It samples the radio frequency signal after minimal
analog treatment without the use of a local oscillator.

1) Antenna: The antennas for LOPES are short dipole
antennas with an “inverted V” shape. One of the LOPES
antennas at the KASCADE-Grande site is shown in figure 2.
The visible parts are commercial PVC pipes holding the active
parts in place, while being transparent to the radiation. The

Fig. 2. One of the LOPES antennas at the KASCADE-Grande site. The
active balun resides inside the container at the top of the antenna. The radiator
consists of cables in two opposing edges of the pyramid. By choosing the
east-west or north-south edges our antenna is sensitive to the east-west resp.
north-south polarized component of the radiation.

Fig. 3. Gain pattern of a single LOPES antenna [4]. The vertical direction
(azimuth = 0! or = 180!) is the direction perpendicular to the dipole, the
horizontal direction is the one parallel to the dipole. The contours (dashed
lines) are at the 50% and 10% levels.

radiator consists of two copper cables extending from the top
down two thirds of two opposing edges of the pyramid. The
PVC exterior of the antenna resides on an aluminum pedestal.
This acts as a ground screen and protects the antenna from
being damaged by lawn mowers.

This geometry determines the antenna pattern of the sin-
gle antenna. The pattern, as obtained from simulations [4],
is shown in figure 3. The half power beam width of the
antenna ranges from ! 85! in the direction parallel to the
dipole (E-plane) to ! 130! in the direction perpendicular to
the dipole (H-plane). The four edges can be used for two
orthogonal linear polarizations of the signal. If one measures
both polarization directions one can do full polarimetry of the
signal.

Inside the container at the top resides the active balun.
Its main functions are balanced to unbalanced conversion,
amplification of the signal and transformation of the antenna
impedance to the 50! impedance of the cable. The amplifier
is a negative feedback amplifier, with a passive feedback net-

digital radio interferometer

5 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

LOPES started in 2003 as 
 LOFAR prototype station 

Proof-of-principle for air-shower detection 
with digital radio interferometry 

Now LOPES 3D using tripole antennas 
  see poster by D. Huber (LOPES Coll.) 

Data used in this talk from 2005-2009 

LOPES history 

shower detection 

Now LOPES 3D using tripole antennas 
(LOPES Coll.) 
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             core
18 stations ~5 km2

each (dutch) station:
  96 low-band antennas                   30-  80 MHz
  high-band antennas (2x24 tiles) 120-240 MHz
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shower axis falling within this !ducial area. This area is chosen such
that we include in our analysis only those air showers with reliable
estimates of the position of the shower axis and at the same time,
retain as many showers as possible.

Fig. 11 shows the zenith angle and the azimuthal angle distribu-
tion of the measured air showers. The zenith angle distribution is
!tted in the range of 4–401 with the distribution function

f !!" d!# a1 sin ! cos a2! d!: !14"

The !t parameters are found to be a1 # !1:073$ 104771" and
a2 # !8:78670:062". The thick curve in the !gure represents the !t
result. The peak of the distribution is found to be at !% 191. The steep
rise in the distribution below the peak is due to the increase in the
solid angle with the zenith angle. The steep fall above the peak is due
to the combined effect of the decrease in the effective collection area
of the array and the increase in the shower attenuation at larger zenith
angles. The effect of the attenuation is expected to be more signi!cant
for showers initiated by low-energy primaries.

The azimuth distribution is almost uniform at all angles. This is
expected because of the high level of isotropy in the arrival

directions of cosmic rays of this energy range which is related to
their diffusive nature of propagation in the Galaxy. However, there
is some structure visible. This is due to the irregular positioning of
the detectors. For different azimuth angles the projected distances
between detectors get smaller or wider, which affects the recon-
struction. The structure is, however, not severely affecting the
uniformity. This is illustrated by the horizontal line in Fig. 11, which
represents a straight line !t to the measured distribution, illustrat-
ing what equally distributed azimuth angles would look like. This !t
shows a "2=ndof of close to one.

8. Conclusions

LORA is an air shower array that has been built for cosmic-ray
measurements with LOFAR. Its primary purpose is to trigger the
read-out of the LOFAR radio antennas for cosmic-ray events and to
provide basic air shower properties, such as the position of the
shower axis, the arrival direction, and the energy of the primary
particle. The full set-up of the LORA array was completed in June
2011. It currently operates as standard triggering tool for the air
shower detection with LOFAR.

The array is composed of 20 scintillation detectors and mea-
sures the arrival direction of high-energy air showers (with
lg Nch46) on average with an accuracy better than 0.71, the
position of the shower axis better than 6 m, and the number of
charged particles better than 32%.

The air-shower information determined by LORA is used as input
for the reconstruction of air shower properties with the LOFAR radio
antennas. The measured air showers are also used to optimize a
radio-only trigger for LOFAR.
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Fig. 9. Measured reconstruction accuracies: number of charged particles Nch (left), arrival direction (right) and position of the shower axis on the ground (bottom) as a
function of the number of charged particles in a shower. For showers with lg Nch!6, the accuracies are "32% for the number of particles, "0:71 for the arrival direction, and
"6 m for the position of the shower axis. These values are indicated by the dashed lines in the !gures.

Table 1
Selection criteria applied during data taking and analysis.

Selection criteria
Trigger 3/4 detectors in an electronics unit
Analysis 5 detectors with Z1 particle each

Quality criteria
Zenith angle !o351
Shower axis o150 m from center of LORA
Radius parameter 10 morMo200 m
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shower axis falling within this !ducial area. This area is chosen such
that we include in our analysis only those air showers with reliable
estimates of the position of the shower axis and at the same time,
retain as many showers as possible.

Fig. 11 shows the zenith angle and the azimuthal angle distribu-
tion of the measured air showers. The zenith angle distribution is
!tted in the range of 4–401 with the distribution function

f !!" d!# a1 sin ! cos a2! d!: !14"

The !t parameters are found to be a1 # !1:073$ 104771" and
a2 # !8:78670:062". The thick curve in the !gure represents the !t
result. The peak of the distribution is found to be at !% 191. The steep
rise in the distribution below the peak is due to the increase in the
solid angle with the zenith angle. The steep fall above the peak is due
to the combined effect of the decrease in the effective collection area
of the array and the increase in the shower attenuation at larger zenith
angles. The effect of the attenuation is expected to be more signi!cant
for showers initiated by low-energy primaries.

The azimuth distribution is almost uniform at all angles. This is
expected because of the high level of isotropy in the arrival

directions of cosmic rays of this energy range which is related to
their diffusive nature of propagation in the Galaxy. However, there
is some structure visible. This is due to the irregular positioning of
the detectors. For different azimuth angles the projected distances
between detectors get smaller or wider, which affects the recon-
struction. The structure is, however, not severely affecting the
uniformity. This is illustrated by the horizontal line in Fig. 11, which
represents a straight line !t to the measured distribution, illustrat-
ing what equally distributed azimuth angles would look like. This !t
shows a "2=ndof of close to one.

8. Conclusions

LORA is an air shower array that has been built for cosmic-ray
measurements with LOFAR. Its primary purpose is to trigger the
read-out of the LOFAR radio antennas for cosmic-ray events and to
provide basic air shower properties, such as the position of the
shower axis, the arrival direction, and the energy of the primary
particle. The full set-up of the LORA array was completed in June
2011. It currently operates as standard triggering tool for the air
shower detection with LOFAR.

The array is composed of 20 scintillation detectors and mea-
sures the arrival direction of high-energy air showers (with
lg Nch46) on average with an accuracy better than 0.71, the
position of the shower axis better than 6 m, and the number of
charged particles better than 32%.

The air-shower information determined by LORA is used as input
for the reconstruction of air shower properties with the LOFAR radio
antennas. The measured air showers are also used to optimize a
radio-only trigger for LOFAR.
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function of the number of charged particles in a shower. For showers with lg Nch!6, the accuracies are "32% for the number of particles, "0:71 for the arrival direction, and
"6 m for the position of the shower axis. These values are indicated by the dashed lines in the !gures.

Table 1
Selection criteria applied during data taking and analysis.

Selection criteria
Trigger 3/4 detectors in an electronics unit
Analysis 5 detectors with Z1 particle each

Quality criteria
Zenith angle !o351
Shower axis o150 m from center of LORA
Radius parameter 10 morMo200 m

S. Thoudam et al. / Nuclear Instruments and Methods in Physics Research A 767 (2014) 339–346 345

∆Θ < 0.7◦
∆Nch

Nch
< 32%

∆(x, y) < 6m

LOFAR Radboud Air Shower Array - LORA
20 scintillator units
(~1 m2 each)
in LOFAR core

             provide 

- properties of EAS 
- and trigger

S. Thoudam et al, Nucl. Instr. Meth. A 767 (2014) 339 

frequency range of 110–240 MHz. The signals from the antennas
are digitized and stored in a ring buffer (transient buffer board,
TBB). A triggered read-out of these buffers will send the raw data
to a central processing facility.

An ultimate goal is to independently detect radio emission
from air showers with LOFAR. This requires a sophisticated trigger
algorithm that analyses the digitized antenna signals in real time.
To assist with the development of the trigger algorithm and to
measure basic air shower parameters, an array of particle detec-
tors has been at LOFAR.

The LOFAR Radboud Air Shower Array (LORA) is an array of
scintillation counters, located in the innermost center of LOFAR,
the superterp. It has been designed to register air showers initiated
by primary particles with energies exceeding 1016 eV. Strong radio
signals are expected from air showers in this energy region. This
energy regime is also of astrophysical interest, as a transition is
expected from a Galactic to an extra-galactic origin of cosmic rays
at energies between 1017 and 1018 eV [2,3].

In the following, we describe the set-up of LORA and its
properties. The experimental set-up is described in Section 2 and
the detector calibration in Section 3. The various steps involved in
the reconstruction of air shower parameters are described in
Section 5 and in Section 6 the reconstruction accuracies are
discussed, followed by a review of the array performance in
Section 7.

2. Experimental set-up

LORA comprises 20 detector units, located on a circular area
with a diameter of about 320 m. The positions of the detectors in
the innermost core of LOFAR are illustrated in Fig. 1. The array is
sub-divided into !ve units, each comprising four detectors. The
detectors are located on circles with a radius of about 40 m around
a central electronics unit, with a spacing of 50–100 m between the
detectors.

Each detector unit contains two pairs of scintillators (NE 114)
with the dimensions 47.5!47.5!3 cm3, read out via wavelength
shifter bars (NE 174 A) through a photomultiplier tube (EMI
9902).2 A detector unit, containing the two pairs of scintillators
and two photomultiplier tubes, is sketched in Fig. 2. The detectors
are installed inside weatherproof shelters.

The two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain of the two tubes, we use a
resistor network to adjust the voltage correspondingly. The signals
of the two photomultiplier tubes in each detector are read out via
RG223 coaxial cables and a passive connection into a single
digitizer channel. 12-bit ADCs are used, which sample the incom-
ing voltage with a time resolution of 2.5 ns3 [15]. A !eld program-
mable gate array (FPGA) provides a trigger signal in real time.

Four detectors form (electronically) a unit, comprising two
digitizer units (with two electronic channels each) [15,16], con-
trolled by a Linux-operated, single-board mini PC. The two
digitizer units operate in a master and slave combination like a
four-channel oscilloscope, where the master generates a common
trigger for both the digitizer units. The master digitizer contains a
GPS receiver (Trimble, Resolution T), which provides GPS time
stamps to both the digitizer units. Each digitizer contains a
200 MHz clock counter to assign a time stamp with nanoseconds
accuracy to each triggered signal.

The pulse per second signals (1PPS) from this type of GPS
receiver can introduce a timing uncertainty of up to a maximum of

20 ns. This error is stored every second during the data taking. It is
corrected for the event time stamp in the of"ine data analysis
using a proper correction formula [17]. The time stamp calculation
also takes into account the "uctuations in the number of clock
periods of the 200 MHz clock counter between two PPS signals.

The two digitizers are connected to the PC through an USB
interface. The PC also controls a four-channel high-voltage supply
through one of the digitizer units. The FPGA inside the digitizer
unit controls an input–output register, which is connected to the
high-voltage supply, allowing to set the individual voltages on the
four channels remotely. A block diagram of the electronics com-
ponents is depicted in Fig. 3.

When the four input signals from the PMTs in an electronics
unit satisfy a local trigger condition, usually three out of four
detectors in coincidence within 400 ns the digitizers send the data
to the local computer. The data from the !ve mini PCs conse-
quently are sent via Ethernet to a central, Linux-operated master
computer, where the main data acquisition (DAQ) runs. Within
100 ms all data are collected from the other electronics units. The
received time stamps, which are each assigned according to the
!rst threshold crossing in a detector, are checked for coincidences
(500 ns window) and are combined to an event !le that is stored
locally. A simple analysis is performed on these data, which
reconstructs arrival direction and core position to allow for
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Fig. 1. Layout of LORA in the dense core in the center of LOFAR. The squares
represent the positions of the particle detectors. The crosses and open squares
represent the two different types of LOFAR radio antennas. The dotted lines
indicate the grouping of the detectors for the data acquisition.
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Fig. 2. Schematic view of a scintillation detector. Sheets of plastic scintillator are
read out by photomultiplier tubes via wavelength shifter bars [14].

2 The detectors were previously operated in the KASCADE calorimeter [14].
3 Internally, two ADCs are used per channel, sampling the same input signal at

200 MHz with an offset of half a clock cycle.
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frequency range of 110–240 MHz. The signals from the antennas
are digitized and stored in a ring buffer (transient buffer board,
TBB). A triggered read-out of these buffers will send the raw data
to a central processing facility.

An ultimate goal is to independently detect radio emission
from air showers with LOFAR. This requires a sophisticated trigger
algorithm that analyses the digitized antenna signals in real time.
To assist with the development of the trigger algorithm and to
measure basic air shower parameters, an array of particle detec-
tors has been at LOFAR.

The LOFAR Radboud Air Shower Array (LORA) is an array of
scintillation counters, located in the innermost center of LOFAR,
the superterp. It has been designed to register air showers initiated
by primary particles with energies exceeding 1016 eV. Strong radio
signals are expected from air showers in this energy region. This
energy regime is also of astrophysical interest, as a transition is
expected from a Galactic to an extra-galactic origin of cosmic rays
at energies between 1017 and 1018 eV [2,3].

In the following, we describe the set-up of LORA and its
properties. The experimental set-up is described in Section 2 and
the detector calibration in Section 3. The various steps involved in
the reconstruction of air shower parameters are described in
Section 5 and in Section 6 the reconstruction accuracies are
discussed, followed by a review of the array performance in
Section 7.

2. Experimental set-up

LORA comprises 20 detector units, located on a circular area
with a diameter of about 320 m. The positions of the detectors in
the innermost core of LOFAR are illustrated in Fig. 1. The array is
sub-divided into !ve units, each comprising four detectors. The
detectors are located on circles with a radius of about 40 m around
a central electronics unit, with a spacing of 50–100 m between the
detectors.

Each detector unit contains two pairs of scintillators (NE 114)
with the dimensions 47.5!47.5!3 cm3, read out via wavelength
shifter bars (NE 174 A) through a photomultiplier tube (EMI
9902).2 A detector unit, containing the two pairs of scintillators
and two photomultiplier tubes, is sketched in Fig. 2. The detectors
are installed inside weatherproof shelters.

The two photomultipliers in one detector unit share a common
high-voltage channel. To match the gain of the two tubes, we use a
resistor network to adjust the voltage correspondingly. The signals
of the two photomultiplier tubes in each detector are read out via
RG223 coaxial cables and a passive connection into a single
digitizer channel. 12-bit ADCs are used, which sample the incom-
ing voltage with a time resolution of 2.5 ns3 [15]. A !eld program-
mable gate array (FPGA) provides a trigger signal in real time.

Four detectors form (electronically) a unit, comprising two
digitizer units (with two electronic channels each) [15,16], con-
trolled by a Linux-operated, single-board mini PC. The two
digitizer units operate in a master and slave combination like a
four-channel oscilloscope, where the master generates a common
trigger for both the digitizer units. The master digitizer contains a
GPS receiver (Trimble, Resolution T), which provides GPS time
stamps to both the digitizer units. Each digitizer contains a
200 MHz clock counter to assign a time stamp with nanoseconds
accuracy to each triggered signal.

The pulse per second signals (1PPS) from this type of GPS
receiver can introduce a timing uncertainty of up to a maximum of

20 ns. This error is stored every second during the data taking. It is
corrected for the event time stamp in the of"ine data analysis
using a proper correction formula [17]. The time stamp calculation
also takes into account the "uctuations in the number of clock
periods of the 200 MHz clock counter between two PPS signals.

The two digitizers are connected to the PC through an USB
interface. The PC also controls a four-channel high-voltage supply
through one of the digitizer units. The FPGA inside the digitizer
unit controls an input–output register, which is connected to the
high-voltage supply, allowing to set the individual voltages on the
four channels remotely. A block diagram of the electronics com-
ponents is depicted in Fig. 3.

When the four input signals from the PMTs in an electronics
unit satisfy a local trigger condition, usually three out of four
detectors in coincidence within 400 ns the digitizers send the data
to the local computer. The data from the !ve mini PCs conse-
quently are sent via Ethernet to a central, Linux-operated master
computer, where the main data acquisition (DAQ) runs. Within
100 ms all data are collected from the other electronics units. The
received time stamps, which are each assigned according to the
!rst threshold crossing in a detector, are checked for coincidences
(500 ns window) and are combined to an event !le that is stored
locally. A simple analysis is performed on these data, which
reconstructs arrival direction and core position to allow for
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Fig. 1. Layout of LORA in the dense core in the center of LOFAR. The squares
represent the positions of the particle detectors. The crosses and open squares
represent the two different types of LOFAR radio antennas. The dotted lines
indicate the grouping of the detectors for the data acquisition.
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Fig. 2. Schematic view of a scintillation detector. Sheets of plastic scintillator are
read out by photomultiplier tubes via wavelength shifter bars [14].

2 The detectors were previously operated in the KASCADE calorimeter [14].
3 Internally, two ADCs are used per channel, sampling the same input signal at

200 MHz with an offset of half a clock cycle.

S. Thoudam et al. / Nuclear Instruments and Methods in Physics Research A 767 (2014) 339–346340
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Figure 11. Gain factor of the antenna as a function of the zenith angle of the incoming signal at 60 MHz.
The black points show the measured data averaged over several frequency scans. The red line indicates the
predicted gain of the antenna model.

4.1 Frequency behavior

Figure 10 shows a number of frequency dependent gain measurements for two different zenith
angle bins together with the average expectations given by the antenna model. The strongest signals
are measured at the resonance of the system near 61 MHz. The figure also shows that the antenna
sensitivity is only slightly reduced with increasing zenith angle.

Comparing the antenna model in detail with the measurements, it has to be noted that the
simulated resonance frequency does not fully match the measured position. Foremost, outside of
the central band of 30−80 MHz the quality of the match is significantly worse. This is partly
expected due to the missing modeling of the filters on the RCU. As those filters are also selectable
and the frequency region is currently not used for air shower measurements, these mismatches are
not considered for this analysis. Inside the central region the differences observed in the shape of
the distributions are less severe, however, significant. Both issues give an indication that the sim-
plified model of the antenna and the electronics chain that is used for the modeling for the antenna
system might not be fully sufficient. A renewed simulation of the LOFAR antennas is foreseen
in the future. This will involve a lot more complexity in modeling the individual components and
requires a significant effort. For now and given the complexity involved, the current antenna model
is kept and second order corrections to this model will be derived as part of this analysis.

Furthermore, it should be noted that the calibration measurement is also only a snapshot of one
day. In the complete cosmic-ray data-set currently on disk, it can be observed that the resonance
frequency shows small shifts in the order of up to 1 MHz. It has been argued that the loop in the
terminating wires of the LBA, as well as the ground plate can accumulate water droplets. This can
act as an additional impedance and change the antenna behavior. It has, for example, been observed
directly that the resonance frequency shifts about 0.5 MHz to lower frequencies after particularly
heavy rain. These effects will always have to be considered as additional uncertainties.

– 13 –

Figure 10. Several gain spectra as measured with an LBA in combination with the spectrum analyzer
attached to the octocopter drone. The spectra are shown for two zenith angle bins (θ < 10◦ in black and
40◦ < θ < 50◦ in gray) for the complete LBA band of 10−95 MHz. The lines indicate the gain values
of the antenna model for the corresponding zenith angles of 5◦ (blue solid line) and 45◦ (red dashed line).
Additional filtering outside of the band of 30−80 MHz is not taken into account in the current model and
indicated by the shaded regions.

system, as it is used in the flying source calibration, both can be translated into each other [30]. The
full LOFAR antenna system, however, includes an intentional mismatch to broaden the bandwidth.

The Friis Transmission Equation connects a transmitting antenna, which sends a signal, with
a receiving antenna detecting this signal [31] in the far-field and is used to determine the gain of an
antenna. Taking into account the effective area of the antenna, the power at the receiving antenna,
Pr can be determined by

Pr(ν) =
�

λ
4πr

�2

Gr(ν ,θ ,φ) Gt(ν ,θ ,φ) Pt(ν) |âr · ât |2, (4.2)

where Gr and Gt describe the gain of the receiving and transmitting antenna, respectively. The
last factor |âr · ât |2 accounts for any possible mismatch between the polarization of the impinging
wave and the polarization properties of the receiving device. If both antenna devices match in
polarization and reflection, it holds |âr · ât |2 = 1. If the two antennas are aligned, the gain of the
transmitter Gt is only frequency-dependent. If then Gt of the transmitting antenna is known, the Gr

can be easily calculated in units of decibel

Gr,dB(ν ,θ ,φ) = 20log10 (4πr)−20log10 λ +Pr,dB −Pt,dB −Gt,dB(ν). (4.3)

This equation does not include influences from ground conditions or reflections on nearby antennas.
Based on these equations and the flexible positioning of the octocopter, the directional and

frequency dependent behavior of the antenna model can be tested.
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r

Figure 5. Schematic drawing of the experimental set-up with the flying source calibration in a closed loop.
The grey half circle denotes the path of the transmitting antenna. The angle θ highlights the zenith angle of
the transmitting antenna with respect to the LBA. The black dashed-dotted line indicates the cable connection
between the LBA and the amplifier used for the calibration of the network analyser.

For the measurement, a Rohde & Schwarz FSH4 vector network analyzer with two ports was
used, where one port was attached to a bias tee that supplied the receiving antenna with 6 V DC. The
other cable was directly connected to the LNA of the LBA and the received signal was measured
with the vector network analyzer. Via the second port a signal was sent through the cable to
the transmitting antenna attached to the drone. This signal was amplified (25 dB) in order to be
significantly stronger than the background noise.

In order to calibrate the network analyzer, the footpoints of both antennas were connected di-
rectly. This was done only once before the actual measurements, and is represented by the dashed-
dotted line in Figure 5. Thereby, losses due to the electronics of the calibration set-up and additional
group delay caused by the cables are directly taken into account during measurements. The vector
network analyzer has a systematic uncertainty on the gain of 0.6 dB.

For the actual measurements, the transmitting antenna has been located above the LBA with
the help of an octocopter drone, with the antenna mounted below the steering electronics. A view
of the octocopter drone with the antenna mount and transmitting antenna is shown on the left in
Figure 6. The drone had been programmed in such a way that it flew to several pre-defined points at
a certain distance to the LBA [28]. The position of the drone was measured via a differential GPS,
which enables a precise measurement of better than 30 cm of easting, northing and height above
ground every 0.5 s. The maximum height achieved in the campaign was 52 m above ground. The
rotation of the drone with respect to its yaw, pitch and roll axis has been measured and corrected
for, which allows us to use the same coordinate system for both antennas. A detailed description
of the octocopter drone including the electronic set-up can be found in [28].
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Figure 12. Calibration factor X for the amplitude as function of frequency across the LOFAR band as
derived from the reference source calibration. The dark region denotes the statistical uncertainties of the
method, while the lighter region illustrates the systematic uncertainties on the absolute scale.

5.1.1 Calibration curve

The frequency-dependent calibration factor X(ν) signifies the translation between the expected
power Pe(ν) in physical units and the measured power Pm(ν) in system units. The measured power
in each frequency-bin is obtained from the Fourier transform of the measured analog-digital con-
verter (AD) units as |F (ν)|2. The expected power is calculated as the square of the expected
voltage, divided by the vacuum impedance Z0 and combined with the antenna VEL �H(ν), so that
for X(ν)

X(ν)2 ≡ Pe(ν)
Pm(ν)

(5.1)

=
1
Z0

|V (ν)|2

|F (ν)|2 =
1
Z0

|�E(ν) · �H(ν)|2

|F (ν)|2 (5.2)

In the case of the reference source calibration, �E(ν ,θ = 0,φ = 0) is the electromagnetic field
emitted by the source, the amplitude of which is obtained from the manufacturer [32]. �H(ν) cor-
responds to the VEL from this same direction. Since the source antenna is linearly polarized, only
the JXθ component of �H(ν) contributes. Note that X(ν)2 is proportional to power, so that X(ν) is
only proportional to the amplitude.

For the analysis, data are used with block sizes of 65400 samples of 5 ns, corresponding
to a frequency resolution of ∼3 kHz in the 1−100 MHz range. The bandwidth is clipped to
30−80 MHz. A Gaussian smearing of the edges affecting 5 frequency bins at both ends of the
spectrum has been applied to the filter to reduce sharp cut-off effects. Signal peaks from the comb
generator have a width of less than 9 kHz, corresponding to at most 3 frequency bins with this
resolution. The background noise, as well as single narrowband noise-lines are at least three orders
of magnitude lower than the signal, and therefore contribute less than 1% in power.
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Figure 7. Schematic illustration of the experimental set-up using the stationary source calibration. The
source is suspended from a crane at about 12 m above the chosen antenna. The signal is received with the
LOFAR LBA antennas and filtered and digitized at the receiver units (RCUs). The data of all antennas of a
LOFAR station are read-out via the LOFAR system using the transient buffer boards (TBB) and it is done
for cosmic ray measurements.

this extension the reference source and a differential GPS were attached With this construction the
reference antenna was positioned at a maximum distance of r = 12.65±0.25 m vertically above
one dedicated antenna. The alignment of the reference antenna with a LBA dipole arm was possible
with the help of two strings attached to the mount of the reference antenna as shown on the right of
Figure 8.

For data-acquisition the LOFAR system was used directly. Several read-outs of the TBB ring-
buffers of the superterp stations were conducted. The final data sample consists of four read-outs,
each containing 10 ms of data for each of the 48 antennas in the measured station. By manually
initializing such a read-out the same configuration is used as during air shower measurements,
which ensures that the calibration includes the full signal chain.

3.2.2 Reference source - VSQ 1000

The reference source is a commercial product developed by Schaffner, Augsburg in Germany (now
TESEQ). It is delivered as a combination of a signal generator RSG 1000 and the biconical antenna
DPA 4000. The RSG 1000 is a comb-generator, generating a spectrum of single frequencies at
multiples of 1 MHz in the range of 1 MHz to 1 GHz. In the relevant range of 30−80 MHz it
delivers a mean power of 1 µW per single frequency. It is battery-operated, which makes it ideal for
measurements in the field. The DPA 4000 biconical antenna is linearly polarized, with almost flat
directivity close to the main lobe. This means that small misalignments with the receiving antenna
result in only small losses. The VSQ 1000 setup is certified for the 30 to 1000 MHz frequency
range in the forward direction. An example of a typical VSQ-generated spectrum detected by the
LBA is depicted in Figure 9.

– 10 –

with a crane

A
. N

el
le

s e
t a

l, 
JI

N
ST

 (2
01

5)

Gain of complete signal chain

26



Figure 12. Calibration factor X for the amplitude as function of frequency across the LOFAR band as
derived from the reference source calibration. The dark region denotes the statistical uncertainties of the
method, while the lighter region illustrates the systematic uncertainties on the absolute scale.

5.1.1 Calibration curve

The frequency-dependent calibration factor X(ν) signifies the translation between the expected
power Pe(ν) in physical units and the measured power Pm(ν) in system units. The measured power
in each frequency-bin is obtained from the Fourier transform of the measured analog-digital con-
verter (AD) units as |F (ν)|2. The expected power is calculated as the square of the expected
voltage, divided by the vacuum impedance Z0 and combined with the antenna VEL �H(ν), so that
for X(ν)

X(ν)2 ≡ Pe(ν)
Pm(ν)

(5.1)

=
1
Z0

|V (ν)|2

|F (ν)|2 =
1
Z0

|�E(ν) · �H(ν)|2

|F (ν)|2 (5.2)

In the case of the reference source calibration, �E(ν ,θ = 0,φ = 0) is the electromagnetic field
emitted by the source, the amplitude of which is obtained from the manufacturer [32]. �H(ν) cor-
responds to the VEL from this same direction. Since the source antenna is linearly polarized, only
the JXθ component of �H(ν) contributes. Note that X(ν)2 is proportional to power, so that X(ν) is
only proportional to the amplitude.

For the analysis, data are used with block sizes of 65400 samples of 5 ns, corresponding
to a frequency resolution of ∼3 kHz in the 1−100 MHz range. The bandwidth is clipped to
30−80 MHz. A Gaussian smearing of the edges affecting 5 frequency bins at both ends of the
spectrum has been applied to the filter to reduce sharp cut-off effects. Signal peaks from the comb
generator have a width of less than 9 kHz, corresponding to at most 3 frequency bins with this
resolution. The background noise, as well as single narrowband noise-lines are at least three orders
of magnitude lower than the signal, and therefore contribute less than 1% in power.
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Uncertainty (σ ) Value [%]
Antenna-by-antenna Variations between antennas 1

Total 1

Event-by-event Environmental 5
Total 5

Calibration Choice of sky model 2
Absolute scaling of model 9
Relative scaling of model 5
Electronic noise 37
Total 38

Table 2. Summary of the uncertainties on the calibration curve in amplitude that have to be considered for
the calibration on the diffuse emission from the Galaxy.

Figure 18. Calibration factors X as function of frequency across the LOFAR band for Galactic and reference
source calibration. Both calibration curves contain statistical uncertainties of the method in the dark region,
with systematic uncertainties illustrated by the lighter region (dashed for Galactic, filled for terrestrial).

60 MHz, and only above this frequency slight deviations are visible. Here, it is interesting to note
that the shape of the two curves also deviate. This can probably be attributed to the fact that the
two methods use different types of signals. While the reference source calibration exploits signals
of several order of magnitude above the noise level, the Galactic calibration relies on the noise
level itself. The LBA is due to its size most sensitive to the resonance frequency, meaning that for
higher frequencies the antenna becomes too long (inductive) and its impedance is no longer small
with respect to the LNA. Thus, the gain of the LNA decreases and the contributions of the noise
budget accumulated in the coax cables and the several amplification stages becomes relevant. This,

– 23 –

Reference source
VSQ 1000

LBAs + LNAs

Crane

θ
12m

RCUs TBBs

Figure 7. Schematic illustration of the experimental set-up using the stationary source calibration. The
source is suspended from a crane at about 12 m above the chosen antenna. The signal is received with the
LOFAR LBA antennas and filtered and digitized at the receiver units (RCUs). The data of all antennas of a
LOFAR station are read-out via the LOFAR system using the transient buffer boards (TBB) and it is done
for cosmic ray measurements.

this extension the reference source and a differential GPS were attached With this construction the
reference antenna was positioned at a maximum distance of r = 12.65±0.25 m vertically above
one dedicated antenna. The alignment of the reference antenna with a LBA dipole arm was possible
with the help of two strings attached to the mount of the reference antenna as shown on the right of
Figure 8.

For data-acquisition the LOFAR system was used directly. Several read-outs of the TBB ring-
buffers of the superterp stations were conducted. The final data sample consists of four read-outs,
each containing 10 ms of data for each of the 48 antennas in the measured station. By manually
initializing such a read-out the same configuration is used as during air shower measurements,
which ensures that the calibration includes the full signal chain.

3.2.2 Reference source - VSQ 1000

The reference source is a commercial product developed by Schaffner, Augsburg in Germany (now
TESEQ). It is delivered as a combination of a signal generator RSG 1000 and the biconical antenna
DPA 4000. The RSG 1000 is a comb-generator, generating a spectrum of single frequencies at
multiples of 1 MHz in the range of 1 MHz to 1 GHz. In the relevant range of 30−80 MHz it
delivers a mean power of 1 µW per single frequency. It is battery-operated, which makes it ideal for
measurements in the field. The DPA 4000 biconical antenna is linearly polarized, with almost flat
directivity close to the main lobe. This means that small misalignments with the receiving antenna
result in only small losses. The VSQ 1000 setup is certified for the 30 to 1000 MHz frequency
range in the forward direction. An example of a typical VSQ-generated spectrum detected by the
LBA is depicted in Figure 9.
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with a crane with Galactic emission

Figure 15. Integrated median uncalibrated power, as a function of the Local Sidereal Time, for the 50 - 60
MHz sub-band. Also shown is the predicted received power in both dipoles (dashed red lines), before (left)
and after (right) applying electronic noise corrections.

system is sky noise dominated and did not focus on providing an uncertainty. Thus, our data are
used to directly determine the most probable fraction of sky noise.

Different noise offsets have been applied to the predictions for the alactic emission in order
to find the best overlap between expected and measured powers. The most probable offsets due to
the electronic noise have been found using a least-squares fit. The data was binned in LST-bins of
about 15 minutes. With the current complete data-set every bin then contains the noise background
of an average 34 air showers per antenna. As the electronic noise is frequency-dependent, offsets
need to be determined in frequency sub-bands. Here, sub-bands of 10 MHz (i.e. ranging [30 - 39,
40 - 49, . . . , 70 - 79] MHz) were chosen. The reduced χ2 was calculated for every combination
of electronic noise offset per frequency band and the simulations of the Galaxy with respect to
the binned data. The best fitting voltage offset for each frequency sub-band was determined by
minimizing χ2 = χ2

min. The uncertainties per sub-band correspond to noise corrections at the point
where χ2 = χ2

min +1.
With these values, a measure for Tsky/Tsys can be constructed per sub-band ν0 as

Tν0, sky

Tν0, sys
=

Tν0, sky

(
V 2

ν0 , noise

J2
30 − 80, mean

)+Tν0, sky

. (5.11)

Here the temperature Tν0, sky in a certain sub-band ν0 is determined as the average sub-band voltage
divided by the average VEL amplitude in each sub-band. The electronic noise offset per band is
divided by the average value of the VEL in the full 30 - 80 MHz range for normalization. Resulting
values are depicted in Figure 16. Values are comparable to what has been established earlier [10].
The largest discrepancy is near the resonance frequency, which is most easily affected by using a
slightly different antenna model. As the uncertainties on the astronomical method can no longer be
obtained, no significance of this discrepancy can be given.

The variation of both measured spectral power and predicted power before and after noise
corrections are shown in Figure 15, for the 50−60 MHz sub-band, where LOFAR is most sensitive
due to the resonance frequency of the dipole. The figure shows that the predicted curves match
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Fig. 6. The skymap (azimuth relativ to the zenith angle which is
less than 50 degrees) of the East-West selected events which are
mostly coming from North. The color code represent the Cross-
Correlation-Beam of the recorded pulse heights (pulse height >1.5
µVolt/m/MHz); the values are decreasing from the bottom to top.
The large cubic points represent the highest recorded pulse heights.

Fig. 7. The skymap (same as Fig.6) of the selected North-South
events which are coming from East and West. The color code repre-
sent the CrossCorrelation-Beam of the recorded pulse heights (pulse
height >1.5 µVolt/m/MHz). The large cubic points represent the
highest recorded pulse heights.

on the position of the observer relative to the incoming
shower direction.

4. Summary and Outlook

LOPES is performing polarization measurements which
allows a much more detailed analysis of the radio events,
than with East-West polarization measurements only. The

array is absolute amplitude calibrated in order to estimate
the electric field strength of the short radio pulse (of some
tens of nanoseconds) generated by the cosmic ray air show-
ers in the Atmosphere. With the help of these two features,
now we can fully compare our measurements with Monte
Carlo simulations.

As next steps in the analysis, we will consider:

a. The normalization of the pulse height using di!erent
iteration steps based on air shower parameters, like pri-
mary energy, geomagnetic angle, muon number, etc.

b. The reconstruction of the original signal by up-sampling
(interpolation between the sampling points) per single
antenna [1].

c. The reconstraction of the polarization vector, e.g. per
dual-polarized antenna, to draw the path to the com-
parison with simulations.

Having fully understood the radio signals generated
by air showers, including polarization characteristics, we
open a new window in measuring the most energetic par-
ticles coming from the Universe. Therefore, we improve
and optimize the hardware for large scale application
in ultra high energy cosmic ray experimets, like Pierre
Auger Observatoy and LOFAR.
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indicated (cross) is the direction of the magnetic field (18.6µT North, 45.6µT downward) at LOFAR.

is sampled at between 192 and 528 distinct locations.

4 Reconstructing polarized radio emission

Using the reconstructed direction of the air shower, the full time traces measured by the X
and Y dipoles are combined, while correcting for their frequency-dependent complex gain
[27]. These gains are obtained from antenna simulations and are calculated for a plane wave,
arriving from direction −êv, where �v is the propagation velocity vector of the air shower, and
polarized along êθ or êφ as defined in figure 3. The resulting combined signals are thus the
electric field components along êθ and êφ.

For the present analysis these are subsequently projected, following figure 4, onto the
ê�v× �B and ê�v×�v× �B directions. Here �B again represents the geomagnetic field.

Note that for this procedure it is assumed that the emission has no component along
the propagation direction êv [27].

4.1 Observer positions in the shower plane

Given a position for the shower core and arrival direction, the antenna positions can be
projected onto the shower plane as given by figure 5. Here each antenna i is represented
by the polar coordinates φ�

i measured from the ê�v× �B axis (positive in the direction of the
ê�v×�v× �B axis), and r�i the distance from the shower axis.

While the particle detector array offers an initial estimate of the core position this is not
reliable when the shower core is not contained within the particle detector array, as is often
the case for the measured air showers. Therefore, the shower core position is determined by

– 5 –
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P. Schellart et al.: Detecting cosmic rays with the LOFAR radio telescope

Fig. 23. Arrival directions of the cosmic-ray events detected with
LOFAR from June 2011 until April 2013. East is 0◦ and north corre-
sponds to 90◦. Also indicated (cross) is the direction of the magnetic
field at LOFAR.
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Fig. 24. Binned distribution of the azimuth angles of all events mea-
sured with the particle detectors (black squares) and those in coinci-
dence of particle detectors and radio antennas (red triangles). The best
fit of a straight line to the particle data is also shown. The fit has a
χ2/nd.o.f. = 0.9.

The effect is also illustrated in Fig. 24, which shows the frac-
tion of detected air showers as a function of azimuth angle for
the events with radio signal, as well as for all LORA triggers
sent. While the events registered with the LORA detectors are
uniformly distributed in azimuth, the radio events show a clear
deficit from the south. Due to the orientation of the LOFAR an-
tennas and thereby the reduced sensitivity for purely east-west
polarized signals, events arriving directly form the north are not
necessarily preferred, as their signal is expected to be mainly
polarized in the east-west direction (Huege 2013). The detection
efficiency as a function of direction follows from a deconvolu-
tion of the expected emission strength with the antenna pattern
and will not be discussed in detail here.

The energies of the air showers with a detectable ra-
dio signal are shown in Fig. 25. The depicted energy is the
one reconstructed from the corresponding particle data. This
reconstruction has an overall systematic uncertainty of 27% and
varying event by event uncertainties (Thoudam et al., in prep.).
One clearly sees that below ∼1017 eV the detection of air show-
ers through their radio signal is not fully efficient, as the strength
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Fig. 25. Distribution of the energies of the cosmic rays which had a
measurable radio signal in the LOFAR data. The depicted energy is
the one reconstructed from the corresponding particle data. The quality
cuts, as described in Sect. 4.1, are applied.

of the radio signal scales with the energy of the shower. Higher
energies in this distribution are constrained by the steeply falling
cosmic-ray energy spectrum and limited size of the detector ar-
ray, which leads to limited event statistics at the highest energies.
There are significant hints that showers of higher energies have
been measured with LOFAR (especially when including the sta-
tions outside the Superterp), but these events are not well enough
constrained by the data from the particle detectors in order to
have a reference energy of the necessary accuracy. After a cal-
ibration of the energy of the radio measurements, those events
will be used in a radio-stand-alone reconstruction.

5. Conclusions

At LOFAR cosmic-ray induced air showers are regularly mea-
sured with an array of particle detectors, LORA, and a large ar-
ray of radio antennas. The cosmic-ray pipeline is routinely find-
ing their distinctive radio signatures in the measurements and a
full three-dimensional electric field vector is reconstructed for
every antenna position.

A large dataset has been gathered with hundreds of identified
cosmic-ray events in data from the LBAs. With up to a thousand
antennas per events, these are the first highly detailed measure-
ment of the radio signal of air showers. These measurements will
be used for a detailed characterization of the shower shape and
will be the benchmark data for comparison with models of radio
emission in air showers.
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is given as a function of the cosmic-ray arrival direction for two HBA
sub-station orientations and two beam directions. The simplest pat-
tern is obtained for a beam pointing towards zenith, where the
delay corrections are zero and the signals from the individual
antennas are simply added (left-hand side in Fig. 3). The gain pat-
tern is in this case solely the result of delays introduced by the arri-
val direction of the cosmic ray. However, for many LOFAR
observations the beam is not pointing towards zenith, but rather
towards some astronomical object. A frequently occurring pointing
is towards the North Celestial Pole, which is given as a second
example (right-hand side). While the beam shapes for tiles in two
sub-stations look similar, there are significant differences as
depicted in the bottom row of Fig. 3. These differences translate into
differences in observed pulse amplitude of up to a factor of % 15
between tiles in two different sub-stations depending on the
shower arrival direction. This means that while the beamforming
always introduces an additional gain for cosmic rays arriving from
the direction of the beam, the effect of the beamforming for off-
beam cosmic rays will not be the same for every tile. While some
signals might still be enhanced, others will be reduced to essentially
noise-level.

The exact differences depend on the shape of the pulse and on
the frequency response of the electronics. Furthermore, the com-
plex direction and frequency dependent response pattern of the
individual elements needs to be taken into account as well. Cross-
talk between antenna elements, due to the close spacing within a
tile, requires a response pattern per element as the patterns will
be slightly different. Such a detailed antenna model currently does
not exist. Therefore, differences between tiles due to beamforming
and the antenna pattern are not corrected for in the present
analysis.

In addition to the beam effect, there are intrinsic differences
between stations and tiles. Gain differences between tiles within
a station are corrected for using standard LOFAR calibration tables.
These tables are generated regularly using the algorithms
described in [21,22]. The effect of possible gain differences
between stations was tested, using data from the HBA part of the
LOFAR MSSS survey [23]. The calibration values obtained form
the pre-processed data of this survey vary between observations,
but differ on average about 5% between stations in any given
observation. As these values are not stable on longer time-scales,
they are not used to correct for gain differences in this analysis.
This introduces a 5% uncertainty on the pulse amplitudes mea-
sured in different stations.

Given the above mentioned lacking knowledge of the precise
characteristics of the system, there is currently no absolute calibra-
tion for the electric field strength of the measurements.

4. Dataset

Cosmic-ray data have been gathered with the HBAs since
October 2011. Until November 2013, 155 events have been
detected in the band of 110–190 MHz. In addition, two events were
detected in the band of 170–230 MHz. The time spent observing
the lower of the two HBA bands was about 20 times longer. There-
fore, this article concentrates on the events measured in the lower
band.

The triggers from the scintillator array were sent according to
the same specifications as for LBA observations [18]. These settings
give a threshold energy of 2 " 1015 eV for the particle detection.
While being recorded with the same trigger settings, the detection
probability for an air shower based on its radio signal is found to be
roughly a factor two lower for HBA than for LBA. This difference

can be attributed either to an intrinsically reduced emission
strength at higher frequencies or instrumental effects such as
higher background levels and hardware differences.

4.1. Information from particle data

Every triggered radio event is complemented with parameters
reconstructed from the particle data. For every event two recon-
structed directions are available, one from the particle data and
one based on the radio signals. The angular resolution of the particle
detectors is on average 1!. Further parameters obtainable from the
particle data are the position of the shower axis and an energy esti-
mate of the primary cosmic ray. Both parameters are only reliably
reconstructed for a certain parameter space [18], and therefore
not available for all events. The high quality events which are
detected with the HBAs span an energy range from 1:7 " 1016 eV
to 1:1 " 1018 eV.

4.2. Arrival directions

The arrival directions of the cosmic rays detected with the radio
antennas are shown in Fig. 4. A clear north–south asymmetry is
visible, which will be discussed in detail in Section 4.4.

The angular resolution achieved with the HBA antennas is not
the same for all directions. Many events are only measured with
one station. As the antennas are clustered in two sub-stations, this
results in a poorer angular resolution for showers arriving perpen-
dicular to the axis connecting the two sub-stations. Also, the tile-
beamforming has a negative effect on the accuracy as it affects
the pulse shape and thereby influences the reconstruction of the
arrival time. Thus, in a similar analysis as presented in [18],
the angular resolution was determined to be 7! with respect to
the particle data. This angular resolution strongly decreases as a
function of number of stations with detected pulses, but is on aver-
age worse than with the LBAs. Thus, a cosmic-ray candidate event
is now accepted as a cosmic-ray event when the directions recon-
structed from particle data and radio agree within 20!, instead of
10!. This relaxed cut excludes two obvious RFI candidates that

Fig. 4. Directions of the detected cosmic rays on sky as reconstructed from the
particle data. 0& corresponds to west and 90& is north. The zenith angle ranges from
0& to 70& . Also indicated (blue circle) is the direction of the magnetic field at the
LOFAR core, which is pointing downwards to north. A clear asymmetry of number of
detected events is visible. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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arrived from close to the horizon and can also be identified by their
deviating pulse form. This loosened cut provides larger statistics at
a possible cost of lesser purity.

4.3. Effect of the tile-beamforming

Due to the statistical nature of the cosmic ray arrival directions,
no event arrived directly (< 1!) from the direction in which the
beam of the observation was pointing.

The main effect of tile-beamforming in the direction of the
shower is an increase in signal strength, which lowers the detec-
tion threshold. The main effect of beamforming in another direc-
tion than the arrival direction is a distortion of the pulse shape.
This makes events of low signal strength harder to detect. Strong
pulses are detectable, but the frequency content of the pulse as
well as the position of the maximum will be affected. This effect
is observed in data and visualized in Fig. 5, where the likelihood
of detection is plotted as a function of angular distance between
arrival direction and beam. The overall detection efficiency is
determined by the energy threshold of the HBA tiles, which is
higher than the threshold of the particle array. However, the figure
shows that events arriving closer to the beam direction are more
likely to be detected and also that the detection probability does
not go to zero with increasing distance. Interesting to note is that
the distribution roughly follows the predicted dimensions of the
beam of the HBAs. Using the relation for the diffraction pattern
of an interferometer

GBeam " 1
k
D # a

# sin k
D
# a

! "
; $2%

with typical wavelength k and detector size D, gives a full width half
maximum beamwidth of about a & 20! for an HBA tile and the dis-
tribution shown in Fig. 5. This beamwidth also describes the
roughly 20! region depicted Fig. 3(e), in which the gain is indepen-
dent of the rotation of the sub-station. Both beam effects essentially
limit the field of view and sensitivity for cosmic ray observations
with the HBAs.

4.4. Observation of north–south asymmetry

If the main contribution to the radio emission from cosmic ray
air showers is geomagnetic in origin, a north–south asymmetry in

the arrival direction of air showers measured in radio is expected
[24,25]. This has indeed been observed by many experiments in
the frequency range up to " 100 MHz [3,16]. If this still holds true
for the frequency range considered in this paper (110–190 MHz),
such a north–south asymmetry should also be visible in Fig. 4. This
indeed is the case. However, for the particular setup at LOFAR there
is an additional complication. As the sensitivity of the instrument
depends on the arrival direction of the cosmic ray relative to the
current pointing of the tile-beam, an observed asymmetry in air
shower arrival directions might be the result from an asymmetry
in the beam pointing rather than caused by the intrinsic air shower
radio emission process.

In Fig. 6 it can be seen that while the reconstructed arrival
directions of the cosmic rays detected by the particle detectors
are uniformly distributed in azimuth, the subset of those triggers
that had a detectable radio signal are not. In the same figure the
tile-beam directions for all triggered events are also indicated.
Although at first glance, the distribution of radio events seems to
follow the beam direction distribution, a closer inspection does
show some important differences. In the second bin for example,
the fraction of detected radio events is much larger than the frac-
tion of beams pointing in this direction. It is important to stress
here again that such a discrepancy is possible since while the sen-
sitivity is higher in the beam direction, it is not zero outside of the
beam. Thus, a cosmic ray coming from outside the beam can still be
detected if the signal is sufficiently strong.

A total of 155 cosmic rays were detected. Of those cosmic rays
116 arrived from the northern half of the hemisphere and 39 from
the southern half giving a ratio N=S & 3:0. In order to check if this
asymmetry can be explained solely by the asymmetric distribu-
tions of tile-beams (a ratio of 1.46 for all beams, resulting in 92
north vs. 63 south for 155 observations), a simple Monte Carlo pro-
cedure is followed. For each trial the number of events arriving
from north and south are drawn from a Poissonian distribution
with expectation values 92 and 63 respectively. The ratio of events
from north over events from south is calculated. This ratio follows
a neither Poissonian nor Gaussian distribution. A total number of
107 trials are performed to give the probability distribution of
the north over south ratio. This procedure was repeated 100 times
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Fig. 6. Distribution of arrival directions of the measured air showers with respect to
azimuth angle. The azimuth angle is measured northwards positive from east.
Shown are the different distributions of azimuth angles of the direction in which
the data were tile-beamformed (black circles), the directions of the air showers that
triggered LOFAR (red triangles) and the directions of the cosmic rays, which were
detected in the radio (blue squares). The triggers are almost uniformly distributed
while the beams of the astronomical observations and the radio detections are not.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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arrived from close to the horizon and can also be identified by their
deviating pulse form. This loosened cut provides larger statistics at
a possible cost of lesser purity.

4.3. Effect of the tile-beamforming

Due to the statistical nature of the cosmic ray arrival directions,
no event arrived directly (< 1!) from the direction in which the
beam of the observation was pointing.

The main effect of tile-beamforming in the direction of the
shower is an increase in signal strength, which lowers the detec-
tion threshold. The main effect of beamforming in another direc-
tion than the arrival direction is a distortion of the pulse shape.
This makes events of low signal strength harder to detect. Strong
pulses are detectable, but the frequency content of the pulse as
well as the position of the maximum will be affected. This effect
is observed in data and visualized in Fig. 5, where the likelihood
of detection is plotted as a function of angular distance between
arrival direction and beam. The overall detection efficiency is
determined by the energy threshold of the HBA tiles, which is
higher than the threshold of the particle array. However, the figure
shows that events arriving closer to the beam direction are more
likely to be detected and also that the detection probability does
not go to zero with increasing distance. Interesting to note is that
the distribution roughly follows the predicted dimensions of the
beam of the HBAs. Using the relation for the diffraction pattern
of an interferometer
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with typical wavelength k and detector size D, gives a full width half
maximum beamwidth of about a & 20! for an HBA tile and the dis-
tribution shown in Fig. 5. This beamwidth also describes the
roughly 20! region depicted Fig. 3(e), in which the gain is indepen-
dent of the rotation of the sub-station. Both beam effects essentially
limit the field of view and sensitivity for cosmic ray observations
with the HBAs.

4.4. Observation of north–south asymmetry

If the main contribution to the radio emission from cosmic ray
air showers is geomagnetic in origin, a north–south asymmetry in

the arrival direction of air showers measured in radio is expected
[24,25]. This has indeed been observed by many experiments in
the frequency range up to " 100 MHz [3,16]. If this still holds true
for the frequency range considered in this paper (110–190 MHz),
such a north–south asymmetry should also be visible in Fig. 4. This
indeed is the case. However, for the particular setup at LOFAR there
is an additional complication. As the sensitivity of the instrument
depends on the arrival direction of the cosmic ray relative to the
current pointing of the tile-beam, an observed asymmetry in air
shower arrival directions might be the result from an asymmetry
in the beam pointing rather than caused by the intrinsic air shower
radio emission process.

In Fig. 6 it can be seen that while the reconstructed arrival
directions of the cosmic rays detected by the particle detectors
are uniformly distributed in azimuth, the subset of those triggers
that had a detectable radio signal are not. In the same figure the
tile-beam directions for all triggered events are also indicated.
Although at first glance, the distribution of radio events seems to
follow the beam direction distribution, a closer inspection does
show some important differences. In the second bin for example,
the fraction of detected radio events is much larger than the frac-
tion of beams pointing in this direction. It is important to stress
here again that such a discrepancy is possible since while the sen-
sitivity is higher in the beam direction, it is not zero outside of the
beam. Thus, a cosmic ray coming from outside the beam can still be
detected if the signal is sufficiently strong.

A total of 155 cosmic rays were detected. Of those cosmic rays
116 arrived from the northern half of the hemisphere and 39 from
the southern half giving a ratio N=S & 3:0. In order to check if this
asymmetry can be explained solely by the asymmetric distribu-
tions of tile-beams (a ratio of 1.46 for all beams, resulting in 92
north vs. 63 south for 155 observations), a simple Monte Carlo pro-
cedure is followed. For each trial the number of events arriving
from north and south are drawn from a Poissonian distribution
with expectation values 92 and 63 respectively. The ratio of events
from north over events from south is calculated. This ratio follows
a neither Poissonian nor Gaussian distribution. A total number of
107 trials are performed to give the probability distribution of
the north over south ratio. This procedure was repeated 100 times
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Fig. 5. Probability of detecting an air shower as a function of angular difference
between the direction of the observation and the arrival direction of the incoming
cosmic ray. The detection probability is given per bin for all air showers with an
arrival direction in this bin as a fraction of detected events, Ndetected, and received
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Fig. 6. Distribution of arrival directions of the measured air showers with respect to
azimuth angle. The azimuth angle is measured northwards positive from east.
Shown are the different distributions of azimuth angles of the direction in which
the data were tile-beamformed (black circles), the directions of the air showers that
triggered LOFAR (red triangles) and the directions of the cosmic rays, which were
detected in the radio (blue squares). The triggers are almost uniformly distributed
while the beams of the astronomical observations and the radio detections are not.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Mainly: Charge separation 
in geomagnetic field

Theory predicts additional 
mechanisms:
excess of electrons in 
shower:
charge excess
superposition of emission 
due to Cherenkov effects 
in atmosphere
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Polarization of the radio signal

we estimate the mean value. We do this by taking into
account the additional spread in the sample ! by requiring
that

!2

ndf
! 1

n

XN

i

"ai ! ā#2

""2ai $ !2#
! 1: (20)

In which the mean value ā is calculated using a weighted
average, with weights

wi ! 1=""2ai $ !2#: (21)

We use for "ai the upper uncertainty bound when ā is larger
than ai, and the lower uncertainty bound when ā is smaller
the ai. We find that the requirement in Eq. (20) is satisfied
at a value ! ! 0.10, and the rescaled uncertainties!!!!!!!!!!!!!!!!!!!!!
""2ai $ !2#

q
are indicated by the orange boxes around

the data points in Fig. 9. The mean value is estimated to be
ā ! 0.14, the uncertainty on the mean is estimated from the
weights

"ā !
1!!!!!!!!!!!!!Pn
i wi

p (22)

and has a value 0.02.

The deduced mean value of a has been used to predict
with Eq. (8) the values of #p and its uncertainty based on
the uncertainties in the location and the direction of the
shower axis and on the uncertainty in the direction of the
geomagnetic field. These predictions are shown in Fig. 10
and compared to the measured polarization angles. In the
case where we take a ! 0.14, the value of the Pearson
correlation coefficient is given by $P ! 0.93$0.04

!0.03 at 95%
C.L. If we compare this number with the value obtained
under the assumption, that there is only geomagnetic
emission (a ! 0 with $P ! 0.82$0.06

!0.04; see Fig. 8), we see
that the correlation coefficient increases significantly.
In addition, the reduced !2 value decreases from 27 for
a ! 0.0 to 2.2 for a ! 0.14.
This deduced contribution for a radial component with a

strength of "14% 2#% compared to the component induced
by the geomagnetic-emission process is, within the uncer-
tainties, in perfect agreement with the old data published
in Refs. [22,25]. They quote values of "15% 5#% and
"14% 6#% for a radio-detection setup located in British
Colombia and operated at 22 MHz.

G. Summary of experimental results

The results presented in the previous sections show that
we can use the direction of the induced electric field vector
as a tool to study the mechanism for the radio emission
from air showers. In addition to the geomagnetic emission
process which leads to an electric field vector pointing in a
direction which is fixed by the incoming direction of the
cosmic ray and the magnetic field vector of the Earth, there
is another electric field component which is pointing
radially towards the core of the shower. For the present
equipment sited at the Pierre Auger Observatory and for the
set of showers observed, this radial component has on
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FIG. 9 (color online). Distribution of most probable values of a
[see Eq. (10)] and their uncertainties for the AERA24 data set
(see Appendix B for details). The 68% confidence belt around the
mean value of a is shown as the solid blue line; the value a ! 0 is
indicated with the dotted red line; see text for further details.
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FIG. 10 (color online). The predicted polarization angle using
the combination of the two emission mechanisms with a !
0.14% 0.02 versus the measured polarization angle for the
AERA24 data set; see also the caption to Fig. 8.
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emission dominated by 
geomagnetic emission
14 +/- 2 % charge excess 
processes

measure direction of electric field 
vector at different positions

S=N > 2; (6)

where S and N are defined by Eqs. (3) and (4), respectively.
The uncertainties in R were obtained by adding noise from
the defined noise region to the signal, such that a set of
varied signals was obtained,

!E0
i!k " !Ei!k ! !Ei!m; (7)

for i running from 1 to 25 for each value of m in the noise
region fromm0 tom0 ! 294. We recall that the index k was
chosen such that S reaches its maximum value [see Eq. (3)].
Similar to the determination of the value R using Eq. (5), a
set of values R0 was generated using the values !E0

i!k. From
their probability density function, the variance and the
spread !R for R were determined. The uncertainty !" in
the observation angle was determined from the SD data and
from the location of the RDS relevant for the data point
plotted. The values ofR and their uncertainties are displayed
in Fig. 7 as a function of the angle " for the events recorded
by AERA24 which passed all the quality cuts. This "
dependence of R reflects predictions made by Refs. [28,31].
These predictions are based on simulations which account
for geomagnetic emission and emission induced by the
excess of charge at the shower front. Therefore, Fig. 7 gives
evidence that the emission measured cannot be ascribed to
the geomagnetic emission mechanism alone.

F. Direction of the electric field vector

To quantify the deviation from the geomagnetic radiation
as measured with our equipment, we compared measured
polarization angles with predictions based on a simple
model. This model assumes a contribution, in addition to
the geomagnetic process, which has a polarization like the
one from the charge-excess emission process. From Eq. (1)
we can write the azimuthal polarization angle as

#p " tan!1
!
EG
y ! EA

y

EG
x ! EA

x

"

" tan!1
!
sin##G$ sin##$ ! a sin##A$
cos##G$ sin#$$ ! a cos##A$

"
: (8)

Here #G is the azimuthal angle of the geomagnetic
contribution with respect to the geographic east; similarly,
#A gives the azimuthal angle for the charge-excess emis-
sion. The subscripts x and y denote the geographic east and
north directions, respectively; see Fig. 3. From the incom-
ing direction of the air shower and the direction of the
geomagnetic field (! !v ! !B), we obtained #G. Using the
zenith angle %a and the azimuthal angle #a of the shower
axis as well as the angle " , we define the azimuthal angle
#A as

#A " tan!1
!
sin2#%a$ cos#" ! #a$ sin##a$ ! sin#"$
sin2#%a$ cos#" ! #a$ cos##a$ ! cos#"$

"
;

(9)

while taking into account the signs of the numerator and the
denominator in this equation. In Eq. (8) the parameter a
gives the relative strength of the electric fields induced
by the charge-excess and by the geomagnetic emission
processes,

a" sin#$$ jE
Aj

jEGj
: (10)

To obtain the azimuthal polarization angle from the
observed electric field (see Sec. III C), we used a formalism
based on Stokes parameters, which are often used in radio
astronomy; see e.g. Ref. [50] for more details. Using
Eq. (2), the EW and NS components are presented in a
complex form, Ej;x " Ej;x ! i ~Ej;x and Ej;y " Ej;y ! i ~Ej;y,
where we use the notation ~E " H#E$ and where j denotes
the sample number (i.e. time sequence). In this representa-
tion the time-dependent intensity of the electric field
strength is given by

Ij " E2
j;x ! ~E2

j;x ! E2
j;y ! ~E2

j;y: (11)

After removing the contributions from narrow-band
transmitters using the noise reduction method based on
transformations forth and back to the frequency domain
(see Sec. II B), we used the region of interest displayed in
the bottom panel of Fig. 4 to find the signal. Because the
recorded pulses induced by air showers were limited in
time, the average polarization properties were calculated in
a narrow signal window. The position and width of this
window were defined as the maximum and the full width at
half maximum (FWHM) of the intensity of the signal. In
this signal window the two Stokes parameters that represent
the linear components were calculated as

FIG. 7 (color online). The calculated value of R [see Eq. (5)]
and its uncertainty for the AERA24 data set as a function of the
observation angle " . The dashed line denotes R " 0.
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Figure 8. Polarization footprint of a single air shower, as recorded with the LOFAR low-band

antennas, projected onto the shower plane. Each arrow represents the electric field measured by one

antenna. The direction of the arrow is defined by the polarization angle ψ with the ê�v× �B axis and

its length is proportional to the degree of polarization p. The shower axis is located at the origin

(indicated by the black dot). The median uncertainty on the angle of polarization is 4◦ and the value

for each antenna is indicated by the grey arrows in the background. Except for a few antennas in

the lower left station they are mostly small, indicating that the pattern is not the result of a random

fluctuation.

location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly

be seen for two measured air showers.

– 13 –
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location in the shower plane according to eq. (5.4). In figure 9 this dependence can clearly

be seen for two measured air showers.
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Charge excess fraction

geomagnetic Askaryan

Table 1. Charge-excess fraction as a function of the distance from the shower axis for three different
zenith angle bins.

Charge-excess fraction (a)
r� θ = [0◦, 20◦) θ = [20◦, 40◦) θ = [40◦, 60◦)

0− 50m (8.15± 1.59)% (6.87± 0.68)% (3.47± 0.79)%
50− 100m (13.71± 0.47)% (11.15± 0.25)% (5.84± 0.43)%
100− 150m (16.91± 0.66)% (12.80± 0.21)% (9.93± 0.46)%
150− 200m (18.74± 0.57)% (14.89± 0.24)% (10.76± 0.49)%
200− 250m (20.80± 0.98)% (15.66± 0.35)% (10.44± 0.54)%

Figure 12. Charge-excess fraction as a function of distance from the shower axis for three different
zenith angle bins.

obtained, and listed in table ??, still depend on the event set used due to shower-to-shower
fluctuations.

7 Systematic uncertainties

While the addition of background noise results in an additional statistical uncertainty on the
polarization angle and thus the charge-excess fraction, which is accounted for in the Monte
Carlo procedures described in appendices ?? and ??, it also introduces a systematic bias on
the angle of polarization [? ] which worsens with decreasing signal-to-noise ratio. While
this in principle can be corrected for by subtracting the Stokes parameters calculated on
background noise alone before calculating the angle of polarization, this has the downside
of increasing the statistical uncertainty. For this reason it was opted to not correct for
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Atmospheric electric fields during 
thunderstorms

(i.e., nonrandom) over all antennas but no longer in the
expected êv!B direction. In addition, for some of these
showers the intensity of the radio signal at low 10–90 MHz
frequencies is strongest on a ring around the shower axis
with a radius of approximately 100 m (see also Fig. 2). This
“ring structure” in the intensity pattern is not present in
normal fair-weather air showers that all lack rotational
symmetry in the intensity pattern and instead show a single
maximum that is displaced in the êv!B direction from the
shower axis [14,20]. Twenty of these 31 showers occur
within 2 h of lightning strikes recorded within !150 km
distance from LOFAR by the Royal Dutch Meteorological
Institute. Given the similarity of the polarization patterns of
the remaining showers where no lightning strikes were

FIG. 1. Polarization as measured with individual LOFAR
antennas (arrows) in the shower plane for three measured air
showers. LOFAR antennas are grouped into circular stations, of
which seven are depicted. 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.

FIG. 2 (color online). Radio intensity pattern during a thunder-
storm. Top: the circles represent antenna positions. Their color
reflects measured pulse power. The best-fitting COREAS simu-
lation is shown in color scale in the background. Where the colors
of the circles match the background, a good fit is achieved.
Bottom: measured (circles) and simulated pulse power (squares)
as a function of distance to the shower axis.
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shower axis [14,20]. Twenty of these 31 showers occur
within 2 h of lightning strikes recorded within !150 km
distance from LOFAR by the Royal Dutch Meteorological
Institute. Given the similarity of the polarization patterns of
the remaining showers where no lightning strikes were

FIG. 1. Polarization as measured with individual LOFAR
antennas (arrows) in the shower plane for three measured air
showers. LOFAR antennas are grouped into circular stations, of
which seven are depicted. 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.

FIG. 2 (color online). Radio intensity pattern during a thunder-
storm. Top: the circles represent antenna positions. Their color
reflects measured pulse power. The best-fitting COREAS simu-
lation is shown in color scale in the background. Where the colors
of the circles match the background, a good fit is achieved.
Bottom: measured (circles) and simulated pulse power (squares)
as a function of distance to the shower axis.

PRL 114, 165001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

24 APRIL 2015

165001-3

(i.e., nonrandom) over all antennas but no longer in the
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tool to probe the atmospheric electric fields present in
thunderclouds. Unlimited by violent wind conditions and
sensitive to a large fraction of the cloud, this technique may
help answer the long-standing question “how is lighting
initiated in thunderclouds?” It has been suggested by
Gurevich et al. [21,22] that cosmic-ray-induced air showers
in combination with runaway breakdown may initiate
lightning. If this is indeed true then LOFAR with its
combination of particle detectors and radio antennas is
well positioned to measure it.
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FIG. 3 (color online). Sensitivity of the fit quality to variations in the atmospheric depth of shower maximum Xmax (left panel), the
relative field strength (middle panel), and the field reversal altitude h2 (right panel). The optimal proton simulation is the same for all
plots. The electric field strength, in the upper layer, for all simulations is jEUj ! 50 kVm!1.

PRL 114, 165001 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

24 APRIL 2015

165001-5

!"

!"#$%$&'()'*$+,*$-."-(&'.$*-.#-)#,($)'&/(,0,12$

 

 

 

 

 0 

 

 

#"

A two-layer model of E-fields 

P. Schellart et al., PRL 114 (2015) 165001

= 50 kV/m

tool to probe the atmospheric electric fields present in
thunderclouds. Unlimited by violent wind conditions and
sensitive to a large fraction of the cloud, this technique may
help answer the long-standing question “how is lighting
initiated in thunderclouds?” It has been suggested by
Gurevich et al. [21,22] that cosmic-ray-induced air showers
in combination with runaway breakdown may initiate
lightning. If this is indeed true then LOFAR with its
combination of particle detectors and radio antennas is
well positioned to measure it.
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Predicted radio intensity pattern

2 Simulations at low frequencies

The main motivation for the development of modern radio emission theory were
the pioneering experiments LOPES and CODALEMA working at frequency
ranges of tens of MHz. A lot of progress has been made in recent years in
the study of the air shower radio emission, and simulations have always been
a fundamental guideline for interpreting the measurements. One of the most
important goals for radio detection is to reliably reconstruct the energy and
mass of the primary cosmic rays. Figure 1 illustrates two important aspects
that such analyses have to take into account: First, the footprint of the radio
signal total field strength exhibits significant asymmetries. They result from
the well-understood superposition of the dominant geomagnetic and sub-leading
charge excess components of the radiation. In particular when fitting a lateral
distribution function to radio measurements, these asymmetries have to be taken
into account. Second, it becomes obvious immediately that there can be very
significant di!erences between the lateral distribution functions of radio signals
emitted by proton-induced air showers (deeper shower maximum) and iron-
induced air showers (shallower shower maximum). Naturally, shower-to-shower
fluctuations wash out these signatures, yet they can still be exploited in practice
(Huege et al., 2008; Palmieri et al., 2012).
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Figure 1: Footprints of the 40-80 MHz total field strength for vertical 1017 eV
air showers induced at the LOPES site by a proton (left) and an iron (right)
primary. Please note the di!erent absolute scaling. Both the asymmetry of the
footprint and the systematically di!erent slope of the lateral distribution caused
by the di!erent depths of shower maximum are obvious.

The interaction of the geomagnetic and charge excess components of the
radio emission from a vertical air shower are illustrated in some more depth in
Figure 2. In the middle, the inner 100 m radius of the radio footprint are shown.
At the outside, scatter plots of the north-south component versus the east-west
component of the electric field vector as a function of time as observed at various
observer positions at 100 m radius illustrate the polarisation characteristics of
the radio signal. For observers in the east, the geomagnetic and charge excess
components superpose constructively, the resulting polarisation is purely linear
east-west. Similarly, for observers in the west, the two components interfere
destructively. This is the reason for the asymmetry already observed in Figure 1.
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Figure 14: Air shower as measured with LOFAR with a best fit to the data (equation (10)). Left: Pattern projected into the

shower plane. The circles indicate the measurements, the background indicates the fit. The integrated total pulse power is

encoded in color. Right: Pulse power as a function of the distance to the shower axis. The open black squares indicate the

measurements, the full red circles show the fit to the data.

The fit can essentially be reduced to four parameters, given that in experiments the arrival direction is
estimated independently of the signal strength via timing. We exemplary show that the parameterization
reproduces air showers as measured with LOFAR. This is the first analytic parameterization to do so.

In further investigations we will study methods to derive Xmax based on the discussed parametrization
from measured data and explore the achievable resolution. For LOFAR, this parameterization can for now
simplify and speed up the identification of Xmax, compared to the current method that is based on individual
simulations for every air shower covering the whole parameter space.

If one wants to use the lateral distribution of the radio emission of air showers as an independent tool
to determine all air shower characteristics, one needs to provide a sufficiently high number of independent
measurements of the signal strength. Experiments measuring the radio emission then need to be set-up
accordingly. In oder to be able to use the most minimal parametrization of the lateral distribution at least
four measurements are needed.

Appendix A. Fit parameters
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Figure 5: Detailed result of the fit of a single simulated shower. In both figures the original simulation is depicted in black
squares and the value of the fit is indicated by a red circle. The results are shown with respect to two perpendicular axes in the
shower plane, thereby respectively ignoring the coordinates in the other axes. The figure illustrates a good agreement between
the simulation and the fit to the simulation.

Figure 6: Illustration of the residuals of the fit shown in figure 5. Left: Relative differences between simulation and fit with
respect to the individual simulation. Right: Relative differences between simulation and fit with respect to the maximum of the
simulation. Features that can be interpreted as straight edges are caused by the interpolation for the plot.

Additionally, it was found that the Y− parameter is almost constant ( Y− < 1m) for all fits and it is
therefore also not needed.

An example of a successful fit is shown in figure 5. Both, the fit and the simulated data are shown and
represented as circles and squares, respectively. For better visibility cuts through the x�-axis (�v× �B) and the
y�-axis are shown, which illustrate in which coordinates the asymmetry is present. Given the constructive
interference of the geomagnetic effect and the charge excess, the asymmetry is especially visible with respect
to �v × �B. The figure shows a good agreement between simulated data and the fit.

In order to assess the quality of the fit, the relative uncertainty is calculated. As there are no measurement
uncertainties on the simulated showers, the absolute residuals are not directly comparable between events.
This is especially true, given the fact that the simulated events span three orders of magnitude in energy,
which delivers pulse powers that span six orders of magnitude. Therefore, the relative difference between
original simulation and fit is calculated, as it is shown in figure 6. The relative uncertainty with respect to
every individual signal is shown on the left. At regions with lower signal this gets rather large as a small value
is divided by another small value. These are however the less relevant parts of the shower as they contain
low (possibly experimentally not measurable) signals. In order to make the relevant part better visible the
difference with respect to the maximum signal is shown on the right.

Those regions of the fit that show the largest deviations, are those that lie at the outer fall-off (in figures 5

6

Lateral distribution of radio signals
not rotational symmetric

Figure 4: Interpolated pattern of the simulated total power for two different air showers in the shower plane. On the left a

shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.

Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power

from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in

the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is

however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured

at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an

exponential fall-off at larger distances are obvious candidates. In addition, the functions should deliver

a flattening or even fall-off near the center. Purely from these shape considerations, the following initial

parameterization is chosen.

P (x
�
, y

�
) = A+ · exp

�
−[(x� −X+)

2
+ (y� − Y+)

2
]

σ2
+

�
−A− · exp

�
−[(x� −X−)

2
+ (y� − Y−)

2
]

σ2
−

�
+O (2)

Here, P is the total power of the integrated radio signal, x�, y� are the spatial coordinates, centered around

the position of the shower axis in the plane spanned by the vectors �v × �B and �v × �v × �B. This function has

nine free parameters that need to be fitted. Those are the location parameters X+, X−, Y+, Y−, the width

parameters σ+,σ−, the offset parameter O and the two scaling parameters A+ and A−, which are positive

and it holds A+ > A−. This means that the parameterization is made up of two Gaussians, which are shifted

with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,

it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a

standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one

single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here

(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The offset parameter O is introduced, as the CoREAS simulations suffer from noise artifacts at larger

distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does

therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to

the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the

outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be

necessary to reintroduce this parameter for measured data.

5

fit two Gaussian functions

v x Bv x (v x B)
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zenith angle 31°
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χ2 / ndf = 1.02

LBA 10-90 MHz
Simulations & Measurements

48



HBA 110-240 MHz

Relativistic time compression gives a Cherenkov ring

Simulations & Measurements
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LOFAR is the only dedicated 
experiment with high-band 
antennas

higher frequency-range: 
dominance of relativistic time-
compression

signals expected to be on a ring 
of emission

first experiment to observe these 
in single showers
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Figure 5.12: Simulated pulse power (CoREAS) as a function of distance to shower axis for different
ideal filter settings on an idealized grid of antennas. For this shower the primary particle was a proton
of 7.2 · 1017eV, arriving at a zenith angle of 38◦. As the pulse power is not only a function of distance
to shower axis, the spread at any particular distance represents the asymmetry in the signal.

5.2.2 Observation of Cherenkov rings in air showers

The high antenna density of LOFAR enables detailed studies of the radiation pattern gener-
ated by individual showers. This is needed due to the intrinsic asymmetry of the signal which
hinders averaging over showers. LOFAR is the only current experiment that can confirm the-
oretical predictions about the signal pattern in a single event study, especially for the range
above 100MHz.

Comparison to simulations

Using the air showers simulations it can be predicted what is expected from an observation
at higher frequencies. Figure 5.12 shows one single simulated air shower filtered in the two
different LOFAR frequency bands. The shape of the lateral signal distribution changes and the
ring like structure is more enhanced at higher frequencies, while the total power of the signal
is decreasing with frequency. Also, the azimuthal asymmetry, which is visible in the spread
for the lower frequency band, seems to decrease for the higher band.

A direct comparison of the HBA data using the method of [134] can only be accomplished
under certain conditions. As discussed earlier, the additional gain differences of the HBA sub-
stations according to their rotation make it challenging to correct for the hardware response.
To do this correctly, one would have to simulate single pulses and feed them through a full
model of the hardware, including especially the analogue beam former, which is very sensitive
to uncertainties on the arrival direction. Such a realistic model of the full hardware is however
not available yet.

Instead, we concentrate on air showers that arrived from close to the direction of the beam.
As discussed above (figures 3.14 and 5.10) the response of all HBA sub-stations is similar for

CoREAS
simulations

Measuring Cherenkov Rings
110 - 190 MHz

50



84 Chapter 5. Properties of the measured air showers and their radio emission

Figure 5.12: Simulated pulse power (CoREAS) as a function of distance to shower axis for different
ideal filter settings on an idealized grid of antennas. For this shower the primary particle was a proton
of 7.2 · 1017eV, arriving at a zenith angle of 38◦. As the pulse power is not only a function of distance
to shower axis, the spread at any particular distance represents the asymmetry in the signal.
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The high antenna density of LOFAR enables detailed studies of the radiation pattern gener-
ated by individual showers. This is needed due to the intrinsic asymmetry of the signal which
hinders averaging over showers. LOFAR is the only current experiment that can confirm the-
oretical predictions about the signal pattern in a single event study, especially for the range
above 100MHz.

Comparison to simulations

Using the air showers simulations it can be predicted what is expected from an observation
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estimate and arrival direction from the particle data as input. The
predicted radio intensity pattern for each shower is compared with
the measured data. Free parameters in this least-squares fit are the
position of the shower axis and a single scaling factor, compensat-
ing for the missing absolute calibration. The simulation with the
best matching pattern is selected as the comparison event.

The best fitting simulations for the three events are shown in
Fig. 9. In the images on the left-hand side, the interpolated total
power from the simulation is given in the background map. Over-
laid are the measured data as circles. Where the colors match there
is an agreement in signal strength. The Cherenkov ring dominates
the structure for all events, which is clearly visible in both simula-
tions and measurements.

The same can be seen in a projection of the signals as a function
of distance to shower axis as shown on the right-hand side of Fig. 9.
This lateral distribution is dominated by the amplified ring struc-
ture at distances of about 100 m. These measurements confirm
the importance of the propagation of the radiation, which causes
these relativistic time compression of the measured emission,
which itself is still dominated by the geomagnetic effect (see Sec-
tion 4.4).

5.3. Sensitivity of the Cherenkov ring to the depth of the shower
maximum

It was suggested in [13] that the radius of the Cherenkov ring is
sensitive to the depth of shower maximum Xmax. Experimentally, it
has to be tested how precisely the radius of the ring can be mea-
sured and what resolution this yields for Xmax.

The three events introduced above are used to determine the
precision with which the radius of the Cherenkov ring can be
obtained. The ring size is defined as that distance to the shower
axis at which the pulse power reaches its maximum value. This
distance of the highest signal strength is obtained by fitting a
Gaussian function to the distribution of pulse power as function
of distance to the shower axis.

When applying this method a number of uncertainties have to
be taken into account. The main contribution to the overall uncer-
tainty is the uncertainty on the position of the shower axis. Unless
there is a complete fit of the signal distribution of the radio data
[28], the axis as obtained with the particle array has to be used.
The array delivers uncertainties on the axis position that vary from
5 m to 30 m and on the arrival direction of about 1!.

In order to account for these uncertainties, the signal strength
as a function of distance to the shower axis is recalculated 500
times for a shower axis that is varied within its uncertainties.
The resulting ring sizes obtained by fitting the Gaussian to the
new distributions are filled into a histogram. From this histogram
the most probable value of the ring size and the corresponding
uncertainty can be obtained.

As can be seen in Fig. 9, the signal pattern is not completely
axis-symmetric. This is not taken into account, when using a
one-dimensional fit to describe the whole distribution. It seems,
however, that the radius of the ring is sufficiently symmetric in
the shower plane to approximate this feature in one dimension,
and thus a fit of a Gaussian function is chosen to determine the ring
size.

The parameters reconstructed from the radio pulse powers of
the three example showers are shown in Table 1.

In [13] Xmax is calculated by fitting the following relation to a set
of air showers, simulated using the EVA code [29], with energies
between 1017 ! 1019 eV:

Xmax " a# b $ dmax: %3&

The parameters a and b are fitted constants and dmax denotes
the radius of the ring.

In [13] the generated air showers are vertical and the configura-
tion of the magnetic field is different in both direction and strength
from that at the central site of LOFAR. This makes it necessary to
redo the calculations to obtain a prediction for the relation of the
ring size to the height of the shower maximum appropriate for
LOFAR observations. The same analysis for showers of a more
typical arrival direction (h " 45') in the frequency range of
110–190 MHz with the magnetic field configuration at the LOFAR
location, delivers the results shown in Fig. 10.

For vertical showers and frequencies below 200 MHz, [13] find
a double-peaked structure in the distribution of signal strengths,
which complicates the usage of the ring size as tracer of the shower
maximum. For the magnetic field configuration of LOFAR and the
higher inclination angle this feature does however not occur.
Therefore a linear relation between ring size and shower maximum
can still be used, as evidenced by Fig. 10.

For a perfectly measured radius of the ring a resolution of better
than 25 g=cm2 is achieved. Combining this uncertainty with the
uncertainties for the reconstruction of the ring size, yields the
results as shown in Table 2. The results are compared to the best
fit obtained from CoREAS simulations, as described above.

This shows that there is, for the given three events, no statisti-
cally significant discrepancy between the value for Xmax obtained
with the two methods. However, the precision obtained by directly
comparing to simulations is much higher than the one from using
only the ring size. It should also be noted, that one cannot use the
discrepancies between the values to compare the two models (EVA
and CoREAS), as two completely different methods are applied to
obtain Xmax.

Table 1
Shower parameters determining the measurement of Xmax. The angle is measured
from zenith (upwards: 0') and reconstructed from radio data. The arrival directions
are compatible with the ones reconstructed from particle data. The ring size is
determined according to the procedure described in Section 5.3.

Event Zenith angle [!] Radius of ring [m]

1 43:4( 2:0 117:3( 4:7
2 34:9( 1:0 93:3( 2:1
3 40:5( 1:0 119:6( 22:1

500

550

600

650

700

750

800

X m
ax
(g/
cm

2 )

95 100 105 110 115 120 125 130 135
dmax(m)

proton
iron
110-190 MHz

Fig. 10. Distribution of ring sizes obtained from EVA simulations for different
values of the height of the shower maximum. Air showers were simulated with iron
(blue squares) and proton primaries (red circles), a zenith angle of 45' and a
random azimuth angle. The radio signals are filtered to match the frequency range
of the HBAs. The magnetic field configuration was the one of the center of LOFAR.
The height of the shower maximum can be expressed by a linear function of the ring
size, which is indicated by the fit. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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(a) Small
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(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity

v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The

generated wavefront is observed as conical (top panel) by an observer at small distances to the point where

the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle

panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).
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(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time differences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis differ between fits, as is in particular evident for the spherical fit.
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Figure 6: The arrival time differences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis differ between fits, as is in particular evident for the spherical fit.
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(a) Hyperbolic fit
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Figure 6: The arrival time differences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis differ between fits, as is in particular evident for the spherical fit.
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generated wavefront is observed as conical (top panel) by an observer at small distances to the point where

the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle

panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

Arrival time of radio signals

(a) Hyperbolic fit

(b) Conical fit

(c) Spherical fit

Figure 6: The arrival time differences from a plane wave as a function of distance to the shower axis with
the best fitting shape solutions. A hyperbolic (top), conical (middle) and spherical (bottom) fit has been
applied, respectively. Each plot shows the arrival times as a function of the distance to the shower axis (top
panel) and deviations from the best fit scaled to the uncertainty for each datapoint (bottom panel). Note
that the shower core position is a free parameter in each fit, therefore the positions of the data points on
the x-axis differ between fits, as is in particular evident for the spherical fit.

12

hyperboloid

(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity

v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The

generated wavefront is observed as conical (top panel) by an observer at small distances to the point where

the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle

panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

A
. C

or
st

an
je

 e
t a

l.,
 A

st
ro

pa
rt

. P
hy

s. 
61

 (2
01

5)
 2

2

57



(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity

v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The

generated wavefront is observed as conical (top panel) by an observer at small distances to the point where

the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle

panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5
(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity

v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The

generated wavefront is observed as conical (top panel) by an observer at small distances to the point where

the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle

panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

(a) Small

(b) Intermediate

(c) Large

Figure 2: Toy model motivating a hyperbolic wavefront shape. A point source moves vertically at a velocity

v > c/n and emits for a limited amount of time. The solid horizontal line represents the ground plane. The

generated wavefront is observed as conical (top panel) by an observer at small distances to the point where

the source stops emitting. Observers at intermediate distances see a hyperbolic wavefront shape (middle

panel). For observers at larger distances the observed wavefront shape is closer to a sphere (bottom panel).

5

Figure 7: Fit quality for a hyperbolic (top), conical (middle) and spherical (bottom) wavefront shape.

to shower maximum increases with decreasing elevation angle (θ), the shape of the radio wavefront is also
expected to depend on the elevation angle. This can be seen in Fig. 2 where the radius of curvature of the
inner part, its extent and the slope of the conical part are all expected to depend on the distance to the last
emission point. This in turn would depend on Xmax.

Similar to [10], we can take e.g. the time lag of the radio wavefront at r = 100m, with respect to the
arrival time of the emission along the shower axis (r = 0). It is not possible to use the hyperbola parameter
b (the slope of the asymptote) directly, as in some cases the asymptotic regime is (far) outside the data
range. Fig. 9 shows the time lag at r = 100m as a function of elevation angle. We find a weak correlation
with a Pearson correlation coefficient of 0.32. The probability of obtaining this value for uncorrelated data
is 4 · 10−5.

To give an order of magnitude of the angular deviation between the measured wavefront and the shower
plane, we can use t100 to get

α =
c t100
100m

, (13)

which is on average 0.11 rad = 0.63 ◦. As the hyperbola becomes steeper further out, we could also use t250
instead (still inside the data range), which would give on average 0.94 ◦. These numbers agree qualitatively
with the average deviation angle from a plane of 0.83 ◦ found by [10]. The small angle of less than one degree
explains why accurate timing is required in order to measure the wavefront shapes.

In practice however, it appears to be difficult to use wavefront timing by itself to determine (the distance
to) Xmax. This is due to the strong interdependency of the shower axis position and the exact shape of the
wavefront. While the wavefront shape remains hyperbolic when moving the shower axis location around,
the curvature near the axis as well as the slope further out change. Therefore it is best to combine timing
information with other information available on the shower. This information may come from the particle
detectors, or from the radio data in the form of the intensity pattern at ground level. It has already been
shown that the radio intensity pattern itself is highly sensitive to Xmax [21]. Combining this technique with

13

fit quality
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Figure 8: Angular difference between reconstructed shower axis direction for three wavefront shape as-
sumptions. 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).
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122 Chapter 7. Application of the parameterization to LOFAR data
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Figure 7.12: The energy as obtained from the full Monte-Carlo approach as a function of the parameter

A+ as obtained from fitting the same 50 air showers. Also indicated is a straight line fit to the data, with

results in a slope of 0.55± 0.11.

sensible value for the energy was obtainable. This was due to diverging values of the Molière

radius (rM < 1 or rM > 1000), meaning that no stable fitting solution could be found.

The nice agreement between the values obtained from the particle data directly and the full

Monte Carlo values, can now also help exploring the correlation of the full data-set. The best

fit to the data in figure 7.12 is also drawn in figures 7.9 and 7.10. It shows that stricter cuts on

the particle reconstruction might be necessary to obtain a good prediction quality.

Using the results from the full Monte Carlo approach only, one can again give an estimate

of the energy resolution of the A+ parameter as it is shown in figure 7.13. The distribution

results from varying the data 300 times within their uncertainties and calculating the remain-

ing residual. The distribution is non-Gaussian and a fit can only indicate an estimate. It is

especially interesting that there is a cluster at lower energies where the signal seems to be

overestimated. This might be caused by an inaccurate treatment of the noise for small pulses

or a threshold effect and has to be investigated further. Two fits to the distribution are shown.

One to the full distribution and one excluding the tail of the distribution. According to both

fits, the energy resolution is about 30% and contains the uncertainties of both methods.

As it was shown before, the A+ parameter also shows a dependence on the angle with the

magnetic field α and the distance to the shower maximum, mostly represented by the zenith

angle. In future studies, it should be investigated whether subdividing the set into bins of

zenith angles, can improve the prediction quality. For this more than 50 air showers or a more

sophisticated treatment of the particle data are needed.

7.4.3 Excursus: Finding the best energy estimator

Precisely determining the energy of a cosmic ray from the radio emission of its air shower

is one of the major open questions. In principle, the expected amplitude everywhere in the

pattern should scale linearly with the energy of the incoming particle due to the coherence of

Properties of primary particle
Figure 4: Interpolated pattern of the simulated total power for two different air showers in the shower plane. On the left a

shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.

Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power

from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in

the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is

however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured

at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an

exponential fall-off at larger distances are obvious candidates. In addition, the functions should deliver

a flattening or even fall-off near the center. Purely from these shape considerations, the following initial

parameterization is chosen.

P (x
�
, y

�
) = A+ · exp

�
−[(x� −X+)

2
+ (y� − Y+)

2
]

σ2
+

�
−A− · exp

�
−[(x� −X−)

2
+ (y� − Y−)

2
]

σ2
−

�
+O (2)

Here, P is the total power of the integrated radio signal, x�, y� are the spatial coordinates, centered around

the position of the shower axis in the plane spanned by the vectors �v × �B and �v × �v × �B. This function has

nine free parameters that need to be fitted. Those are the location parameters X+, X−, Y+, Y−, the width

parameters σ+,σ−, the offset parameter O and the two scaling parameters A+ and A−, which are positive

and it holds A+ > A−. This means that the parameterization is made up of two Gaussians, which are shifted

with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,

it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a

standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one

single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here

(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The offset parameter O is introduced, as the CoREAS simulations suffer from noise artifacts at larger

distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does

therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to

the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the

outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be

necessary to reintroduce this parameter for measured data.
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the σ+ as fitted from the parameterization. The red line indicates the prediction as
obtained from the full set of simulations (see figure 6.9).

values cannot be cross-checked against another experimental method. However, one can make
plausibility checks.

On the left side of figure 7.18, all values fitted for σ+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(θ) distribution, as it is expected from the distance to the shower maximum and its
dependence on the zenith angle. This relation was also obtained from simulations (see section
6.2) and is shown for comparison on the right side of figure 7.18. The visible spread is related
to the different values of the shower maximum at the same zenith angle. The spread on the
distribution of the data is therefore not an indication of a poor fit, but is likely to stem from the
variations in Xmax. Thus, the overall distribution seems plausible

When concentrating on the subset of air showers for which a full Monte Carlo simulation
was performed, the dependence of σ+ on the distance to the shower maximum can be checked.
The results are shown in figure 7.19. There is a clear correlation between both values. In fact,
the relation between them is almost exactly the relation as predicted from the study involving
only simulations (see figure 6.9). This relation obtained by the study on simulations is indi-
cated by the red line. It is used as the measurements span a small range of distances to Xmax

than the simulations and the need for a curved correlation is not obvious from these data.

σ+ = −54.3 + 0.438 ·D(Xmax)− 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · σ+ + 0.0080 · σ2
+ (7.16)

Using relation 7.16 that connects σ+ and Xmax one can derive the Xmax-resolution by
using σ+ as an indicator. In order to do so, the values of σ+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are

distance to Xmax
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LOPES: energy correlation 
with KASCADE and KASCADE-Grande
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LOPES energy precision (CC beam) 

 LOPES precision comparable to KASCADE-Grande (20 %), 
but additional systematic and scale uncertainties unknown 

F. Schröder, ARENA (2012)
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AERA: direction of E field vector 
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C. Glaser, ARENA (2012)

AERA: measured vs. expected values

!!"#$%&$'()*+'%,#)
)

-./0-)1231)4)-/.-)/(,#56)!'+$7#'&$8(

!"#$%&"'()$*(+,-"./"'(012#&3$#/314

! ,+,9&#$9):$,+;)$%)%&#8(5+6)<8+'#$%,;

! 5,8='5(,&$9),=$%%$8()$%);8=$('(&

" 98##,9&),+,9&#$9):$,+;)'=<+$&>;,):8#)
$(98=$(5);$#,9&$8(

"

Auger Engineering Radio Array
AERA

66



!"!"#$%&$'()*+'%,#)
)

-./0-)1231)4)-/.-)/(,#56)!'+$7#'&$8(

!"#$%&'()*+,$)-+."

9#,+$:$('#6

/'!'0'1234

#"#$%&'$#5.*6-+."'347
8+"9*2'56$:)9#';#-#9-.$'$#5.*6-+."<

!"!"#$%&$'()*+'%,#)
)

-./0-)1231)4)-/.-)/(,#56)!'+$7#'&$8(

!"#$%&'()#*'"+,$#-$$"+.)#)+/'*"#0

! #'9$8)%$5('+):,'%;#,9)'&)9$%<#,&,)=8%$&$8(%

! ;%,),>=8(,(&$'+)?;(<&$8()&8)$(&,#=8+'&,)
7,&@,,()9'&')=8$(&%

#'9$8)%&'&$8(%

AB)%"8@,#)<8#,

AB)&'(C

AERA: energy correlation 

C. Glaser, ARENA (2012)

!!"#$%&$'()*+'%,#)
)

-./0-)1231)4)-/.-)/(,#56)!'+$7#'&$8(

!"#$%&"'()$*(+,-"./"'(012#&3$#/314

! ,+,9&#$9):$,+;)$%)%&#8(5+6)<8+'#$%,;

! 5,8='5(,&$9),=$%%$8()$%);8=$('(&

" 98##,9&),+,9&#$9):$,+;)'=<+$&>;,):8#)
$(98=$(5);$#,9&$8(

"

!"!"#$%&$'()*+'%,#)
)

-./0-)1231)4)-/.-)/(,#56)!'+$7#'&$8(

!"#$%&'()#*'"+,$#-$$"+.)#)+/'*"#0

! #'9$8)%$5('+):,'%;#,9)'&)9$%<#,&,)=8%$&$8(%

! ;%,),>=8(,(&$'+)?;(<&$8()&8)$(&,#=8+'&,)
7,&@,,()9'&')=8$(&%

#'9$8)%&'&$8(%

AB)%"8@,#)<8#,

AB)&'(C

Auger Engineering Radio Array
AERA

67



Mass (Type)

68



23 20 June 2012, ARENA, Erlangen   LOPES Overview  
   

frank.schroeder@kit.edu 
Institut für Kernphysik, KIT Campus North 

PRD 85 (2012) 071101(R) 

Significant correlation observed 
First experimental proof that radio is sensitive to longitudinal 
shower development (direct sensitivity to geometrical distance) 

Sensitivity to geometrical distance implies Xmax sensitivity 
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LOPES: mass sensitivity
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Xmax reconstruction with cone angle 

Xmax proportional to  after correction for zenith angle 
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LOPES: Shape of Shower Front
Xmax proportional to  after correction for zenith angle 

precision: ~30 g/cm!  for REAS3 simulations without noise 
precision: ~200 g/cm! for LOPES measurements 
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7.5. Reconstruction of the distance to the shower maximum 129
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Figure 7.19: Comparison of the distance to the shower maximum as obtained from full Monte Carlo
simulations with the σ+ as fitted from the parameterization. The red line indicates the prediction as
obtained from the full set of simulations (see figure 6.9).

values cannot be cross-checked against another experimental method. However, one can make
plausibility checks.

On the left side of figure 7.18, all values fitted for σ+ are plotted against the zenith angle of
the arrival direction. An increase with increasing zenith angle is visible. The increase follows
a 1/ cos(θ) distribution, as it is expected from the distance to the shower maximum and its
dependence on the zenith angle. This relation was also obtained from simulations (see section
6.2) and is shown for comparison on the right side of figure 7.18. The visible spread is related
to the different values of the shower maximum at the same zenith angle. The spread on the
distribution of the data is therefore not an indication of a poor fit, but is likely to stem from the
variations in Xmax. Thus, the overall distribution seems plausible

When concentrating on the subset of air showers for which a full Monte Carlo simulation
was performed, the dependence of σ+ on the distance to the shower maximum can be checked.
The results are shown in figure 7.19. There is a clear correlation between both values. In fact,
the relation between them is almost exactly the relation as predicted from the study involving
only simulations (see figure 6.9). This relation obtained by the study on simulations is indi-
cated by the red line. It is used as the measurements span a small range of distances to Xmax

than the simulations and the need for a curved correlation is not obvious from these data.

σ+ = −54.3 + 0.438 ·D(Xmax)− 0.00012 ·D(Xmax)
2 (7.15)

D(Xmax) = 230.0 + 0.91 · σ+ + 0.0080 · σ2
+ (7.16)

Using relation 7.16 that connects σ+ and Xmax one can derive the Xmax-resolution by
using σ+ as an indicator. In order to do so, the values of σ+ are varied 300 times within
their uncertainties and the corresponding values of the distance to the shower maximum is
calculated. From these values, the simulated distance to the shower maximum is subtracted,
after also this has been varied within its uncertainties. The resulting distribution is shown in
figure 7.20. The resulting distribution is not Gaussian, which is due to the long tails, which are

Particle type/mass
distance to Xmax

Figure 4: Interpolated pattern of the simulated total power for two different air showers in the shower plane. On the left a

shower measured at a large distance and on the right a shower measured at a small distance to the shower maximum is shown.

Both showers show a visible asymmetry and a circular, bean-shaped pattern.

4. General considerations and choice of parametrization

In order to better visualize the shape of the lateral signal distribution of the simulated signal, the power

from the grid pattern (figure 3) can be interpolated and plotted, as it is done in figure 4. Since this is in

the shower plane, this pattern is in general circular, so one is tempted to look for rotational symmetry. It is

however also clearly visible that the central part with the highest signal is not rotationally symmetric.

As discussed in section 2, the classical choice is an exponential function. Especially for events measured

at larger distances to the shower axis, this has proven to be successful. Thus, functions which have an

exponential fall-off at larger distances are obvious candidates. In addition, the functions should deliver

a flattening or even fall-off near the center. Purely from these shape considerations, the following initial

parameterization is chosen.

P (x
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) = A+ · exp

�
−[(x� −X+)

2
+ (y� − Y+)

2
]

σ2
+

�
−A− · exp

�
−[(x� −X−)

2
+ (y� − Y−)

2
]

σ2
−

�
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Here, P is the total power of the integrated radio signal, x�, y� are the spatial coordinates, centered around

the position of the shower axis in the plane spanned by the vectors �v × �B and �v × �v × �B. This function has

nine free parameters that need to be fitted. Those are the location parameters X+, X−, Y+, Y−, the width

parameters σ+,σ−, the offset parameter O and the two scaling parameters A+ and A−, which are positive

and it holds A+ > A−. This means that the parameterization is made up of two Gaussians, which are shifted

with respect to each other and subtracted from each other. As it is a parameterization in the shower plane,

it also depends on an independent reconstruction of the direction of the shower.

5. Fit quality and parameter adaptation

Function (2) is fitted without any further restrictions to every individual simulated shower, using a

standard Levenberg-Marquardt least-squares algorithm. In oder to identify suitable starting values, first one

single two-dimensional Gaussian function is fitted. This will be especially necessary if the core position (here

(0,0) from simulations) is not well known, as it is typically the case for measured showers.

The offset parameter O is introduced, as the CoREAS simulations suffer from noise artifacts at larger

distances to the shower axis, introduced by the thinning of the simulated air showers. The signal power does

therefore not reach zero, as it is expected from physical considerations. As it is an additional parameter to

the fit, which can introduce local minima, it can be left out, at the cost of an decreased fitting quality at the

outer edges of the grid. Depending on the noise situation and the required signal-to-noise ratio, it might be

necessary to reintroduce this parameter for measured data.
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0.9 - 2.6

• Radiation mechanism 
finally completely 
understood!

Full simulation of radio emission in air 
showers
Fit simultaneously to radio and particle 
measurements

Reconstruction of the depth of 
the shower maximum (Xmax)

S.
 B

ui
tin

k 
et

 a
l, 

PR
D

 in
 p

re
ss

, a
rX

iv
:1

40
8.

70
01

72



Reconstruction of the depth of 
the shower maximum (Xmax)

Fe p

Longitudinal Shower Profiles with the Pierre Auger
Fluorescence Telescopes
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3D reconstruction

• For each measured shower:
Simulate many proton and iron 
showers

• Fit each simulation intensity 
pattern to the data

• Reconstruct depth of shower 
maximum: Xmax
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Xmax reconstruction with radio detection S. Buitink

Figure 1: Two-dimensional radio air shower reconstructions. The measured power for two different showers
(left/right) is fitted to a simulated radio map (top panels). The one-dimensional lateral distribution functions
(middle panels) are not single-valued functions of distance to the shower axis. The reconstructed Xmaxis
found by plotting the quality-of-fit for all simulations (bottom panels).

5

Measurement of particle mass

σXmax ≈ 17 g/cm2σE ≈ 32%

Xmax reconstruction based on radio detection of air showers
S. Buitink1, A. Corstanje2, J.E. Enriquez2, H. Falcke2,3,4, J.R. Horandel2,3, T. Huege5, A. Nelles2,6, 
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van Haarlem et al. : LOFAR: The Low-Frequency Array

Fig. 1. Aerial photograph of the Superterp, the heart of the LOFAR core, from August 2011. The large circular island encompasses the six core
stations that make up the Superterp. Three additional LOFAR core stations are visible in the upper right and lower left of the image. Each of these
core stations includes a field of 96 low-band antennas and two sub-stations of 24 high-band antenna tiles each.

low-frequency radio domain below a few hundred MHz, repre-
senting the lowest frequency extreme of the accessible spectrum.

Since the discovery of radio emission from the Milky Way
(Jansky 1933), now 80 years ago, radio astronomy has made a
continuous stream of fundamental contributions to astronomy.
Following the first large-sky surveys in Cambridge, yielding the
3C and 4C catalogs (Edge et al. 1959; Bennett 1962; Pilkington
& Scott 1965; Gower et al. 1967) containing hundreds to thou-
sands of radio sources, radio astronomy has blossomed. Crucial
events in those early years were the identifications of the newly
discovered radio sources in the optical waveband. Radio astro-
metric techniques, made possible through both interferometric
and lunar occultation techniques, led to the systematic classifi-
cation of many types of radio sources: Galactic supernova rem-
nants (such as the Crab Nebula and Cassiopeia A), normal galax-
ies (M31), powerful radio galaxies (Cygnus A), and quasars
(3C48 and 3C273).

During this same time period, our understanding of the phys-
ical processes responsible for the radio emission also progressed
rapidly. The discovery of powerful very low-frequency coherent
cyclotron radio emission from Jupiter (Burke & Franklin 1955)
and the nature of radio galaxies and quasars in the late 1950s was
rapidly followed by such fundamental discoveries as the Cosmic
Microwave Background (Penzias & Wilson 1965), pulsars (Bell
& Hewish 1967), and apparent superluminal motion in compact
extragalactic radio sources by the 1970s (Whitney et al. 1971).

Although the first two decades of radio astronomy were
dominated by observations below a few hundred MHz, the pre-
diction and subsequent detection of the 21cm line of hydrogen at
1420 MHz (van de Hulst 1945; Ewen & Purcell 1951), as well
as the quest for higher angular resolution, shifted attention to
higher frequencies. This shift toward higher frequencies was also
driven in part by developments in receiver technology, interfer-
ometry, aperture synthesis, continental and intercontinental very
long baseline interferometry (VLBI). Between 1970 and 2000,
discoveries in radio astronomy were indeed dominated by the
higher frequencies using aperture synthesis arrays in Cambridge,
Westerbork, the VLA, MERLIN, ATCA and the GMRT in India
as well as large monolithic dishes at Parkes, Effelsberg, Arecibo,
Green Bank, Jodrell Bank, and Nançay.

By the mid 1980s to early 1990s, however, several factors
combined to cause a renewed interest in low-frequency radio as-
tronomy. Scientifically, the realization that many sources have
inverted radio spectra due to synchrotron self-absorption or free-
free absorption as well as the detection of (ultra-) steep spectra
in pulsars and high redshift radio galaxies highlighted the need
for data at lower frequencies. Further impetus for low-frequency
radio data came from early results from Clark Lake (Erickson &
Fisher 1974; Kassim 1988), the Cambridge sky surveys at 151
MHz, and the 74 MHz receiver system at the VLA (Kassim et al.
1993, 2007). In this same period, a number of arrays were con-
structed around the world to explore the sky at frequencies well

2

[1] At the LOFAR core, radio emission from air showers is 
detected by hundreds of 30-80 MHz antennas simultaneously
[2] The radio power footprint can be simulated with the 
CoREAS code, but depend on Xmax. For each shower we 
produce a set of 50 proton and 25 iron showers. The best fitting 
shower is shown here.
[3] The pattern is not rotationally symmetric due to interference 
between geomagnetic and charge excess radiation. Therefore, 
the lateral distribution function is not single-valued. A 2D 
approach is needed to achieve high-resolution reconstructions  
[4] The quality-of-fit depends strongly on Xmax and is used to 
reconstruct the shower depth.   

1

2 3 4

[5] The energy resolution of 32% is given by the distribution of 
the ratio between the energy scaling factor of the radio 
reconstruction and the particle reconstruction from the LORA 
array
[6] The uncertainty on Xmax is found with a Monte Carlo study. 
For this sample the mean uncertainty is 17 g/cm2 [7] Composition measurement based on 118 

showers. See 34th ICRC Oral #780

5 6
7

example shower

118 showers

Xmax reconstruction with radio detection S. Buitink

Figure 1: Two-dimensional radio air shower reconstructions. The measured power for two different showers
(left/right) is fitted to a simulated radio map (top panels). The one-dimensional lateral distribution functions
(middle panels) are not single-valued functions of distance to the shower axis. The reconstructed Xmaxis
found by plotting the quality-of-fit for all simulations (bottom panels).
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NuMoon: Status of ultra high energy 
particle searches with LOFAR

Multi-beaming technology 
!  50 sensitve beams to cover Moon 
!  Anti-coincidence triggering 
!  Also used in pulsar localization 

Offline analysis of buffered  
dipole data 
!  Higher S/N, discrimination against 

interference 
!  Also used in localization for FRATS 

and in CR air shower analysis 

 νE>1022 eV 

 CRE>1021 eV 

Cassiopeia A, a nearby active galactic nucleus and 
possible source of ultra high energy particles. 
Credit:ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et 
al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray) 

Four dispersed pulses from PSR B0834+06. This 
is a typical signal for FRATS. 

Part of an all-sky image from buffered data, 
triggered by the FRATS real-time trigger. 110 
MHz map in color, 135 MHz map in contours. 
Beam pointing on blue cross, actual source is the 
sun at the green cross. 

Localization of LOFAR pulsar discovery 
J2350+3137 with 127 beams 

The Lunar Askaryan Technique is one of few viable ways to 
extend the known cosmic ray and neutrino spectrum to the 
highest energies. Possible sources are active galactic nuclei, 
magnetars and cosmic strings.  

The Low Frequency Array (LOFAR) is one of the worlds largest low frequency 
radiotelescopes. 18000 antennas are combined to search for weak radio signals 
originating from particle showers in the Moon created by ultra high energy particles. 
At 100-200 MHz it can detect particles all over the lunar surface.   

An artist impression of a 
magnetar. Credit: NASA 

NuMoon detection pipeline. WSRT flux limits and LOFAR expectations for 
            Neutrinos                         Cosmic Rays 
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Real-time trigger 
!  Requires reconstruction of time-

domain data (5 ns sampling) 
!  Implementation pending 
!  Fast Radio Transient Search 

(FRATS) project demonstrated 
real-time triggering and searching 
for  pulsars and fast radio bursts. 
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