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 Ultra-High Energy Cosmic Rays	


✓ Involves astrophysics & particle physics	



✓ Community ➟ needs for a new instrument	



✓ Augmentation of statistics, discrimination of composition, energy resolution	



 Radio detection of cosmic rays	


✓ Key method for the future ?	


‣ French competence - great opportunity !	


‣ CODALEMA and Nançay (includes LOFAR and NenuFAR) as a development base	



✓ AERA : multi-hybrid on Auger - pertinence of the method, R&D difficult on site	



✓ Still to find the composition-related radio observable	



✓ A new way to observe very fast transients: potential new window in radioastronomy ?	



 Links with LOFAR and SKA	


✓ High sensor (antenna) density: very fine shower profile	



✓ Ability to discriminate showers on radio signal only (aim of compact array @ CODALEMA)	



✓ From compact array to NenuFAR: see discussion tomorrow…

OUTLOOK

SKA/LOFAR Meeting - 11-13 février 2014
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CODALEMA (données EW)
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Monday, March 5, 12

First interaction altitude and charge production 
maximum depend on CR mass

10 - 20 ns

This is not a continuous, 
but a triggered 

observation (“snapshots” 
of few µs)
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CODALEMA AND NENUFAR
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IT COULD HELP… PROFILE

B. Revenu,  ARENA 2012

Lateral Distribution Function

LOFAR/LORA

(see talk of A. Nelles)
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FIG. 7. The calculated value of R (see Eq. (5)) and its uncertainty for the AERA24 data set as a

function of the observation angle  . The dashed line denotes R = 0.
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IT COULD HELP… POLARIZATION



Rejection of noise events 
AND/OR selection of good 

events
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IT COULD HELP…

Mean rejection rate: 
94.2 % (T2)

Currently working at T2 level, being implemented at T1 level

From Diego Torres-Machado PhD

Transient rise time

Radio emission from air showers measured with LOFAR
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Fig. 1: An example cosmic ray pulse as detected with the
low-band antennas (10�90MHz) for the event in figure 2.
The solid light line shows the up sampled signal. Overlaid
is the Hilbert envelope and the RMS noise in black dashes.
Pending absolute calibration the signal strength is given in
arbitrary units.

[8] to identify interesting signals. Additionally, the pipeline
automatically extracts physical parameters such as the
shower arrival direction and the cosmic ray radio signal
strength in all antennas. This pipeline is based on the
task oriented PyCRTools framework consisting of fast low-
level C++ routines glued together in Python for maximum
flexibility. All extracted information is stored in an SQL
database for subsequent data mining studies.

The LOFAR core is located in a designated radio quiet
zone. However, some man made radio frequency interfer-
ence is still present. This interference is first filtered out
by removing all power at frequencies, which show stable
relative phases between antennas over time. This is only
expected for terrestrial transmitters [8]. Gain differences
between the dipole antennas are calibrated out using the
fact that the LOFAR low band antennas (10�90MHz) are
sky-noise dominated. A first search for a cosmic ray radio
signal is performed on the signal from all antennas of a sta-
tion combined in phase for the arrival direction of the air
shower as determined by the particle detector array. This
gives an

p
Nantennas improved signal to noise for signals

from the chosen direction, and therefore a lower probability
of picking up noise pulses. Furthermore, when no cosmic
ray signature is visible in this beamformed signal it will
not be visible in individual antennas and the search can be
aborted.

Due to its design as a radio telescope LOFAR antennas
are rotated by 45� with respect to the North-South, East-
West polarization frame. Thus, a pure North-West polarized
signal expected for the dominant v⇥B emission component
in a vertical shower will be mixed in both dipole antennas.
To correct for this, and the frequency dependent antenna
gain, the signals are unfolded using a simulated antenna
model [6].

Subsequently, a pulse search is performed on the signals
from each of the individual antennas within a narrow
window around the beamformed pulse location to reduce
false positives. An example pulse can be seen in figure 1. In
order to avoid ambiguity due to limited sampling a pulse

Fig. 2: Footprint of an air shower measured with LOFAR.
The signal strength (peak amplitude of the radio signal) is
encoded logarithmically in the size of the marker and the
color shows the time of arrival. The pentagons represent the
positions of the particle detectors, their size is proportional
to the number of registered particles. The reconstructed
shower axis as measured by the particle detector array is
indicated by the cross for the core position and the line for
the projected arrival direction.

maximum is found in the amplitude of the analytic signal or
Hilbert envelope. In addition, the signal is first up-sampled
by a factor 16 to ensure that the pulse maximum search
is not the limiting factor for pulse timing resolution. This
gives a pulse arrival time for each antenna. A plane wave fit
to these arrival times gives the shower arrival direction. This
fit is performed separately for each LOFAR station where,
for the relatively small antenna spacing, a plane wave is a
reasonable first order approximation to the wavefront shape.
Graphically, the information obtained by the pipeline can
be best expressed in the shower footprint (figure 2), where
the signal strength and arrival time for each antenna are
given as a two dimensional function of antenna position.
Also depicted in this figure is the shower arrival direction
as estimated by the particle detector array which nicely
matches the radio data. This way of depicting the results
illustrates best how densely a shower is sampled with the
LOFAR radio antennas.

The pipeline is described in more detail in [8]. Here,
we will focus on two example studies that are currently
underway using LOFAR cosmic ray radio data to develop
a detailed understanding of air shower radio emission
processes. Both studies utilize the data-set as described in
[9].

4 Wavefront curvature
As the radio emission from the air shower comes from
(effectively) a finite height in the atmosphere, the radio
wavefront incident at the antenna array will have a nonzero
curvature, rather than being planar. One can use the arrival
times of the pulses at each antenna, as measured from
their Hilbert envelope maxima, to trace the shape of the
wavefront.

The largest contribution to the arrival times comes from
the geometric delay that arises from the incoming direction

B. Revenu,  ARENA 2012

Lateral Distribution Function

LOFAR/LORA

(see talk of A. Nelles)
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Cluster triggering for improvement of selectivity (depends on 
results of current CODALEMA compact array)!
Phased antennas ➟ Improvement of sensitivity (large 
distance detection if externally triggered)!
Large buffer, slow digitization rate ➟ Increasing data 
acquisition rate (offline selection of events)

WHY ?
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OPTIONS - 1
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Isolate 1 antenna in each mini array, 
external trigger

Extension of current CODALEMA



OPTIONS - 2
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Phase each mini array as 1 antenna in 1 direction, the whole 
covering all the sky, externally triggered

Powerful, but dedicated operation



OPTIONS - 3
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Use one of the mini arrays as composite trigger for the 
others, not externally triggered

Is it possible ? also depends on current CODALEMA compact array results, but would be 
completely autonomous !



OPTIONS - 4 and more…
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Any other idea ?


