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Radio detection of cosmic rays

detection of 
discharges

- localization & 
  imaging of lightning
- high altitude 
  discharges?

CR - thunderstorm
interaction

- lightning triggering
- ionization
- influence of E-field on 
  CR radio emission
  → measure E ?

LOFAR



Cosmic Rays

What are the sources?
What energy do they reach?

Measure:
- direction
- energy
- mass

p, Fe, 
ϒ



Xmax : atmospheric depth of shower maximum
depends on Energy & Mass
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Figure 8: Measurements of �Xmax� with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector effects as indicated by the �∆� values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (θ air

Ch ≈ 1.4◦) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The �Xmax� measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 × 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
�Xmax� from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured �Xmax� with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes
After the first prototyping and detection of fluorescence light

from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
different primaries, it should be possible to extract composition
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MASS COMPOSITION I

19

Kuempel (669), 
Ahn (690), 
Garcia-Gamez (694), 
Pieroni (697), 
de Souza (751), 
Hanlon (964)

<Xmax> and !(Xmax) data

Extensive cross checks 
and verifications
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Inconclusive results so far...
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Surface detection: muon component
- very sensitive to hadronic interaction models 

Fluorescence Detection to measure Xmax
- duty cycle ~10%, σ ~ 20 g/cm2

Radio Detection to measure Xmax: 
- cheap detectors, duty cycle ~100%
- high angular resolution (< 0.5°)
- attractive method to increase statistics at ultra-high energy! 

Does it work? Is the precision good enough?      

Radio: a new handle on CR Composition
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HIGHLIGHTS FROM THE 
PIERRE AUGER OBSERVATORY

1

Antoine Letessier Selvon for the Pierre Auger Collaboration 
(CNRS & University of Paris UPMC)
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auger surface detector auger hybrid detection LOFAR radio antenna



• Earth magnetic field
electrons/positrons deflected
E ~ dnch/dt

• Charge excess
negative charge due to electron 
knockouts
E ~ d(ne-np)/dt

• Non-unity index of refraction
Cherenkov-like effects
ring structure possible

Multiple emission 
mechanisms

! Geomagnetic

! Electrons and positrons are 
deflected in the 
geomagnetic field

! Linearly polarized in v x B 
direction

! Charge excess

! Negative charge buildup at 
shower front

! Linearly polarized in radial 
direction away from shower 
axis

! Cherenkov e"ects

What drives the radio emission?

P. Schellart

Coherent at 100 MHz
wavelength > shower front size
P ~ n2



LOFAR
low frequency array

10 - 250 MHz

Epoch of Reionization
Radio Transients 

Astroparticle Physics
Cosmic Magnetism

Surveys
Solar Physics





LOFAR
24 core stations

9 remote stations
8 international stations



SUPERTERP
6 core stations

+ 
LORA

LOFAR Radboud air 
shower array



LBA:
96 / station
10 - 80 MHz
5 ns time resolution
> GB buffer/antenna



HBA: 48 / station   110 - 250 MHz



LOFAR is designed to support many different observation 
strategies

CR detection runs in the background during other observations

Trigger from scintillators → read out buffer boards @ antennas



Wavefront curvature

! Subtracting the plane wavefront 
solution, treating curvature as a 
perturbation gives ~6 ns delays 
at edge of the array

! This can be directly measured 
with LOFAR

! Preliminary results point to 
mixed spherical / conical 
wavefront shape

! Wavefront curvature may 
provide measurement of Xmax 
independent of pulse power 

Corstanje et al. (in prep)

5. event displayantennas grouped 
in rings

pentagons: LORA 
scintillators

reconstructed 
core & direction

superterp

station outside 
superterp



radio pattern

v x B 

v x v x B 

v x B 

v x v x B 

vector sum of geomagnetic and charge excess component
relativistic beaming

distortion by Cherenkov-like effects (n≠1)

CoREAS simulation



Xmax ~ 600 g/cm2 Xmax ~ 650 g/cm2 Xmax ~ 700 g/cm2

LOFAR:
200 - 400 antennas/event

→ fit full 2D pattern !

v x B cross section along



ID 81409140

zenith 26 deg
279 antennas
χ2 / ndf = 1.3

S.B.et al., in prep 
(2013)

best fit out of 40 simulations



Prelim
inary

S.B. et al., in prep 
(2013)

Xmax = 637 ± 20 g/cm2

χ2 / ndf = 1.3
279 antennas

same precision as existing techniques 
with10 x duty cycle !



however...

...sometimes events are very weird!



Atmospheric electric fields !
- acceleration shower particles

measure E ?
- ionization electron avalanches ?

detect CR - TS interaction ?

cosmic lightning project: Gia Thi Ngoc Trinh



RS503

RS106

CS002

LOFAR lightning detection

?



RS208CS002

RS503 RS106

RS205



plan: 4D imaging



Radio detection of cosmic rays

detection of 
discharges

- localization & 
  imaging of lightning
- high altitude 
  discharges?

CR - thunderstorm
interaction

- lightning triggering
- ionization
- influence of E-field on 
  CR radio emission
  → measure E ?

LOFAR

Thanks!


