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Abstract: Our knowledge on ultra-high energy cosmic rays and their underlying sources and acceleration
mechanisms is steadily improving thanks to the large observatories nowadays in operation. However the need
for a next generation instrument is emerging from their experimental limitations and the scientific questions
currently out of reach within a reasonable time line. Withinthese scope, the main features of the radio detection of
extensive air showers are investigated and confronted to these challenging requirements. CODALEMA is the last
experiment currently running in Europe dedicated to the cosmic ray detection using the observation of its induced
radio electric field. The latest experimental upgrade and a synthesis of its operation features and the upcoming
technical developments are presented. Complementing the main results of CODALEMA presented in another
contribution to this conference, a special emphasis is put on some of the new aspects of the data analysis offered
by the CODALEMA3 autonomous station array. Finaly, the opportunities provided by the Nançay observatory
for efficient R&D activities and especially the upcoming technical developments are listed.
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1 Introduction
Precise mass identification of the high energy cosmic rays
is clearly the missing key element of the large scale ex-
periments currently running such as Telescop Array and
Pierre Auger Observatory detection systems[1]. Arrival di-
rection maps and spectra of identified cosmic rays are
aegerly awaited in order to understand the high energy
cosmic ray properties such as their sources and produc-
tion mechanisms as well as the location of the galactic
to extra-galactic transition. Precise spectra requires large
statistics which implies a significantly larger aperture and
a higher detection efficiency at the very high energy tail of
the cosmic ray distribution. The radio detection has been
proposed as the possible technique fulfilling these require-
ments and is investigated nowadays with a stronger inter-
est.

Since almost 10 years, an constant R&D effort is under-
taken at the Nançay Radio Astronomy Facility on the radio
detection of high energy cosmic rays.Thanks to its succes-
sive setups, the CODALEMA experiment allowed to un-
ambiguously identify the EAS induced radio transients[2],
to quantify the energy threshold of the radio detection[3],
to characterize the angular resolution of the radio recon-
structed arrival direction[4] and to demonstrated the corre-
lation between the cosmic ray energy and the electric field
strength. A North-South asymmetry of the observed arrival
direction[3] and a significant offset toward the East of the
radio shower core with respect to the particle show core
have been observed[5]. They have been identified as the re-
spective consequences of the geomagnetic field acting on
the charged particles of the shower as the main contributor
to the final radio electric field and of the net charge excess
variation along the shower development as a second level
contributor[6].

In parallel with the data analysis performed on the ca-
bled fat dipole antenna array, an important instrumental de-

velopment has been initiated to design and produce an au-
tonomous station and reach an major milestone towards a
large next generation detection array based on the radio de-
tection. This development gave rise to the CODALEMA3
array. The next section detailed the main features and the
operation experience gained so far with this array. Some of
the first main physic contents on the EAS measured with
CODALEMA3 will be presented in a second section. Per-
spectives in instrumental development will be mentioned
in a last section.

2 CODALEMA3
The development of the CODALEMA radio detection sta-
tions and the effective form of the array at Nançay are
based on some important design choices. Some of them
were technological options explicitly orthogonal or at least
complementary to different options selected elsewhere.
However, some of these choices were only dictated by the
specific environment of the Nançay Facility.

2.1 The detection station
The following specifications were used when designing the
detection station :

• An autonomous object : each station relies only on
itself for selecting and further processing transients
induced by EAS. Its only at a third triggering level
that multiple station informations are combined in
an external data processing center.

• A modular object : one function = one board. Trig-
gering, dating, digitization for instance are per-
formed by dedicated Eurocard boards. Relying on a
set of common specifications this segmentation has
permitted the development of the boards in parallel
in different institutes.
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Figure 1: A CODALEMA autonomous station deployed at
Nancay.
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Figure 2: A typical night sky at Nancay measured in the
EW polarization.

• A analog object : the first triggering level does not
rely on the processing of a digitized signal. This al-
lows upgradable analog signal filtering and a pro-
grammable combination of antenna signals and/or
external signal. This avoids a continuous and power
consuming digitization.

• A sensitive object : a dual polarization wide-band
antenna is coupled to a dedicated low noise amplifier.
The sampling rate and the bandwidth of the ADC
is sufficiently high to match the very fast transient
detection requirements.

A detection station deployed at Nançay is show in fig.1.
The center of the butterfly radiator houses the LNA. The
aluminum housing is featuring a dual boxes designed and
tested against RFI self emission outside of the station. The
top panel prevents snow and water accumulation over the
station and acts as a sun shield. A typical noise spectrum
measured in EW polarization at night is shown in fig.2. The
useful bandwidth given by the AM upper limit (around 20
MHz) and the FM band (here suppressed by a band-stop
filter). Above the FM, a second useful window emerges
around 120 MHz and extents up to at least 200 MHz. The
witdh of these windows are modulated by the AM line
strength and the mobile communication activities above
the FM. The fall-out of the antenna response below 30
MHz is designed to limit intermodulation effects during
strong AM emission periods.

In the decametric band and the lower part of the metric
band the galactic noise is the dominant contribution. The
observed variations of the signal is then used to assess the
quality of the antenna and to monitoring its behavior. The
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Figure 3: 45-55 MHz filtered signal rms versus the local
sideral time for EW antennas (top) and NS antennas (bot-
tom).

fig.3 shows the variations of the signal rms with respect to
the Local Sideral Time. Their amplitude in the EW polar-
ization is equal to 2.75dB as expected by the convolution
of the antenna response with the antenna exposure induced
by the Earth movement.

The trigger strategy of the detection station is based
on two different levels. The first level is performed on a
dedicated analog board which trigger the digitization and
dating of the event. A level 2 trigger algorithm running
on the on board computer is then applied on the digitized
wafer forms. Once the L2 trigger is acknowledged, the
event is built. A level 3 trigger is finally processed on
the L2 event and issued if multi-station criteria are meet.
In such case, the events from the concerned stations are
requested and are sent through the network to a central
database.

2.2 Operating the array
The Radio Astronomy Facility area at Nançay features nu-
merous forest plots incompatible with an efficient use of
solar panels. The radio regulations applied on site and in its
vicinity strongly restrict the use of radio signals for com-
munications. Due to these two restrictions, buried wired
networks were deployed for energizing the station (220V
power line) and for the data transfer (optical fiber). As
a consequence, stations of the array were organized into
branches and positioned near existing forest roads. The typ-
ical distance between two consecutive stations ins 150m.
The resulting scattering of the stations enhanced the accep-
tance at higher energy compared to a perfectly regularly
paved array (fig.5).

A reduced number of stations was installed early in
March 2011 followed by the completion of the dense array
during the summer 2011. A full year a commissioning has
been dedicated to stabilize the hardware performances and
to optimize the trigger strategies and its overall efficiency.

Despite a relatively modest covered area, the CO-
DALEMA3 array is facing an environment variating very
rapidly both in space and in time. The number of single
events seen by each station shown on fig.4 is illustrating
these variations. Fade and very local sources are quite of-
ten perturbing a single or very few stations demonstrating
the need for an standalone triggering strategy. Hopefully
several features have been identified to build an efficient
separation of EAS signals from parasitic transients.

Typical EAS signals are relatively short (of the order of
a hundred ns) or more precisely exhibit short rise and fall
times. Cosmic rays are randomly arriving on earth and thus
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Figure 4: Fraction of single transients measured in each
station. The station 21 is a fake station dedicated to the
dating of events recorded in the scintillator array.

randomly recorded by the stations. Typical anthropic radio
signals are relatively long (of the order of few hundred
ns) and thus with a large rise time. They often feature
small additional pulses arriving within the signal recording
time (2.5µs). Finally these anthropic transients are usually
repetitive (from 10 ms up to more than 1s of occurrence
time) over a given time burst or on regular period of the
day.

Based on these properties three selection/rejection algo-
rithms have been developed and implemented on the sta-
tion array. Taking advantage of the repetitive feature of the
noise signal, a first method calculating the relative time be-
tween two consecutive L1 trigger have been applied. The
time differences are used to fill an pseudo permanent his-
togram. A new occurrence arriving in a given bin is re-
jected if its content exceeds a given threshold.

The second algorithm relies on the single pulse feature
of the EAS transient. The recording time is split in several
windows with the triggering signal always falling in a de-
fined window. Events exhibiting sufficiently large signals
in the adjacent time windows are rejected.

Finally, the last method is calculating the rise time of the
signal. A normalized cumulative sum of the squared signal
is calculated and two characteristic times are deduced (at
10 and 70% of sum). An simple relationship between these
two times has been identified for cosmic ray signals and
thus provides a rejection criterion for noise transients. This
method is detailed in [9].

A combination of these methods is currently used in the
stations and allows a relatively efficient rejection of the
parasitic signals. At the moment they are implemented in
the L2 trigger. A simplified adaptation of these methods to
analog signals is currently under design for an upgraded
version of the trigger board with the aim of improving the
overall duty cycle of the station.

3 EAS properties
Analysis of transient properties such as the arrival times
and signal amplitudes (fig.6) measured in coincidence in
several stations allows to quickly confirmed the features of
the radio electric field induced by cosmic rays. The arrival
directions of the cosmic rays are reconstructed (fig.5) and
their distribution exhibits a clear North-South asymmetry
associated to the geomagnetic effect [9]. The shower core
location combined with the electric field strength show that
the radio lateral distribution functions are clearly diverging
from a simple exponential law.

Polarization patterns can easily be study by combin-
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Figure 5: Sketch of a cosmic ray event observed by few sta-
tions (circles) of the array (grey crosses). The color and the
size of the circles indicate respectively the recorded time
and the strength of the EW signal. The arrival direction and
an estimate of the shower core are represented by the black
arrow.
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Figure 6: The EW wave forms measured in an EAS event.
The signal are filtered in a 40-70 MHz band.

ing both the EW and NS signals recorded simultane-
ously. A rough linear polarization can be observed (fig.7)
in the data again associated with the geomagnetic effect
while significant dispersions of the polarization within
each event are identified and explained as the charge ex-
cess contribution[8]. The dependence of the signal polar-
ization to the frequency is currently under investigation.
Preliminary results show that no significant variations are
observed within the 30-80 MHz band which seems to indi-
cate that a constant balance between the main mechanisms
giving rise to the radio signal within this particular window.
The extension of this analysis at higher frequency is ongo-
ing and can reveal a different situation with the interplay
of the Cerenkov effect possibly emerging at these frequen-
cies.

Although a wave form analysis is quite efficient to dis-
tinguish EAS event from parasitic transients, the filtering
required to extract the signal from the AM and FM contri-
butions tends to kill the sensitivity to specific features (am-
plitude, polarity, time extent) of the wide-band unfiltered
signal[10]. An the other hand, a study in the frequency do-
main allows to preserve this sensitivity by comparing the
spectral power and index deduced from the observed tran-
sients. Thanks to its wide-band property, this type of anal-
ysis can be performed with the CODALEMA3 detection
stations.

The small data collected so far already shows some
interesting features. One can split the set in few types of
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Figure 7: Polarization pattern in the 40-70 MHz band of
an EAS event. The NS signal is represented vs the EW
signals.
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Figure 8: The power spectral density measured in different
stations of a EAS event. A time window is set around the
pulse to maximize its contribution (thick lines) while a
similar window sets at the beginning of the signal for noise
reference level (thin lines).

event showing particular characteristics : a group of events
with a relatively large multiplicity and a rather identical
spectral content mostly confined below the FM band; a set
of events with a medium multiplicity and a spectral content
variating and extending over a large part of the metric band
(fig.8); a last group of events with a low multiplicity and
very different spectral contents (fig.9).

The events shown in fig.9 and at a lower level in fig.8
clearly exhibit a variation of the frequency slope with re-
spect to the distance from the shower axis. This trend and
the different event classes enumerated above, have to be
confronted to the predictions recently made in [11] where
EAS radio content is expected at high frequencies (in the
upper part of the metric band and even above) and with
a lateral distribution shape significantly changing with fre-
quency. While studying the relative weight of the Cerenkov
contribution in the overall radio signal, a observable sen-
sitive to the longitudinal development of the shower and
hence to the cosmic ray mass seems to be emerging. Such
analysis on the data collected by the CODALEMA3 array
is currently ongoing. A careful deconvolution of the an-
tenna and electronics response from the signal is required
for a quantitative determination of the cosmic ray proper-
ties.
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Figure 9: The power spectral density measured in a low
multiplicity event. For the most energetic signal, the ob-
served value exceeds the AM line although relatively
strong at recording time of the event.

4 Conclusions
The CODALEMA3 array of autonomous radio detection
stations installed at Nançay have shown the difficulties to
operate such type of new instrument even in a relatively
radio quiet environment. With the help of adapted trigger
strategies significant progress has been made towards the
mastering of such an array in terms of noise rejection and
EAS transient selection. The array is now steadily collect-
ing valuable EAS signals and constantly enriching our data
sample. Still towards a next generation instrument, CO-
DALEMA is exploring various detection options which
may improve further its current detection capabilities. A
complete knowledge of the electric field is obviously a ma-
jor piece of information to fully understand the EAS ra-
dio emission. A measurement of the vertical polarization
is currently designed and its implementation on the exist-
ing stations is considered in order to match this goal. On-
going analyses have demonstrated the evident interest of
exploring the frequency content of the radio signals. A
complete investigation requires to extend the current band-
width. A VHF antenna for exploring the Cerenkov contri-
bution at high frequency and a MF/HF antenna dedicated
to recording EAS signals at large distance from its core are
two major pieces of hardware in development for the CO-
DALEMA experiment.
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