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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



 Cheap detectors (expensive 
electronics)

 High duty cycle  (24 hours/day)
 Low attenuation, good 

calibratability (also distant and 
inclined showers)

 Calorimetric, i.e. good energy 
measurement (integral over shower 
evolution)

 Interferometry gives precise 
directions

 Complementarity with SD gives 
composition

 But, does it work?
 Problems before 2001:

 No theoretical understanding
 No experimental work since 1974

Advantages of radio detection



 Cosmic Rays in atmosphere:
 Geosynchrotron emission 

(10-100 MHz)
 Radio fluorescence and 

Bremsstrahlung (~GHz)
 Radar reflection signals 

(any?)
 VLF emission, process 

unclear (<1 MHz)

 Neutrinos and cosmic rays 
in solids: Cherenkov 
emission (100 MHz - 2 GHz)
 polar ice cap 

(balloon or in-ice)
 inclined neutrinos through 

earth crust (radio array)
 CRs and Neutrinos hitting 

the moon (telescope)
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Radio Detection of Particles

Askaryan effect



 Emission from all e± (Ne) 
add up coherently

 Radio power grows 
quadratically with Ne

⇒ total Energy
⇒ Power
⇒ GJy flares on 20 ns scales

 UHECRs produce particle 
showers in atmosphere

Falcke & Gorham (2003), Huege & Falcke (2004,2005) 

Coherent Geosynchrotron Radio Emission

∝ E2
e ∝ N2

e

E0 = Ne · Ee

Geo-synchrotron

Earth
B-Field
~0.3 G

coherent
E-Field

shower front

e ± ~50 MeV

 e± emit synchrotron rad. in 
geomagnetic field

 Shower front is ~2-3 m thick 
~ wavelength at 100 MHz



Number of particles 
at shower maximum
Nmax

Huege et al. (2008)

Reconstruction of Shower Parameters 
with Radio Measurements

Energy

CORSIKA & REAS2 
simulations



Mass -Xmax - Lateral distribution

Reconstruction of Shower Parameters 
with Radio Measurements

Huege et al. (2008)

CORSIKA & REAS2 
simulations

ratio of amplitudes



Mass -Xmax - Pulse shape

Reconstruction of Shower Parameters 
with Radio Measurements

Huege et al. (2008)CORSIKA & REAS2 simulations
time [ns]
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Mass -Xmax - Curvature

Reconstruction of Shower Parameters 
with Radio Measurements

Lafèbre (2008)

CORSIKA & REAS2 
simulations

distance to shower core



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



ε =

�
4πµ0ν

G(θ,φ, ν) c Aele(ν) RADC
VADC

Antenna Calibration
electric field strength: ν      observation frequency

VADC measured voltage
G      antenna pattern
Aele   amplification (gain)
RADC impedance

Fig. 7. Total electronic gain (amplification factor) of the 30 LOPES antennas,
from the measurements with an external reference source. The different colors
and line styles are used to distinguish the three antenna clusters. (Taken from
[5])

as is accounted for by our measurements of the gain of the
electronic parts.

2) Electronic Gain: We measured the gain of all electronic
parts together by suspending a calibrated reference transmitter
above the antennas and recording the data from the ADC. With
the information about the reference transmitter, its distance to
the antenna and the antenna gain we can calculate the power
received from the transmitter for every frequency. By compar-
ing this to the power measured by the ADC we can determine
the amplification of the electronics: Vele = PADC/Prec The
process is described in detail in [5], the results for all antennas
can be seen in figure 7.

3) Antenna Gain: The gain of an antenna G(!,") in a
given direction (!,") is defined as the ratio of the power
transmitted or received in that direction to the power an
isotropic radiator would radiate in/receive from that direction:
G(!,") = P(!,")/Piso

This antenna gain has been calculated from electromagnetic
simulations of the geometry of the antenna [4], and the re-
sulting antenna pattern can be seen in figure 3. Measurements
at LOPES with the reference transmitter [5], and at LOFAR-
ITS, which uses a similar hardware [6], have shown that these
simulations are generally quite reliable. Deviations are mostly
at higher zenith angles, for zenith angles less than 50! the
error is less than 10%.

4) Calculating the Field Strength: The power picked up
by the antenna is proportional to the square of the electric
field strength3 If the bandwidth of the signal is larger than
the bandwidth of the receiver, one measures only parts of
the signal, so the measured values depend on the receiver
bandwidth and may depend on the receiver frequency. To get
values that are better comparable between experiments with
different bandwidth, one can divide the measured peak field
strength by the effective receiver bandwidth.

Together with the results from the previous sections one
can calculate the field strength per unit bandwidth from the
measured ADC values:

!# =
|E|
!#

=
1

!#

!
4$#2µ0

G(!,")c

1
Vele

U2
ADC

RADC
(1)

3Full calculations can be found in [2].

Here !# (= 33/31 MHz) is the bandwidth, # (=
59.5/58.5 MHz) is the observing frequency, G(!,") is
the (direction dependent) gain of the antenna, Vele is the
(frequency dependent) gain of the electronics, UADC is the
voltage measured by the ADC, and RADC(= 50") is the
input impedance of the ADC, that was used when calculating
the correction values (In brackets the values for LOPES10 and
LOPES30). As the same antenna gain values are used here
as for the reference measurements, any error of the simulated
antenna gain is canceled out at least for the direction of the
reference measurements. One also has to keep in mind, that
the field strength calculated that way is just the field strength
in the polarization direction of the antenna.

IV. ANALYZING AIR SHOWER EVENTS

The goal of the processing of air shower events is to
reconstruct the radio field strength of the pulse emitted by
the air shower. Processing of air shower events proceeds in
the following steps:

1) Correlation between LOPES and KASCADE-Grande
2) Selection of interesting events
3) Fourier transforming the data to the frequency domain
4) Correction of instrumental delays from the TV-

transmitter
5) Frequency dependent gain correction
6) Suppression of narrow band RFI
7) Flagging of antennas with high noise
8) Correction of trigger delay
9) Beam forming in the direction of the air shower

10) Quantification of peak parameters
11) Optimizing the direction
12) Identification of good events

A. Correlation between LOPES and KASCADE-Grande

The KASCADE-Grande data is routinely analyzed with
the KASCADE-Grande air shower reconstruction program. A
selection that contains all events that satisfy the conditions for
the large event trigger for LOPES is written into a special
file. The data from these files is then merged with a list of all
LOPES events from the same span of time. This results in a list
with air shower parameters reconstructed from KASCADE-
Grande data and the filename of the corresponding LOPES
events.

B. Event selection

This off-line correlation is done for all events. The next
steps (steps 3–11) are done in an automatic pipeline. As this
pipeline takes a few minutes per event only selected events are
processed. These events are selected by KASCADE-Grande
data according to the goals of the analysis.

C. Fourier Transform

Fourier transforming a finite time series generates leakage,
in which power is shifted from one frequency bin to neigh-
boring bins. To reduce leakage the time domain data is scaled
with a modified Hanning window, that is flat in the center. This
has the advantage of reducing the leakage while not changing
the central part of our data with the pulse from the air shower.
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LOPES Data Processing

1.Instrumental delay correction 
(TV transmitter or beacon)

2.Frequency dependent gain 
correction

3.Filtering of narrow band 
interference

4.Flagging of bad antennas
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LOPES Data Processing
5.Beam forming in direction of 
air shower

a) b)

c) d)

Fig. 8. a) Section of the unfiltered data. The different colors show traces
from different antennas. b) Gain calibrated power spectrum of one antenna
with a block-size of 65536 samples. The red/dark spikes sticking out from
the noise floor are narrow band RFI. In green the spectrum after filtering.
c) Filtered data, after filtering with a block-size of 65536 samples. A coherent
pulse at !1.78 µs is clearly visible. d) Filtered data, but with a block-size of
128 samples (i.e. 4 times the plotted data). In contrast to c) the coherent pulse
is not easily visible.

D. Delay and Gain Correction

The algorithm used for the determination of instrumental
delays is described in section III-A2. The delay corrections
obtained this way are added to the other delays and applied
during the beam forming process.

The gain calibration values from section III-B2 are multi-
plied to the data. In this step the frequencies outside our band
are multiplied by a smaller number, thus effectively removing
them.

E. Suppression of Narrow Band RFI

Narrow band RFI occupies only few channels in frequency
space, while a short time pulse is spread over all frequency
channels. So by flagging the channels with RFI one can greatly
reduce the background without affecting the air shower pulse
much. Figure 8 illustrates the effect of this. Panel a) shows a
section of unfiltered data with traces for all antennas. Panel b)
shows the power spectrum of one antenna before and after
the filtering. After filtering the RFI lines stay in the region
of the noise. Panel c) shows the time domain data after the
filtering. A coherent pulse at !1.78µs is clearly visible (i.e.
all the traces fall onto each other). Panel d) shows the effect
of insufficient frequency resolution. Less frequency resolution
has two effects. The first is that with each filtered line a greater
portion of the radio pulse is cut away. The second is that RFI
is more prone to be hidden in the noise and thus not filtered.
In this example the second effect is dominant, the amplitude
of the signals is only a little lower than in the unfiltered data.

F. Flagging of Antennas

Antennas are flagged and not used if:
• They have an unusual amount of noise, i.e. their peak

value is significantly larger than those of the other anten-
nas.

Source

Antenna 1

B

C

Antenna 2

Center

A

Fig. 9. Geometry within the plane containing the source point and antennas 1
and 2. A radio pulse from the source point first arrives at antenna 2 and later
at antenna 1.

• They have an extremely small signal, e.g. because they
were not connected.

• They are standing next to the muon tracking detector and
the shower core falls on top it. In this case lots of particles
penetrate the shielding of the detector and the detector
generates a large amount of RFI.

• The antenna is manually deselected.

G. Beam Forming

The essence of beam forming is to add the signals from dif-
ferent antennas in order to achieve sensitivity to one direction.
This direction is determined by time shifts of the signals from
the antennas. As an example figure 9 shows the geometry of
the source and two antennas. A pulse originating at the source
will first arrive at antenna 2 and then at antenna 1. To have
the pulse at the same position in both datasets the dataset
of antenna 1 has to be shifted in relation to the one from
antenna 2 by the delay that corresponds to the distance from
antenna 1 to point A. If both datasets are then added up, the
pulse will be enhanced in the resulting data, while a pulse
from another direction will be smeared out. We choose the
reference position for the calculation of the geometric delays
so that the radio pulse is always at about the same array index
in our time series.

The geometrical delays and the delay corrections are added
to give the final delays. The shift itself is done by multiplying a
phase gradient to the frequency space data before transforming
it back to the time domain. From the shifted data we calculate
several so called beams, that combine the data in different
ways:

• The data from all antennas is added pixel by pixel, but
then normalized by the number of antennas to have values
comparable to a single antenna.

f [t] =
1
N

F [t] =
1
N

N!

i=1

si[t] (2)

Where F [t] is the unnormalized field strength of the
formed beam, f [t] is the normalized field strength, N the



Position of shower in sky

H. Falcke et al., Nature 435 (2005) 313

Proof of principle
LOPES-10

1.EAS properties (KASCADE)
2.radio signal analysis (cc beam)
3.sky map

Nanosecond radio imaging in 3D
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Nançay logNançay log--periodic antenna arrayperiodic antenna array CODALEMA

D. Arduin et al., Astropart. Phys. 31 (2009) 192
Nucl. Instr. & Meth. A 572 (2007)  481

Section 2 describes the new experimental setup and presents
the reconstruction methods. The detection efficiency of the anten-
na array as a function of the energy is studied in Section 3.1. Sec-
tion 3.2 demonstrates and quantifies the counting rate
asymmetry between air showers coming from the North and the
South. An interpretation of this observation by a proportionality
of the electric field strength to v ^ B is proposed and discussed in
Section 3.3. The observed angular distribution of the electric field
polarity is presented in Section 3.4. Conclusions and some pros-
pects are given in the last section.

2. The experimental setup

2.1. The antennas

In the early stage of the CODALEMA experiment, the use of
some of the 144 conic logarithmic antennas from the Nançay Deca-
metric Array [13] demonstrated the possible detection of radio sig-
nals in coincidence with ground detectors [14,1]. Fully operational
since the 1980s, these antennas are tilted toward the ecliptic plane
(20! South in the meridian plane) and are consequently character-
ized by a slightly asymmetric detection lobe, thus favouring the
detection efficiency toward the South [13]. In our first analysis
[15] of the main features of the detection method, this was not
identified as an annoyance factor though some biased interpreta-
tions could have been revealed in a more detailed analysis phase.
In other respects, the huge size (6 m high and 5 m wide) of these
antennas prevented the development of such units over a larger
area.

In the new CODALEMA setup, simplicity, size, cost and perfor-
mance were the major criteria for the design of a new broadband
antenna based on a fat active dipole concept [16]. This dipole an-
tenna is made of two 0.6 m long, 0.1 m wide aluminum slats of
1 mm thickness, separated by a 10 mm gap and is held horizontally
above the ground by a 1 m high plastic mast. The wires are loaded
by a dedicated, high input impedance, low noise (1 nV/

p
Hz), 36 dB

amplifier with a 100 kHz–220 MHz bandwidth at 3 dB [17]. To
avoid possible non-linearity effects due to a 2 GW broadcast local
transmitter at 162 kHz, the input of the preamplifier is high pass
filtered (20 dB at 162 kHz) resulting in a 1–220 MHz output signal
bandwidth at 3 dB. The effective length of the free space antenna is
almost constant for low frequencies whereas the directivity gain
stays almost isotropic. The antenna radiator length results in a res-
onating behaviour around 115 MHz. Compared to a wire dipole, a
radiator with a small length/thickness ratio has a bigger capaci-
tance (9 pF) and a smaller inductance and, consequently, a smaller
Q-factor. The antenna resonance is decreased and the antenna
losses are thus minimized. Above the resonance, the inductive
behavior dominates and the gain decreases. The effective length
of the free space antenna is almost constant for frequencies below
25 MHz (short dipole) but increases to 7 dB in the 10–100 MHz
band. This variation grows to 19 dB if the antenna is held 1 m
above a perfect ground plane. In this band, the antenna directivity
stays almost isotropic. Validation of this dipole concept was ob-
tained by observing the radio source Cassiopeia A in correlation
[17] with the Nançay Decametric Array. Its sensitivity to the galac-
tic noise variations has been deduced from a measurement of the
sky background spectrum [18].

2.2. The two arrays of detectors

Two dedicated overlapping arrays of detectors (Fig. 1) have
been deployed in order to measure simultaneously the particles
reaching the ground and the radio signals. Currently, the radio ar-
ray consists of 24 antennas spaced 90 m from each other, forming a

cross with arms of 600 m length. The 14 antennas on the NS and
EW arms have been used for the present work. The particle detec-
tor array is made of 17 scintillators located on a grid with an
approximate spacing of 85 m. It covers a 340 ! 340 m2 area where
the center roughly corresponds to the radio array center [19].

Each particle detector station includes a thick plastic scintillator
viewed by two photo-multiplier tubes inserted in a stainless steel
box. Each particle detector is weather sheltered by a 1 m3 plastic
container. The two photo-multipliers have their high voltage sup-
ply set to work at two different gains in order to handle an overall
dynamic range from 0.3 to 3000 vertical equivalent muons (VEM).

All the detectors and antennas are wired to a central shelter
housing the power supplies, the racks of electronics and the com-
puters for data acquisition. In the standard acquisition mode, the
particle detection system acts as a master EAS trigger while the
antennas are configured in a slave mode.

Signals from both arrays of detectors are directed to 4 channels
6U VME waveform digitizer boards [20]. The Matacq board per-
forms a fast 12-bit waveform digitalization with a 300 MHz analog
bandwidth at a sampling rate set to 1 GS/s and in a memory depth
of 2560 points (2.5 ls of signal). The maximum range of 1 V on the
ADC analogical inputs defines a lowest significant bit at 250 lV.
The noise of the antenna chain (antenna + preamplifier + cable)
measured at the input of the digitizer is less than 200 lV rms.

All the ADC boards are externally triggered by a dedicated
16-fold multiplicity circuit. This circuit discriminates the photo-
multiplier signals with a threshold corresponding to 0.3 VEM and
compares the resulting multiplicity to a remote controlled level.
In standard data acquisition conditions, a firing of the 5 central sta-
tions within a 600 ns time window is required. This trigger condi-
tion leads to an event rate of about 8 events per hour.

2.3. Offline data processing

At the first stage of the offline analysis, as explained in detail in
previous articles [1,15], the antenna signals are numerically fil-
tered (23–83 MHz) and corrected for the cable frequency response.
The relative gains are adjusted using the galactic background.
Transient radio pulses indicating the presence of a cosmic ray
shower are searched independently in each antenna signal, with-
out the help of a beam forming technique. In the previous CODAL-

Fig. 1. Schematic view of the Codalema experimental setup in January 2008
superimposed on an aerial view of the Nançay observatory. Plastic scintillators are
depicted as squares. ‘‘T” represent dipole antenna oriented in the EW and NS
directions. Only EW antennas along the EW and NS main axis of the array are used
in this analysis. The large light gray square is the Nançay Decametric Array.

D. Ardouin et al. / Astroparticle Physics 31 (2009) 192–200 193

Design of a low noise, wide band, active dipole Design of a low noise, wide band, active dipole 

antenna for antenna for aa cosmic ray cosmic ray radiodetectionradiodetection
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CODALEMA detection efficiency
Radio detection threshold 
~5.1016 eV 

Particle detection threshold
1015 eV

Effective data taking time 659 days
Trigger (SD events) 143795
Coincidences (SD and 
antennas)

1553

Coincidences (Internal) 450

Full efficiency reached above 1018 eV 

Energy distribution Efficiency

5. 1016 eV

radio

scintillator



Correlation between radio signal and 
air shower parameters

.. angle with respect to 
geomagnetic field

.. number of muons,
i.e. primary energy

.. distance to shower 
axis

E. Bettini, diploma thesis, U Karlsruhe, 2006

εest = (11± 1)((1.16± 0.025)− cos α) cos θ exp

�
−R

236± 81 m

� �
Ep

1017 eV

�0.95±0.04 �
µV

m MHz

�

A. Horneffer et al., 30th ICRC 4 (2008) 83

α   geomagnetic angle
θ    zenith angle
r    distance to shower axis
E0  energy of primary particle
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Fig. 5. Lateral distributions reconstructed from single antenna signals, shown for
two individual showers. The left panel shows the same event as used for figure 2
and the right panel as used for figure 3.

ter R0 describes the lateral slope and !0 the extrapolated field strength at the
shower axis at observation level. The number of antennas used for the deter-
mination of the two fit parameters can change from event to event, because
an antenna can be flagged if the signal is disturbed by too high noise or by a
technical malfunction at the time of the event. Flagged antennas are not used
in the analysis of the corresponding event.

Examples of events including the resulting lateral field strength function are
shown in figure 5. The error bars of the individual values in x- and y-direction
are from the field strength and distance estimation, respectively. The dis-
played showers are typical for almost all 110 investigated events in which the
distribution could be described by an exponential decay function.

3.2 Unusual Lateral Profiles

For roughly 20% of the events lateral distributions were found which do not
show a defined exponential decay. Four of these special distributions are shown
in figure 6.

The shower displayed top left shows apparently an exponential decay as others
do, but there appears a flattening for small distances. Maybe, a fit of two
exponential functions with a break at ! 140 m could better describe the lateral
profile. There are about 15 events that exhibit such a slope change to a flatter
lateral distribution close to the shower axis.

Also, for the shower in the top right panel a slope change at a distance of
about 90 m can be seen. In addition, this particular shower shows a lateral
distribution that is very flat for the distance range up to 90 m.

The even more extreme case of a flat lateral distribution is shown in the
bottom left panel of figure 6. Over the whole distance range that could be
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LOPES-30: Lateral Distribution Revisited

S. Nels, PhD thesis U Karlsruhe (2008)

typical events
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Fig. 6. Four lateral distributions with unusual shapes. Discussion see text.

measured, there is almost no decay in field strength. It should be remarked
that field strengths above 5 µV/m/MHz are at a level that the ambient noise
background cannot a!ect the measurement. For a statistically reliable analysis
too few of such flat lateral profiles have been measured so far. Nevertheless,
instrumental e!ects can be excluded as explanation of such shapes, which
makes them even more astonishing. In addition, these few events show no
significant correlation with any other shower parameter.

The event displayed in the bottom right panel of figure 6 is not included in the
final selection, because the cosmic particle arrived with ! = 53! at a too large
inclination angle. The KASCADE-Grande reconstruction led to a shower core
found in the center of the Grande array, i.e. all antennas are located in the
north-east of the shower core and are relatively distant. An incredibly high
primary energy is reconstructed, and a strong clear coherent radio pulse is
seen in all antennas. A few more high-energy and inclined events were found,
but those were without such a strange lateral distribution of the radio signal.
No reason could be found to explain the splitting in two parts of the field
strength for this particular event. Neither could antennas be distinguished
by their geometric location in the shower coordinate system nor were there
strange environmental conditions, like a thunderstorm.
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but also „interesting“ events
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Fig. 7. Distribution of the scale parameter R0. There are four events set to
R0 = 1300m whose actual R0 values are higher, i.e. these are very flat events.

3.3 The Scale Parameter R0

The scale parameter R0 describes the slope of the lateral distribution. Most of
the showers have a scale parameter smaller than 250 m (figure 7). There are
some showers with extremely large scale parameter, R0 > 1300m, that are set
in the plots to R0 = 1300m. The distribution peaks at a scale parameter of
R0 ! 125 m, but due to the ! 10% of very flat showers the mean value is in
the order of R0 = 250 m for the complete sample.

For a more detailed study of the lateral distributions the properties of the
scale parameter and possible correlations with EAS parameters have to be
investigated. In case of the LOPES experiment this can be done easily, as the
shower parameters are obtained from the KASCADE-Grande measurements.
For example, the shower arrival direction could play a role for the obtained
shape of the lateral distribution. In order to test this, the scale parameter
is correlated with the geomagnetic angle ! (using an (1 " cos !)-functional
dependence 8 ), the azimuth angle ", and the zenith angle # (figure 8). Neither
a correlation is found between the geomagnetic angle and R0 nor between the
azimuth angle and R0.

The situation is di!erent when the scale parameter is correlated with the zenith
angle of the incoming primary cosmic ray (lower left panel of figure 8). Here a
tendency to larger scale parameters is seen for inclined events. Expectations
from simulations [15] that very inclined showers generally exhibit a larger scale

8 Using the cc-beam, LOPES has found that this functional form describes best the
correlation of the field strength with the geomagnetic field; at least for the east-west
polarization component [14].
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Fig. 8. Relations of the scale parameter R0 with geomagnetic, azimuth, and zenith
angle of the showers as well as with the mean distance of the antennas to the shower
axes. The error bars show the uncertainty obtained by the fit with the exponential
function.

parameter can not be directly proven, as the cut for the zenith angle larger
than 44! inhibits any further conclusions at the moment.

A very interesting feature is seen, when the scale parameter is analysed with
respect to the corresponding mean distance to the shower axis of all partic-
ipating antennas in an individual event (figure 8, bottom right panel). It is
obvious that the lateral profile gets flatter when we measure closer to the
shower center. In particular, all the very flat events have a mean distance be-
low R0 ! 100 m. This is connected with the fact that we see showers which
flatten to the shower core discussed in the previous section. But as not all
events show such a flattening (even events with comparable shower param-
eters and shower geometry) the reason is still unclear and requires further
investigations with larger statistics.

In addition, a comparison of the scale parameter with the guessed primary
energy (figure 9, left panel) was performed, where no correlation could be
observed. This was also the case (not shown here) when the correlation of R0

with the lateral scale parameter 9 of the particle component of the EAS was
investigated.

9 The so-called ’age’ of the extensive air shower, which is reconstructed by using
the particle density measurements of KASCADE-Grande.
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LOPES-30: Lateral Distribution Revisited

S. Nehls, PhD thesis U Karlsruhe (2008)

ε = ε0 exp
�
− R

R0

�
correlation of scale parameter R0 with ...

geomagnetic angle

zenith angle distance to shower axis

W.D.  Apel et al., subm. to Astropart. Phys. 
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Fig. 8. Relations of the scale parameter R0 with geomagnetic, azimuth, and zenith
angle of the showers as well as with the mean distance of the antennas to the shower
axes. The error bars show the uncertainty obtained by the fit with the exponential
function.
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Fig. 9. Relation of the scale parameter R0 with the mean distance of the antennas
to the shower axis scaled with the zenith angle of the axis.

seen when the mean distance is combined with the zenith angle information
in the form R!

mean = (1 ! sin !) · Rmean. Figure 9 shows clearly that the
probability of a flattening increases when the shower is inclined and when
measured closer to the shower axis. Cutting events with R!

mean < 50 m and
fitting again a Gaussian function to the distribution of the scale parameter in
the range of 0!300 m, the mean value and width decrease to R̄0 = 149 m and
! = 50 m, respectively. But as not all events with small R!

mean show a flattening
the reason is still unclear and further investigations with larger statistics are
required.
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Shower reconstruction with radio data

A. Nigl et al., A&A 487 (2008) 781

Reconstructed direction on sky

KASCADE LOPES

direction offset σ   = 1.3°+/-0.8°
  KASCADE       σΘ  < 0.2°
  LOPES             σΘ ~ 1.2°

enhanced electric 
fields 
(thunderstorms)

events with high 
signal-to-noise 

ratio



Air shower detection during thunderstorms
high electric fields

S. Buitink et al., 30th ICRC 4 (2008) 161

CONEX
simulation

LOPES measured

S. Buitink et al., A&A 467 (2007) 385

--



CODALEMA: shower arrival direction

D. Arduin et al., Astropart. Phys. 31 (2009) 192

Geomagnetic 
field axis

- Large north/south asymmetry, relative deficit of events in the 
geomagnetic field axis area

-For the scintillators, the azimutal acceptance  is uniform 
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Synchrotron radiation of electrons (and positrons) in 
magnetic field of Earth

geosynchrotron radiation

E =
e

4π�0

�
n− v

γ2(1− v · n)3R2

�

ret

+
e

4π�0c
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n× {(n− v)× v̇}
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ret

general formula (e.g. Jackson) for accelerated relativistic 
particle:

v
n

velocity of particle

direction of observer

v̇ =
e

γm
v ×B

second term represents synchrotron emission when

Lorentz acceleration in magnetic field



⇒ E2 ∝ n× {(n− v)× (v ×B)}
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geosynchrotron radiation

v || nassume: observation point on shower axis



E ∝ −(v ×B)

geosynchrotron radiation
field strength of observed radiation is expected as

total field amplitude

in experiments, projection on E-W or N-S direction is 
measured



CODALEMA: Geomagnetic Origin v x B

D. Arduin et al., Astropart. Phys. 31 (2009) 192

A model to understand the asymmetry
Hypothesis:
- The electric field is proportional to the Lorentz force E ~ |v x B| 

- Charged particles in the shower are deflected by the geomagnetic field 
- Electric field polarization in the direction of the Lorentz force :
     a linear polarization is assumed E // to v x B

-The number of count (i.e. the efficiency) depends on the electric field magnitude:
! a simple linear dependence is assumed

α shower

NorthSouth

Geomagnetic field

East



CODALEMA: Geomagnetic Origin v x B

selection criteria. However, we limit the angular difference to 20!
in order to keep only well reconstructed events for the analysis
reported in the paper. About 25% of the events (217 among 891
events) are outside the coincidence window instead of 90% in the
previous analysis. We estimate that only few random events are
within the coincidence window. Second, with the upgraded parti-
cle detector array, 68% of the events have an angular difference be-
low 3.5! in the coincidence window, instead of 6! in the previous
analysis. Compared to the previous analysis, the quality of the
event reconstruction is improved.

As seen in Table 1, the number of detected events by the particle
and radio apparatus differ by almost two orders of magnitude. This
is due to a different energy threshold. The energy distribution mea-
sured by the ground particle array for internal events is displayed
in Fig. 3 and compared with the same energy distribution for
events measured in coincidence by the antenna array. While 1.8
events per day are recorded with the antenna array, the internal
events selection decreases this rate to 0.5 event per day.

The threshold behaviour of the radio detector is clearly visible
below 1017 eV. This behaviour has non-trivial consequences for
the observations described later. The energy threshold of the
ground particle array is far below the range shown in Fig. 3, around
1015 eV. Both distributions converge at the highest energies. This
reflects the increase of the radio detection efficiency (Fig. 4), de-
fined as the ratio of the number of radio detected events over the
total number of events. It regularly increases above 3 ! 1016 eV
and reaches roughly 50% at 2 ! 1017 eV. This efficiency will be dis-
cussed again in the Section 3.3.

3.2. Azimuthal asymmetry

Fig. 5 represents the arrival directions of the radio events
(known as sky maps) in local coordinates (zenith, azimuth). A
striking feature is the shape of the azimuthal distribution, and
more specifically the large asymmetry in the observed counting
rate between the North (top) and South (bottom) sectors.

The lack of events coming from the southern part of the (local)
hemisphere is expected only if the showers coming from North or
South generate different radio signals. Note that this South side
deficit is not observed on an antenna background (i.e. when the
antennas are running in a self trigger mode).

In order to characterize the North–South asymmetry, we con-
sider the ratio nSouth/nTot of the number of events coming from

Fig. 3. Energy distribution of ‘‘internal” events measured by the ground particle
detector array (squares) and seen in coincidence with the antenna array (triangles).

Fig. 4. Efficiency of the radio detection versus energy deduced from the scintillator
analysis.

Fig. 5. Sky maps of observed radio events. Raw event sky map (top) and 10!
Gaussian smoothed map (bottom) are shown. The zenith is at the center, the
azimuth is: North (top, 0!), West (left, 90!), South (bottom, 180!) and East (right,
270!); the direction of the geomagnetic field at Nançay is indicated by the dot.

D. Ardouin et al. / Astroparticle Physics 31 (2009) 192–200 195

sky map of radio events (E-W component)

measured simulated

b = 0.57, h0 = 49.18 degrees and h1 = 5.14 degrees. The azimuthal
distribution is compatible with a uniform distribution (Fig. 8 bot-
tom). Because the particle trigger introduces no significant bias in
the azimuthal distribution, any feature observed in the azimuth
for radio events should be attributed to the radio signals them-
selves. An East and West attenuation is expected by construction
due to the East/West orientation of the dipole axis – the gain being
smaller in these directions – and this property breaks the azimuthal
symmetry. However, both North–South and East–West symmetries
are preserved with the dipolar antenna used.

One should note that such an azimuthal asymmetry has not
been observed with the previous CODALEMA setup [15]. As quoted
above, log-periodic (conical) antennas with axis tilted by 20! to the
South [14] were used in that setup. The directivity was maximum
in the cone axis direction and the radio detection of events coming
from the North was disfavored. The overall detector was not
North–South symmetric and as a consequence it was probably
not suited for a direct measurement of any North–South asymme-
try of physical origin. Unfortunately, due to a lack of statistics, a
closer inspection of the data of Ref. [15], especially searching for
differences in the azimuthal direction for bins with comparable
gain (e.g., comparing S, SE and SW sectors) does not allow us to
confirm or disprove the observation made in the present study. It
should be noted that this kind of spiral antenna has been designed
to measure circular polarization (left or right) of the electric field
that spreads almost vertically toward them [14]. The instrumental
response of these sensors to a linearly polarized field could possi-
bly mask some azimuthal anisotropies, which are precisely associ-
ated to linearly polarized radio signals.

3.3. Physical interpretation

The observed North–South asymmetry is clear and unambigu-
ous. It calls for an investigation of the electric field generation
mechanism when air showers develop in the atmosphere. With
the observed pattern, an obvious candidate for symmetry breaking
effect in the electric field generation is the geomagnetic field. Since
the Lorentz force acting on the charged particles is at the origin of
different emission mechanisms of the electric field, involving the
geomagnetic field (geosynchrotron and macroscopic approaches),
the electric field magnitude itself should depend on the values of
the vector cross product v ^ B. In addition to the electric field mag-
nitude, the output signal also depends on the polarization. We will
then make the assumption that this polarization is linear and ori-
ented along v ^ B. Not all geomagnetic induced fields have this
property, but this is true in the geosynchrotron approach at small
impact parameters [25] and in the transverse current approach
[10]. Overall we will consider that the signal amplitude given by
the EW dipole is proportional to j(v ^ B)EWj, which is the magni-
tude of the vector cross product projected on the East–West axis
(the orientation of the antennas).

In order to compute a density map giving the expected number
of radio events (the so-called coverage map), we need an extra
assumption about the relation between the signal magnitude and
the true detection of an event. Clearly a stronger signal is easier
to detect. We test the simple possibility that the radio efficiency
is proportional to the signal magnitude as defined above (later dis-
cussed on the Fig. 11). The predicted event sky map (Fig. 9) can fi-
nally be computed multiplying this efficiency by the trigger
coverage map. The trigger coverage map is obtained using the
parameterization of the zenithal distribution of the ground detec-
tor events above 1017 eV, presented in the previous subsection,
associated with a uniform azimuthal distribution.

Under these assumptions, Fig. 9 can be interpreted as a predic-
tion of the shower arrival direction sky map. This prediction ap-
pears to be very similar to the observed sky map (Fig. 5). It

reproduces the main features of the experimental distribution: a
maximum towards the North with bean-shaped contour lines, a lo-
cal maximum towards the South and minima in the East and West
directions. To check this similarity, a set of events with a size equal
to the data set is built by randomly generating arrival directions
following the predicted coverage map. Simulated zenith and azi-
muth angular distributions are then compared to the observed
ones in Fig. 10. The agreement is noticeable for both distributions;
especially the relative amplitudes of the two maxima in the azi-
muthal distribution are fairly well reproduced.

Fig. 11 exhibits the efficiency of the radio detection for internal
events, i.e. the number of radio detected events divided by the
number of triggered events, above 1017 eV plotted as a function
of j(v ^ B)EWj/(vB). The observed trend confirms the hypothesis
that the number of detected events is strongly linked to the electric
field. It is also seen that the efficiency seems to vary linearly with
the electric field. This can be highlighted only because the present
analysis is made around the energy threshold of the experiment.
Working at lower or higher energy changes the shape of the plot.
This is indirectly shown in Fig. 12 which now represents the mean
energy of radio detected events for each bin of the Lorentz force
EW component. To be detected, events with a low value of the Lor-
entz force EW component, for example coming from East or West,
must have a higher energy than events with high values, coming
from North. But higher energy events will be detected no matter
their arrival direction and the radio efficiency will become inde-
pendent of the vector cross product.

Finally, from these results, it is interesting to return to Fig. 4. In-
stead of drawing the radio detection efficiency as a function of the
energy, the efficiency is now plotted in Fig. 13 as a function of the
energy weighted by the EW component of the vector cross product
E0 = Energy ! j(v ^ B)EWj/(vB). The efficiency now increases with
increasing E0 values up to values close to unity at 1017.4 eV. The effi-
ciency of 0.5 at 2 ! 1017 eV seen in Fig. 4 is explained by events
with low values of the vector cross product EW component, i.e.
events coming from East and West, for which the electric field is
too weak to be detected by the CODALEMA setup.

The v ^ B dependence incorporates a linear polarization of the
electric field in the direction of the cross vector product. It means
that the CODALEMA array (using EW oriented dipoles) measures
mainly showers arriving in the orthogonal directions (i.e. North/
South). Consequently, an array of NS oriented dipoles should be

Fig. 9. Sky map calculated by considering the EW component of the Lorentz force
multiplied by the trigger coverage map. The color scale is normalized to 1 in the
direction of the maximum.

D. Ardouin et al. / Astroparticle Physics 31 (2009) 192–200 197

Lorentz force �v × �B

v direction of shower axis
B direction of Earth magnetic field

asymmetry of 
observed events

geomagnetic origin

The signals seen in the EW polarisation and coming from North
are mainly positive while signals coming from South are mainly
negative. The agreement with the field polarity distribution shown
in Fig. 14 approaches 86%. The 14% of events which do not match
with the sign of v ^ B could be due to an emission not always
purely polarized as v ^ B. However, one should stress that most
of the latter events correspond to a lower signal to noise ratio
and consequently a less confident sign determination.

The experimental sign of the signal is completely consistent
with an emission mechanism with an electric field proportional
to v ^ B. Preliminary analysis of the signal polarity deduced from
the new NS antenna also supports this conclusion.

4. Conclusions and outlook

The first results of the CODALEMA experiment with the new
setup (using only active dipoles) confirm the field characteristics

extracted from our previous measurement [15]. The addition of a
dense array of particle detectors makes the estimation of the
shower energy possible and allows CODALEMA to demonstrate
the correlation between the radio detection efficiency and the
shower energy. Using the detection of only one EW polarization
state, another new result is the apparent depletion of the number
of radio detected events from Southern directions. At this stage of
our understanding, two conclusions can be drawn: first, the
behavior of the measured electric field can be well reproduced
by simply considering the vector cross product v ^ B of the Lor-
entz force; second, the radio signal induced by the geomagnetic
field is dominant with the current CODALEMA observation
conditions.

These results are consistent with the Allan’s conclusion [7] sug-
gesting an electric field oriented along the v ^ B direction and pro-
portional to jsin aj=jv ^ Bj/(vB). The LOPES collaboration
parameterized the radio signals from the EW polarized antennas
in a different manner [26] namely by inserting a fitting factor
(1.16(±0.025)–cos a). In a geomagnetic type approach of the radio
emission of EAS, the vector cross product v ^ B here proposed has
the advantage of being simple and natural while already including
all three NS, EW and vertical components of the electric field. It
also explains the sign of the signals and the presence of a second-
ary maximum for southern events, which does not appear with the
LOPES parameterization.

In the near future, a deeper understanding of the polarization
effect is mandatory. This should help to distinguish between differ-
ent microscopic approaches such as geosynchrotron or transverse
current models. Because this requires a more comprehensive mea-
surement of all states of polarization, several directions will be
investigated within CODALEMA. The new NS oriented dipoles com-
pleted by autonomous antenna stations implemented by the end of
the year will be analyzed. Additional information will be provided
by the use of the Nançay Decametric Array. This apparatus has
been recently equipped with the electronics adapted to the tran-
sient waveforms characterization. Thanks to the detection of the
circular polarization, it will allow to measure at once the full hor-
izontal polarization. The exploitation of these data recorded in
coincidence with the particle and dipole arrays should allow a
new qualitative step in the interpretation of the radio emission
mechanisms.

Consequently, one of the remaining issues is to determine how
many and which polarization states have to be measured in order
to design an efficient detection method. Indeed, a pure dependence
of the radio signal to v ^ B implies proportionality between the NS
and the vertical components and thus redundant information. This
will impact the cost, the ease of use, and therefore the deployment
of the radio technique on a large scale.
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of the calibraion procedure [1].

tion, because the air shower geometry is the same for
both polarization directions. We investigated the ratio of
the pulse height (the North-South pulse height versus the
East-West pulse height) for correlations of the un-modified
(un-normalized) pulse height to shower parameters (e.g.,
geomagnetic angle, muon number, primary energy) per
individual polarization component. As example of correla-
tions of the pulse height ratio, see fig.5.

During the analysis of the polarization measurements,
we notice that the polarization is directly related to the
shower azimuth for a given zenith angle. By generating a
sky-map based on zenith relative to the azimuth angle of
the selected events per polarization components indepen-
dently, we conclude the following:
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Fig. 5. Correlation between the un-modofied pulse heights ratio
(North-South pulse height vs. East-West pulse heigth) with the ge-
omagnetic angle (top) and azimuth angle (bottom). One clearly see
the good correlation with the geomagnetic angle which confirm an
emission mechanism related to the geomagnetic field, as well as the
azimuth dependence of the pulse height ratio (e.g., ratio > 0, ra-
dio pulse recorded mostly in the N-S component of the polarization
direction; ratio < 0: E-W component dominat).

a. For the East-West selection (events with coherent signal
in the East-West polarization direction only), the high-
est radio pulse heights are for the showers coming from
North; see fig.6.

b. For the North-South selection (events with coherent sig-
nal in the North-South polarization direction only), the
highest radio pulse heights are for the showers coming
from West and East; see fig.7.

c. For the dual-polarization selection (events with coherent
signal in both, East-West and North-South polarization
directions), we use the pulse heights ratio, the ratio
between the North-South pulse height versus the East-
West pulse height; the highest pulse heights ratio are for
the showers coming from South. Within the correlation
of this ratio with the azimuth angle, we confirm the
theoretical prediction: the recorded signal per individ-
ual polarization component is related to the incoming
shower direction e.g., N-S polarization component is
dominat for showers coming from East and Weast, and
the E-W polarization component is dominat for showers
coming mostly from North.(See fig.5).

Monte Carlo simulations [4] of air shower radio emission
predict a highly linearly polarized signal, usually present
in both polarization components, East-West and North-
South, as well as the dependence of the recorded signal
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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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2 C. RIVIÈRE et al. RADIO EMISSION POLARIZATION WITH CODALEMA

wide band active dipoles: 21 oriented along the East-

West (EW) direction and 3 oriented along the North-

South (NS) direction, disposed as shown on Fig. 1. The

whole acquisition is triggered by the particle detector

array, which also provides reference information on the

shower characteristics. After offline filtering of the radio

signals in the 23–83 MHz band, the radio information is

reconstructed and then confronted to the surface detector

data. Additional information about the CODALEMA

setup and data analysis can be found in Ref. [11].

Fig. 1. Layout of the CODALEMA experimental setup. Scintillator
stations are represented in pink squares, EW antennas in yellow, NS
antennas in green.

A first observation indicating a linear relation between

the electric field produced and the cross product v×B
of the shower axis v with the geomagnetic field di-

rection B is presented in another contribution to this

conference [12]. We will detail bellow evidences of this

relation. The following analysis is based on data taken

during 453 effective days of stable acquisition with this

configuration of 24 antennas. A radio event is an event

with at least three fired antennas in order to reconstruct

a radio shower plane. A radio detected event is a radio

event which matches the coincidence criteria with the

ground detector (arrival direction difference < 20◦ and
time difference < 200 ns).

IV. EXPERIMENTAL SKY COVERAGE

The arrival directions of the radio detected events

present a strong anisotropy. The distributions of arrival

directions are different when considering the EW or NS

polarization, as shown on Fig. 2. EW oriented antennas

tends to see more showers coming from the North,

whereas the NS oriented antennas tends to see showers

coming from East and West.

The radio detection threshold of CODALEMA is

around 1017 eV at 50%. Let us consider the distribu-

tion of events above this energy1. If we multiply this

distribution by the different projections of the cross

1 dN
dθ

= (a + bθ) cos θ sin θ/(1 + exp((θ − θ0)/θ1)), with a =
44.96, b = 0.57, θ0 = 49.18◦ and θ1 = 5.14◦, cf. [12]

product v×B, we obtain the function plotted on Fig. 3.
Making two simple assumptions, this can be expected

to represent an event rate distribution: i) the electric

field is proportional to the vector cross product, ii) the

probability of detection is proportional to the electric

field. This is realistic here because we are close to the

detection threshold.

We see that this simple model reproduces well the

characteristics of the direction of the radio signals seen,

in the two measured polarizations.
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Fig. 2. Arrival directions of the radio detected events containing at
least one EW (left) or NS (right) polarized flagged signal.
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Fig. 3. Product of CODALEMA particle detector acceptance above
1017 eV times the EW (left) or NS (right) component of the vector
cross product (absolute values).

Similar results are found in Argentina with a different

geomagnetic field orientation, 35◦ to the North instead
of 63◦ to the South in Nançay. On Fig. 4, left, are

shown the arrival direction of the events detected with

autonomous radio detectors [4]. These events have been

self triggered with the radio signals of the EW polarized

antennas, and are in coincidence with events seen with

the surface detector of the Pierre Auger Observatory. On

the right side of Fig. 4 is plotted the absolute value of

EW component of the vector cross product multiplied by

an estimate of the Auger zenith acceptance distribution.

The depletion of events on the North is also explained

with the same model.

V. DETECTION EFFICIENCY

We consider here the events reconstructed with the

array composed of the EW oriented antennas. The radio

detection efficiency of the CODALEMA experiment is

shown on Fig. 5. In gray, the detection efficiency is

plotted against the energy estimated by the particle

detector array, E. In black, the efficiency is plotted

against E� = E.|(v×B/vB)EW |, the energy multiplied
by the EW component of the vector cross product, which
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Similar results are found in Argentina with a different

geomagnetic field orientation, 35◦ to the North instead
of 63◦ to the South in Nançay. On Fig. 4, left, are

shown the arrival direction of the events detected with

autonomous radio detectors [4]. These events have been
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antennas, and are in coincidence with events seen with

the surface detector of the Pierre Auger Observatory. On
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The depletion of events on the North is also explained

with the same model.
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We consider here the events reconstructed with the

array composed of the EW oriented antennas. The radio

detection efficiency of the CODALEMA experiment is

shown on Fig. 5. In gray, the detection efficiency is

plotted against the energy estimated by the particle

detector array, E. In black, the efficiency is plotted
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Fig. 4. Left: arrival directions of the self triggered radio events
detected in Auger (left). Right: Auger surface detector acceptance
estimation multiplied by |(v ×B/vB)EW |

represents an estimation of the electric field amplitude.

As expected, the efficiency rises faster in the second

case2.
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Fig. 5. Radio detection efficiency, as a function of the energy E
(gray) or of the corrected energy E’ (black).

Regardless the energy, the radio detection efficiency

also increases with |(v × B/vB)EW |, as shown on
Fig. 6 for the events above 1017 eV. The quasi linear

tendency is in favor of the assumption made earlier that

the detection efficiency is proportional to the electric

field close to the energy threshold3.

VI. SIGNAL SIGN

The sign of the components cross product −v × B
varies with the EAS arrival direction. The dependences

of the EW and NS components are shown on Fig. 7. The

EW (resp. NS) component is positive on North (East)

and negative on South (West).

Experimentally, one antenna signal is defined as the

extremum of a time signal filtered in the 23–83 MHz

band4. The sign of the signal is simply the sign of

2Width of a Fermi-Dirac fit of the efficiency curve: 0.171 (E) and
0.137 (E’). Rq: 0.171 with a sin α correction, and 0.157 with a (1−
cos α) correction.
3The correlation is much weaker with sin α or (1− cos α).
4Filtering of simulated signals indicates that the sign is conserved

during the process, but anyway the sign flip with the arrival direction
is more important than the absolute sign.
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Fig. 6. Radio detection efficiency vs. the EW component of the vector
cross product |(v ×B/vB)EW |, for the events above 1017 eV.
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cross product −v ×B. The scale is does not have importance here.

this extremum. For an event with several antennas fired

for the considered polarization, the sign of the event is

chosen to the majority sign among the different signals.

This reduces the influence of noise, and is of course

more efficient in EW polarization than in NS as more

antennas are available. The EW component of −v ×B
is also generally bigger than its NS component, thus the

measurement of the sign is generally easier in the EW

polarization.

The experimental signs of the radio detected events

are shown on Fig. 8. In the EW polarization, events

coming from North generally have a positive sign and

events coming have a negative sign. The apparently

uniform distribution of the negative event is simply a

statistic effect where appear the negative events coming

from South plus a small fraction of the very numerous

events coming from North. In the NS polarization, events

coming from East are generally positive and events

coming from West are generally negative. The overall

distributions of the sign with the arrival direction is the

same as the sign distribution of −v×B: the agreement
is 93% for the EW polarization (with 19 antennas

maximum), and 78% for the NS polarization (with 3

antennas maximum).

VII. CONCLUSION

Important progress was achieved recently in the field

of radio detection of high energy cosmic rays. A
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Fig. 8. Experimental signs of the radio signals seen in Nançay, with the EW (left) or NS (right) oriented antennas. Red dots represent positive
signals and blue circles negative ones.

complete understanding of the electric field production

mechanism is necessary to go back from the radio sig-

nals to the primary cosmic ray characteristics (direction,

energy, nature). Different theoretic approaches of the

radio emission are under investigation, some of which

predict at first order a linear dependence of the radio

electric field with the vector cross product −v ×B.
This dependence offers a simple interpretation of the

experimental observations of the CODALEMA exper-

iment in two polarizations, such as the anisotropy of

detection efficiency close to the threshold or the signs of

the signals in each polarization. This polarization factor

is a major effect to take into account when observing

cosmic rays with radio antennas.
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E-W N-S
measured

simulated

E ∝ �v × �Bpolarization proportional to



Radio Detection of 
Extensive Air Showers

Jörg R. Hörandel
Radboud University Nijmegen

http://particle.astro.kun.nl



the next steps ... 
Radio Detection of Air Showers with LOFAR



• Cosmology (Groningen)
• Epoch of Reionization

• All-Sky Surveys (Leiden)
• Star forming galaxies, AGN, Clusters, etc.

• Transient detection (Amsterdam)
• Everything that bursts and varies

• Cosmic Rays (Nijmegen)
• Measurement of extensive air showers
• Cosmic rays & neutrinos impacting the moon

• Cosmic Magnetism (Bonn)
• Strength and distribution of weak intergalactic 

magnetic fields.
• The Sun (Potsdam)

LOFAR key science projects



17 core stations
17 remote stations
+ international stations

Station Layout

each (dutch) station:
  96 low-band antennae                   30-  80 MHz
  high-band antennae (2x24 tiles) 120-240 MHz

low band high band

low band high ban
d

www.lofar.org

85 m

130 m



Core: 2 km
18 stations

Remote NL stations 
(12 + 6 stations)

LOFAR Station Layout



Building a station
Digging cable trenches and laying cables

First stations in the fieldBuilding a station

Building a station
And then the antennas are placed

Building a station

And then the antennas are placed



LOFAR Opening
12th June 2010
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Main goal of LOFAR is imaging

Cygnus A

Fornax A
NRAO/AUI

Radio images of cosmic 
accelerators …

Cas A

1.4 , 5, & 8.4 GHz



Transient Buffer Board
(0.5 GB Ram + FPGA)

first background data (Feb 2008)



Nanosecond Radio Imaging in 3D

 Off-line correlation of 
radio waves captured 
in buffer memory

 We can map out a 5D 
image cube:
 3D: space
 2D: frequency & time

 Image shows 
brightest part of a 
radio air shower in a 
3D volume at t=tmax 
and all frequencies

Actual 3D radio mapping of a CR burst 

No simulation!



Radio Triggered 
Event

Skymap of Triggered Event
LOFAR LOPES



Sky map of TBB triggers

airplane



76m
ca. 400m

LOFAR core



Figure 1: Cosmic ray energy spectrum with the measurement modes of LO-

FAR. In the HECR mode we look for air showers in beam-formed data, in

VHECR mode we look for air showers in single channel data and in UHEP

mode we look for radio pulses from particles hitting the moon. LOPES and

Auger are related experiments.

generate a pulse in one of the beams but not the others. When

a suitable candidate event is detected, we freeze the raw-data in

the TBBs and save it to hard disk. This way we have the full

information available for o!ine analysis.

3. LOFAR Air Shower Trigger

Air shower radio pulses are short (<20ns) pulses, that are

beamed in the propagation direction of the air shower and illu-

minate an area comparable to the size of the particle disc. In

addition the radio pulses do not arrive on the ground in a plane

but with some curvature. These properties can be used to dis-

tinguish air shower pulses from pulsed RFI.

In the HECR mode we look at the beam-formed data from

single stations. When a suitable pulse is found the data from the

corresponding TBBs is saved to a file for o"-line processing.

As the beam-forming reduces the solid angle but increases the

sensitivity this mode is useful for low energy showers.

At higher energies, in the VHECR mode, we look for pulses

in the data streams of single channels. This is done in three

levels: the first level runs on the hardware of the TBBs. There

the data from each channel is first filtered with up to three so

called infinite impulse response (IIR) filters, that can be config-

ured as high-pass, low-pass, or notch filters. The filtered data

is then searched for pulses, and when such a pulse is detected

several pulse parameters calculated and sent in a message to the

computer controlling the station. In the second trigger level the

incomingmessages are first checked if the pulse parameters dis-

qualify a pulse for an air shower candidate. With the remaining

pulses a simple coincidence check is done to detect air shower

candidates. Additional tests can be done by doing a direction

fit or checking the pulse height pattern on the ground. If a good

air shower candidate is identified the data from all TBBs of the

station are written to disk. Information about weak and good

candidates is sent to CEP, which then can decide if a coinci-

dence of weak pulses in several stations indicates an air shower

0m 30m 60m 90m 120m

Figure 2: Layout of the LOFAR air shower array (LASA) in the LOFAR core.

The small and big dashed circles show places of the LOFAR antenna fields.

The (red) stars mark the positions of the particle detectors and the thick lines

mark the connections inside the stations (blue, dashed) andbetween the stations

(green, solid).

in between them, or if a strong air shower warrants saving the

data from additional stations.

4. Particle Detector Array

In addition to the radio only trigger we will set up a small

particle detector array in the LOFAR core to test and confirm

the performance of the radio trigger and provide additional in-

formation for the air shower analysis.

Figure 2 shows the layout of the array in the LOFAR cen-

ter, it consists of five stations with four detectors each. The

detectors are plastic scintillator detectors previously used in the

KASCADE[5] experiment, the electronic was developed for the

HISPARC experiment[4] and incorporates DAQ, trigger logic

and GPS-timing. We already confirmed that the detectors do

not emit significant RFI that could pose a problem for the regu-

lar operation of LOFAR.

5. Current Status

The first 20 LOFAR stations are currently being rolled out.

The dipole level trigger of the VHECR and a preliminary ver-

sion of the station level trigger of the VHECR mode are al-

ready implemented and being tested. Key modules of the

UHEP/HECR trigger are done and being tested. Construction

of the particle detector array is underway and is expected to be

installed later this year.
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20 scintillator 
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the next steps ... 
Radio Detection at the Pierre Auger Observatory

Cosmic-Ray Event measured at Auger site

Explore possibility to 
instrument large area 

Antennas installed at 
Auger site in Malargue
first signals detected

MAXIMA
station

Auger Engineering Radio Array
AERA
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Test measurements at Pierre Auger Observatory

Logarithmic Periodic Dipole

SELLA

Test of different
antenna designs
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Performance and operation of the Surface Detector of the Pierre

Auger Observatory

T. Suomijärvi ! for the Pierre Auger Collaboration †

!Institut de Physique Nucleaire, Université Paris-Sud, IN2P3-CNRS, Orsay, France
†Observatorio Pierre Auger, Av. San Martı́n Norte 304, (5613) Malargüe, Argentina

Abstract. The Surface Array of the Pierre Auger

Observatory consists of 1660 water Cherenkov detec-

tors that sample at the ground the charged particles

and photons of air showers initiated by energetic cos-

mic rays. The construction of the array in Malargüe,

Argentina is now complete. A large fraction of the

detectors have been operational for more than five

years. Each detector records data locally with timing

obtained from GPS units and power from solar

panels and batteries. In this paper, the performance

and the operation of the array are discussed. We

emphasise the accuracy of the signal measurement,

the stability of the triggering, the performance of

the solar power system and other hardware, and the

long-term purity of the water.

Keywords: Detector performance, Surface Detector,

Pierre Auger Observatory

I. INTRODUCTION

The Surface Detector (SD) of the Pierre Auger Ob-

servatory is composed of Water Cherenkov Detectors

(WCD) extending over an area of 3000 km2 with 1500 m

spacing between detectors. In addition to the detectors

in the regular array, some locations of the array were

equipped with two and three nearby detectors, placed

at !10 meters from each other. These ”twins” and

”triplets” provide a very useful testbench for studies

of signal fluctuation, timing resolution and energy and

angular reconstruction precision. Combined with the

HEAT telescopes and the AMIGA muon detector array,

a denser array of WCD with detector spacing of 750 m

has also been deployed. The total number of detector

stations is 1660. The hardware of the surface detector is

described extensively in [1], [2].

Installation of detectors started in 2002 and the Ob-

servatory has been collecting stable data since January

2004. The construction was completed in June 2008.

Figure 1 shows the current status of the array.

The Observatory has been running now with its full

configuration for nearly one year and its commissioning

is completed. The failure rates of various components

have been assessed and the Surface Detector is now

entering into a regular long term operation and main-

tenance phase. Some detectors have been operational

already for more than 8 years which permits the study

of their long term performance. In this paper, after a

short description of the Surface Detector, the detector

response and uniformity, its acceptance and long-term

Fig. 1: Current deployment status of the array. Tanks

within the shaded area are filled with water and in

operation.

performance, and finally its operation and maintenance

are discussed.

II. DESCRIPTION OF THE SURFACE DETECTOR

Each WCD consists of a 3.6 m diameter water tank

containing a Tyvek R" liner for uniform reflection of

the Cherenkov light. The liner contains 12,000 l of

ultra-high purity water with resitivity typically higher

than 5 M!.cm. Three nine-inch-diameter photomulti-

plier tubes (PMTs) are symmetrically distributed at a

distance of 1.20 m from the center of the tank and

look downwards through windows of clear polyethylene

into the water to collect the Cherenkov light produced

by the passage of relativistic charged particles through

the water. The water height of 1.2 m makes it also

sensitive to high energy photons, which convert in the

water volume. A solar power system provides an average

of 10 W for the PMTs and the electronics package

consisting of a processor, GPS receiver, radio transceiver

and power controller.

The signals produced by the Cherenkov light are read

out by three large 9” XP1805 Photonis photomultipliers.

The PMTs are equipped with a resistive divider base

having two outputs: anode and amplified last dynode [3].

This provides a large dynamic range, totaling 15 bits,

presently 3 radio
test sites:

BLS
CLF
Auger Engineering Radio Array
AERA

Auger Engineering Radio Array
AERA
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the same way as we do for cosmic rays. The 24h time distribution
of these three-fold events is very close to that of the trigger rate,
with large variations from one day to the other. The average
number by day of these events is not uniform and we observe
some bursts of about 1000 events on a single day. The sky
distribution is very different from that of Fig. 5. Events are mainly
coming from North and South and the zenithal distribution has a
strong maximum at y!65". These coincidences can be attributed
to anthropic signal (coming from the city of Malargüe at the South
of the experiment) and mainly thunderstorms. During some days,
it is possible to follow the displacement of such thunderstorms as
indicated by Fig. 6. In the period November 2007–May 2008, we
have a total of 12400 three-fold events, 95% of them are between

15h UTC and 5h UTC with a maximum at 20h UTC and 77% of
them occurred within #10 days around February 27, 2008.

6. Conclusion

The simple prototype constituted of three totally autonomous
radio stations at the center of the Pierre Auger SD led to the
detection of cosmic ray air showers in coincidence with Auger.
This prototype is triggered by a simple amplitude threshold
comparator working in the 50–70MHz band. It is not possible to
change the value of this threshold remotely, leading to high
variabilities of the trigger rate. Due to failures and saturation
periods, no three-fold coincidence with Auger were detected.
However it has been observed that the azimuthal distribution of
the events in coincidence is strongly asymmetric with a
maximum towards the South (it concerns 22 events for 29 in
total). This feature has to be confirmed in the future with the next
generation of radio stations planned to be installed late 2008.
Atmospherical phenomena were detected and it has been
observed that the zenithal distribution of these events is very
different from that of the cosmic ray events seen in coincidence
with Auger. This prototype is not maintained anymore in this
design and an upgraded radiodetector will be installed at the end
of 2008.
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Fig. 6. Sky map in local coordinates of the 424 three-fold radio events detected on
March 11, 2008. The color scale corresponds to the UTC time of each event. The
‘‘source’’ (thunderstorm) is moving from South to East between 17h UTC and 24h
UTC at zenith between 55" and 70".

B. Revenu / Nuclear Instruments and Methods in Physics Research A 604 (2009) S37–S40S40

The overall dead time is around 2.7 s due to the time transfer of
each event; the acquisition is frozen as long as an
acknowledgement has not been received from the Central PC.
RAuger is installed since November 2006 and is running in a quite
stable mode since July 2007. The analysis presented here is
performed on data taken between July 2007 and May 2008
corresponding to 318 days.

3. Trigger rate

The trigger rate depends on the considered station because the
effective thresholds are not actually the same: that of A3 was
too low, leading to many saturation periods, while that of A2
was too high, leading to a small number of events. The averaged
trigger number (weighted by the number of triggers during
each day of the sample) as a function of UTC time for the station
A1 presented in Fig. 2, corresponds to 384000 triggers
between January 2008 and May 2008. Although the spread is
important, we notice that the trigger rate is not uniform at all. The
trigger rate starts to increase at 15h UTC, reaches a maximum at
21h UTC and slowly decreases until 9 h UTC. The origin of this
variation is not fully understood at the moment but could be due

to a day–night effect (the ionospheric variation) or to
thunderstorms.

4. Coincidences with Auger

To identify cosmic ray events in coincidence, we are searching
for time coincidences between Auger events and our radio events
in a 1ms window. Unfortunately, due to station breakdowns and to
the high dead time (2.7 s), we still do not observe any three-fold
coincidence between the three radio stations and Auger but we
have some with one or two radio stations only.

The shower plane and the core are given by the Auger
reconstruction. The fortuitous events rate is very small, of the
order of 10!11 s!1, due to the small trigger rate of the antennas
(the saturation corresponds to 0.37 events/s) and the small
number of Auger events falling closer than 1km (axis distance)
from Apolinario (around 1.6 events/day). Integrated over a period
of 318 days, the expected number of random coincidences is of the
order of 10!4, so that the association of our coincidences with
actual Auger events is unambiguous.

The total number of coincidences with Auger is 29 in the
considered period with energies ranging from 0.2 to 8EeV. As an
example, Fig. 3 shows the full-band and filtered-band signals of
station A2 for a vertical shower at 0.5 EeV, with axis at 130m from
Apolinario, detected by four tanks on March 18, 2008, in both EW
and NS channels, respectively. The transient is clearly visible in
both bands and both polarizations.

Fig. 4 shows that the ground distribution of these events
follows well the Auger SD event density map around Apolinario.
This is not the case for the angular distributions. The azimuthal
distribution of the radio events is not uniform as compared to that
of the Auger SD events. It is found that 75.8% (22/29) of the radio
events are coming from the South as it is visible in Fig. 5. The poor
statistics and the lack of any monitoring of RAuger do not allow
any quantitative conclusion about this observation but indicate a
feature that should be verified in the future with the next
generation of radio detectors planned to be installed at the end of

ARTICLE IN PRESS

Fig. 1. Left: RAuger global setup; the radiodetectors A1, A2 and A3 are around
Apolinario and separated by 139m. Right: each radio station has two dipolar
antennas connected to the electronics box powered by two solar panels.

Fig. 2. Averaged weighted trigger rate (events per second, the weight is the
number of triggers during each day of the sample) as a function of UTC time for
station A1 with the associated 1s error bars. The horizontal line indicates the
saturation level. See text for details.
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2008. Note that the time distribution of the events between 0 and
24h UTC is flat in the limits of our statistics as compared to that of
the triggers (in Fig. 2).

5. Three-fold radio coincidences

Although we do not have any three-fold radio coincidence with
Auger, we have many of them among the radio stations only. It is
possible to reconstruct the arrival direction of the wave front in

ARTICLE IN PRESS

Fig. 3. The x axis is the time, corresponding to 5ms. From left to right: full band signals and filtered band signals. From top to bottom: EW and NS polarizations.

Fig. 4. Event ground density map around Apolinario, computed from the official
Auger event list and smoothed by a 50m width Gaussian. The color scale is in
number of eventsm!2 day!1. The Auger events with a radio counterpart are
indicated by the black crosses. Apolinario is the largest diamond at the center and
the three radio stations are the smallest diamonds around.

Fig. 5. Sky map in local coordinates of the radio events seen in coincidence with
Auger SD and smoothed by a 10" Gaussian beam. The zenith is at the center, North
at the top, East on the right. The 75.8% of the events are coming from the South
while the Auger SD events sky map is uniform in azimuth. The red dot towards the
north at y#58" is the location of the geomagnetic field in Malargüe. (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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2008. Note that the time distribution of the events between 0 and
24h UTC is flat in the limits of our statistics as compared to that of
the triggers (in Fig. 2).

5. Three-fold radio coincidences

Although we do not have any three-fold radio coincidence with
Auger, we have many of them among the radio stations only. It is
possible to reconstruct the arrival direction of the wave front in
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Fig. 3. The x axis is the time, corresponding to 5ms. From left to right: full band signals and filtered band signals. From top to bottom: EW and NS polarizations.

Fig. 4. Event ground density map around Apolinario, computed from the official
Auger event list and smoothed by a 50m width Gaussian. The color scale is in
number of eventsm!2 day!1. The Auger events with a radio counterpart are
indicated by the black crosses. Apolinario is the largest diamond at the center and
the three radio stations are the smallest diamonds around.

Fig. 5. Sky map in local coordinates of the radio events seen in coincidence with
Auger SD and smoothed by a 10" Gaussian beam. The zenith is at the center, North
at the top, East on the right. The 75.8% of the events are coming from the South
while the Auger SD events sky map is uniform in azimuth. The red dot towards the
north at y#58" is the location of the geomagnetic field in Malargüe. (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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sky map

Auger Engineering Radio Array
AERA



Auger Engineering Radio Array

•  ~20 km2

•  ~150 antennas
•  operation together with infill/HEAT/AMIGA
•  three antenna spacings to cover efficiently 17.2 < lg E < 19.0
•  measure composition of cosmic rays in energy region of   

 transition from galactic to extragalactic cosmic rays

Auger Engineering Radio Array
AERA
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reconstructed by the radio array if the following requirements are fulfilled:
– at least 10 antennas have a signal bigger than the galactic noise (E > 3 µV/(m MHz))
– at least 3 antennas have a signal bigger than five times the galactic noise (E > 15 µV/(m MHz)).

Showers with zenith angles up to 60◦ have been taken into account. They are assumed
to arrive isotropically. The direction of the magnetic field in Malargüe has been taken into
account. The antenna response has been calculated for energies between 1017 and 1019 eV in
steps of ∆(10lg E) = 0.2. An example of the calculations is depicted in Fig. 12. The area has
been divided into elementary cells (20× 20 m2). For each elementary cell the average detection
efficiency has been calculated. The efficiency multiplied by the cell area gives the effective area.

lg E LOPES CODALEMA Monte-Carlo
[eV] extrapolation extrapolation simulation
17.0 – – 0.19
17.2 – 0.04 0.68
17.4 0.02 0.34 1.5
17.6 0.5 3.2 2.7
17.8 3.0 7.6 4.3
18.0 6.7 11.1 6.1
18.2 9.8 12.3 7.9
18.4 12.9 12.8 9.8
18.6 15.7 13.1 11.4
18.8 18.4 13.2 12.9
19.0 20.7 13.4 14.1

Table 6: Effective areas [km2] as calculated by extrapolations of LOPES and CODALEMA
measurements as well as Monte-Carlo simulations based on the REAS code.
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Figure 13: a: Effective area of the radio array as function of the shower energy according to
extrapolations of LOPES and CODALEMA measurements as well as Monte-Carlo simulations,
based on the REAS2 code. b: Expected number of events per year with zenith angle Θ < 60◦.

The effective area according to the LOPES extrapolations is tabulated in Table 6 and
shown in Fig. 13a. Similar investigations have been carried out based on extrapolations from
the CODALEMA experiment [52]. The efficiencies have also been calculated based on shower
simulations with the REAS code and taking into account experimental conditions (antenna gain,
galactic noise, ...) with the RDAS program [53]. The results of all three efforts are presented in
Table 6 and Fig. 13a for comparison. The different approaches agree well at high energies. The

29

Expected event rates
effective area + Auger energy spectrum (PRL)

lg Ethr/eV ≈ 17.2

main difference occurs at the low-energy end; the different approaches yield different values for
the threshold energy. The Monte-Carlo simulations yield a lower threshold as compared to the
extrapolations of the measurements.

5.2 Expected event rates

To estimate the expected event rates, the effective area is multiplied with the cosmic-ray flux.
The present estimates are based on the spectrum measured by the Pierre Auger collaboration
[54]. The flux below 1018.45 eV has been extrapolated, assuming a spectral index of −3.3, which
is typical for the energy region between the second knee and the ankle, 1017.6 - 1018.6 eV; see,
e.g., Ref [55]. The expected number of events per year is depicted in Fig. 13b for the three
approaches. As seen before, the main difference between the approaches is in the threshold
region. Taking a conservative approach and using the CODALEMA and LOPES extrapolations,
the threshold for the radio array is around ≈ 1017.2 eV.
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Figure 14: Trigger efficiency of the fluorescence detectors (HEAT & Coihueco) for an energy of
1018 eV. The position of the radio array is indicated.

Radio events will be measured in coincidence with the fluorescence telescopes (HEAT &
Coihueco) and the surface detectors. These “golden events” will help to understand the radio
signals. The efficiency has been calculated to detect a shower with a fluorescence telescope and
at least one water-Cherenkov detector. As example, the efficiency for showers with an energy
of 1018 eV is shown in Fig. 14. The position of the antenna array is indicated in the figure as
a polygon. The corresponding number of expected events per year with core in the radio array
has been calculated. The energy threshold for the combined FD & SD observations is about the
same as for the radio detection. Thus, we expect about 10− 12% of our events to be “golden
events”. This fraction is mainly determined by the duty cycle of the FD. The calculations
indicate that a sufficient number of events is expected to understand and calibrate the radio
signals from air showers. During the construction stages 1 and 2, more than 300, respectively,
900 radio events are expected per quarter of a year. With the full array more than 15 radio
events are expected per day.

30

FD (HEAT & Coihueco) 
trigger efficiency, E=1018 eV

(Steffen Müller, Karlsruhe)

conservative estimate:
> 3 1017 eV: >5000 ev/yr
>    1018 eV: >  800 ev/yr

Auger Engineering Radio Array
AERA
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Auger Engineering Radio Array
AERA

LOFAR & AERA are complementary
 ~900 dual-polarized 

dipoles within 2x2 km
 ~900 dual-polarized 

dipoles out to 50 km
 high antenna density

⇒ Precise shower front 
(curvature) and hence 
accurate composition & 
direction

 20 km2 dual polarized test 
array (~150 antennas)

 Gives high duty cycle for 
hybrid events (+SD)

 Combination with surface 
detectors and 
fluorescence telescopes 
will allow triple 
coincidences 
(“tri”-brid events) 

⇒Cross-calibration between 
methods

⇒Accurate determination of 
all UHECR parameters 
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From Saltzberg, Gorham, Walz et al  PRL 2001

• Use 3.6 tons of  sand
• Repeated with ice for ANITA experiment

Radio Emission from Showers in Dense Media
Radio Cherenkov has been observed! 
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Matthew Mottram, ARENA 2010, Nantes

ANITA concept

A neutrino induced cascade
produces a coherent radio
Cherenkov pulse.

Incident neutrinos
With energies above ~0.5
EeV

   Cherenkov Cone at 56
o

   in ice

Refracted RF
(VPOL)

~680km to horizon ->
1.5x106km3 interaction
volume

      ~37km 

1~4km
        Antarctic ice sheet

Air

Ice

Particle
Cascade

Cosmic ray geo-synchrotron also
observed (HPOL)

! interaction causes EM shower, develops charge imbalance

At GHz and lower frequencies Cherenkov radiation is coherent - strong radio pulse
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Matthew Mottram, ARENA 2010, Nantes

GPS antenna arrays

Lightweight aluminium

gondola

PV cell arrays

8 antennas deploy after

launch

ANITA instrument box -

all data processing and

storage units

Battery box

32 antennas over 2 layers

ANITA-2 design

• Antennas 3dB point

at 30º - full 360º

coverage

• RF recorded in both

VPOL and HPOL

• Telemetry (line of

sight & satellite

linkups) provide data

relay and ability to

send commands



An observational limit on the UHE

cosmic neutrino flux from the 2nd

flight of the ANITA experiment

Matthew Mottram for the ANITA collaboration

University College London

7

Matthew Mottram, ARENA 2010, Nantes

ANITA-2 flight

• Launched

21/12/08

• Aloft for 31 days

• Took ~27M

events (~21M RF

triggers, ~6M cal

pulses etc)

• Landed 22/01/09

with full recovery

of instrument and

data
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Matthew Mottram, ARENA 2010, Nantes

Analysis results

• Remaining events

in the signal box:

– 2 VPOL events

– 3 HPOL events

(see talk by A.

Romero-Wolf)
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Matthew Mottram, ARENA 2010, Nantes

Candidate events - VPOL

• 2 candidate VPOL

events:

– Top: deconvolved

coherently summed

waveform

– Middle: power

spectrum

– Bottom: cross

correlation image
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Matthew Mottram, ARENA 2010, Nantes

• V-POL candidates are

not sufficient for claim

of detection

• ANITA-2 can set a new

limit on the UHE

cosmic neutrino flux

• ArXiv 1003.2961

ANITA 2 results

1019 10211017 eV



Ultra-High Energy (Super-GZK)
Neutrino Detections

 Ultra-high energy 
particle showers hitting 
the moon produce radio 
Cherenkov emission in 
the regolith.

 The moon provides the 
largest and cleanest 
detector volume – 
needed at ultra-high 
energies.

 2 GHz: strong but 
beamed emission

 100 MHz: lower but 
isotropic emission from Gorham et al. (2000)

radio from 
neutrinos hitting the moon



Angular spread of emission

Radio Observations of the 
Moon: Different Frequencies

 The shower is ~10 cm 
wide but 2 m long!

 Cherenkov emission is 
anisotropic: 
 maximum emission in 

narrow forward ring at GHz 
frequencies

 Lower emission but almost 
isotropic at lower 
frequencies

 Low Frequencies have 
longer attenuation lengths 
and sample larger 
volume.

Scholten, et al. (2006)

2.2 GHz 100 MHz
Cherenkov angle
      ↓



Radio Moon Experiments

James et al. (2007)

Hankins, Ekers, 
O’Sullivan (1996)

Beresnyak A. R. et al. (2005)

G
or

ha
m

 e
t 

al
. 

(2
00

4)

Parkes 
Telescope 

(Aus)

Compact 
Array (Aus)

Kalyazin

Westerbork 
(WSRT)
“νMoon”

Scholten et al. (2007, ICRC)



Westerbork Synthesis Radio Telescope
       Basic Properties:

• 14 x 25 m diameter dishes
• 12 dishes phased-up
• 110 hour observation time
• 40 M samples/sec (PuMa II)
• Full Polarization information
• 117-175 MHz band
• 8 dual-pol bands of 20 MHz
• 3×1020 eV would give 15 σ peak 
(req.)
• 2 separate 4’ × 6° pencil beams
• covering 50% of moon

Westerbork (WSRT) Experiment



Westerbork Synthesis Radio Telescope

Westerbork (WSRT) Experiment

4 freq.
bands

4 freq.
bands



νMoon Results
NeutrinosCosmic Rays

O. Scholten et al., Nucl. Instr. & Meth. A 604 (2009) S102

22m dishes. The array is currently undergoing an upgrade to be
able to measure with a bandwidth of 2GHz. The upgrade is
projected to be finished in 2009.

Eventually, the best sensitivity will be achieved with
the Square Kilometer Array [19] (SKA), planned to be completed
in 2020. The Australian SKA Pathfinder (ASKAP) is expected
to be operational around 2011. In Fig. 6 the expected sensitivity
of SKA is plotted for observations in the low frequency
band (70–200MHz) and the middle frequency band (200–
300MHz).
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Fig. 6. Limits on UHE neutrino flux (left) and cosmic-ray flux (right) that can be established with LOFAR and SKA.

O. Scholten et al. / Nuclear Instruments and Methods in Physics Research A 604 (2009) S102–S105 S105



South Pole Under Ice RF instrumentation:
• RICE

Part of IceCube DAQ:

• “AURA” sub-working group (Full WF digitization) 
Askaryan Underice Radio Array

• “SATRA” sub-working group (Transient detection)
!  Sensor Array for Transient Radio Astrophysics

Future independent collaboration:
• ARA – Askaryan Radio Array 

South Pole Surface RF Instrumentation:

• Surface radio - RASTA – Radio Air Shower Transient  Array 

2008 “NARC”
Neutrino Array 
Radio Calibration

Radio detection activities at South Pole



Jörg R. Hörandel
Radboud University Nijmegen

pioneer experiments
LOPES & CODALEMA
paved the way to large-scale application
• LOFAR
• Pierre Auger Observatory - AERA
• Ice Cube extensions (South Pole)

          objective: independent air shower 
          measurements with radio detection

             astrophysics in transition region 
             (galactic/extragalctic cosmic rays)
physics of radio emission:
geosynchrotron radiation is dominant in atmosphere

Radio Detection of Extensive Air Showers
Thanks to all my colleagues from 

LOPES, LOFAR, and the 

Pierre Auger Observatory

4th School on Cosmic Rays and Astrophysics - UFABC, Santo André, São Paulo, Brazil - August 25th - September 4th, 2010

http://particle.astro.kun.nl


