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MOTIVATIONS
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THE END OF THE COSMIC RAY SPECTRUM

A cosmic ray air shower
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REMAINING CHALLENGES

Spectrum

Figure 2:

Spectrum of UHECRs multiplied by E3 observed by HiRes I (Abbasi et al. 2009) and Auger

(Abraham et al. 2010b). Overlaid are simulated spectra obtained for di↵erent models of the

Galactic to extragalactic transition and di↵erent injected chemical compositions and spectral

indices, s, described in Section 2.1 and 4.

trum whose shape supports the long-held notion that sources of UHECRs are extragalactic.

As shown in Figure 2, the crucial spectral feature recently established at the highest ener-

gies is a steep decline in flux above about 30 EeV. This feature is reminiscent of the e↵ect of

interactions between extragalactic cosmic rays and the cosmic background radiation, named

the Greisen-Zatsepin-Kuzmin (GZK) cuto↵ (Greisen 1966; Zatsepin & Kuzmin 1966). An-

other important feature shown in Figure 2 is the hardening of the spectrum at a few EeV,

called the ankle, which may be caused by the transition from Galactic to extragalactic

cosmic rays or by propagation losses if UHECRs are mostly protons.

As discussed in Section 2, recent reports of a trend toward a heavier composition from

a few EeV up to 40 EeV together with hints of anisotropies in the sky distribution above

60 EeV raise new and unexpected puzzles. An anisotropic sky distribution is expected for

trans-GZK energies (i.e., energies above 60 EeV), if UHECRs are mainly protons, due to

a combination of the GZK e↵ect (which limits trans-GZK observed sources to lie within a

few 100 Mpc), the anisotropic distribution of source bearing galaxies on 100 Mpc scales,

Astrophysics of UHECRs 3

Kotera & Olinto 2011

Ankle: galactic/extragal. transition? 
e+/e- pair production depletion?	


High energy cut off: GZK ? Source 
acceleration limit?	


Source horizon?

Auger

Composition
Heavier at high energy: seen by  

Auger, but not HiRes nor TA!	


➟ Difference North/South sky ? 

Statistics ? Analysis method ?

Auger 2011

Sources

Auger : E > 55 EeV ➟ Anisotropy	


HiRes/TA don’t confirm !	



AGN (Auger : 3σ) ? Cen-A ?

Higher statistics at high energy	


Better energy resolution	


Coverage of North hemisphere	


Measure of spectral index & composition

Needs
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WHAT ANSWERS ?

Higher statistics at high energies:  
detection surface 10 x SAuger ⇒ 30000 km2 ! 	



Energy resolution, spectral index and composition:  
more accurate measurements ⇒ Multi-hybrid detection ?	



Timeline ≾ 15 years ?

The solution would be a new giant instrument at ground

Radio detection ?
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B. Revenu, IPNO mars 2012

Radiodétection: début dans les années 60

Haverah Park 1968

Jodrell Bank 1964
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B. Revenu, IPNO mars 2012

⇥B

⇥v
+
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différentes sources :

Champ électrique

• rayonnement Cerenkov de l’excès d’électrons 
(l’excès est de 10-20 %), effet Askaryan (1962)

• émission par le courant macroscopique j, code 
MGMR (Scholten, Werner)

• rayonnement dans B des e-/e+, approche 
microscopique, codes REAS3 (Huege, Falcke), 
SELFAS (Marin, Revenu), ZHAires (Alvarez-Muniz 
et al)...

• polarisation de la gerbe (dipole)
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Electric field

Different approaches: 
!

• Cerenkov radiation of negative charge excess 
(electron excess is ~10-20 %): Askary’an effect 
(1962) 

!
• Macroscopic view: j current radiation ; MGMR 

simulation code (Werner & Scholten) 
!
• Microscopic view: radiation of e-/e+ pairs in B ; 

codes REAS3 (Huege), SELFAS (Marin & 
Revenu), ZHAires (Alvarez-Muniz et al.) 

!

B. Revenu, IPNO mars 2012

pour l’ensemble des e-/e+ :

champ statique Variation de charge 
macroscopique

Variation du courant
(terme géomagnétique)

Somme sur tous les charges.
L’excès d’e- 

implique une variation de 
charge globale Q(t)= α N(t)

Somme des courants.
Vient de la dérive 

systématique des e-/e+ 
dans B

somme de tous les 
contributions statiques 

individuelles

Le signal est corrélé à l’ensemble du développement de la gerbe !

Champ électrique (exemple de SELFAS)
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Static field 
!

Sum of all static field 
contributions

Macroscopic charge variation 
(charge excess term) 

!
Sum on all charges. Electron 

excess implies a global charge 

variation Q(t) ∝ N(t)

Current variation 
(geomagnetic term) 

!
Sum of currents produced 
by charge (e-/e+) drift in B	



Radio signal is correlated to the complete air shower development

B. Revenu, IPNO mars 2012 19
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First interaction altitude and charge production 
maximum depend on CR mass
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maximum depend on CR mass
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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 (NANÇAY, SINCE 2003)
1.6 km

0.025 km2 - 10 cabled antennas	


Compact phased array, external trigger

1 km2 - 57 radio stations	


Autonomous, radio triggering	


Antenna made in Subatech, 

LNA chosen for LSS

0.1 km2 - 13 particle detectors	


CR validation and/or trigger
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AERA (AUGER, SINCE 2010) 
• RAuger prototype (F) in 2007 until 2010	


• RAuger 2 in 2010 until 2013	


• 24 autonomous stations late 2010	


• 124 autonomous stations (7 km2, may 2013)	


• 160 foreseen (~13 km2)	


• Self-triggered and externally triggered	


• Antenna, EMC housing, central DAQ: Subatech	


• Local electronics, ADC, local & central DAQ, comms, 

monitoring: other 10 D, NL, F, R and P labs	


• 3 grid steps (144m, 250m & 375m)
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LOFAR (NL, SINCE 2011) 

6 km

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

THE LOFAR RADIO TELESCOPE AS A COSMIC RAY DETECTOR
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 1: Left: Layout of the center of the LOFAR radio telescope. The crosses indecate the low-band antennas and the
open squares represent the positions of the high-band antennas. The LORA particle detectors are located at the positions
marked by squares. Right: Low-band antennas in the central core of LOFAR, in the background a scintillatior detector
(black box).

pling frequency of 200MHz. Due to signal path limitations
in the Dutch stations only 48 dual-polarized or 96 single-
polarized antennas can be processed at a given time. For
the dual-polarized option the antennas are grouped into an
inner and outer set, which has to be chosen before an ob-
servation. For astronomical observations the data are then
beam-formed and sent to the central processing facility. In
addition, there is the possibility to store a snapshot of the
original data. Every station is equipped with ring-buffers,
the Transient Buffer Boards (TBBs). These continuously
store the last 1.3 s of raw data (an extension to 5 s is being
deployed). When triggered, the contents of the TBBs are
frozen and read out via a Wide Area Network and stored
on disk for further analysis. The trigger can be generated in
an FPGA at the local receiver unit or can be received from
an external source. Currently, the main trigger for cosmic
rays is generated by an array of particle detectors that has
been built in the center of LOFAR. Later, a self-trigger is
planned to be implemented, using the current data set as
a training set to deduce trigger criteria, so that the FPGA
trigger can be run independently at every LOFAR station.
Essential for measuring cosmic rays with LOFAR as a ra-
dio telescope is that the whole process, of triggering and
storing radio-pulse data, can take place without interfering
with the ongoing observations.

Scintillator array LORA, the LOFAR Radboud Air
Shower Array, is an array of particle detectors in the core
of LOFAR [5]. The array provides basic information about
air showers, such as the direction and the position of im-
pact, as well as the energy of the incoming cosmic ray. It
also provides the time of arrival, which is used to trigger
LOFAR. LORA consists of 20 detector units distributed on
the Superterp, as shown in Fig. 1. Each detector contains
two scintillators (0.45m2, NE 114), which are individually
read-out through a photomultiplier tube. The detectors are
inside weatherproof shelters and have been tested to not
create any interference at radio frequencies.
A trigger in a single detector is generated, when a par-

ticle signal of more than 4σ above the noise is registered.
Requiring 13 detectors to trigger in coincidence yields an
energy threshold of about 2 ·1016 eV with an average trig-
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Figure 2: Measured antenna gain as a function of fre-
quency.

ger rate of 0.8 events/hour. This trigger rate has been se-
lected as the optimal setting for observations.

3 In-situ calibration of the antennas
The antenna response as a function of frequency as well
as zenith and azimuth angle — the antenna gain — is an
important property, playing a crucial role for the interpre-
tation of the measured radio signals. The antenna gain of
the low-band antennas has been measured in-situ with a
reference antenna, placed at a distance of 30− 50 m from
a LOFAR antenna. A biconical reference antenna is used
with a frequency range from 30 to 1000 MHz. This low-
weight (300 g) antenna is carried by an optocopter to spe-
cific points (in azimuth and zenith) above a LOFAR an-
tenna. A vector network analyzer sends signals via a cable
to the reference antenna. The LOFAR antenna in question
is connected to the input of the vector network analyzer.
Thus, the full (frequency dependent) gain pattern of the an-
tenna is recorded. We measured an antenna in the center of
a LOFAR station (LBA inner) and another antenna at the
edge of a station (LBA outer).
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ger rate of 0.8 events/hour. This trigger rate has been se-
lected as the optimal setting for observations.

3 In-situ calibration of the antennas
The antenna response as a function of frequency as well
as zenith and azimuth angle — the antenna gain — is an
important property, playing a crucial role for the interpre-
tation of the measured radio signals. The antenna gain of
the low-band antennas has been measured in-situ with a
reference antenna, placed at a distance of 30− 50 m from
a LOFAR antenna. A biconical reference antenna is used
with a frequency range from 30 to 1000 MHz. This low-
weight (300 g) antenna is carried by an optocopter to spe-
cific points (in azimuth and zenith) above a LOFAR an-
tenna. A vector network analyzer sends signals via a cable
to the reference antenna. The LOFAR antenna in question
is connected to the input of the vector network analyzer.
Thus, the full (frequency dependent) gain pattern of the an-
tenna is recorded. We measured an antenna in the center of
a LOFAR station (LBA inner) and another antenna at the
edge of a station (LBA outer).
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• Externally triggered by LORA (20 particle detectors)	


• Currently only equipped in the very core (0.1 km2) 

“Superterp”	


• Very high antenna density (~600 units)	


• Mainly low frequency band (30-80 MHz) is used	


• Cosmic ray observation mode is superimposed to 

normal observation mode (not a dedicated observing 
time)

Figure 1: The central part of the LOFAR core. On
the so called Superterp an area of about 0.1 km2 is
populated with about 600 low-band antennas and 300
high-band antennas.

Figure 2: Impression from the LOFAR core. In the
foreground a particle detector unit is shown. Behind
it are the dipoles of the low-band antennas from one
station. The black boxes in the background house
the high-band antennas.

Being a radio telescope, LOFAR undergoes thor-
ough calibration procedures on astronomical objects,
from which observations of signals from cosmic rays
with unknown strength will profit. A shared instru-
ment facilitates the sharing of measurements, meth-
ods and expertise.

2.1 Low-Band Antennas

The main workhorse for the cosmic-ray observations
are the low-band antennas, shown in figure 2. The
band from 10 - 30 MHz is usually filled with radio
interference, thus there is an optional digital filter for
this band. Every LBA element is sensitive to two or-
thogonal polarizations being aligned ±45� to north.
The two dipoles are held in place by a mechanical
triangular structure, on top of which a low-noise am-
plifier is located. Corresponding to the length of the
dipoles the system is resonant at slightly below 60
MHz with falling flanks towards the edges of the fre-
quency band, which automatically suppresses regions
with higher interference. As the dipoles are not per-
pendicular to the ground (45�), the antennas are sen-
sitive to all three polarizations and allow an omnidi-
rectional monitoring of the sky.

All LBA stations consist of 96 antennas on an irreg-
ular grid with increasing density towards the middle.
For every observation either the inner or the outer
half or only one polarization of all antennas can be
used due to signal path limitations. Thus, an antenna
set has to be chosen when setting up an observation.

2.2 Particle Detector – LORA

The LOFAR Raboud Air shower Array (LORA) is
an independent scintillator array used to measure
cosmic-ray induced air showers at energies from 1016

to 1018 eV [3]. It consists of 20 detector units, each
containing two scintillators (0.45 m2, NE 114), which
are distributed in clusters within the core of LOFAR
as shown in figure 3. LORA acts as an external trig-
ger to LOFAR. Whenever a coincidence between a
number of detectors is measured, a trigger is sent to
LOFAR. The trigger conditions are adjustable to stay
below the allowed data rate.

LORA also provides air-shower parameters in order
to reconstruct the radio signal [3]. For showers with
energies of more than 1016 eV LORA has an angular
resolution of better than 1 deg2 and an axis position
uncertainty of about 5 m for events that are within
the array. The overall energy uncertainty is about 25
%.

2
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RADIO RESULTS - 1 Lateral field profile and energy correlation	
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RADIO RESULTS - 1 Lateral field profile and energy correlation	
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CODALEMA 2 Figure 10: Scan for the best distance D0 for the energy estimator. The corrected signal strength at
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Figure 19: Correlation between the primary energy of the showers and the electric-field value calculated
on the shower axis assuming an exponential decrease of the electric-field strength. Vertical error bars are
computed event by event and horizontal error bars (±30%) reflect the uncertainty of the reconstructed
primary energy. The grey scale indicates distance to shower axis.

(T5 events, see [21]). The number of resulting events is 19, corresponding to 23 radio traces. The raw
Pearson correlation coe�cient is 0.88. If we take into account the uncertainties on both the primary
energy of the showers and the estimated electric field at the location of the shower axis, the Pearson
correlation coe�cient is 0.81+0.12

�0.46 at 95% CL.

4.6 A fully reconstructed three-fold coincidence

On November 30, 2009, at 09:45 UTC, a three-fold coincident event of all three antennas with SD was
detected. It was an event detected by five SD stations, including the additional station Apolinario. The
energy of the event is estimated to be 1.4± 0.2 EeV using the standard reconstruction for the SD. Using
the core position and associated errors (± 23 m and ± 47 m in the EW and NS directions, respectively),
the shower axis of the event is at 164±25 m, 93±18 m and 188±18 m from A1, A2 and A3, respectively.
The arrival direction of the shower front of (✓ = 51.3±0.2�, � = 209.8.2±0.1�) could be determined from
the radio-detection setup compared to (✓ = 51.0 ± 0.5�, � = 209.8 ± 0.4�) for the SD. The 3D angular
di↵erence between the direction estimated by the radio stations and the direction estimated by the SD is
�↵ = 0.4�, showing that the two directions are perfectly compatible since the SD angular resolution for
this type of event is not better than 1� [31]. In Figure 20, the data recorded by the three stations for this
event are shown.

The knowledge of the complete antenna transfer function allows one to convert the voltage obtained
by the ADC into the strength of the electric field as received by the antenna (see section 2.1). Before
deconvolution, the signal was filtered in the band 40-80 MHz, in order to keep clear of large signals from
short wave transmitters visible below 35 MHz at this hour of the day. With the observed deconvoluted
signal, fitting an exponential decrease of the electric field amplitude EEW = max(EEW(t))�min(EEW(t))
with the axis distance d in the EW polarization leads to EEW

0

= 3.7+0.6
�1.9 mV m�1 at 68% CL, and

22
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(Schroeder, ARENA 2012)
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Geomagnetic  contribution	


E ∝ v^B, polarization ➞ f(θ,φ)RADIO RESULTS - 2
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RADIO RESULTS - 3
Charge excess contribution	
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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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 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 LSS) 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 LSS/NenuFAR: see discussion tomorrow…

OUTLOOK

SKA/LOFAR Meeting - 11-13 février 2014
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RADIO PROSPECTS - 1

Simulated transients 
associated with different Xmax

Filtered transients: same 
amplitude, same duration

Spectral indexes and 
frequency contents are 

different

Extension of frequency range	


Toward high frequencies 

SKA/LOFAR Meeting - 11-13 février 2014



���20

PROSPECTS - 1 Extension of frequency range	


Toward high frequencies 
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PROSPECTS - 1 Extension of frequency range	


Toward high frequencies 

Signal

Noise
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PROSPECTS - 2 Extension of frequency range	


Toward low frequencies 

∆t2

∆t1

1: charge is varying during shower’s 
development, and gives “main” signal.	



Time difference in one antenna 
signals gives shower’s history (nature 

of primary?)

2: charges are strongly 
decelerated when arriving at 

ground, and gives “sudden 
death” signal. Time difference 

between 2 antennas gives 
shower’s location. The signal is 
produced at low frequencies 

(< 10 MHz).

Sudden death of the shower


