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Do “your” physics with it

Today’s talk:
Cosmic Rays

News about 
transients and 
TBBs soon
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Measuring Air Showers
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ABSTRACT

The low frequency array (LOFAR), is the first radio telescope designed with the capability to measure radio emission from cosmic-ray induced air
showers in parallel with interferometric observations. In the first ∼2 years of observing, 405 cosmic-ray events in the energy range of 1016−1018 eV
have been detected in the band from 30−80 MHz. Each of these air showers is registered with up to ∼1000 independent antennas resulting in
measurements of the radio emission with unprecedented detail. This article describes the dataset, as well as the analysis pipeline, and serves as a
reference for future papers based on these data. All steps necessary to achieve a full reconstruction of the electric field at every antenna position
are explained, including removal of radio frequency interference, correcting for the antenna response and identification of the pulsed signal.

Key words. astroparticle physics – methods: data analysis – instrumentation: interferometers

1. Introduction

With the development of ever faster electronics and the in-
crease in computational power, the construction of radio tele-
scopes as large interferometric arrays of rather simple antennas
opens a new window for observations. The low frequency array
(LOFAR; van Haarlem et al. 2013), is the first large-scale im-
plementation of this technique. In addition to producing the first
high quality images at these low frequencies of 10−240 MHz,
LOFAR was designed to study short, pulsed signals in the time-
domain. With a vast array of antennas observing the whole sky
simultaneously, observations are not limited to a predefined di-
rection, therefore providing optimal conditions for cosmic-ray
detection.

Cosmic rays, accelerated charged particles from astrophys-
ical sources, can be observed over several decades of energy.
When cosmic rays of high energies reach the Earth, they do
not reach the surface as primary particles, but instead interact
with atmospheric nuclei. Thereby, a cascade of particles is cre-
ated, consisting mostly of photons and a significant fraction of
charged particles. While propagating through the atmosphere,
the charged particles of this extensive air shower emit electro-
magnetic radiation, which adds up coherently for wavelengths
comparable to the dimensions of the shower front (Huege 2013).

Already in the 1960s it was proven that cosmic ray-induced
air showers emit nanosecond duration pulses with significant
power in the MHz radio frequency range (Jelley et al. 1965;
Allan & Jones 1966), but due to lack of sufficiently sophisti-
cated and fast electronics the technique was not pursued fur-
ther. Only in the past decade interest in the detection technique
was rekindled and successfully applied (Falcke et al. 2008). The
proof of principle and large progress in the understanding of
the emission was made at the LOFAR Prototype Experimental
Station (LOPES; Falcke et al. 2005; Huege et al. 2012) and fur-
ther refined by measurements at the CODALEMA experiment
(Ardouin et al. 2005).

Similar to optical measurements of the fluorescence emis-
sion from atoms excited by interaction with the air shower, ra-
dio emission directly traces the longitudinal shower develop-
ment, which is closely related to the type of the primary particle.
Unlike optical fluorescence measurements, radio emission mea-
surements are less dependent on observing conditions and can
operate day and night matching the duty cycle of particle detec-
tor measurements.

Due to the very steep energy spectrum, measuring the
highest-energy cosmic rays requires vast detector areas. Cost
constraints therefore limit the density of detectors within this
area giving a wide spacing between the individual antennas.

Article published by EDP Sciences A98, page 1 of 14



• Article currently under review at LOFAR publications comittee

Main result:

• Cherenkov ring (enhanced 
emission, due to refractive index 
of air) measured
•  First experiment to do so

• Cherenkov ring probably 
sensitive to type of particle

(A. Nelles, P. Schellart et al, Measuring a 
Cherenkov ring in the radio emission from 
air showers at 110-230 MHz with LOFAR, 
to be submitted to Astroparticle Physics)
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Foreground: HBA measurement
Background: CoReas simulation
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Wavefront Curvature
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What is the shape of the 
wavefront?

• 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

• result: wavefront 
hyperbolic

• Shape might be measure 
of Xmax, independent of 
pulse power

Arrival Times

Residuals from plane wave
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What is the shape of the 
wavefront?

• 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

• result: wavefront 
hyperbolic

• Shape might be measure 
of Xmax, independent of 
pulse power

Residuals from plane wave with hyperbola
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Resolving Xmax
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Stijn Buitink - ICRC 2013

1D LDFs don’t fit ! - core shifted by ~ 50m 
- revised energy estimate

best fit out of 40 simulations

Stijn Buitink - ICRC 2013

Preli
mina
ry

Buitink et al., in prep 
(2013)

Xmax = 637 ± 20 g/cm2

!2 / ndf = 1.3
279 antennas

zenith 26 deg
279 antennas
χ2 / ndf = 1.3
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Open Isssues
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Absolute Calibration

• V/m instead of ADU

• needed for comparison to 
other experiments 

• => cross-calibration with 
antenna from other 
experiment planned

  

to ionization losses that are smaller compared to the en-
ergy gain at the critical field strength. This results in a
net energy gain of the electrons and an increasing num-
ber of electrons. This is since the electrons coming from
the ionization are also accelerated and again produce new
unbound electrons. This mechanism can only take place
when the number of unbound electrons that can be accel-
erated, the seed electrons, is high enough within the strong
electric field of a thundercloud. A source that can provide
these seed electrons are cosmic ray induced air showers.
During an air shower development up to 106 electrons and
positrons can be generated on a very limited area, which is
the location of the shower maximum, typically in a height
of 3-8 km above seal level. These particles are then accel-
erated in the strong electric field of the thundercloud and
lead to a RREA which results in a breakdown, called RRB,
relativistic runaway breakdown. So, cosmic rays could be
the initiator for lightning by providing the seed electrons
for a RREA (Dwyer, 2010).

7. Radio Signal from Lightning Strikes

The jumps and discontinuities in the electric field are
clear evidences for thunderstorms and are used at LOPES
to change the data acquisition into the so-named thun-
derstorm mode (Nehls, 2008). During this special mode
the recorded time traces are roughly eight times longer
than the usual 0.82 ms and 6.55 ms of data taken for each
triggered event, where the pre-trigger time of 0.41 ms re-
mains the same. This is done to be able to look for timely
extended lightning signals in the recorded traces visible
after the EAS signal, see an example in figure 6. A dis-
charging process like a lightning is always accompanied by
strong electric fields in thunderclouds and always emits
broadband electromagnetic radiation (Rakov, 2005). The
radiation can be observed in the radio regime over long
distances with antenna arrays originally designed to de-
tect the radio emission from cosmic-ray air showers. The
time structure of the signal can be very different depending
on the distance and the nature of the discharging process.
Figure 6 shows a lightning signal recorded by all antennas
of the LOPES array.

Discharges located in clouds with altitudes between 5
and 20km above sea level can produce very short and
strong pulses that are described as narrow bipolar pulses
by (Gurevich, 2004). It could be an interesting question
to investigate if such short pulses seen in figure 6 just in
front of the large emission from the lightning strike are
generated by relativistic runaway breakdowns (RBB) and
if such RRB’s are always present at the initiation of light-
ning strikes.

Discharges within or between clouds or from cloud to
ground result in signals that are lasting longer than RRBs
or EAS signals (see figure 6). This gives us the possibility
to calculate for many successive time slots and in every
direction of the sky the cc-beam value and to combine
them into a skymap. Typically the cross-correlation beam

Figure 6: Example for time traces of the 30 LOPES antennas
recorded in the thunderstorm mode for a KASCADE triggered air
shower. Whereas the cosmic ray event triggering the readout is vis-
ible as small peak in the beginning of the traces, in this particular
event a lightning strike occurs approximately 4 ms after the EAS.
Structures in the radio emission of this lightning are very nicely re-
solved in all 30 antennas.

is used, since the signal from lightning strikes is coher-
ent, but if desired also the power beam (averaged power
of all antennas in a certain direction) is used to generate
the skymap. By this procedure the lightning development
is observed and the location of origin, the type and the
direction of the lightning is reconstructed. For the prin-
ciples of lightning observation using radio interferometers
see also (Rhodes, 1994). For example the lightning strike
displayed in figure 7 (which corresponds to the time traces
shown in Figure 6) is a cloud-to-cloud lightning as the
track does not reach the horizon. This example shows
the capabilities of EAS radio antenna arrays to investi-
gate in detail the radio emission from individual lightning
discharges.

8. Correlations of EAS and Lightnings

To study the possibility of cosmic rays causing lightning
strikes there are two correlations to investigate, the time
and the spatial connections of air showers and lightning.

To investigate the timely correlation, at LOPES a light-
ning is detected by the E-field mill, where a jump in the
electric field corresponds to a discharge process. If cosmic-
ray air showers induce these lightning strikes they should
be observed by KASCADE-Grande or LOPES shortly be-
fore the lightning. In figure 8, the time differences between
jumps in the electric field with detected cosmic ray events
is shown. The time binning of one second is determined
by the time resolution of the electric field mill used at the
LOPES site. In order to investigate systematically intro-
duced uncertainties, similar plots with same dataset but
artificially introduced time delays to scramble the possible
correlation were produced. These studies resulted in only
statistically insignificant enhancements at tdiff = 0.

6

Defined observing conditions

• Electric field affects air 
showers

• => planned to install electric 
field meter at superterp
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= Need general solution for triggering 

(LORA, Frats, external trigger: e.g. 
transients, GRBs, ...)



•Four science papers published/underway
• LBA observations
•HBA observations
•Wavefront 
•Shower maximum

•Open issues: absolute calibration, local electric field

•Operations in “Expert mode” smoothly
• “Experts” will finish PhD soon

•General trigger solution needed that works for 
all possible users of the TBBs
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