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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-
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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.
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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
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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.
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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.
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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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Fig. 14. Sky map of the predicted polarity of the electric field calculated by
considering the EW component of the Lorentz force and multiplied by the trigger
coverage map (positive signals are arbitrarily associated to showers coming from
Northern directions).

Fig. 15. Sky map of the signal sign (crosses for positive signs, diamonds for negative
signs) of observed radio events.
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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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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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LOPES: Polarization Measurements
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CODALEMA: Polarization of radio signal
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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

sky maps
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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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Fig. 7. Sign of the EW (left) and NS (right) components of the vector
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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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
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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
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Sky map of TBB triggers
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modern Cherenkov telescopes
energy threshold for gamma rays ~50 GeV
limited by collecting area --> large mirrors

 H.E.S.S. (Namibia)
4 telescopes on 120 m square
segmented mirror, 108 m2 per telescope
point spread function 0.03°
5th central telescope under construction

Magic (La Palma)
two telescopes    236 m2 mirror

Veritas (USA, Arizona)
4 telescopes, 12 m mirror

future: CTA
large array of telescopes
- low energy threshold
- excellent angular resolution
- good sensitivity
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VERITAS, Arizona



CTA


