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Chapter 1

Introduction

1.1 Discovery of cosmic rays

Cosmic rays were discovered a century ago: in 1910 Theodur Wulf demonstrated
that ionizing radiation levels had not decreased as much as expected on top of
the Eiffel Tower. It was believed at that time that the ionizing radiation was
the result of radioactive decay of materials in the Earth. Therefore, one would
expect this radiation to decrease with altitude. In the years that followed,
Victor Hess performed several balloon flights, and he found that the radiation
levels increased further as he went higher up in the atmosphere. This was a
strong hint that there was a form of radiation coming from above, penetrating
the Earth’s atmosphere. Hess received the Noble Prize in 1936 for his discovery
of this cosmic radiation, or “Höhenstrahlung” as he called it. His discovery was
confirmed by Millikan in 1925, who gave the radiation the name we still use
today: cosmic rays.
In the years that followed, experiments showed that this name turned out to
be misleading. Among others, Compton demonstrated that the intensity of the
radiation depends on the latitude of the observer on Earth. The radiation levels
get higher towards the North and South Pole and lower around the equator.
This so-called latitude effect led to the conclusion that the magnetic field of the
Earth influences the radiation. Therefore, its constituents are charged particles.
In 1938, Pierre Auger discovered a way to measure cosmic rays on Earth in-
directly. He had placed several Geiger counters a few hundred metres apart,
and registered particle hits in different counters simultaneously. He formulated
the existence of extensive air showers, cascades of particles travelling through
the atmosphere at almost the speed of light. Such an air shower results from



2 Chapter 1: Introduction

the collision of a primary cosmic-ray particle with molecules in the atmosphere,
producing particles that again collide, and so on.
The charged particles, that come from outer space, have enormous energies.
The amount of cosmic rays that reach the Earth is expressed in terms of a
cosmic-ray flux, and it depends on the energy of the particles. The left side of
figure 1.1 shows the spectrum of cosmic rays: the flux as a function of energy.
From this figure, it is clear that although cosmic rays at lower energies, around
1010 eV, are very abundant, they become extremely rare at ultra-high energies,
up to 1020 eV. The flux decreases from one particle per square metre per second
per GeV to one particle per square kilometre per century per GeV.
The discovery of cosmic rays in the first half of the twentieth century led to a
lot of experiments, discoveries and Nobel Prizes in the second half. Over the
century, the interest in studying these particles from outer space shifted from
pure particle physics towards astrophysics and astronomy as well. Nowadays, it
is an important topic of the newly defined research area of astroparticle physics.

1.2 Detection methods

At lower energies, cosmic rays can be measured with balloon and satellite ex-
periments, with on-board particle detectors. These experiments allow for a very
accurate determination of the energy and particle-type of the primary cosmic
ray, because they are measured directly. From these experiments, we know
that the cosmic-ray particles are mostly protons, but that heavier primaries,
up to iron nuclei, also exist. However, this method can only be used to detect
cosmic rays up to a certain energy. As their energies get higher, cosmic rays
become more rare. Therefore, methods are developed to measure and detect
them through the extensive air showers they produce in the atmosphere.
The right side of figure 1.1 shows an extensive air shower schematically. Here,
the primary particle is a proton. The air shower it produces consists of an
electromagnetic part, with electrons, positrons and photons. Next, there is the
muonic part, where pions decay into muons. Finally, there is the hadronic part,
where protons and neutrons are formed, as well as pions. The particles in the
shower are located in the shower front, a pancake of a few metres thick, and
continue towards Earth with almost the speed of light. On the ground, there
are several ways to detect the air shower. First, an array of particle detectors
can detect the muons in the air shower. In this way, one looks at the lateral
profile of the shower, given by the particle spread in the shower front. The size
of this so-called footprint of an extensive air shower depends on the primary
energy and arrival direction and can be quite large. One can also study the
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Figure 1.1: Left: the spectrum, or flux as a function of total energy, of cosmic rays.
In this overall spectrum, the spectra of different types of primary particles are combined
(picture by S. Lafebre). Right: An extensive air shower. The various components of
the shower can be detected differently: the muonic part with particle detectors, the
electromagnetic part with radio antennas and the fluorescence light emitted by excited
nitrogen molecules in the atmosphere with fluorescence telescopes.

development of the shower through the atmosphere, this is called the longitu-
dinal shower profile. It gives information about the energy and composition
of the primary in a more model-independent manner. One way to study it is
with fluorescence telescopes. These can detect the faint fluorescent light that
is produced by nitrogen molecules in the atmosphere after they are excited
by particles in the shower. However, this detection method has a duty cycle of
around 10%, because the telescopes can only be operated during dark, cloudless
nights. Another way to detect cosmic-ray air showers is with radio antennas
that pick up the radio signal produced by the electrons and positrons as they
move through the Earth’s magnetic field.
At the Pierre Auger Observatory for ultra-high energy cosmic rays in Argentina,
the first two methods described above are running and providing a lot of new
data on cosmic rays. The third detection method is currently under construc-
tion and is being tested, and will be the main focus of this thesis.
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1.3 Radio emission from extensive air showers

In the 1950s, Galbraith and Jelley observed atmospheric Cherenkov light from
air showers. Because of the low duty cycle of this observational technique (it
can only be used during dark, cloudless nights), the idea emerged to extend
it from the optical to radio frequencies. In the two decades that followed,
a lot of progress was made, both experimentally and theoretically. In 1962,
Askaryan [1], [2] was the first to formulate Cherenkov radiation at radio frequen-
cies theoretically as a result of coherent emission from a negative charge excess
in the shower. Jelley et al. [3] reported the first detection of radio emission at
44 MHz at a dedicated set-up at Jodrell Bank Observatory. This observation
was the beginning of the fruitful collaboration between particle physicists and
radio astronomers that we still have today. However, it was not clear from the
observations at Jodrell Bank whether the underlying mechanism for the radio
emission is, indeed, a Cherenkov mechanism.
Kahn and Lerche [4] presented two other possible mechanisms that can produce
radio emission in an air shower. Both are based upon the idea of charge sepa-
ration in the shower due to the magnetic field of the Earth. The Lorentz force,
q~v × ~B, is responsible for a transverse (i.e. perpendicular to the shower axis)
motion of charged particles. The separation of electrons and positrons gives
rise to both a moving transverse dipole and a moving transverse current. The
dipole radiation results from a change in the electric field, where the transverse
current produces a magnetic field. The latter then generates a shock wave,
because the particles in the shower travel faster than the speed of light in air.
This is similar to Cherenkov radiation, only now it goes through a magnetic
field rather than an electric field. Kahn and Lerche calculated that of the three,
the transverse current mechanism dominates. However, for all these contribu-
tions, there is an upper limit on the observable radio frequency, which is set
by the shower pancake thickness. This has to be smaller than the observing
wavelength, or the radiation is no longer coherent.
Criticism on the Kahn and Lerche picture emerged from the fact that they
neglected the shower development in their calculations, and thus have no real-
istic boundary conditions. In 1967, Colgate [5] formulated the radio emission
from air showers using a realistic picture of the energy and momentum transfer
between the particles and fields at different stages in the shower development.
He distinguished between momentum transfer via the Lorentz and Coulomb
forces. The Lorentz force transfers momentum to the magnetic field, giving rise
to a transverse motion of charged particles in the shower and a radio pulse.
This mechanism is most efficient at higher altitudes, earlier in the shower de-
velopment, because the air is less dense. Momentum transfer via the Coulomb
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force results in excitation and ionization of air molecules. Then, the motion
of the particles will continue to be (on average) parallel to the shower axis.
This will be the dominant process later in the shower development. Therefore,
measuring the radio emission from an air shower is an important probe into its
longitudinal development.
Meanwhile, from the experimental point of view, progress was made detecting
radio emission from air showers between 2 and 550 MHz. The high-frequency
observations were made by the Dublin group [6]. In the low-frequency regime,
Prescott et al. [7] report observations at 3.6 MHz and at Haverah Park, Allan
et al. [8] report a detection at 2 MHz.
The way to distinguish experimentally between the theoretical emission mech-
anisms is by studying the polarisation of the signals. For a charge-excess mech-
anism, the polarisation is radial with respect to the shower axis. A transverse
current, however, yields a polarisation perpendicular to both the shower axis
and the Earth’s magnetic field. Experimental results at this stage favoured the
latter mechanism.
Other, additional theories have been proposed and include the acceleration of
electrons in the electric field generated in the air by the shower. This electric
field is a lot larger during a thunderstorm, which can influence the cosmic-ray
radio signal. The influence of thunderstorms on the signals was first proposed
by Charman [9], in 1967, and has been verified more recently by Buitink [10].
Next, bremsstrahlung from recoil electrons could also contribute to the radio
emission of an air shower. This would give an unpolarized signal.
Two main reasons to invest in the development of the radio detection technique
were clear already in the early years, and still stand. For once, it is in princi-
ple a relatively cheap technique to cover a large collecting area with detectors.
Because of the very low abundance of ultra-high energy cosmic rays, it is impor-
tant to have large detector arrays. A second reason to develop and use the radio
detection technique, complementary to the particle detection method, is that
it probes the longitudinal development of the shower. In this way, we could
identify the mass of the primary particle better, and study the composition
of cosmic rays. Heavier primaries, like iron nuclei, have a shower maximum at
higher altitudes than lighter ones, like protons. Iron-induced showers will there-
fore, theoretically, have larger radio pulses than proton-induced air showers. In
combination with fewer particles at ground level in the particle detectors, this
should establish a shower’s primary composition, or mass. Allan [11] also states
that the frequency spectrum of the radio pulse can be used to distinguish be-
tween primaries. Heavier primaries produce shorter radio pulses, meaning that
the higher frequencies are more prominent in the observed spectrum. Knowing
the composition of ultra high energy cosmic rays is important for theories about
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their creation and acceleration, and thus for identifying candidate sources.
In [11], Allan gives a very good and complete overview of the experimental and
theoretical efforts in detecting and understanding the radio emission from air
showers in the 1960s.
Due to technological challenges, the field lay dormant over the next 30 years.
However, new technologies and the development of digital data-processing, has
led to a revival of the radio detection technique over the last decade. Current
detectors, like CODALEMA [12] and LOPES [13], give promising results. A
new set of radio detectors is under construction at the southern site of the
Pierre Auger Observatory, and is called the Auger Engineering array of Radio
Antennas, AERA [14]. This thesis deals with the experimental results from two
of AERA’s predecessors at the Pierre Auger Observatory. The set-ups will be
described in more detail in chapter 3.
The revival of detecting radio emission from air showers experimentally has
also reopened the theoretical discussions. One point of view has been pro-
posed by Falcke and Gorham in 2003 [15], and basically constitutes that the
radio emission in an air shower is geosynchrotron radiation. Charged particles
in the shower are deflected in the Earth’s magnetic field, spiralling along the
field lines and hence radiating synchrotron emission. Huege et al. [16] have
elaborated upon this theory and this resulted in a simulation package for Radio
Emission from Air Showers: REAS.
Another theoretical point of view that plays a leading role in understanding
the underlying emission mechanisms, is proposed by Scholten and Werner [17],
and takes a more macroscopic approach. It follows the path set by Kahn and
Lerche in describing the pulse as a result of a transverse dipole and current,
taking into account a charge excess as well. The resulting radio emission from
this Macroscopic GeoMagnetic Radiation model, or MGMR, is calculated with
a simulation package [18].
In the next chapter, I will describe the mechanisms responsible for radio emis-
sion from an extensive air shower. Since I use both the REAS and MGMR
packages when comparing my experimental results to theory, I will describe
them in more detail. Chapter 3 deals with a description of the Pierre Auger
Observatory and the radio detector set-ups that are under development. It
also contains a description of the data sets we deduced from these first set-ups.
Chapters 4-7 describe the analyses I performed on the sets of radio data, and
the data is compared to simulations. Chapter 8 summarises and discusses the
results presented in this thesis.
One needs to keep in mind, when reading this thesis, that the data results
presented in chapters 5-7 are responsible for the ongoing improvements of the
theory behind the simulations, described in chapter 2. The data analysis and
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the theoretical understanding of the radio signals produced by cosmic-ray air
showers go hand in hand, where a continuous comparison between both leads
to a better understanding.
Finally, chapter 9 describes a project, Cosmic Sensation, in which I partici-
pated. The goal of this project is to communicate our scientific results about
cosmic rays to a general audience, in this way valorising our research.





Chapter 2

Theory

2.1 Cosmic rays

The cosmic-ray energy spectrum, as shown in figure 1.1, shows distinct fea-
tures. Over many orders of magnitude, the spectrum follows an inverse power
law, indicating its non-thermal character. The differential flux Φ of particles
with energy E can be written as dΦ/dE ∝ Eγ . The index γ changes from
-2.7 to -3.1 around 1015 eV [19], the so-called knee of the energy spectrum.
The reason for the steepening of the spectrum was investigated at the Kascade
Grande array [19]. The cause could be explained in terms of a decline in the
contribution of lighter elements to the total cosmic-ray flux. The reason for this
is that the main candidate sources in our galaxy are not strong enough to accel-
erate lighter primaries any further. Possible sources responsible for accelerating
particles to these energies are supernova remnants. Here, the acceleration of
particles is thought to be mainly through a diffusive shock mechanism. As is
shown in [20], two main parameters are important when describing the sources
of cosmic rays: the size and the magnetic field strength of the source. These
ultimately determine the energy a particle can reach at the site of a source.
Around 1017-1018 eV we observe a second knee in the spectrum, indicating a
further decline of the flux of cosmic particles.
Above 1018 eV the spectrum flattens, this region is commonly referred to as
the ankle of the spectrum. At these energies, sources outside our own galaxy
need to be included. As stated above, we simply do not know of any candi-
date sources in our own galaxy that can accelerate cosmic rays to these higher
energies. Furthermore, at these energies cosmic rays are no longer confined to
the galaxy by the galactic magnetic field and can thus escape into intergalactic
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space. Since we do not observe a further steepening of the spectrum, it means
that a different category of sources becomes responsible for the flux at these
energies. These could be nearby radio galaxies [20].
Finally, the end of the spectrum (at energies > 1020 eV, or ultra-high energies)
is another interesting region to study. Here, we want to know if there is a
strong diminishing of the cosmic-ray flux, or even a complete cut-off. A cut-off
in the proton-spectrum was theoretically predicted by Greisen [21], Zatsepin
and Kuz’min [22] after the discovery of the cosmic microwave background ra-
diation by Penzias and Wilson [23]. This so-called GZK-effect describes how
protons with energies over 1019 eV would lose a part of their energy due to
interactions with the 2.7-K photons of the cosmic microwave background. Af-
ter an interaction, the proton is left with less energy. These protons could be
one of the reasons for the higher flux around the ankle of the spectrum. Keep
in mind that, in order for such an effect to play a role, we do first assume
that protons of these ultra-high energies exist, i.e. that there are sources that
can accelerate them up to these energies. Another effect that might reduce the
cosmic-ray flux at ultra-high energies is spallation, where heavier primaries split
up in smaller primaries of lower energies due to photodisintegration [20]. These
lower-energetic primaries, left over from the spallation of a higher-energetic nu-
cleus, could be a second explanation for the higher flux at the ankle.
Figure 2.1 shows the end of the energy spectrum as measured by the Pierre
Auger Observatory [24]. The detection of cosmic rays at these ultra-high ener-
gies by the Pierre Auger Observatory, has interesting consequences. However,
before going into different interpretations of the data, one should note that the
observed effect could partially be artificial, i.e. due to a limited energy resolu-
tion of the detector. Noting that, we can look at possible explanations in terms
of cosmic rays themselves and their sources. For example, it could mean that
the sources of these ultra-high energetic particles are relatively nearby (within
50 Mpc). Then, a GZK-effect or spallation process is less likely to occur during
the relatively short distance the primary particle travels towards Earth. The
trajectories of particles at ultra-high energies are less altered by intergalac-
tic and interstellar magnetic fields than those of particles with lower energies.
The amount of deflection depends on their charge, so a good understanding of
the composition of ultra-high energy cosmic rays is necessary. In the case of
light primaries, the arrival direction could point back to the position of their
sources. The detection of cosmic rays with energies larger than 1020 eV by the
Pierre Auger Observatory, may therefore have opened the door to do particle
astronomy [25]. In doing so, the Pierre Auger Observatory tries to answer the
questions about the origin, acceleration and composition of ultra-high energy
cosmic rays.
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Table 1: Fitted parameters and their statistical uncertainties character-
ising the combined energy spectrum.

parameter power laws power laws
+ smooth function

"1(E < Eankle) 3.26 ± 0.04 3.26 ± 0.04
log10(Eankle/eV) 18.61 ± 0.01 18.60 ± 0.01
"2(E > Eankle) 2.59 ± 0.02 2.55 ± 0.04
log10(Ebreak/eV) 19.46 ± 0.03
"3(E > Ebreak) 4.3 ± 0.2
log10(E1/2/eV) 19.61 ± 0.03
log10(Wc/eV) 0.16 ± 0.03

one obtains a spectrum that is at variance with our data.331

Better agreement is obtained for a scenario including a332

strong cosmological evolution of the source luminosity333

(m = 5) in combination with a harder injection spec-334

trum (" E!2.3). Alternatively, a hypothetical model of335

a pure iron composition injected with a spectrum fol-336

lowing " E!2.4 and uniformly distributed sources with337

m = 0 is also able to describe the measured spectrum338

above the ankle, below which an additional component339

is required.340

6. Summary341

We have measured the cosmic ray flux with the342

Pierre Auger Observatory by applying two di!erent343

techniques. The fluxes obtained with hybrid events and344

from the surface detector array are in good agreement345

in the overlapping energy range. A combined spectrum346

is derived that covers the energy range from 1018 eV347

to above 1020 eV with high statistics. The dominant348

source of systematic uncertainty is the energy assign-349

ment (# 22%) which is expected to be reduced by forth-350

coming lab measurements [44]. A pronounced spectral351

break, the ankle, at 1018.6 eV and a flux suppression at352

high energy is found.353
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Figure 2.1: The energy spectrum derived from the data of the Pierre Auger Observatory
(black dots) [24].

Good overviews and detailed descriptions of cosmic-ray physics are provided by,
for example, Gaisser [26], Nagano and Watson [20], Cronin [27] and Stanev [28].

2.1.1 Extensive air showers

The following overview of air-shower physics is based on the one given by Gaisser
in [26] and references therein. Roughly, an extensive air shower, induced by a
cosmic-ray particle in the atmosphere, consists of three components: hadronic,
muonic and electromagnetic. The hadronic component continues to feed the
electromagnetic part of the shower through the decay of, for example, neutral
pions that produce high-energy photons. Also, the hadronic part of the cas-
cade creates charged pions and kaons that decay into muons when their energy
gets low enough for decay to be dominating over further interactions. Since
the electromagnetic component of the shower is the largest, the shower loses
most of its energy through ionization of the atmosphere. In pair-production, an
electron-positron pair is formed from the interaction of a high-energy photon
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with the electric field inside an atom. Bremsstrahlung describes the process
where a high-energy photon is emitted by the interaction of a high-energy elec-
tron or positron with the electromagnetic field of the atoms in the atmosphere.
Each high-energy photon creates its own electromagnetic cascade through the
processes of pair-production and bremsstrahlung, until a critical energy per
particle is reached.
The primary energy Ep of the cosmic-ray particle follows from the longitudinal
development of the shower in the atmosphere, or

(1− f)Ep ∝ α
∫
N(X)dX , (2.1)

with f the fraction of missing energy due to, for instance, the energy-loss in
neutrinos and α the energy-loss per unit path length in the atmosphere. The
number of particles at atmospheric depth (or slant depth, measured in terms of
g/cm2) X is called N(X). The longitudinal development is usually measured
with fluorescence detectors that measure the light emitted by excited nitrogen
molecules in the atmosphere over the entire track length. Another method to
get an estimate for the development of the electromagnetic component of the
shower is currently under investigation and the topic of this thesis: radio de-
tection of air showers.
To illustrate the main idea behind the description of an air shower, I present the
toy model developed by Heitler [29]. Figure 2.2 demonstrates a simple branch-
ing process, with the collision or interaction length given by λ. Each line is a
particle or energy packet that is split into two at a vertex. Hence, this model
represents the processes of pair production and bremsstrahlung. However, it
does not take into account that in a hadronic shower the electromagnetic shower
component is continually fed by the hadronic component, as mentioned above.
After N/λ branchings, the number of particles as a function of atmospheric
depth X is given by

N(X) = 2X/λ .

Here, we assume that the energy is divided equally amongst the particles at
each vertex. Furthermore, the energy per particle is

E(X) =
Ep

N(X)
.

The branching process continues until the energy per particle reaches a critical
energy, Ec, and the maximum number of particles Nmax is

Nmax = N(Xmax) =
Ep
Ec

, (2.2)
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Figure 2.2: Branching model of an air shower; electrons and photons are indicated with
e and γ respectively. The collision length is λ.

with the position of shower maximum Xmax given by

Xmax = λ
ln(Ep/Ec)

ln2
. (2.3)

Now, if we have a heavier nucleus with mass A as the primary particle, the first
interaction can be described as the superposition of A independent interactions
of each nucleon. Each of these interactions can create its own shower with
energy Ep/A. The maximum number of particles is then still given by equation
(2.2), but the position of shower maximum changes to

Xmax ∝ λ ln

[
Ep
AEc

]
. (2.4)

It is clear from equation (2.4) that for heavy primaries (larger A) the shower
maximum is higher in the atmosphere (Xmax is lower) than for protons.
A few comments on this simplified model are necessary. Again, I stress that
it does not take into account that the number of high-energy photons in a
hadronic-induced shower keeps growing because of ongoing π0-decays. Also, it
does not correctly estimate the numbers of different particles in the showers. To
do so, one needs to take into account what the probability is that, for example, a
pion of a certain energy either decays or interacts. This probability also changes
with depth, because the density of the atmosphere is not constant. At last, one
needs to take into account how much energy a particle loses due to transverse
motion. However, the point of the model is to illustrate just the basic features
of an air shower, namely that Nmax ∝ Ep and that Xmax ∝ λ ln(Ep/AEc).
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2.1.2 Electromagnetic shower component

The treatment of electromagnetic cascades is described in great detail by Rossi
and Greisen [30]. The important processes in an electromagnetic induced air
shower are similar to the ones relevant for the electromagnetic component in
a hadron-induced shower. These are pair-production, where a photon creates
an electron-positron pair, and bremsstrahlung, where an electron or positron
emits a photon. Both these processes occur in the field of an atmospheric atom.
Therefore, the atomic electrons screen these processes for interaction lengths
larger than the atomic radius (see [31] for a detailed description of screening).
This atomic screening sets an upper limit on the frequencies relevant in these
processes. Furthermore, when the energy per particle is much larger than the
critical energy, collision losses and Compton scattering can be neglected.
In general, when two or more particles interact, a set of coupled cascade equa-
tions can be written as follows [26]:

dNi(Ei, X)

dX
= −Ni(Ei, X)

λi→j
+
∑
j

∫ ∞
Ei

Fji(Ei, Ej)

Ei

Nj(Ej , X)

λj→i
dEj . (2.5)

Here, Ni(Ei, X) denotes the number of particles of type i with energy Ei at
atmospheric depth X. This equation describes the change in the number of
particles of type i and energy Ei due to two types of interactions. The first term
on the right hand side of equation (2.5) describes interactions that create other
particles or particles at lower energies. The second term includes interactions
of other particles or particles at higher energies that provide particles of type i
and energy Ei. The term corresponding to the decay of the particle of type i
has been neglected. The dimensionless cross section Fji(Ei, Ej) can be written
as

Fji(Ei, Ej) ≡ Ei
dnj→i(Ei, Ej)

dEi
.

Here, dnj→i represents the number of particles of type i produced in the energy
bin dEi around Ei from a collision or interaction of an incident particle of type
j, with energy Ej .
The cascade equations for the electromagnetic component of the air shower
are now given by the coupled cascade equations of the pair-production and
bremsstrahlung processes (dropping some of the terms in brackets for clearity):

dNγ

dX
= −Nγ(Eγ , X)

λγ→e
+

∫ ∞
Eγ

Ne(Ee, X)

λe→γ

dne→γ
dEγ

dEe , (2.6)
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dNe

dX
= −Ne(Ee, X)

λe→γ
+

∫ ∞
Ee

Ne(E
′
e, X)

λe→e

dne→e
dEe

dE′e

+ 2

∫ ∞
Ee

Nγ(Eγ , X)

λγ→e

dnγ→e
dEe

dEγ . (2.7)

Here, Nγ is the number of photons andNe the number of electrons plus positrons.
The first terms on the right hand sides of equations (2.6) and (2.7) are the loss
terms. The second term on the right hand side of equation (2.6) indicates
photon production through bremsstrahlung. The second and third terms on
the right hand side of equation (2.7) represent electron/positron production
through bremsstrahlung and pair-production respectively. These equations are
difficult to solve analytically and do not take into account, for example, the lat-
eral spread of particles due to Coulomb scattering. Besides, they also neglect
the fact that the electromagnetic component in a hadronic shower continues to
grow through the π0-decay. To get more realistic solutions for particle distribu-
tions in extensive air showers, one uses Monte-Carlo methods for simulations,
like CORSIKA [32] or CONEX [33].

2.2 Mechanisms for radio emission

Acceleration of charge leads to radiation. In this section, I estimate the charac-
teristic cut-off frequency at which one can observe radio emission from charged
particles in an air shower. Furthermore, I describe different contributions to
the radiation field.
When estimating the resulting frequency spectrum it is important to note that
coherent emission, if possible, forms the most dominant contribution to the
total emission received from the individual particles. One way of looking at
this emission is in terms of the size of the source. Its dimensions need to be
smaller than the relevant wavelength of observation in order for the radiation
to be coherent. The relativistic charges are distributed in the shower pancake.
Hence, the relevant sizes are the thickness of the shower pancake and the lateral
spread of charged particles in the pancake. Another way of looking at the radio
emission is in terms of the duration of the pulse. This has to be compared to
the time needed for the receiver (a resonant circuit) to start resonating at its
characteristic frequency. If the pulse length is too long, the receiver will not
start to resonate and one would not observe the radiation. The duration of the
pulse is determined by the projected path differences that radiating particles
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traverse as seen from a certain observer position. These projected path differ-
ences are of similar size as the dimensions of the source. Hence, both these
pictures result in the same relevant length scales, and give the same estimate
for the frequencies of the radiation. Section 2.2.1 deals with the relevant length
scales and path differences.
In an air shower the overall net charge is zero. Free electrons are produced in
collisions between the shower particles and air molecules, and these electrons
continue towards the Earth at relativistic speeds. The positive (heavier) ions
lag behind. The free, relativistic electrons moving downwards with the shower
constitute a net charge excess in the pancake. Furthermore, relativistic electron-
positron pairs are formed in the process of pair-creation, as was described above.
The trajectories of these charged particles are altered under the influence of the
magnetic field of the Earth. Since the Lorentz force works in the opposite direc-
tion for positive or negative charges, the positrons and electrons in the shower
are separated. In this way, they induce a net current, that moves towards the
Earth within the shower pancake. The charges responsible for radiation are
the relativistic particles, i.e. the moving electrons and positrons in the pancake
that constitute the current and charge excess. In an air shower, the number
of relativistic charged particles (electrons and positrons) starts from zero and
reaches a maximum during the early stages of the shower development. After
shower maximum, this number decreases. During the shower development, the
charged particles are constantly regenerated and absorbed. The charges present
in the pancake, are renewed every radiation length (approximately 300 metres,
the exact number depends on the pressure or altitude), which is expressed by
the cascade equations of the previous section.
As is clear from what is stated above, two things are important when deter-
mining the radiation emitted by the charged particles in the shower. First, one
needs to determine the size of the source and the path differences between differ-
ent regions of the source and the observer. Secondly, the change in the number
of relativistic, charged particles over time plays an important role. Both these
effects will be explained in more detail below, and I will also estimate their
relative importance.
One can determine the electric field produced by the charges in the shower at
a certain observer position (~x, t). For this, we use the Liénard-Wiechert fields
in terms of the current density jµ [31] and write the vector potential as:

Aµ(~x, t) =
1

4πε0

∫
jµ

|RV |

∣∣∣∣
ret

dh . (2.8)

Here, V is the four-vector representing the velocity of the current moving down-
wards with the shower pancake and R is the four-vector indicating the distance
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between the current and the observer. Both are evaluated at the retarded time
and we integrate over the pancake thickness h. The electric field at the observer
position is determined by taking the time derivative of this expression, or more
precisely

~E = −(
d

dt
~A+ ~∇A0)

∣∣∣∣
ret

,

and evaluating this derivative at the retarded time.
When taking the time derivative of the potential, one evaluates two contribu-
tions separately. First, there is a term corresponding to the time derivative of
one over the retarded distance, or 1/RV , see equation (2.8). This results in a
constant. Secondly, there is a term corresponding to the time derivative of the
current. The latter contains the number of charged particles as a function of
time, and it changes sign for positive or negative charges.
The four-current Jµ can be divided into components. The zeroeth component
describes the negative charge excess in the shower pancake, or

J0 ∼ ΣNq(t)eq ,

with e the magnitude of the charge of the particle. Here, Nq(t) is the number
of negative or positive charges, which is denoted by the subscript q, that can
be plus or minus. This translates to the total number of charges, represented
by Ne in equation (2.7), as Ne = N+ +N−.
The other three components form a vector, describing the current induced in
the pancake as a result from the separation of positive and negative charges in
the magnetic field of the Earth. This can be written as

~J ∼ ΣNq(t)~vd,q(t)eq ,

and it is important to note that it has a direction: the direction of the drift ve-
locity vd is different for positive or negative charges. In section 2.2.2, I describe
the drift velocity and estimate the radiation resulting from the current.

2.2.1 Geometry and path differences

In this section, I describe the different sizes and length scales (as described
in [11]) that are relevant for the frequency spectrum of the emitted radiation.
As was mentioned before, the dimensions of the source play an important role
when determining the wavelengths for which the radiation is coherent. Fur-
thermore, when looking at the geometry of the shower development along the
shower axis and the different observer positions, one can distinguish certain
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Figure 2.3: The geometry of the shower axis and observer positions.

path differences that contribute to the relevant length scales. Both of these will
be evaluated for the motion of a single charged particle along the shower axis.
Afterwards, this is extended to the motion of N charged particles in the shower
pancake.
The left side of figure 2.3 shows the geometry of the shower axis. Here, the
point indicated with A represents the start of the shower, B is the position of
the shower maximum and C the end of the shower. The observers O and P are
located on the shower axis and at a perpendicular distance R from the shower
axis respectively. Here, R is usually of the order of a hundred to a few hundred
metres, a lot smaller than the distance CO between C and O, which is about
one kilometre for a 1017 eV shower. Note that the Pierre Auger Observatory
is located at an altitude of roughly 1400 metres above sea level, making the
ground the end of the shower. The distance BO is approximately 5 km and AO
is approximately 10 km.
There are a number of path-lengths important for the shower particles, and thus
for the radiation they emit. First, there is the purely geometrical path-length
difference ∆g, resulting from the differences between AP, ABP and ACP. Sec-
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ondly, there is a longitudinal (∆l) displacement due to multiple (or Coulomb)
scattering. Multiple scattering also causes a lateral (∆r) spread of particles,
additional to the lateral spread that results from the angle of emission of the
secondary particles with respect to the primary particle, see figure 2.2. For elec-
trons, the lateral spread from multiple scattering is more important than that
resulting from the branching process. This is because the amount of deflection
caused by Coulomb scattering from the atomic nucleus is inversely proportional
to the mass of the particle, and electrons are light. Since electrons are the main
constituents of the air shower, and hence responsible for most of the emitted
radiation, multiple scattering is the main cause of the lateral spread observed
in the pancake [26]. Thirdly, there is a lateral and longitudinal displacement
due to a geomagnetic deflection. Finally, all the path differences need to be
corrected for the refractive index of air, µ.

Geometrical path difference

The geometrical path difference ∆A between AP and AO is given by

∆A =
√
AO2 +R2 −AO ' 1

2

R2

AO
.

In a similar manner, I find the following expressions for the build-up (AB) and
decay (BC) parts of the shower:

∆AB '
1

2
R2(

1

BO
− 1

AO
)

∆BC '
1

2
R2(

1

CO
− 1

BO
) .

Using that AO, BO and CO are approximately 10, 5 and 1 km respectively,
this reduces to

∆AB ' 5 · 10−5R2 m (2.9)

and
∆BC ' 4 · 10−4R2 m . (2.10)

Clearly, ∆AB is shorter than ∆BC , meaning that higher frequencies (shorter
pulses) carry information about shower-growth and lower frequencies about
shower-decay. Furthermore, since AP is shorter than ABP and ACP, the first
parts of the pulse received at P have been emitted at higher altitudes. Hence,
the time structure of the received pulse follows the structure of the shower de-
velopment, i.e. radiation from build-up, shower maximum and decay is received
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in that order at the observer position. Note that this changes when a realistic
index of refraction of µ 6= 1 is used.

Path differences due to multiple scattering

Apart from the pure geometrical path differences, there are additional contri-
butions to the total path-length due to multiple scattering. The mean square
scattering angle for an electron travelling a longitudinal slant distance dX (with
the units of g/cm2) is given by (Rossi and Greisen [30], Gaisser [26]):

dφ2 =
(Es
E

)2dX
X0

. (2.11)

Here, X0 = 36.7 g/cm2 the radiation length for electrons in air [34], and
Es = mc2

√
4π137 = 21 MeV. As long as the energy of the electron is larger

than 100 MeV, it loses half its energy on average in an interaction every radi-
ation length X0. The energy E of the electron at a slant distance X before it
reaches its final energy Ef is thus:

E = Ef2X/36.7 ' EfeX/60 . (2.12)

Integrating equation (2.11), the overall scattering angle is given by:

φ2 =
(Es
Ef

)2 1

X0

∫ ∞
0

e−2X/60dX ' 360

E2
f [MeV]2

[rad]. (2.13)

Using equations (2.11) and (2.12), the mean square lateral displacement r is
given by

r2 =

∫
X2dφ2 =

(Es
Ef

)2 1

X0

∫ ∞
0

X2e−2X/60dX , (2.14)

or, after integration, by

r2 =
54000

36.7

(Es
Ef

)2
[g/cm2]2 .

Using that one radiation length (or 36.7 g/cm2) is approximately 300 metres
at sea level, the root mean square value for the lateral displacement is

r =

√
54000

36.7

( 21

Ef

)2( 300

36.7

)
' 6600

Ef [MeV]
[m]
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at sea level and

r =
6600

EfP
[m]

at pressure P , with P in atmospheres and Ef in MeV. Since this is the lateral
displacement in an arbitrary direction, one needs to divide this by a factor of√

2 to get the lateral displacement in the direction of a particular coordinate:

r ' 4700

Ef [MeV] · P [atm]
[m] (2.15)

For the longitudinal displacement due to multiple scattering, one can write the
longitudinal lag l as follows:

l =

∫
(1− cosφ)dX '

∫
1

2
φ2dX =

∫
1

2
· 360

E2
dX .

Here, equation (2.13) is used in the last step. Next, using equation (2.12), this
can be rewritten as

l =
1

2
· 360

E2
f

∫ ∞
0

e−2X/60dX

and, calculating the integral and converting from radiation lengths to metres,
the final expression for the lag at pressure P becomes:

l =
1

2
· 360

E2
f

· 30 · 300

36.7

1

P
' 4.4 · 104

E2
f [MeV]2 · P [atm]

[m] . (2.16)

The extra distance travelled by a particle at position D in the right side of
figure 2.3 is ∆BD = DP - BP, with

∆BD =
√

(R+ r)2 + (BO + l)2 −
√
R2 +BO2 ' l + r(

R

BO
+

r

2BO
) [m] .

(2.17)
Apart from the geometrical path differences, one can conclude that close to the
shower axis the lag dominates, while further away from the shower axis the
lateral spread is the dominating contribution to the differences in path-length
as a result from scattering. The total path difference due to scattering can be
calculated from equations (2.15) and (2.16), using that P = 0.5 atmosphere
at shower maximum, and equation (2.17). Then, for electrons with energies
around 200 MeV, the observed path difference ∆BD due to scattering is of the
order of 3 m for an observer at 100 m and 5 m for an observer at 300 m.
This can be compared to the Molière radius RM in air [26], that indicates the
transverse scale set by multiple scattering:

RM = X0
Es
Ef

.
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Following the analysis presented in [35] (and references therein),

RM = 272.5 ·

T [K]( (P [mb]−2X0)
P [mb] )0.2

(P [mb]− 2X0)

 [m]

can be used to evaluate RM at a certain altitude, or pressure (in milli-bar), at
a temperature T (in kelvin). The temperature at an altitude of z metres above
sea level follows from [35]:

T (z) = T (0)− 6.5

(
z[m]

1000[m]

)
[K] .

Using that P ' 1013 mb at sea level, T = 283 K and X0 ∼ 36.7 g/cm2, one
gets a value of RM ' 81 m at sea level. At shower maximum, or z = 5000 m,
the temperature is T (5000) = 250.5 K and the pressure is P ' 507 mb. This
translates to a Molière radius of RM ' 153 m. This value is larger than the
observed path differences from scattering, as obtained above.
One should note that the scattering of N particles takes places in random direc-
tions. Hence, the contribution of N individual particles to the total radiation
adds in an incoherent manner.

Path differences due to geomagnetic deflection

So far I have not taken into account the geomagnetic deflection of the particles
in the shower. If the shower axis is perpendicular to the direction of the Earth’s
magnetic field, the charged particles experience a maximum deflection due to
the Lorentz force. This deflection is in the same direction for all particles with
the same sign of charge, and thus not random. Furthermore, the deflection
will be small because the longitudinal velocity of the particles is almost equal
to c and the particles are constantly regenerated. Therefore, even though the
particles have slightly different energies, the spread in the displacement of the
particles due to the geomagnetic deflection will be small too. Hence, the con-
tribution of N particles to the total radiation field can be considered to be
coherent and is N times larger than that of a single particle.
The Larmor radius of an electron in the magnetic field of the Earth BE is given
by

RB =
βγmc

eBE
, (2.18)

or, in terms of its energy E = γmc2, this becomes

RB =
βE

ceBE
.
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Using that β ' 1, BE ' 0.3 · 10−4 T and converting from Joules to MeV yields

RB '
E

e

( 1

9000

)
RB ' 100E[MeV] [m] . (2.19)

For small deflections due to the magnetic field, the angular magnetic deflection
dφm over a distance of dX can be written as dφm = dX/RB. Converting from
g/cm2 to metres at a certain pressure P and using equation (2.19), this becomes:

dφm =
( dX

100E[MeV]

) 1

P [atm]

( 300

36.7

)
. (2.20)

Next, the lateral displacement drm due to this magnetic deflection is given by
Xdφm, where X is again in g/cm2. Rewriting this, using equation (2.20), gives

drm = Xdφm =
( 1

P

300

36.7

) X

100E
dX ,

for the displacement, where the units are [g/cm2]. Integrating, using equation
(2.12) provides the total displacement

rm =
( 300

36.7

) 1

100Ef

∫ ∞
0

1

P
e−X/60XdX .

The pressure P changes exponentially with altitude, or P ∝ eX , making it go
to zero at the top of the atmosphere (where X → 0). Hence, integration yields

rm '
( 300

36.7

) 1

100Ef
302 [g/cm2] ,

or, converting from g/cm2 to metres at a certain pressure P ,

rm '
( 300

36.7

)2 1

P

1

100Ef
302 ' 600

Ef [MeV] · P [atm]
[m] . (2.21)

It is clear that the lateral spread due to the geomagnetic deflection is larger for
low pressure P , corresponding to higher altitudes. This is an indication that
the geomagnetic contribution to the total field is especially important in the
early stages of the shower development.
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Summary

The contributions to the path differences of radiation resulting from charged
particles in an air shower are of a geometrical origin, due to scattering or due
to geomagnetic deflections. The resulting length-scales are important for the
frequency of the radiation from the shower that is received by an observer.
There are a few mechanisms responsible for a charge excess in a cosmic-ray
induced air shower. For once, ionisation processes produce additional free elec-
trons. When these electrons are ejected by the fast, charged particles in the
shower, they usually have enough energy to create their own cascade, and are
called δ-rays. Furthermore, Compton recoil electrons can be produced by pho-
tons instead of an electron-positron pair. All these mechanisms lead to an
excess of electrons in the shower front.
The different contributions to the total path difference ∆t can be converted
to a characteristic cut-off frequency by using ν = c/(2π∆t). A crude estimate
yields that the resulting frequency received is around 50 MHz for an observer
at 100 m and around 10 MHz for an observer at 300 m.
How the relevant projected path differences depend on the distance R between
the observer and the shower core on the ground is sketched in figure 2.4. From
this figure it is clear that for observers close to the shower axis, the size of
the shower pancake (indicated by l + r in equation (2.17)) is the dominant
length-scale. For observers further away, this changes and the projected dis-
tance between A and B becomes the dominant contribution.

2.2.2 Transverse current: MGMR

When describing and modelling the radio emission from extensive air showers,
two approaches can be followed: a macroscopic or a microscopic approach. In
this section, I use the macroscopic approach to describe the resulting emission
from the current induced in the electron-positron plasma of the shower. In
section 2.2.3, I compare this to the radiation obtained from looking at the
emission in terms of N radiating particles microscopically.
The macroscopic description of geomagnetic radiation (MGMR) follows the
ideas originally proposed by Kahn and Lerche [4]. A relation between the
shape of the radio pulse (or electric field) and the properties of the primary
cosmic-ray particle can be found using this model [17]. Apart from the effects
of a charge excess, there is radiation as a result of a net current induced in the
electron-positron plasma. This current arises from the separation of particles
with opposite charge in the magnetic field of the Earth.
Combining the Lorentz force acting on charged particles with collisions between
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Figure 2.4: Left: the projected path difference traversed by a shower particles as seen by
an observer at a distance R from the shower core on the ground. Right: qualitive sketch
of the relevant projected length-scales or path differences of the shower as a function of
observer distance R.

the charges and air molecules results in an approximately constant drift velocity
for the electrons and positrons, in opposite directions. Figure 2.5 shows the
geometry of the shower, observer and magnetic field. Here, the magnetic field
is chosen to be parallel to the ground. In this way, one creates a simplified,
but comprehensive, geometry where the direction of the incoming primary is
perpendicular to the magnetic field. In [36] this analysis is extended to a more
realistic geometry for the Earth’s magnetic field and incoming air showers from
any arbitrary direction.
In figure 2.5, the shower velocity is ~vs = −βsc~ez (with βs ' 1) and the magnetic
field ~BE points in the ŷ direction. The distance between the observer and the
position of the shower core on the ground is d and the pancake thickness is h,
independent of the distance from the shower axis. The induced current ~j in the
plasma is in the x̂ direction.
Ignoring the lateral spread of the particles in the shower front, the electrical
current j = |~j| can be written as

j(x, y, z, t) = 〈vdq〉eNeft(tr)ρp(h) , (2.22)
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Figure 2.5: The geometry of the shower axis, shower pancake, observer and magnetic
field of the Earth.

where vd is the drift velocity, q = ±1 indicates positrons or electrons with charge
±e and Ne is the number of electrons at shower maximum. Furthermore, ft(tr)
is the normalised shower profile at the retarded time tr, a distance −z = cβstr
above ground (see [34] for more details on the parameterisation of the shower
profile). The relative particle density in the pancake of thickness h is expressed
as ρp(h), where ∫

ρp(h)dh = 1 . (2.23)

The energy of a relativistic electron is γmc2, so the radius of curvature RB (the
Larmor radius) of the trajectory of an electron with this energy in the Earth’s
magnetic field can be written as

RB =
βγmc

eBE
.

Assuming that L, the mean free path of electrons in air, is much smaller than
RB, then the typical angular deflection is θ ' L/RB. The transverse component
of the velocity is vt = cθ and the drift velocity is the average of this transverse
velocity over the whole trajectory:

vd =
cθ

2
=
cLeBE
2βγmc

. (2.24)
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The total mean free path L is a combination of scattering due to hard collisions
and Coulomb scattering [26]. The drift velocity depends therefore on the density
of the air, and will be larger at higher altitudes, where the air is thinner (i.e.
at lower pressure).
At the retarded time tr, the height of the shower front is given by z = −βsctr.
Then,

∆t = t− tr = µ

√
d2 + (z + h)2

c
(2.25)

is the time difference it takes a signal, emitted a height h behind the shower
front, to reach the observer at a distance d from the position of the shower
core on the ground (see again figure 2.5). Here, µ is the refractive index of air.
Solving this quadratic expression in ctr for the retarded time yields

ctr =
ct− µ2βsh− µ

√
(−cβst+ h)2 + d2(1− β2sµ2)
(1− β2sµ2)

, (2.26)

where one chooses the root according to the convention that the retarded time
is negative for a shower above the Earth and t is positive.
The vector potential associated with the radiation from a current is given by
equation (2.8). To deduce the electric field produced by the current, the de-
nominator D = |RV ||ret is approximated using that βs = 1 and µ = 1. This
is the limit of highly relativistic particles and approximating the index of re-
fraction of air by that of vacuum. Additionally, when ignoring the thickness of
the pancake (or h = 0), the expression for D simplifies further, [17]. Since the
expression for D is equal to the square-root term in equation (2.26), it is clear
that this reduces to

D = cβst+O(1− β2s ) ' ct , (2.27)

under the approximations mentioned above. In this approximation equation
(2.26), the expression for the retarded time, becomes

ctr =
ct

1 + βs
− d2

2cβst
+O(1− β2s ) ' − d

2

2ct
(2.28)

for positive values of t. This means that the retarded time is still large and
negative, since d2 >> (ct)2.
The current density only has a component in the x̂ direction, so this will also
be the case for the vector potential. Rewriting equation (2.8), using equations
(2.22) and (2.23), gives

Ax(t, d) =
〈vdq〉Nee

4πε0

ft(tr)

D
(2.29)
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for the vector potential in the x-direction, while the other two spatial com-
ponents are zero. As is shown in [17], the zeroeth component of the vector
potential is equal to zero in the case of pure geomagnetic radiation, without
charge excess. Then, following this approximation, the electric field is pro-
portional to the time derivative of Ax, and hence also fully polarised in the x̂
direction:

Ex(t, d) =
〈vdq〉Nee

4πε0

d

dt

ft(tr)

D
. (2.30)

Using equation (2.27) for the relation between D and t and equation (2.28) for
the relation between tr and t, with

dtr
dt

=
d2

2c2t2
,

one gets the following expression for the electric field, when evaluating the time
derivative:

Ex(t, d) ' J 4c2t2r
d4

[
tr
dft(tr)

dtr
+ ft(tr)

]
.

This can be written as

Ex(t, d) ' J 4c2t2r
d4

[
d

dtr
(trf(tr))

]
, (2.31)

with

J =
〈vdq〉Nee

4πε0c
.

It is clear from equation (2.31) that the time structure of the radio pulse is de-
termined by a function describing the longitudinal shower profile. Furthermore,
because ~A is positive definite and vanishes at very early and very late times,
also the time-integrated electric field vanishes. This means that the predicted
pulses are bipolar in nature, crossing zero when ~A is at a maximum. Figure
2.6 shows an example of the resulting radio pulse from the MGMR simulations
and the corresponding frequency spectrum for different observers. Since the
maximum of ~A is related to shower maximum, or Xmax, the maximum in the
electric field is reached well before shower maximum. Furthermore, if the max-
imum signal at a distance d occurs at a certain time t0, it occurs at 4t0 at twice
the distance d, and the signal is four times as broad.
From equation (2.28), one can conclude that the earlier parts of the received
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In Fig. 6 the electric field is plotted as function of time
for an observer at various distances d from the shower
core. The primary energy is 1017 eV and the calculation

includes the e!ects of the pancake thickness only. The
shower core hits the Earth’s surface at t = 0. At large
distances the pulse decreases in magnitude even faster
than d2, as predicted by Eq. (21). At small distances im-
portant deviations from the simple parametrization are
observed. This is to a minor extent due to the fact that
the approximations made to arrive at Eq. (21) are no
longer valid, and mostly due to the e!ects of taking into
account the finite thickness of the pancake which strongly
influences the pulse shape at distances d < 500 m. In-
cluding lateral extent of the shower will not greatly alter
the picture.

1 2 5 10 2 5 10
2

2

10
-7

2

5

10
-6

2

5

10
-5

2

5

100m

200m

300m

500m

700m

E=10
17
eV

[MHz]

x
[V
/m
/M
H
z]

FIG. 7: [color online] Fourier components of the electric field
strength at di!erent distances from the shower core for a
1017 eV shower.

1 2 5 10 2 5 10
2

2

10
-5

2

5

10
-4

2

5

10
-3

2

5

100m

200m

300m

500m

700m

E=10
19
eV

[MHz]

x
[V
/m
/M
H
z]

FIG. 8: [color online] Same as Fig. 7 for a 1019 eV shower.

The frequency decomposition of the pulses shown in
Fig. 6 are shown in Fig. 7 and those for an energy of
1019 eV in Fig. 8. At higher energies the shower maxi-
mum is closer to the surface of the Earth making for a
broader pulse. This is reflected in the frequency spec-
trum by a peaking of the response at lower frequencies.
At the same time the number of charged particles in the
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The frequency decomposition of the pulses shown in
Fig. 6 are shown in Fig. 7 and those for an energy of
1019 eV in Fig. 8. At higher energies the shower maxi-
mum is closer to the surface of the Earth making for a
broader pulse. This is reflected in the frequency spec-
trum by a peaking of the response at lower frequencies.
At the same time the number of charged particles in the

Figure 2.6: Electric field strength as a function of time (left) and corresponding spectra
(right) at different distances from the shower axis. The radio pulses are simulated for a
1017 eV shower (pictures from [17]).

pulse, when t is small (and positive), are emitted earlier, at larger (negative)
retarded time. Earlier times in the shower development correspond to higher
altitudes. The later parts of the received pulse correspond to when the shower
almost hits the ground.
At small values for d, the thickness of the pancake is the important length-scale,
determining up to which frequencies the received radiation remains coherent.
For larger values of d, the dominating length-scale turns out to be the projected
length of the air shower in the direction of the observer. This is in agreement
with the results obtained for the charge excess component of the shower.
The relative contributions from the charge excess and the current to the to-
tal field are under investigation. The direction of the polarisation of radiation
from a geomagnetic origin (i.e. the current) follows from the direction of the
Lorentz-force (from ~v× ~B). However, for the charge excess component, the po-
larisation depends on the location of the observer with respect to the position
of the shower core on the ground. It has a radial pattern, instead of pointing
in the same direction for all observer positions. Figure 2.7 shows the direction
of the polarisation vector for the two contributions [37]. The two contributions
to the polarisation can be disentangled from the data [38], [39], making a more
realistic estimation of the contribution from the charge excess possible. For
now, the effect of the charge excess is estimated to be about 20% of the total
number of electrons and positrons.
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to a simple geometry. We have also calculated several

different sub-leading contributions giving approximately

a 10% effect. The effects of a realistic index of refraction

has also been investigated [14].
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Figure 2.7: Direction of the polarisation vector for observers at 300, 500 and 700 m
from the core position on the ground, for a vertically incoming shower. The magnetic
field of the Earth points in the -x̂ direction (pictures taken from [37]).

In [17] and [18], the consequences of some of the approximations are discussed in
more detail. These include the effects of a static and moving dipole, a pancake
of finite thickness and using a non-constant drift velocity by not averaging over
the energy distribution of the particles in the shower. Inclusion of a realistic
index of refraction for air is currently under investigation [40].

Cherenkov radiation

Including a realistic index of refraction for air requires also including the radi-
ation from a Cherenkov mechanism [31]. The particles in an air shower move
with a speed, v, that is almost the speed of light, but the radiation they emit
moves with a lower velocity of c/µ, because of the refractive index µ of air. This
results in an electromagnetic shock wave that propagates at the Cherenkov an-
gle, θc, with

cosθc =
c

µv
.

Let t1 be the time it takes a particle to travel a distance L and t2 the time
it takes a radiation package to travel L · cosθc. Zero time difference between
these two times results in true Cherenkov radiation, however, the length L of
the particle track is not infinite. Therefore, the resulting radiation will have a
diffraction pattern. The first minimum occurs when (t1 − t2) is not zero but
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equal to one wavelength of the radiation, λ = (t1 − t2)c/µ. This is at an angle

δθ =
λ

Lsinθc
.

This diffraction pattern is mostly prominent for lower frequencies and short
track-lengths and it appears as if the Cherenkov radiation is emitted in a cone
with a larger solid angle of θc + δθ. When and where this plays an important
role depends strongly on the geometry of the shower axis with respect to the
location of the observer. For N particles, this diffraction pattern will no longer
be sharp, but slightly diffuse at the edges. Hence, at certain observer locations
the observed frequency spectrum can be dominated by the maxima from this
diffuse diffraction pattern. The observed magnitude of the spectrum at a certain
frequency can thus be quite different from the real magnitude (as radiated at
the source) of the spectrum at that frequency.
The effect of including Cherenkov radiation is under investigation. For now,
this effect is estimated to play a role for observers between approximately 50
and 400 metres [40].

2.2.3 End-point formalism: REAS3

As described in the previous section, MGMR takes a macroscopic approach
when describing the radiation in terms of an electric current induced in the
electron-positron plasma in the shower. In the REAS3 model, the radiation is
described microscopically in terms of the motion of charged shower particles in
the Earth’s magnetic field, emitting radiation. Both pictures can be viewed as
complementary and show very similar results when modelling the radio emission
from extensive air showers [41].
The latest version of REAS, called REAS3, is different from its predecessors,
REAS1 [16] and REAS2 [42]. In the first two versions, the radio emission
from extensive air showers was described in terms of coherent geosynchrotron
radiation, as was first proposed in [34]. Electron-positron pairs gyrate in the
magnetic field of the Earth, thereby emitting synchrotron radiation. However,
the models did not take into account how the number of charged particles
changes during the evolution of the air shower. Another way of looking at this
is in terms of the acceleration of charges at the beginning and end of their
trajectories. Since the source of the radio emission (the air shower) exists only
over a finite region of space and for a finite amount of time, it is very important
that these start- and endpoints of the particle trajectories are included in the
model. This is incorporated in the latest version, REAS3 [43] and is called the
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‘end-point’ formalism.
In REAS2 and also in REAS3, the radiation of a single moving charged particle
is described in terms of the Liènard-Wiechert electric field

~E(~x, t) = e

(
~n− ~β

γ2(1− ~β · ~n)3R2

)∣∣∣∣∣
ret

+
e

c

(
~n× [(~n− ~β)× ~̇β ]

(1− ~β · ~n)3R

)∣∣∣∣∣
ret

. (2.32)

Here, e is the charge of the particle, β(t) = v(t)/c its velocity, γ its Lorentz
factor, R(t) the distance between the particle and the observer and ~n the line-of-
sight direction between the particle and observer. The expression is evaluated
at the retarded time.
Apart from the radiation along the track as expressed by equation (2.32),
REAS3 also includes the radiation from the acceleration and deceleration at
the beginning and end of the trajectory. This is done by creating a charged
particle instantaneously with v ' c at the beginning of the track, and removing
it at the end of the track. The time-scales on which the particles are injected and
removed are very short compared to the time-scales relevant for radio emission
from air showers, which correspond to frequencies between 10 and 100 MHz.
The charge excess component now follows when at a certain layer of atmosphere
more electrons are injected than removed.
The radiation from the start- and endpoints of the track follow from integrat-
ing equation (2.32) over the short time it takes to inject or remove the particle.
When integrating, the first term in equation (2.32) can be neglected because
only the second term, corresponding to the far field, contributes to the total
radiation received at the distances R relevant for realistic observer positions.
Converting from time to retarded time before performing the integration, re-
sults in the following expression for the radiation from the ‘end-point’ contri-
butions [43]: ∫

~E(~x, t) = ± e

cR

(
~n× (~n× ~β)

(1− ~β · ~n)

)
, (2.33)

where the plus or minus sign corresponds to the beginning or end of a track
respectively. The radiation resulting from the ‘end-point’ calculations needs to
be added to the radiation emitted along the track.
In REAS3, the track is divided in three discrete parts, joined by ‘kinks’, at
which the particle velocity changes instantaneously. This is sketched in figure
2.8 [43]. The different contributions to the total emission are added in a discrete
manner, where each ‘kink’ results in radiation. In this way, one is certain that
no parts of the continuous trajectory are counted twice when calculating the
total emission. Figure 2.9 shows examples of the simulated radio pulses in
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counting. In order to avoid such problems, it is preferable to change the cal-
culation for the continuous contributions along the curved particle tracks to
a discrete representation. Hence, the chosen representation in REAS3 is com-
pletly discrete to ensure that the calculations are self-consistent. To describe

Fig. 3. Sketch of the trajectory with a discrete description and end-points.

radio emission contributions along the particle trajectories in a discrete pic-
ture, the trajectories of the particles are split in straight track fragments joined
by “kinks” in which the velocity of the particles is changing instantaneously.
A sketch of this description is given in figure 3. The instantaneous change of
velocity at the kinks leads to radiation. With particle velocity !"1 ·c before and
!"2 · c after the kink, radiation for one kink of the trajectory is:

!

!E(!x, t)dt =
! t2

t1

e

c

"

"

"

"

"

"

!n! [(!n" !")! !̇"]

(1" !" · !n)3R

"

"

"

"

"

"

ret

dt = !F (t2)" !F (t1)

=
e

cR

#

$

!n! (!n! !"2)

(1" !"2!n)

%

&"
e

cR

#

$

!n! (!n! !"1)

(1" !"1!n)

%

& (4)

To verify that the continuous and the discrete calculations of emission con-
tributions along the trajectories are equivalent and that both descriptions
produce the same results, the REAS2 code was changed to calculate emission
using the discrete approach of straight track segments connected with kinks
(without the additional contributions of end-points). Analytically, the equiv-
alence of the two approaches for the frequency domain has been shown by
Konstantinov et al. [20]. Several tests with the REAS code have confirmed
that the implementation of the discrete description is equivalent to the con-
tinuous one as can be seen in figure 4. The figure illustrates the equivalence
for a vertical proton-induced air shower with primary energy of Ep = 1017 eV.
The observer position is 100m north of the shower core. The advantage of
the discrete calculation is the consistency of the description of emission con-
tributions along the tracks and emission at the endpoints which is making
the incorporation of radiation at the endpoints canonical. To complement the
former implementation in the Monte Carlo code with the emission due to the
variation of the number of charged particles, it is therefore convenient to use
the discrete description. In the discrete picture, contributions at the beginning
and the end of a track are just kinks with !"1 = 0 and !"2 = 0, respectively.
This self-consistent emission model has been incorporated in REAS3, taking

6

Figure 2.8: Sketch of the particle trajectory. ‘End-points’ are clearly visible, where
the particle verocity v changes from zero to c at injection and back to zero at removal.
The magnetic field of the Earth is indicated with ~B and e− is the charge of the particle
(picture from [43]).

the east-west polarisation for an observer at 100 m and 400 m east from the
shower core. The corresponding frequency spectra are also shown. This figure
clearly shows the differences between REAS3 and its predecessor, indicated
with REAS2.59.

2.3 Summary and discussion

Radio emission from extensive air showers can be described in terms of the
acceleration and evolution of the number of charged particles in the shower.
Two pictures, using either a macroscopic (MGMR) or microscopic (REAS3)
approach, are used for modelling the radio emission from air showers. Predic-
tions about the pulse shape, pulse strength and frequency spectrum agree very
well between the two models [41].
There are two main deviations from the geomagnetic picture that emerged in the
1960s-1970s. First, the current models incorporate a charge excess component,
and its relative contribution becomes more realistic now that comparison with
real data is possible. Polarisation studies [38], [39] show that the contributions
from a geomagnetic nature and from a charge excess can be disentangled. This
means that for certain observer positions with respect to the shower core posi-
tion on the ground (i.e. to the north, south, east or west), the signal strength
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Fig. 6. Upper row: raw pulses for observers 100m (left) and 400m (right) north of
shower core. Middle row: raw pulses for observers 100m (left) and 400m (right) east
of shower core. Lowest row: frequency spectra for observers 100m (left) and 400m
(right) east and north of shower core. For the raw pulses the east-west polarisation
of the electric field is shown, whereas for the frequency spectra the total spectral
field is shown.

and observers in the west see a lower field strength than observers with other
azimuthal positions. In general, the amplitudes of the field strength got lower
from REAS2 to REAS3, while the changes for observers north and south of
the shower core are much larger than for observers in the east or the west.
To compare simulations with experimental data (e.g. of LOPES), the REAS
simulations have to be filtered to a finite observing bandwidth. This is done by
the helper application REASPlot which is included in the REAS3 package. In
this paper, REASPlot was used with an idealised rectangular 43MHz-76MHz
bandpass filter which can lead to acausal contributions at negative times due

10

Figure 2.9: Simulated radio pulses and spectra for an observer 100 m (left) and 400 m
(right) east of the shower core (picture from [43]). In red are the results from the latest
version, REAS3.

can be dominated by the charge excess component instead of being mostly ge-
omagnetic in origin, as was so far assumed.
Secondly, the effect of a realistic index of refraction of air is under investiga-
tion [40]. Including this, results in a Cherenkov-boosting of the received pulse
at certain observer positions. The relation between time and retarded time
becomes non-linear, when an index of refraction is included that is not equal
to unity. There are observer positions where the Cherenkov-boosting results in
a maximum or minimum amplification of the received signal when one moves
away horizontally from an observer position that coincides with the location of
the shower core on the ground. For now, this effect is estimated to play a role
for observers between approximately 50 and 400 metres. Then, the projected
point that is seen as the source of the observed radiation lies somewhere be-
tween A and C in figure 2.3, or within the shower development. For observers
further away, this effect is negligible because the point is located above the start
of the shower. For observers closer to the shower axis, it lies beneath the end
of the shower and the effect is therefore also negligible.
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The important conclusion from the theoretical point of view, which is still un-
der further investigation, is that the signal strength depends critically on the
observer position. This conclusion will be corroborated by the data presented
in this thesis. In this way, the results presented in chapters 5-7 are at the basis
for the theoretical improvements made over the last four years and described
in this chapter.





Chapter 3

Experimental set-up

3.1 The Pierre Auger Observatory

Radio detection of cosmic rays is a complementary detection technique that we
are constructing, testing and using to detect cosmic-ray induced air showers
at the Pierre Auger Observatory since 2006. The Pierre Auger Observatory
for ultra high energy cosmic rays focuses on detecting cosmic-ray induced air
showers with primary energies beyond 1018 eV [44]. The southern site of the
observatory is situated in Malargüe, Argentina. It consists of a hybrid detector
system with a so-called surface detector (SD) and a fluorescence detector (FD)
to enable the measurement of extensive air showers.
The site of the Pierre Auger Observatory is depicted in figure 3.1. The area
of about 3000 km2 is covered with 1600 surface detector stations, placed on a
hexagonal grid with a spacing of 1500 m. Each surface detector station is a
water-Cherenkov detector to measure the particles in the air showers. In this
way, the stations are used to determine the lateral spread of particles in the
shower. This footprint of an air shower on the ground is sampled by the number
of stations recording particles, and it gives us an estimate for the energy of the
primary cosmic-ray particle. From the differences in arrival time between the
individual stations, we can reconstruct the arrival direction of this primary. All
of the surface detector stations have a name, of which most have been chosen
by local school children.
Four buildings, containing six fluorescence telescopes each, are surrounding the
area covered with surface detector stations, thus overlooking the array. These
are called Loma Amarilla (to the north of the array), Coihueco (to the west),
Los Leones (to the south) and Los Morados (to the east). The 24 fluorescence
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telescopes measure the fluorescence yield produced by an air shower in the
atmosphere. With this technique of measuring the longitudinal shower devel-
opment, one can get a distribution for the composition of the primaries that
induce the air showers. Furthermore, the set of hybrid events (events measured
with both the FD and SD) is used to cross-calibrate the energy-reconstruction
of the FD measurements with that of the SD. The latter has a duty cycle of
100%, whereas the fluorescence technique can only be used during dark, clear,
moonless nights, which is roughly 10% of the time.
Figure 3.2 shows a cartoon of a hybrid measurement of an extensive air shower.
In this event display, the colour coding indicates the timing of the different
detectors, where blue is early and red is late. The surface detectors that were
hit show the lateral spread of particles on the ground, around the shower axis.
The longitudinal shower profile along the shower axis is measured with the FD.
The left side of figure 3.3 shows a photo of a surface detector station and a
fluorescence building. The right side of this figure shows a photo of a radio
detector station of the MAXIMA set-up, located near the Balloon Launching
Station of the Pierre Auger Observatory (details below).
Low-energy enhancements to the Pierre Auger Observatory are constructed near
the fluorescence building Coihueco, in the western part of the array. These con-
sist of a denser surface detector array called AMIGA [45]. Here, a part of the
hexagonal grid is filled with 24 additional detectors at an intermediate dis-
tance of 433 m and another 42 detectors at an intermediate distance of 750
m. These stations consist of additional muon counters approximately 3 metres
below the surface detector station itself. Furthermore, an extra fluorescence de-
tector called HEAT [46] is built at the site of Coihueco, overlooking the denser
part of the array. HEAT is constructed in such a way that the telescopes can
tilt between zenith angles of 30◦ and 60◦, covering a larger part of the sky.
The part of the array near AMIGA is also used for the deployment of the first
21 radio detector stations of the Auger Engineering Radio Array [14]. AERA
is the next phase in constructing a 20 km2 array of radio detectors, after the
small-scale set-ups like MAXIMA. The results described in this thesis are from
data sets recorded with two of AERA’s predecessors. Both these set-ups will
be described in the next section.
For an overview on the current scientific results from the Pierre Auger Collab-
oration and the detector performance I refer to the website of the Pierre Auger
Observatory [47].
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Figure 3.1: The site of the southern part of the Pierre Auger Observatory near
Malargüe, Argentina. Each dot represents one of the 1600 surface detector stations.
The lines indicate the field of view of the 24 fluorescence telescopes at Loma Amarillo,
Coihueco, Los Leones and Los Morados.

3.2 Radio detection at the Pierre Auger Observa-
tory

In this section, I will focus on two set-ups, both located near the Balloon
Launching Station (BLS) in the south-west corner of the Pierre Auger Ob-
servatory, see figure 3.1. We used the first set-up, “the cabled set-up” at the
BLS, for data taking between 2007 and 2008. It consists of three radio detector
stations (RDS), called RDS1, RDS2 and RDS3. During 2008 we also started
construction and testing of a second-generation radio detector, called MAXIMA
(Multi Antenna eXperiment in Malargüe Argentina).
The cabled set-up and the MAXIMA set-up near the BLS are both depicted in
figure 3.4. In this figure, the dots labelled RDS1, RDS2 and RDS3 indicate the
location of the three radio detector stations of the cabled set-up. The MAX-
IMA detector stations are represented by the dots labelled M1-M4. The extra
Auger surface detector station Olaia is indicated with the cross. This additional
station is deployed to facilitate the comparison between events detected with
the radio detectors and the SD. The distance between the BLS and this station
is approximately 325 m. A more detailed description of both the set-ups can
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Figure 3.2: A hybrid event, measured in both the SD and FD. The colour-coding
indicates the timing of the different detectors, whereas the number of particle detectors
shows the footprint of the air shower on the surface of the Earth.

Figure 3.3: Left: a surface detector station in the front and a fluorescence building in
the back. Right: one of the MAXIMA radio detector stations.
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Figure 3.4: The set-up of the cabled Radio Detector Stations (RDS1, RDS2 and RDS3)
near the Balloon Launching Station (BLS) and the MAXIMA (M1, M2, M3, M4) stations.
The extra surface detector station is Olaia.

be found in [48].

3.2.1 Cabled set-up at the BLS

A schematic overview of the cabled set-up [49] at the BLS is given in figure 3.5.
Each RDS consists of an antenna that can measure two orthogonal polarisations.
One is directed in the east-west direction (the east-west channel) and the other
one in the north-south direction (the north-south channel), with an accuracy
of a few degrees. Log Periodic Dipole Antennas (LPDA) [50], designed at
KIT in Karlsruhe and constructed at RWTH Aachen, are mounted on RDS1
and RDS2. This antenna type consists of eight aluminium rods of various
lengths, making it sensitive to frequencies between 20 and 80 MHz. On RDS3
we installed two different types of antenna during the period of data taking.
From April 29 until May 23, 2007, there was a wire-LPDA antenna on RDS3.
This antenna is comparable to the aluminium LPDA, but made of wires instead
of aluminium rods. The east-west channel consisted of a few more longer arms,
making the antenna more sensitive towards lower frequencies. This extension
was not present for the other channel, north-south, thus creating an asymmetric
antenna. From May 24, 2007, onwards we used a LOFAR [51] antenna on RDS3.
This antenna is an inverted V-shape dipole antenna. It therefore has a single
resonance frequency (around 60 MHz), instead of the step-like fall-off sensitivity
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Figure 3.5: Schematic overview of the set-up, with two scintillator panels providing an
external trigger. DAQ and electronics are in the BLS.

pattern of the LPDA. The data from RDS3 is often excluded from the analyses
presented in this thesis, because the station is different from the other two
stations. When the data from RDS3 is included, this is explicitly stated in the
chapter.
The two types of LPDAs used the same Low Noise Amplifier (LNA) at the
antenna that was developed by O. Krömer at KIT in Karlsruhe. It has a gain
of 22 dB and a high-pass filter cutting at 15 MHz. The LOFAR antenna has
its own LNA developed at Astron in the Netherlands, see [51] for details.
Two scintillator panels, with a detector surface of 0.5 m2 each, were located
near the BLS. These particle detectors, set up at a distance of 6.5 m from each
other, were used as an external trigger. When both panels measured a signal
simultaneously, they triggered the radio detection set-up. For the trigger, we
used standard HiSPARC (High School Project on Astrophysics Research with
Cosmic Rays, [52]) electronics that provided a TTL-signal to the radio detector
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read-out system.
The antennas were connected to the electronics in the BLS using 160 m (835
ns) of RG213 cable. In the BLS, the electronics chain consisted of filters and
further amplification. The filter combination changed several times over the
year of data taking. It consisted either of a combination of high-pass and low-
pass filters (SLP-70 and SHP-25) or of bandpass filters (SBP-60), all from Mini-
Circuits [53]. After filtering, the signal was amplified using a ZKL-2 amplifier
(also from Mini-Circuits) with a gain of 31 dB in our frequency range. We
used 400 MHz digital oscilloscopes, developed by Nikhef in Amsterdam, for
sampling the signal and providing it with a GPS time-stamp. The GPS receiver,
integrated in the digitizer, is a Navman Jupiter Pico T GPS receiver [54]. The
TTL-signal from the trigger electronics of the scintillator panels was split and
fed into three oscilloscopes, one for each of the detector stations. When they
were triggered, pre-trigger (2µs) and post-trigger (8 µs) data were saved. The
oscilloscopes were read out via an USB-interface using a laptop, where we stored
the data for further, offline, analysis.
There was a UPS system available in the BLS to keep the data acquisition
(DAQ) system running during power-cuts, which occur frequently at the BLS.

Cosmic-ray radio event

The measured time trace of a cosmic-ray radio event is digitally filtered between
50 and 70 MHz. Before analysing the data, the Hilbert envelope of the time
trace is calculated.
The main idea behind a Hilbert transform is that one shifts the phases of the
Fourier transform of a signal by 90◦ before transforming back. In the simplest
way, this results in transforming a cosine to a sine, a sine to a minus cosine
and so on. Then, the original function and its phase-shifted transform can be
added quadratically, to get the Hilbert envelope of the original signal [55], as is
shown in figure 3.6.
Figure 3.7 shows the time trace of a cosmic-ray radio event. The black solid
line is the calculated Hilbert envelope and it is shown on top of the measured
radio trace. The vertical solid lines indicate a window of 800 ns (between 2200
and 3000 ns), that could contain a cosmic-ray radio signal. This is labelled as
the signal window of the trace and is determined from the trigger settings, with
a pre-trigger time of 2 µs. Furthermore, the scintillator panels, that we used
as an external trigger, and the TTL-pulses created additional radio frequency
interference (RFI) at known positions in the trace (for details see [49]). There-
fore, I had to exclude these compromised regions (between 3000 and 6000 ns)
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Figure 3: The measured signal, its complex propagation obtained using a Hilbert
transform of the trace and the calculated envelope.

modes of the electric fields. The Stokes parameters are given by,

I = |Vx|2 + |Vy|2 (2)

Q = |Vx|2 ! |Vy|2 (3)

U = 2"(VxV!
y ) (4)

V = 2#(VxV!
y ), (5)

where " and # are the real and the imaginary part of the complex field. Pa-
rameter I is the total measured power. Parameters Q, and U are linear modes,
whereas V gives the amount of circular polarization. These parameters can be
calculated for each individual time sample, and hence the time dependence of the
polarization can be studied (Figure 4). In radio astronomy the Stokes parameters
are average values over the integration time. In our case it is a bit di!erent since
we have short transients pulses. In Section 4 we show a method how to derive
polarization properties in a similar way as in standard radio astronomy. However,
the time dependent properties might reveal crucial information about the emission
mechanisms, which are not completely understood yet.
The measured electric field is elliptical polarized. By introducing

Ip =
!

Q2 + U2 + V 2 (6)

|L| =
!

Q2 + U2 (7)

(8)

4

Figure 3.6: The measured signal, its complex propagation obtained using a Hilbert
transform and the Hilbert envelope (picture taken from [55]).

Figure 3.7: A recorded, filtered cosmic-ray radio event (on the y-axis is the signal in
µV and on the x-axis the time in ns). The Hilbert envelope lies on top of the trace
measured. The vertical solid lines indicate the window where the cosmic-ray radio signal
is expected, the dashed lines indicate the windows used for noise analyses. The dotted
lines represent the first microsecond of the trace, where σ is determined.
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in the trace from the parts of the trace on which I perform any analyses. The
maximum of the Hilbert envelope in the signal window of the trace is used as
a measure of the cosmic-ray radio signal, in microvolts.
To verify the results of studies performed on the signal region, I did similar
studies, performed on four noise regions. These are depicted with the vertical
dashed lines and are of the same size as the signal region. The positions of
these windows are such that they all lie outside the time window sensitive to
the RFI from the trigger signal, which is between 2000 and 6000 ns.
I define the signal-to-noise ratio (SNR) of an event as the ratio between the
maximum of the signal in the signal window and the noise of that event. The
noise, σ, is determined as the standard deviation of the voltage values measured
in the first microsecond of the radio trace. This region in the trace is, again,
outside the trigger window, so, implicitly, there is a low bias to the noise. The
left side of figure 3.8 shows the distribution of the voltage values in the first
microsecond of the trace. It is clear that, on a single-event basis, these values
follow a Gaussian distribution. The fit yields that the width of the Gaussian
is 1036 µV, with χ2 = 40.3 (and the number of degrees of freedom is 31). The
right side of figure 3.8 shows the distribution of the values of the Hilbert enve-
lope H of the same trace, after quadratically subtracting σ,

√
H2 − σ2. Because

I use the Hilbert envelope as a measure for the signal, I want to check whether
σ is the right quantity to estimate the uncertainty on the signal. Another pos-
sible measure of the uncertainty is

√
H2 − σ2 for events without a signal. It

is clear that the distribution of
√
H2 − σ2 is asymmetric, with signal-events in

the upper tail. This is to be expected since
√
H2 − σ2 can never be less than

zero. However, the most probable value of this distribution is also of the order
of 1000 µV. Because the results are similar, I conclude that both are equally
good estimates, and σ is used as uncertainty in further analyses.

Data set to study the cosmic-ray air shower radio emission

For the analyses presented in chapters 5 and 6, I will make a selection using
the events that were measured with the cabled radio detector set-up. I focus
on the events that are in time coincidence with the air showers detected using
the surface detector. The selected data set consists of 494 cosmic-ray radio
events recorded between April 2007 and June 2008. The Auger SD events are
reconstructed with the CDAS [56] package.
The core positions of the 494 events and the additional SD station Olaia are
depicted in figure 3.9. It is clear from this figure that there is a bias in the core
positions of the selected events. They are not distributed in a random man-
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Figure 3.8: Left: voltage values of the first microsecond of the trace of event 3388350.
The Gaussian approximation of these voltage values has a width of 1036 µV, χ2 = 40.3
and the number of degrees of freedom is 31. Right: (square root of) the difference
between the (square of the) values of the Hilbert envelope in the first microsecond and
σ, or

√
H2 − σ2. Note that these cannot be less than zero and that their distribution is

asymmetric.

ner around Olaia, but form a so-called three-point ‘star’-like structure. This
is the result of the triangular grid of the SD stations, with the station Olaia
added in the centre of a triangle to lower the energy threshold of events mea-
sured near the BLS. The centre of the distribution of the core positions does
not coincide with Olaia, because the events depicted are the ones measured in
coincidence with the scintillator panels located at the BLS. The BLS is approx-
imately 300 m to the west of Olaia (figure 3.4). For a more detailed description
on the SD parameters of the events measured with Olaia, I refer to the thesis
of S. Harmsma [48].
The uncertainty in the CDAS reconstruction on the core position (dXcore and
dYcore) and arrival direction (dφ and dθ) are given in figures 3.10 and 3.11. We
deduced, from the weather data [57] of the Pierre Auger Observatory that 48
events (out of the 494) were measured during thunderstorms. Since thunder-
storms can influence the cosmic-ray radio signal (see [10] for details), I exclude
these events from further analyses.
To verify that the selected events are indeed cosmic-ray air showers measured
with the scintillator panels and SD simultaneously, I look at the differences
between the GPS time-stamps of the two detection methods. First, I convert
the time-stamp from the SD (which indicates the time when the shower core
hit the ground) to a time at the BLS. To do so, I use the coordinates of the
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Figure 3.9: Core positions of the 494 events measured in time coincidence with the
scintillator panels located at the BLS and the Auger surface detector, including the
station Olaia (red square). Core positions are reconstructed from the Auger SD data
using CDAS.

shower core on the ground and the arrival direction of the shower from the SD
reconstruction. Next, I look at the time-difference between this converted SD
time-stamp and the scintillator time-stamp. Figure 3.12 shows that the time-
differences between the two methods are approximately Gaussian distributed
around a mean value of 2219 ns. The width of this distribution is equal to
751 ns. Because there is an obvious correlation between the two time-stamps,
the events that triggered the set-up through the scintillator panels are consid-
ered to be the same cosmic-ray air showers that are measured using the SD.
The constant offset between the two GPS systems of 2219 ns is a result of the
different GPS receiver systems used in the two set-ups, i.e. the radio detector
set-up and the SD. This leads to different delays encountered in the read-out
and the triggering of the two set-ups.
All the radio signals recorded are digitally filtered between 50 and 70 MHz.
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Figure 3.10: Uncertainty on the CDAS reconstruction of the core position in the x-
direction (dXcore) and in the y-direction (dYcore), of the 494 events recorded with the
cabled set-up in time coincidence with the SD.
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Figure 3.11: Uncertainty on the CDAS reconstruction of the arrival direction in the
φ-direction (dφ) and in the θ-direction (dθ), of the 494 events recorded with the cabled
set-up in time coincidence with the SD.

This is done to remove the effect of the different analog filters used in the set-
up from the analysis. The recorded ADC-values are converted to microvolts and
the baseline, deduced from the values in the pre-trigger window, is subtracted.
Because these events are recorded in coincidence with the SD, we can extract
various shower parameters of the events from the CDAS reconstruction. For
my analyses, the most important parameters are the primary energy (in EeV),
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Figure 3.12: Left: time differences between the Auger SD time-stamp, converted to a
time-stamp at the BLS and the scintillator time-stamp of the radio events measured in
time coincidence with the SD. The fit is a Gaussian with a mean value of 2219 ± 41 ns
and a width of 751 ns.

the arrival direction of the primary cosmic ray in terms of azimuth and zenith
angle and the position of the shower core on the ground.
To study the radio signal from a cosmic-ray extensive air shower, I will use
events that clearly show a radio signal, meaning that it can be distinguished
from background noise. Table 3.1 shows how a selection on the SNR of n times
σ influences the selected number of events in both channels of detector stations
RDS1 and RDS2 (excluding thunderstorm events). These two detector stations
are the focus of the analyses in chapters 5. In chapter 6, I look at events with
a clear cosmic-ray radio signal in one channel (east-west or north-south) of all
three stations, including the data from RDS3. Table 3.2 shows how this con-
straint influences the number of events.
It is clear from these tables that the number of so-called good events decreases
when increasing the minimally required SNR, as expected. However, there are
more events in the east-west channel than in the north-south channel when ap-
plying a SNR-cut of two or more. This is in agreement with the idea that one
of the main contributions to the radio signal in an air shower is a geomagnetic
effect. The direction of the Earth’s magnetic field in Malargüe, Argentina, is
almost north-south and has an angle of ∼52◦ with the zenith. One would ex-
pect a higher signal in the channel perpendicular to the magnetic field. This is
the east-west channel.
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Table 3.1: Selected number of events in RDS1 and RDS2, east-west and north-south
channel, as a function of the SNR (excluding thunderstorm events).

SNR larger than
0 1 2 3 4 5 6 7

RDS1, north-south channel 300 300 269 120 34 20 13 10
RDS2, north-south channel 399 399 367 141 41 21 13 9

RDS1, east-west channel 300 298 281 147 61 40 29 22
RDS2, east-west channel 399 399 378 176 76 50 37 32

Table 3.2: Selected number of events with the SNR larger than a certain value in the
same channel (east-west or north-south) of all three stations (excluding thunderstorm
events).

SNR larger than
0 1 2 3 4 5 6 7

north-south channel 271 270 210 31 6 5 3 2
east-west channel 271 269 229 49 18 11 7 5

3.2.2 The MAXIMA set-up

The MAXIMA array consists of 7 stations, of which three (M5-M7) are used as
a pilot for the new array of radio detector stations called AERA [14]. In this
thesis, I focus on the data from the other four stations (M1-M4), so I will only
describe the set-up of these four stations here. Figure 3.13 shows the set-up
schematically. We use the same type of optical fibre for communication with the
stations as for the AERA set-up. A digitizer built by Nikhef is used for reading
out the stations, sampling at 200 MHz and with four input channels. This is
a revised version of the digitizer used in the cabled set-up. Two channels are
connected to read out the north-south and east-west channel of the antenna
after a filter combination of twice a SHP-25 and twice a SLP-70 filter from
Mini-Circuits [53]. This means that these channels are read out after a broad-
band filter between 25 and 70 MHz. The third channel reads out the east-west
channel after a narrow-band filtering. For M1, M2 and M4 this is twice a SBP-
30 filter and for M3 it is a set of filters developed at the Radboud University,
filtering between 45 and 70 MHz. The fourth channel is connected to a small
scintillator panel (about 12 by 18 cm) at each station, providing an external
trigger. The stations are read out when triggered by these particle detectors.
Data is stored when at least two stations are triggered within 5 µs of each
other. Since each scintillator triggers with a rate of approximately 20 Hz, we
see a coincidence between two scintillators roughly every 167 s. When such a
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Figure 3.13: Schematic overview of the MAXIMA set-up.

coincidence is caused by the same air shower, the time difference between the
signals in two stations has to be less than 1 µs, because the stations are at a
distance smaller than 400 m from each other.
The antenna used for this set-up is a black-spider LPDA, developed at RWTH
Aachen [58]. These stations are powered by solar panels and we use four 12V
batteries per station to store the power. All the station electronics are located
in a box at the site of the station. In the BLS we have a central computer for
communication to the stations and data storage.

Data set of the MAXIMA set-up

A large fraction of the coincidences between the scintillator panels of two differ-
ent MAXIMA stations are due to the same air shower. We compare the time-
stamps of the scintillator triggers of the MAXIMA stations with the Auger SD
time-stamps of air showers detected including the station Olaia. In this way,
we can get a data set with cosmic-ray events in time coincidence with the SD.
However, because our scintillator panels are so small, we miss about 90% of the
events detected by the SD (including Olaia).
Between May 6 and September 9, 2010, we have recorded 124 events in at least
one MAXIMA station in time coincidence with the Auger SD. This is roughly
one event per day. One can estimate the number of random coincidences for
this period of data taking (approximately 120 days) to be roughly 0.2, keeping
in mind that we measure about 10 events per day with Olaia, the data rate of
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Figure 3.14: Arrival directions (left) and shower core positions (right) of 124 events
measured with the M1-M4 set-up between May 6th and September 9th 2010. The posi-
tions of the stations are indicated with red triangles.

the scintillators is 20 Hz and the overlap time is 5 µs. From the 124 coincident
events, 97 are twofold, 24 events are threefold and three events are fourfold
coincidences. Figure 3.14 shows the arrival directions of the 124 events (left)
and shower core positions (right).
All events are digitally filtered between 35 and 65 MHz to exclude narrow-band
transmitters outside this frequency range. A radio trace triggered by the scin-
tillators and recorded with this set-up, looks similar to the one from the cabled
set-up shown in figure 3.7. Only the exact position of the window containing
the cosmic-ray radio signal is different, and, subsequently, also the positions of
the noise regions are different. In this set-up, we do not see any RFI from our
scintillator trigger in the recorded traces.

3.2.3 Data set to study the radio background

In the next chapter, I present an analysis that shows that the set-ups are sen-
sitive to the galactic background. For this study, in principal, all the recorded
events can be used, except the ones induced by cosmic rays. Therefore, I do
not use the events measured in time coincidence with SD. From the cabled
set-up, all the scintillator triggered traces of a certain period of data taking (a
few consecutive days, or even a month) are used. From these traces, I use the
last four microseconds (see figure 3.7), as this part is free of cosmic-ray and
trigger signal biases. The data sets from the MAXIMA set-up contain radio
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background traces, recorded every ten seconds. These traces are not triggered
by the scintillator panels at the station, and thus do (in general) not contain
any cosmic-ray radio signal. These minimum-bias ‘10-second’ traces are used
to study the radio background.
For both set-ups, the radio background data shows, after filtering between 50
and 70 MHz, a radio background that varies with a periodicity corresponding
to a sidereal day. Therefore, the rise, transit and set of the galactic center over
the array of radio detector stations is clearly visible (for details see chapter 4).
This galactic background is used to compare the different antennas used in the
set-ups. It shows differences between the different types of LPDA antennas
(aluminium, wire and black-spider). Furthermore, I also use it to perform a
first-order antenna response correction on the LOFAR antenna. This is neces-
sary before any further analyses on the set of cosmic-ray radio events, measured
with the cabled set-up, can be done.





Chapter 4

Galactic background and
antenna response

4.1 Introduction

In this chapter I will show that the set-ups at the BLS are sensitive to the
galactic background [59]. Next, I use this galactic background to make a first-
order correction for the responses of the different antennas. This correction
is necessary when deducing, for example, the arrival direction of a cosmic-ray
radio event measured in three antennas of the cabled set-up, as is presented
in chapter 6. Before I can reconstruct the arrival direction, I need a similar
response pattern, at least in the limited frequency range between 50 and 70
MHz, for the LOFAR or wire-LPDA and the aluminium LPDAs. Finally, I
also use the galactic background to compare the black-spider LPDA of the
MAXIMA set-up with the aluminium LPDA.

4.2 Galactic background studies

In order to determine the radio background signal from the data recorded with
the cabled set-up, I use the last four microseconds of the recorded radio traces.
Furthermore, radio traces that contain too much transient background noise
are excluded from the data. This is done by demanding no signals larger than
6 mV (which is approximately equal to 5σ) in the last parts of these traces.
An example of the variation of the radio background over ten consecutive days
is shown in figure 4.1. Here, the effect of the analog filters (between 50 and 70
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Figure 4.1: Dynamic spectrum of the radio background (in dBm per 250 kHz) between
40 and 80 MHz for the east-west channel of the LPDA antenna on RDS1, between the
1st and the 10th of June, 2007.
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Figure 4.2: Background radio signal as a function of UTC (left) and LST (right) for
the east-west channel of RDS1, after applying a digital filter between 50 and 55 MHz;
data from May 6 (red), June 7 (blue) and August 8 (black) 2007.
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MHz) is clearly visible. There is also a distinct variation in the signal strength
with a periodicity that is slightly less than 24 hours.
Next, I determine whether this variation is related to the motion of the galactic
centre. After applying an additional digital filter between 50 and 55 MHz, I
compare the background data recorded on May 6 with that from June 7 and
August 8, 2007. Figure 4.2 shows the background radio signal recorded in the
east-west channel of RDS1. The left side shows the signal as a function of time
of day in coordinated universal time, or UTC, and the right side as a function
of local sidereal time, or LST. Note that the power of the recorded signal in the
5 MHz band between 50 and 55 MHz is plotted here, hence the units are mW
per 5 MHz. This converts, by definition, to dBm (the units used in figure 4.1)
by taking 10 · log10(signal in mW).
It is clear from the left side of figure 4.2 that the maxima of the recorded
background levels shift as a function of UTC. The right side shows that these
maxima nicely coincide when the signal is plotted as a function of LST. More-
over, the position of the maximum level between 17-18 hours LST coincides
with the time of transit of the galactic centre in Malargüe. From this, I con-
clude that our radio detector set-up is sensitive to the galactic signal.
To investigate the different antenna responses to the galactic signal, I plot the
average radio background recorded during ten consecutive days (from June 1
to 10, 2007), as a function of LST. This is done for both the east-west and
the north-south channels of the three stations. The results for the 50-55 MHz
band are in figure 4.3. After applying a different digital filter between 60 and
65 MHz, the analysis is repeated, this is shown in figure 4.4. In both these
figures, I display the data from the aluminium LPDA antennas of RDS1 and
RDS2 in red and blue, whereas the data from the LOFAR antenna of RDS3 is
shown in black.
The behaviour of the radio signal as a function of local sidereal time is similar
to the results presented by the CODALEMA collaboration [60].
From figures 4.3 and 4.4 it is clear that the behaviour and relative gain of
both aluminium LPDAs is very similar. The signal in the north-south channel
is broader and smaller than that in the east-west channel and it shows more
structure around the maximum. This is caused by a difference in the orien-
tation of the galactic plane as it moves through the sensitivity pattern of the
antenna. Furthermore, the LOFAR antenna has a lower gain than the LPDA.
The response to the galactic background of the LOFAR antenna is higher in
the 60-65 MHz band than in the 50-55 MHz band. This is as expected, since
this antenna has a resonance frequency around 60 MHz. However, the shape of
the galactic background signal in the east-west channel of the LOFAR antenna
is different from the one measured using the LPDA. There is a second bump
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Figure 4.3: Average background radio signal between 50 and 55 MHz of ten consecutive
days (June 1 to 10, 2007) as a function of local sidereal time for RDS1 (red), RDS2 (blue)
and RDS3 (black); north-south channel (left) and east-west channel (right).
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Figure 4.4: Average background radio signal between 60 and 65 MHz of ten consecutive
days (June 1 to 10, 2007) as a function of local sidereal time for RDS1 (red), RDS2 (blue)
and RDS3 (black); north-south channel (left) and east-west channel (right).
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visible at around 23 hours LST in both frequency channels that is not, or less
pronounced, in the LPDA measurements. This can be explained in terms of a
difference in the angular coverage of the antenna sensitivity pattern. The LO-
FAR antenna has a broader response pattern, making it more sensitive towards
the horizon than the LPDA, and therefore it is also sensitive to a larger part of
the galactic disc.
Although the galactic radio background recorded depends on the antenna char-
acteristics, like the sensitivity or beam pattern as a function of frequency, it
can be used as a calibration tool. As a first-order approximation, I use it in the
next section for correcting the responses of the different antennas.

4.3 Antenna response correction

When studying events recorded in three stations of the cabled set-up, I have
to take into account that we used different antennas for the different detector
stations and that the responses of these antennas are not the same, as is clear
from figures 4.3 and 4.4.
In this section, I use the galactic background to convert the LOFAR signal in
such a way that the response to the radio background after correcting for the
different antenna types is similar, at least within a limited frequency range. I
am aware that this is a simplified solution to the problem of different antenna
responses. In this way, I do not consider the antenna characteristics (like di-
rectivity and efficiency) separately. Furthermore, I also neglect the effect of
system noise that is produced by the different types of pre-amplification used
for the antennas.
The total background measured in the last four microseconds of the radio traces
contains galactic and continuous background. To see how these contributions
vary as a function of frequency between 50 and 70 MHz, I determine the total
background each 250 kHz. This is done by applying digital filters between 50
and 50.25 MHz, between 50.25 and 50.50 MHz and so on. Next, the signal
in each bin of 250 kHz is plotted as a function of local sidereal time, which is
similar to the results shown in figures 4.3 and 4.4. At last, I approximate it
using the following function:

P (f) = A(f) · sin(ωsT + φ0) +B(f) . (4.1)

Here, P (f) is the spectral power distribution (now in mW per 250 kHz) re-
ceived by the system at frequency f . Furthermore, ωs is the angular frequency
corresponding to the period of a sidereal day (approximately 23 hours and 56
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Figure 4.5: Continuous background (red, dotted) and galactic background (black, solid)
in dBm of the LPDA antenna of RDS1, as a function of frequency in MHz; north-south
channel (left) and east-west channel (right).

frequency [MHz]

50 55 60 65 70

ba
ck

gr
ou

nd
 s

ig
na

l [
dB

m
]

-75

-70

-65

frequency [MHz]

50 55 60 65 70

ba
ck

gr
ou

nd
 s

ig
na

l [
dB

m
]

-75

-70

-65

Figure 4.6: Continuous background (red, dotted) and galactic background (black, solid)
in dBm of the LPDA antenna of RDS2, as a function of frequency in MHz; north-south
channel (left) and east-west channel (right).

minutes) and φ0 is a phase term. The total variation of the power at this fre-
quency due to the galactic background is 2 · A(f). The continuous (or flat)
background is given by B(f)−A(f).
For each antenna, I show the results for 2·A and B−A as a function of frequency
in figures 4.5, 4.6 and 4.7. These figures clearly reflect some of the differences
in antenna characteristics between the LPDA and LOFAR systems. For exam-
ple, as mentioned earlier, the LOFAR system has a resonance frequency around
60 MHz, which results in a maximum in the response of the antenna, at this
frequency. The LPDA system consists of several dipoles (or arms) of different
lengths, resulting in a more step-like fall-off of the antenna response with fre-
quency.
The radio emission we receive from our galaxy does not depend on the type of
antenna we use for measuring it. Therefore, I can use it as a tool for correcting
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Figure 4.7: Continuous background (red, dotted) and galactic background (black, solid)
in dBm of the LOFAR antenna of RDS3, as a function of frequency in MHz; north-south
channel (left) and east-west channel (right).
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Figure 4.8: Correction factor for the LOFAR (left) and wire-LPDA (right) system as
a function of frequency; north-south channel (black circles) and east-west channel (red
squares).

the different antenna responses.
The ratio between the average of the two LPDA responses and the LOFAR
response of the galactic background (i.e. 2 · A(f)) is determined between 50
and 70 MHz. This ratio is used as the correction factor for the LOFAR antenna
response. The left side of figure 4.8 shows this correction factor, as a function
of frequency.
The analysis is repeated for the wire-LPDA antenna. We used this antenna on
RDS3 during the first month of data-taking in May 2007. It is an asymmetric
antenna, with longer arms for the east-west channel, making it more sensitive
to lower frequencies in this direction. The right side of figure 4.8 shows the ra-
tio between the aluminium LPDA response and the wire-LPDA response. It is
clear, that the response of the east-west channel (red squares) of the two anten-
nas is identical. However, the response of the north-south channel (black dots)
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Figure 4.9: Continuous background noise in dBm for the three RDSs (left: north-
south channel, right: east-west channel), after correction for different antenna types, as
a function of frequency in MHz; LPDA on RDS1 (red, solid), LPDA on RDS2 (blue,
dotted) and LOFAR on RDS3 (black, dashed).

of the aluminium LPDA is twice as large as that of the wire-LPDA. Therefore,
there is an absolute offset between the gains of the two types of LPDAs in the
north-south channel. The correction factor for this offset is approximately the
same over the whole frequency range between 50-70 MHz. This means that,
apart from a difference in absolute gain in the north-south channel, the two
antennas have a similar response pattern.
For the LOFAR antenna, I can now use the correction for comparing the contin-
uous background noise of all setups. The continuous noise measured, (B −A),
in the LOFAR antenna is multiplied with the correction function. Figure 4.9
shows the corrected measurement of the continuous LOFAR noise, together
with the continuous noise measured in the two LPDAs. It is clear that, after
the correction, the shape of the response of all antennas is similar. Some of
the features in this figure can be understood in terms of the location of the
antennas. For example, the LPDA on RDS2 (depicted with the blue dotted
line) is farther away from the road, the power line and the BLS. Therefore,
it is in a (slightly) more radio quiet environment. Furthermore, the LOFAR
antenna (with the black dashed line) shows, after our response correction, to
have the highest level of continuous (or flat) noise. This means that either the
internal noise of the pre-amplifier of the LOFAR antenna is larger than that
of the LPDA, or that the difference in angular coverage between the different
antennas causes a higher sensitivity to man-made noise.
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4.4 MAXIMA: black-spider LPDA response

The MAXIMA set-up is also sensitive to the galactic background, see for an
example figure 4.10. Here, the signal between 35-55 MHz is plotted as a func-
tion of UTC (left) and LST (right). Data of the ‘10-second’-triggered traces for
June 23-24 (2010) are in black, and for August 7-8 in red. Although the traces
contain continuous background noise, and the level of this is clearly larger in
August than in June, one can also see the transit of the galactic centre. The
bump corresponding to this transit nicely overlaps for the data from the two
different dates when the signal is plotted as a function of LST.
The left side of figure 4.11 shows the signal between 50 and 50.25 MHz as a
function of local sidereal time. In this plot, I show the data recorded in the
north-south channel of M1 between the 22nd of June and the 9th of August,
2010. Averaging over many days of data taking ensures that the shape in this
figure is similar to the one observed in the aluminium LPDAs (figures 4.3 and
4.4). The maximum around 17-18 hours LST, corresponding to the transit of
the galactic centre, is now clearly visible. For each 250 kHz between 35-55
MHz, I make plots like these and fit the data with equation (4.1). From the fit
results, I determine the ratio between the average of the two aluminium LPDA
responses and the Black Spider LPDA response (two times the fit parameter
A(f)). Figure 4.11 shows this ratio as a function of frequency, for the east-west
channel (red) and the north-south channel (black) of M1.
A few things stand out when looking at the ratio of the response to the galac-
tic background between the two types of LPDAs. First, the response of the
aluminium LPDA is larger than that of the Black Spider, because the ratio is
larger than one. Next, there is also a difference in the response pattern, because
the ratios are not the same for the whole frequency range between 35 and 55
MHz. We need to keep in mind that it is difficult to compare the responses of
the antennas in this way, because the two set-ups had a different chain of elec-
tronics. The amplification for the aluminium LPDAs of the cabled set-up was
different from the one used for the Black Spiders of MAXIMA. Furthermore,
the analog filters used in both set-ups are different.
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Figure 4.10: Recorded background signal between 35-55 MHz as a function of UTC
(left) and LST (right). Data for June 23-24 (2010) are in black, and for August 7-8 in
red.
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Figure 4.11: Left: recorded signal in the north-south channel of M1 between 50 and
50.25 MHz as a function of local sidereal time. Right: ratio between the average of
the two aluminium LPDA responses and the Black Spider LPDA response of M1 to the
galactic background as a function of frequency, east-west channel (red) and north-south
channel (black).



Chapter 5

Cabled set-up:
Description of events
measured in one RDS

5.1 Introduction

This chapter focuses on the lateral distribution function, or LDF, of the radio
signals from the cosmic-ray induced air showers that we measured. The LDF
relates the cosmic-ray radio signal strength to the distance from the shower axis.
It is important to have a good estimate of this relationship before determining
the spacing between radio detectors in a future array [14].
Experiments, performed in the 1960s, show that the signal strength of the radio
pulse, produced by an extensive air shower (EAS), decays with distance from
the shower axis. This lateral distribution of the radio signals is supposed to be a
diffraction phenomenon and therefore frequency-dependent. In his summary of
experimental results, Allan [11] relates the apparent lateral spread of the radio
signals to four shower parameters. First, the polarisation studies of the data are
best explained in terms of a geomagnetic emission mechanism. The direction of
the electric field is then expressed in terms of α, the angle between the arrival
direction of the cosmic ray and the Earth’s magnetic field. The electric field
strength is proportional to the sine of α. Secondly, for zenith angles smaller
than 35◦, the pulse amplitude is proportional to the primary cosmic-ray energy
E. This is true for showers with primary energies in the range of 1017−1018 eV.
Thirdly, the data show that the signal strength decays with distance from the
shower axis R exponentially. Finally, the radio signal depends on the amount
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of atmosphere that the shower traverses. This is smaller for vertically incoming
showers than for showers with a zenith angle θ, so the electric field strength is
proportional to the cosine of θ. Combining these results into one formula after
a normalisation using the data yields the following expression for the LDF:

E(f) = 20
( E

1017

)
sinα cosθ exp

( −R
R0(f, θ)

)
µVm−1MHz−1 , (5.1)

with E the field strength at frequency f . One needs to keep in mind that this
formula is based upon the experimental results present at that time, and one
should take care when extending it to energies larger than 1019 eV. However,
when studying the lateral distribution of the cosmic-ray radio signals we mea-
sured, equation (5.1) is used as a starting point to fit to our data.
The measured signals are corrected for the shower parameters E (in EeV) and
cosθ. The contribution to the electric field from the radiation that has a geomag-
netic origin is in the direction of ~v× ~B, this is expressed by sinα. Additionally,
I correct for the the angle between the electric field and the antenna direction.
On top of the geomagnetic contribution, the direction of the electric field due
to a charge excess is calculated. The contribution from the charge excess is
estimated to be 20% (see chapter 2). After adding this to get the total electric
field, a correction is made for the angle between the antenna direction (east-
west or north-south) and this total electric field, and this angle is called γ.
For the LDF analyses presented in this chapter and chapters 6 and 7, two ways
of handling the data are used. Either I plot the signals and use the exponen-
tially decaying function S = S0 ·e−r/R0 for fitting, or the log of the radio signals
is plotted and fitted with S = S0 − r/R0. Both ways are in principal identical,
but the one I choose to use gives, in that specific case, the most stable results.
For both, S is the cosmic-ray radio signal (in µV) and r the distance from the
shower axis (in m). The fit parameters are S0 and R0, where the latter is a
measure for the ‘typical’ fall-off distance of the cosmic-ray radio signal.
The two sets of simulated air showers, with the same characteristics as our
measured radio events, undergo a similar LDF analysis. The sets are simulated
using the MGMR and REAS3 packages.
When studying the lateral distribution of the cosmic-ray radio signals, I focus
on the east-west channel of RDS1 and RDS2 separately. We did not record
enough events with clear cosmic-ray radio signals in the other channel, north-
south, to study the LDF. Furthermore, because RDS3 had a different type
of antenna during the period of data-taking, I exclude this station from the
analysis presented in this chapter.
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Figure 5.1: Geometry of the detector set-up and shower. The shower axis and shower
front represent the direction of the incoming primary in terms of azimuth (φ) and zenith
angle (θ). The shortest distance between a station and the shower axis is r0.

5.2 Distance to the shower axis

Figure 5.1 shows the geometry of the set-up with respect to the shower axis
schematically. Here, r0 indicates the shortest distance between a station and
the shower axis. The azimuth angle φ is 0◦ towards the east, 90◦ towards the
north, 180◦ towards the west and -90◦ towards the south. A vertically incoming
shower is indicated with a zenith angle θ of 0◦.
To calculate the minimum distance between a RDS and the shower axis, I use
standard Auger coordinates. The position of RDS1 is given by (x1, y1, 0), or ~r1.
Furthermore, (xc, yc, 0) is the core position of the shower at the Earth’s surface
as reconstructed using the SD data. With the reconstructed arrival direction
of the shower in terms of the zenith (θ) and azimuth (φ) angle, a point on
the shower axis, at a distance δ from the core position on the ground, can be
represented by

~x =

 xc + δcosφsinθ
yc + δsinφsinθ
0 + δcosθ

 . (5.2)

The difference between RDS1 and this point on the shower axis, ~r0, can be
expressed by

~r0 = ~r1 − ~x
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and |~r0|, the distance between RDS1 and that point, by

|~r0| =
√

(x1 − xc − δcosφsinθ)2 + (y1 − yc − δsinφsinθ)2 + (δcosθ)2 . (5.3)

In order to find the minimum distance between RDS1 and the shower axis, one
needs to solve

∂|~r0|
∂δ

= 0 ,

which gives δ = sinθ
(

(x1 − xc)cosφ + (y1 − yc)sinφ
)

. Using this value for δ in

equation (5.3) yields, after a little algebra,

|~r0|2 = (x1 − xc)2(1− sin2θcos2φ)

+ (y1 − yc)2(1− sin2θsin2φ)

− 2(x1 − xc)(y1 − yc)sin2θcosφsinφ (5.4)

for the square of the minimum distance between the RDS and the shower axis.
The uncertainty on the distance to the shower axis depends on the uncertainty
in the SD reconstruction of the core position and the direction of the shower
axis. This is usually of the order of 50 m for the ‘low-energy’ events we measure
in coincidence with the SD.

5.3 Noise

All the cosmic-ray radio events recorded, contain background noise. The search
for a maximum radio signal in a time window is always biased towards upward
noise fluctuations. Therefore, the first step in reducing the effect of noise from
the LDF studies is applying a threshold on the cosmic-ray radio signal strength
of n times the noise σ. Here, σ is the standard deviation of the voltage values
measured in the first microsecond of the radio trace of an event. In the next
section, the data LDF results are presented using only events recorded with
cosmic-ray radio signals larger than 3, 4, 5, 6 or 7 times the noise. The effect
on the number of events of applying such a constraint on the signal-to-noise
ratio is described in chapter 3.
Another way to exclude the noise from the LDF studies is by ‘subtracting’ it
from the cosmic-ray radio signal, on an event by event basis.
First, I want to know what the noise looks like as a function of distance from the
shower axis. From the noise maxima in the four noise windows (see figure 3.7)
I determine an average value for the maximum noise for each event. Figure 5.2
(left) shows the average noise maxima for all events recorded in the east-west
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Figure 5.2: Average maximum of the noise (in µV) as a function of distance (in m)
from the shower axis for all events in the east-west channel of RDS2. Left: no correction
for shower parameters; right: after correction for E, cosθ, sinα and cosγ.

channel of RDS2, as a function of the distance to the shower axis. The error
bars in this figure represent the spread of the noise measured in the individual
events in a bin. When I correct these noise maxima for the shower parameters
(i.e. dividing them by E, cosθ and cosγ), I introduce a fall-off from a flat
distribution. This is shown in the right side of figure 5.2. This fall-off can be
understood in terms of the correction for the shower energy E. Showers with a
clear cosmic-ray radio signal at larger observer distances are, in general, more
energetic. Hence, correcting the measured noise in these traces for the shower
energy E introduces the observed fall-off.
Clearly, one needs to be careful when studying the LDF of data sets that contain
(a lot of) noise. To exclude the noise from the LDF analysis, I subtract the
average maximum noise from the cosmic-ray radio signal on an event by event
basis. The resulting signal, after the noise is subtracted, is corrected for the
shower parameters of that event. Figure 5.3 shows the effect of subtracting the
noise. The cosmic-ray radio signal is plotted as a function of distance from the
shower axis without subtracting the maximum noise (left), after subtracting it
linearly (middle), and quadratically (right).

5.4 Data LDF

When looking at the radio signals as a function of distance from the shower axis,
it turned out to be more difficult then expected to fit a rather straightforward,
exponentially decaying function to the data. First, the data was binned (or
averaged) before fitting, as is the case for the plots shown in figures 5.2 and
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Figure 5.3: Maximum of the cosmic radio signal (in µV) as a function of distance (in m)
from the shower axis, for all events with a signal larger than 3σ in the east-west channel of
RDS2. Left: without noise correction; middle: after subtracting the average maximum
noise linearly; right: after subtracting the average maximum noise quadratically. All
signal strengths are corrected for E, cosθ, sinα and cosγ.

5.3. This introduced a few complications. Sometimes a bin would contain only
one event, or the results would appear different when a different number of bins
was used. Both these effects were studied, by changing the number of bins or
changing the binsize (i.e. demanding the same number of events in each bin).
However, overall the fit results did not change much. In this section, I therefore
only show the results after making a fit to the unbinned data. These results are
in agreement with the binned results, but show the data without any further
manipulation.
First, I show the effect on the LDF of applying a threshold of n times the noise
to the signals. Secondly, the effect of subtracting the average maximum of the
noise, linearly or quadratically, from the cosmic-ray radio signal is investigated.
In an attempt to address the difficulties encountered in the LDF analysis, I
study the effect of the shower core position at the surface of the Earth with
respect to the location of the array of radio detector stations. We need to
investigate the effect of other shower parameters on the lateral distribution of
the measured signals, like the geometry of the core position with respect to
the observer location. The difficulties experienced with this analysis resulted
in more detailed studies of the underlying emission mechanisms, as presented
in chapter 2.
To obtain the LDF, I plot the logarithm of the signals (after correcting for
the shower parameters) as a function of distance from the shower axis and fit
the results. Figure 5.4 shows an example of the results. On the left side, the
unbinned data of all events measured in RDS2 with signals larger then five
times the noise are shown, together with the fit. On the right side the contours
show the 1σ and 2σ results of the fit parameters S0 and R0. This figure also
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Figure 5.4: Left: lateral distribution of all events recorded in the east-west channel of
RDS2, with signals larger than 5σ. All signals are corrected for the shower parameters
before plotting. Right: 1σ and 2σ contour plots for the fit parameters S0 and R0.

shows the correlation between the fit parameters. Table 5.1 shows the results
for the fit parameters for different threshold cuts. The χ2 square is calculated
as the sum of the distances between the data points and the line of the fit in
sigma-space.

Effect of noise on the LDF

The effect of subtracting the average maximum noise from the signal on the
fit results is presented in table 5.2. Here, the first row shows the results with-
out subtracting the average maximum noise from the signal, after applying a
threshold cut of 5σ. These results are copied from table 5.1. The second row
shows the results after subtracting the average maximum noise linearly and the
third row after subtracting it quadratically.

Effect of core position on LDF

The correction for the geometry between the direction of the electric field and
the antenna direction assumes a 20% contribution from a charge excess mech-
anism to the total radiation. This assumption is based on the indications that
emission mechanisms, other than a purely geomagnetic one, play an important
role for certain showers, see for example figure 2.7 in chapter 2 and [38], [39].
In this section, I study the effect of the location of the core position on the
ground, with respect to the array of radio detector stations. The events are di-
vided into four quadrants: events with core positions to the north, south, east
or west of the location of the stations. Figure 5.5 shows the LDF of the signals
recorded in the east-west channel of RDS1 and figure 5.6 shows this for RDS2.
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Table 5.1: Results for the LDF fit parameters R0 and S0 for the east-west channel of
RDS1 and RDS2.

RDS1, signals > log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

3σ 12.96 ± 0.15 138 ± 8 1100 146
4σ 13.09 ± 0.20 118 ± 9 440 60
5σ 14.58 ± 0.99 63 ± 16 246 39
6σ 17.21 ± 2.94 38 ± 17 172 28
7σ 13.55 ± 0.60 83 ± 18 107 21

RDS2, signals > log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

3σ 12.98 ± 0.13 137 ± 7 1321 151
4σ 17.16 ± 1.17 45 ± 8 482 64
5σ 14.46 ± 0.69 67 ± 12 234 40
6σ 13.47 ± 0.48 91 ± 15 183 29
7σ 14.04 ± 0.75 71 ± 16 146 24

Table 5.2: Results for the LDF fit parameters R0 and S0 for the east-west channel of
RDS1 and RDS2 after applying a threshold cut of 5σ. The first rows show the results
without correcting for the average maximum noise, the second rows after subtracting the
noise linearly and the third rows after subtracting it quadratically.

RDS1 log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

no correction 14.58 ± 0.99 63 ± 16 246 39
linear correction 14.17 ± 0.83 68 ± 16 243 39

quadratic correction 14.55 ± 0.97 63 ± 16 246 39

RDS2 log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

no correction 14.46 ± 0.69 67 ± 12 234 40
linear correction 14.24 ± 0.64 69 ± 11 234 40

quadratic correction 14.44 ± 0.68 67 ± 12 237 40

For this analysis, the noise is subtracted linearly and all signals are corrected
for the shower parameters before plotting.
It is clear that in RDS1 events with core positions to the east and north of
the array show a signature of a decaying LDF. However, for events with core
positions to the south or west of the array, this is not the case. This effect is
not clearly visible in RDS2.
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Figure 5.5: Lateral distribution of all events recorded in the east-west channel of RDS1
with signals larger than 4σ. Events with core positions north (upper left), south (upper
right), east (lower left) and west (lower right) of the array. All signal strengths are
corrected for the shower parameters.
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Figure 5.6: Lateral distribution of all events recorded in the east-west channel of RDS2
with signals larger than 4σ. Events with core positions north (upper left), south (upper
right), east (lower left) and west (lower right) of the array. All signal strengths are
corrected for the shower parameters.
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5.5 Simulations: MGMR LDF

The radio signals of our selection of 494 air showers are simulated by K. de
Vries at KVI Groningen, with the MGMR package. This section describes the
LDF analyses on this set of simulations, with and without adding a simulated
detector chain. The whole detector set-up is simulated using the RDAS (Radio
Detector Array Simulation) package [61]. In this simulation, the detector chain
consists of an antenna response (LPDA antenna in free space), a set of rect-
angular filters (between 50-70 MHz), an amplifier (53 dB) and cables (160 m
of RG213). The detector set-up described using RDAS corresponds very well
to the real detector set-up that was used to take data between 2007 and 2008
at the BLS. Figure 5.7 shows the relation between the simulated electric field
strength (x-axis) without a detector simulation and the corresponding pulse
height (y-axis) after adding a detector. The right side is a zoomed in version
of the left side.
The simulated cosmic-ray radio pulse consists of varying electric field strengths
(in µV m−1 MHz−1) during a few microseconds. When the detector response
is not simulated, the cosmic-ray radio signal is simply taken as the maximum
of this electric field strength. When adding a detector response to the simu-
lation, I take the maximum of the Hilbert envelope of the filtered (and thus
bandwidth-limited) pulse as the cosmic-ray radio signal. This is similar to the
LDF analysis performed on the measured data.
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Figure 5.7: Cosmic-ray radio signals (in V) from MGMR simulations after adding the
detector simulation as a function of the electric field strength (in V m−1) without the
detector, after correction for shower parameters. The right side is a zoomed in version
of the left side.



76
Chapter 5: Cabled set-up:

Description of events measured in one RDS

distance to shower axis [m]

0 500 1000

]
-1

 
 M

H
z

-1
V

 m
µ

m
ax

im
um

 s
ig

na
l [ 210

410

distance to shower axis [m]

0 500 1000

 ]
-1

 M
H

z
-1

V
 m

µ
co

rr
ec

te
d 

m
ax

im
im

 s
ig

na
l [

210

410

Figure 5.8: Cosmic-ray radio signals (in µV) from MGMR simulations as a function of
distance from the shower axis (in m) without (left) and with (right) correction for shower
parameters.

Correction for shower parameters

Figure 5.8 shows the effect of the correction for shower parameters on the spread
of the cosmic-ray radio signals simulated with MGMR. It shows the signals as
a function of distance to the shower axis without correcting (left) and with
correcting (right) for the shower parameters. Applying all corrections reduces
the width of the distribution of the simulated signals. This result strengthens
the motivation for applying this correction, which is done throughout this thesis.

Without a detector simulation

First, I perform the LDF analysis on the simulated data set without including
a detector description. An example is shown in the left side of figure 5.9. Note
that the units for the fit parameter S0 are now µV m−1 eV−1 (i.e. the units
of electric field strength per eV). When performing an unbinned fit, I use the
logarithm of the corrected electric field strengths and fit with y = S0 − x/R0.
I have not included any uncertainty on the radio signals nor on the distance to
the shower axis. The results for the fit parameters are in table 5.3.



5.5 Simulations: MGMR LDF 77

distance to shower axis [m]

0 200 400 600 800 1000 1200

)
-1

 E
eV

-1
V

 m
µ

lo
g(

si
gn

al
/1

 

0

2

4

6

8

distance to shower axis [m]

0 200 400 600 800 1000 1200

)
-1

V
 E

eV
µ

lo
g(

si
gn

al
/1

 

0

2

4

6

8

10

12

Figure 5.9: Cosmic-ray radio signals (in µV) from MGMR simulations as a function
of distance from the shower axis (in m) without (left) and with (right) detector; in both
cases after correcting for the shower parameters.

Table 5.3: Results MGMR LDF for RDS1 and RDS2, east-west channel, without adding
a detector simulation.

log(S0/(1 µV m−1 EeV−1)) R0 [m] χ2 # events

RDS1 9.19 ± 0.12 123 ± 4 425 448
RDS2 9.06 ± 0.12 131 ± 5 427 450

Table 5.4: Results MGMR LDF for RDS1 and RDS2, east-west channel, for the fit
parameters S0 and R0, after including a detector simulation.

log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

RDS1 14.08 ± 0.20 50 ± 1 578 375
RDS2 13.87 ± 0.19 51 ± 1 586 373

Including a detector simulation

The detector response is added to the simulations and an example of the LDF
is shown in the right side of figure 5.9. The results are shown in table 5.4.
Using this simulated data set, it is possible to study the effect of an event selec-
tion. To do so, I repeat the LDF analysis including only those simulated events
corresponding to the selected events with SNR > 4 in the measured data. The
results are listed in table 5.5.
Furthermore, it is possible to simulate background noise on top of the simula-
tions. The noise modules in the RDAS package are based on the measurements
of the galactic noise. Again, the analysis is repeated using a selection of events
for which the simulated signal strength is larger than 4 times the simulated
noise. These results are given in table 5.6. From comparing the results for
R0 in this table to the previous results (without adding noise), it is clear that
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Table 5.5: Results MGMR LDF for RDS1 and RDS2, east-west channel, with a detector
simulation, for the fit parameters S0 and R0. Only events with SNR > 4 in the data are
included.

log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

RDS1 13.67 ± 0.45 52 ± 4 58 50
RDS2 13.05 ± 0.37 60 ± 4 65 50

Table 5.6: Results MGMR LDF for RDS1 and RDS2, east-west channel, with a detector
simulation and including simulated background noise, for the fit parameters S0 and R0.
Only events with a simulated signal with SNR > 4 are included.

log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

RDS1 11.30 ± 0.20 508 ± 123 134 112
RDS2 11.45 ± 0.19 400 ± 75 128 117

including noise introduces a flatter LDF.

Effect of core position on LDF

Next, I want to study the effect of the location of the core position on the
ground with respect to the array of radio detector stations. Therefore, I plot
the lateral distribution for events with core positions to the north, south, east
or west of the array separately. The results for RDS1 are in figure 5.10, the
results for RDS2 look very similar. Note that there is a bias in the distribution
of the core positions due to the SD reconstruction, see figure 3.9 and [48]. It is
clear that the MGMR simulations show a decaying LDF at all positions around
the core, however, the spread in the plots for south and west is larger than for
east and north.

5.6 Simulations: REAS LDF

This section describes the LDF analyses on the data set simulated using the
REAS3 package. To simulate the whole detector set-up, I again use the RDAS
(Radio Detector Array Simulation) package [61] and the detector simulation
chain is similar to the one from the previous section. To get the LDF, I make
unbinned fits of the distribution of the simulated cosmic-ray radio signals as a
function of distance to the shower axis.
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Figure 5.10: Lateral distribution of all events simulated with MGMR in the east-west
channel of RDS1. Events with core positions north (upper left), south (upper right), east
(lower left) and west (lower right) of the array.

Without a detector simulation

First, I study the lateral distribution of the events, without adding a detector
simulation, see for an example the left side of figure 5.11. I have not included
any uncertainty on the radio signals and on the distance to the shower axis.
The results for the fit parameters are in table 5.7.

Including a detector simulation

The lateral distribution of the cosmic-ray radio signals simulated with REAS
is studied after adding the detector response with RDAS. The fit routine does
not work for the signals of RDS1, as is shown in figure 5.11. The results for
RDS2 are in table 5.8.

Table 5.7: Results REAS LDF for RDS1 and RDS2, east-west channel, without a
detector simulation.

log(S0/(1 µV m−1 EeV−1)) R0 [m] χ2 # events

RDS1 6.21 ± 0.14 156 ± 8 984 425
RDS2 6.30 ± 0.14 155 ± 8 1027 425
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Figure 5.11: Cosmic-ray radio signals (in µV) from REAS simulations as a function of
distance from the shower axis (in m) without (left) and with (right) detector; in both
cases after correcting for the shower parameters.

Table 5.8: Results REAS LDF for RDS2, east-west channel, with a detector simulation,
for the fit parameters S0 and R0.

log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

RDS2 9.01 ± 0.15 120 ± 5 1490 425

Next, I want to see what the effect is on the LDF when looking at a selection
of the events, including only the events with SNR > 4 in the data measured.
The results for the fit parameters are in table 5.9.

Table 5.9: Results REAS LDF for RDS1 and RDS2, east-west channel, with a detector
simulation, for the fit parameters S0 and R0. Only events with SNR > 4 in the data are
included.

log(S0/(1 µV EeV−1)) R0 [m] χ2 # events

RDS1 10.82 ± 0.43 70 ± 7 174 58
RDS2 9.80 ± 0.42 80 ± 8 201 63

Effect of core position on LDF

Finally, I want to see the effect of the location of the core position on the surface
of the Earth with respect to the array of radio detector stations for the REAS
simulations. Therefore, I plot the lateral distribution for all events with core
positions to the north, south, east or west of the array separately. The results
for RDS1 are in figure 5.12 and look very similar for RDS2. Note that the core
positions due to the SD reconstruction are not distributed in a random manner,
but follow the ‘star-like’ distribution as is shown in figure 3.9 and [48].
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Figure 5.12: Lateral distribution of all events simulated with REAS in the east-west
channel of RDS1. Events with core positions north (upper left), south (upper right), east
(lower left) and west (lower right) of the array. All signal strengths are corrected for the
shower parameters.

5.7 Conclusion and discussion

It is more complicated to analyse the LDF of the measured radio signals than
expected from simply assuming an exponentially decaying behaviour, as rep-
resented by equation (5.1). Nevertheless, the results for R0 of approximately
100-150 m, obtained for the data LDF, are in agreement with the results pre-
sented by Allan [11] and the LOPES collaboration [64]. Signals measured in the
north-south channels of RDS1 and RDS2 do not show a fall-off with distance
from the shower axis for distances below 700 m, even after a threshold cut of
4σ. Furthermore, we recorded less events with a clear signal in the north-south
channel, because it is roughly parallel to the orientation of the Earth’s magnetic
field. Therefore, the LDF analysis in this chapter only focuses on the east-west
channel.
For the simulated radio signals, it is clear from figures 5.9 and 5.11 that the
typical fall-off parameter for the signal strength with distance (the fit parameter
R0) changes when a simulated detector response is added. The fall-off of the
signals is steeper after a bandpass-limited filter between 50-70 MHz is applied.
This is in agreement with what is stated in chapter 2 and [62].
According to the MGMR simulations of the signals, the typical fall-off distance
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for a cosmic-ray radio signal is of the order of 50 m after adding a realistic
simulation of the detector set-up. The 4σ selection cut does not influence the
R0 parameter at all. However, when adding galactic noise to the simulated
signals, the typical fall-off parameter R0 becomes larger, around 100 m. Here,
one has to keep in mind that the noise simulation is based solely on the galactic
noise measurements, and that a more accurate way to simulate noise is still
under investigation. But, one can draw a qualitative conclusion from this anal-
ysis: the effect of noise on the LDF is to reduce the decay of the radio signal
as a function of the distance to the shower axis. Qualitatively, this is what
one would expect from the smearing of a steeply falling signal. It is also in
agreement with the fact that the LDF of the the measured data is flatter than
the one obtained for the MGMR simulations without noise. This, again, is ex-
pected, since the measurements include noise. Quantitatively, the effect seems
to be very strong.
The REAS simulations of the signals contain more noise, therefore the fit pro-
cedure did not work for RDS1. However, for RDS2 R0 is of the order of 40-50 m
after adding a realistic detector simulation, which is similar to the results ob-
tained using the MGMR simulations.
For the REAS simulations, the 4σ selection cut does not influence the results
strongly. When only events with signals larger than 4σ in the measured data
are included, R0 is of the order of 35 m. When looking at the simulated signals,
many traces hardly contain any signal. Therefore, it is difficult to draw any firm
conclusions from the analysis on the REAS simulations. From this analysis it is
clear that there are still rather large differences between the signals simulated
with either MGMR or REAS3. This is not in agreement with what is stated
in [41].
The effect of other shower parameters on the LDF was investigated for both
the data and the simulations. The events were divided into four quadrants,
with core positions to the north, south, east or west of the array. It is clear
from figure 5.5 that for events with core positions to the south or west of the
array the lateral distribution of the radio signals is flat with increasing distance
from the shower axis. When looking at the MGMR simulations, as is shown in
figure 5.10, it is found that all positions give a LDF that decays with increasing
distance from the shower axis. This result is different from the one obtained
from the study on the measured data. Figure 5.12 show the lateral distribution
as a function of core position with respect to the array for the REAS simula-
tions. From these plots it is clear that although most events do show a LDF
that decays with distance, there are quite a few outlyers. In future studies of
the LDF it is important to take into account the core position with respect to
the location of the detector. Note that there is an a-priori distribution in the
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core positions due to the SD reconstruction, see figure 3.9 and [48].
The difficulties encountered while studying the LDF have resulted in the on-
going improvements of the theory that lies underneath the simulations, as de-
scribed in chapter 2. Figures 5.13 and 5.14 show qualitatively what the effect
is on the LDF of including a 20% effect on the total emission due to a charge
excess mechanism. In these figures, the fall-off of the electric field is plotted
in colour for a vertically incoming shower around the core position, and multi-
plied with an exponentially decaying function e(S0−r/R0), where S0 = 11.5 and
R0 = 150 m. In the left side of figures 5.13 and 5.14, the electric field is purely
geomagnetic in origin. In the right sides the analysis is repeated after adding a
20% charge excess term to the total electric field. Figure 2.7 shows where the
combination leads to constructive or destructive interference. It is clear from
figure 5.13 that for the east-west channel the LDF becomes asymmetric when
a charge excess term is included. Figure 5.14 shows that for the north-south
channel the LDF becomes even more complicated. For both channels, a flat
(or even increasing) LDF can be explained when putting antennas at different
distances around the core position, but on the same contour representing a cer-
tain signal strength. Furthermore, it is clear from these figures that the signals
in the east-west channel are larger than in the north-south channel, which is as
expected and in agreement with our data.
To get to a better understanding, the next step in investigating the LDF is
to introduce more fit parameters. So far, I do not take into account that the
fall-off of the signals is different for the two emission mechanisms (geomagnetic
or charge excess). They need to be disentangled correctly in a future analysis.

Figure 5.13: Lateral distribution of the electric field of a vertically incoming shower
measured in the east-west channel around the shower core position at (0,0). The total
electric field contains only a geomagnetic contribution (left) or an additional 20% charge
excess term (right). The LDF is scaled with the parameters S0 = 11.5 and R0 = 150 m.
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Figure 5.14: Lateral distribution of the electric field of a vertically incoming shower
measured in the north-south channel around the shower core position at (0,0). The total
electric field contains only a geomagnetic contribution (left) or an additional 20% charge
excess term (right). The LDF is scaled with the parameters S0 = 11.5 and R0 = 150 m.



Chapter 6

Cabled set-up:
Single-event analysis

6.1 Introduction

In the previous chapter, I studied properties of the cosmic-ray events measured
in one radio detector station (RDS), in coincidence with the SD. In this sec-
tion, I focus on the events we measured in two or three stations simultaneously.
As in the previous chapter, I apply a digital filter between 50-70 MHz on the
measured traces of the radio signals. For the events measured with the wire-
LPDA or LOFAR antenna, I use the correction for their antenna responses as
determined in chapter 4.
Out of the total number of events measured in time coincidence with the SD be-
tween May 2007 and June 2008, I make two sub-selections. First, I study events
measured in the same channel of all three stations. After applying a signal-to-
noise cut for the channel (east-west or north-south) of the three stations, I get
a selection of events on which I perform several single-event analyses. Using
the radio detector data only, I reconstruct the arrival direction of the primary
cosmic ray and compare this with the arrival direction from the standard Auger
reconstruction using the SD stations. The analysis provides a measure of the
angular resolution of the radio detector set-up. This we can use for estimating
the resolution at longer baselines, i.e. for a larger set-up in the future. Next, I
study the lateral distribution of the cosmic-ray radio signals measured in three
different stations. For showers with selected radio traces in both channels of
all stations, I also study the polarisation of the signal. The LDF analysis is
repeated for two sets of cosmic-ray events that are simulated using the REAS
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and MGMR packages.
Finally, I focus on events that show a cosmic-ray radio signal in two radio de-
tector stations. When I combine this with information from the Auger surface
detector reconstruction, I can deduce the arrival direction of the primary cosmic
ray. For this, I take one of the arrival direction angles from the SD reconstruc-
tion, and reconstruct the other angle from the radio data alone. Furthermore,
I look at the lateral distribution of the two signals.

6.2 Events recorded in three stations

6.2.1 Event selection

The air-shower induced radio detector signal, or in short signal, is taken as
the maximum of the Hilbert envelope of the measured radio trace in the signal
window.
For this analysis, the SNR selection applied is that SNR > 4 in one channel
(east-west or north-south) of all three stations. This cut ensures that we study
actual cosmic-ray radio signals, and do not look at peaks from random noise
fluctuations. This selection results in nineteen events in the east-west channel,
and nine in the north-south channel. There are five events with SNR > 4
in all three stations, for both channels. These I use for studying polarisation
effects. The characteristics of the air showers, obtained from an SD analysis,
for the selected radio events are listed in tables 6.1 and 6.2. Note that also
the accuracy of the SD measurements is included. The five events used for
the polarisation studies are marked in bold in both tables. Events 3388350,
3398213 and 3425295 were measured with the wire-LPDA on RDS3, the other
events were measured with the LOFAR antenna at this station.
Some of the events studied in this chapter were recorded during thunderstorms.
Thunderstorms affect the signals from air showers, resulting in larger signal
strengths [10]. We know from the weather data of the Auger Observatory
[57] that the following events were recorded during thunderstorms: 4349437,
4602085, 4633032 and 4721607. These events are indicated with a ? in tables
6.1 and 6.2.
The core positions of the air showers associated with our selected events, and
the location of our three RDSs, are shown in figure 6.1. Figure 6.2 shows the
arrival directions (azimuth and zenith angles), as obtained from the SD data,
of these events. From the arrival directions in figure 6.2 it is clear that most
events with clear radio signals come from the south. This is in agreement with
the idea that the dominant emission mechanism is of a geomagnetic origin.



6.2 Events recorded in three stations 87

Table 6.1: Events for which SNR > 4 in the east-west channels of all three detector
stations. All parameters are obtained from the reconstruction of the surface detector
data. Here, D indicates the distance of the shower core to the centre of the antenna
array. The last column gives the position of the core on the ground with respect to the
location of the array (i.e. to the north, south, west or east). Event numbers in bold are
also measured in the north-south channels of the three stations. Events with a ? were
recorded during thunderstorms.

Event E [EeV] φ [◦] θ [◦] D [m]

w
ir

e

L
P

D
A 3388350 1.1 ± 0.4 -69.0 ± 0.3 58.4 ± 0.6 319 E

3398213 1.1 ± 0.2 161.8 ± 1.3 28.1 ± 0.8 209 N

L
O

F
A

R

3497935 1.3 ± 0.6 -22.8 ± 0.4 62.1 ± 0.8 419 W
3516888 0.5 ± 0.2 141.6 ± 1.7 44.7 ± 0.9 214 N
3526626 0.6 ± 0.2 -81.0 ± 0.5 56.4 ± 1.1 186 W
3531785 1.7 ± 0.4 174.8 ± 0.9 45.8 ± 0.6 131 W
3824872 0.5 ± 0.2 -124.4 ± 0.7 50.4 ± 0.4 341 N
3913232 0.3 ± 0.1 32.2 ± 3.3 43.9 ± 0.6 269 W
3913273 0.7 ± 0.2 147.5 ± 1.2 30.0 ± 1.0 145 S
4226086 0.4 ± 0.1 -58.0 ± 1.2 23.7 ± 3.4 31 S
4346034 0.2 ± 0.1 -81.5 ± 1.2 41.2 ± 1.7 383 S

4349437? 0.2 ± 0.1 -41.3 ± 2.3 31.8 ± 4.2 209 N
4352818 1.2 ± 0.5 171.7 ± 0.7 60.1 ± 0.6 259 W

4602085? 0.2 ± 0.1 -25.5 ± 2.5 21.7 ± 0.9 246 S
4633032? 0.4 ± 0.1 -104.8 ± 1.2 45.1 ± 2.3 554 S
4698935 0.2 ± 0.1 -160.4 ± 5.8 20.0 ± 0.7 118 S
4700239 0.2 ± 0.1 -89.0 ± 1.3 55.2 ± 1.8 202 N
4701978 0.5 ± 0.1 -80.4 ± 1.1 34.6 ± 1.2 563 S
4791122 0.3 ± 0.1 142.4 ± 1.9 39.5 ± 3.1 107 N

The fact that we see a larger number of events with distinct radio signals in
the east-west polarisation than in the north-south polarisation (as is shown in
tables 6.1 and 6.2) also corroborates this picture.

6.2.2 Arrival direction reconstruction

From the radio data of our selected events, I will reconstruct the arrival direction
of the associated shower. First, I explain why I do not perform this analysis on
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Table 6.2: Events for which SNR > 4 in the north-south channels of all three detector
stations. All parameters are obtained from the reconstruction of the surface detector
data. Here, D indicates the distance of the shower core to the centre of the antenna
array. The last column gives the position of the core on the ground with respect to the
location of the array (i.e. to the north, south, west or east). Event numbers in bold
are also measured in the east-west channels of the three stations. Events with a ? were
recorded during thunderstorms.

Event E [EeV] φ [◦] θ [◦] D [m]

w
ir

e

L
P

D
A 3388350 1.1 ± 0.4 -69.0 ± 0.3 58.4 ± 0.6 319 E

3425295 0.2 ± 0.1 -5.5 ± 2.2 54.2 ± 1.7 97 N

L
O

F
A

R

3497935 1.3 ± 0.6 -22.8 ± 0.4 62.1 ± 0.8 419 W
3834831 1.5 ± 0.6 42.6 ± 0.2 66.2 ± 0.4 482 S
4235335 0.2 ± 0.1 -58.9 ± 1.5 42.5 ± 1.6 131 E

4349437? 0.2 ± 0.1 -41.3 ± 2.3 31.8 ± 4.2 209 N
4602085? 0.2 ± 0.1 -25.5 ± 2.5 21.7 ± 0.9 246 S
4633032? 0.4 ± 0.1 -104.8 ± 1.2 45.1 ± 2.3 554 S
4721607? 1.1 ± 0.4 52.7 ± 0.4 56.7 ± 0.5 668 S
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Figure 6.1: Shower core positions and location of three RDSs in the standard Auger
coordinate system. Events selected in the east-west channel are shown in the left plot
and events selected in the north-south channel in the right plot. Circles indicate the
positions of the stations, triangles show events coming from the north and squares show
events coming from the south.
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Figure 6.2: Shower arrival directions, azimuth and zenith (black dots). Here east is
0◦, north is 90◦, west is 180◦ and south is −90◦. A zenith angle of 0◦ means a vertical
incoming particle, 90◦ is horizontal. Events measured in the east-west channels (left)
and north-south channels (right). The cross depicts the direction of the Earth magnetic
field in Malargüe (keep in mind that the magnetic field points ‘downwards’, with a zenith
angle of 125◦, depicted here as 180◦ − 125◦ = 55◦).

a larger set of events.
When using all events with SNR > 3 in the same channel of all stations, I obtain
a sample of 58 events (39 in east-west and 19 in north-south). However, when
those extra events are studied in more detail, it is not always clear which ‘peak’
belongs to the cosmic-ray radio signal, and which can be considered background
noise. As an example, figure 6.3 shows the radio trace of event 3559055 recorded
in the east-west channel of RDS2. This event has a signal larger than 3σ in the
signal window. However, as is clear from figure 6.3, in the signal window one
can distinguish several peaks that are larger than 3σ. It is very well possible
that, when reconstructing this event, I use a background noise peak, instead of
the real signal. Hence, I use the time of the wrong peak and consequently, get
a wrong direction measurement. Therefore, I only report the results for events
with just one peak in the signal window with SNR > 4 data set.
In order to perform an angular reconstruction on the radio data, I calculate the
Hilbert envelopes of the radio traces of one event. I determine the position of
the maximum of the Hilbert envelope in the signal window for each trace. Then,
I shift the traces until the overlap of the Hilbert envelopes is at a maximum,
see figure 6.4.
The shift of the traces corresponds to a difference in arrival time of the signal.
The two independent shifts are used to calculate the signal arrival direction,
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Figure 6.3: Radio trace recorded in the east-west channel of RDS2 of event 3559055.
The window in which we expect the cosmic-ray radio signal is between 2200-3000 ns.
The horizontal line indicates the 3σ level and the vertical, dashed lines indicate the
signal window.

or the zenith and azimuth angles. The arrival direction of the radio signal
corresponds to the direction in which the charged particles (emitting the radio
signal) in the shower pancake travel. This is, on average, parallel to the shower
axis. Therefore, the arrival direction of the radio signal corresponds, on average,
to the arrival direction of the primary cosmic-ray particle.
Instead of varying the time differences, I in fact vary the angles as described
below.
Let φ0 and θ0 be start values for the azimuth and zenith angle, obtained from the
surface detector reconstruction. Now, I calculate the expected time differences
between signal arrival times at the different detector stations for different (φ,θ).
The φ angle is varied in 2m steps of δφ in the interval [φ0 −mδφ, φ0 + mδφ]
and the angle θ in 2n steps of δθ between (θ0 − nδθ) and (θ0 + nδθ). Next, I
shift two of the traces according to this difference in arrival time and check if
it improves the amount of overlap between the three signals.
In order to check this improvement, I define the amount of overlap, S, as follows:
let Hi1 be the ith voltage-value in the signal window of the Hilbert envelope
of the trace measured in RDS1, Hi2 for RDS2 and Hi3 for RDS3. Then, I can
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Figure 6.4: Hilbert envelopes of cosmic-ray radio traces measured in three different
stations (left) and after shifting to make them overlap (right).

write the following expression for S:

S =
∑
i

Hi1 ·Hi2 ·Hi3 . (6.1)

The angles that give a shift in time for which S is at a maximum, correspond to
the determined arrival direction of the cosmic-ray shower. The resulting values
for S (colours), together with the arrival direction determined with the surface
detector data (black dot) for all events are shown in figures 6.5 to 6.8. Note
here that the deformation towards the upper parts of the figures is the result of
plotting the arrival direction in terms of spherical coordinates in a square plot.
For most events, the arrival direction reconstructed with the surface detector
falls in the contour indicating that S is at a maximum. This means that the
reconstruction, using the radio data, is in good agreement with the standard
Auger reconstruction of the associated shower. For comparison, the accuracy
of the SD reconstruction of the events is shown in tables 6.1 and 6.2.
The arrival direction reconstructed using the radio data is called the RD re-
construction, and indicated with (φRD, θRD). For each event I can com-
pare this to the arrival direction from the Auger SD reconstruction, (φSD,
θSD). The 3D-space angle Ω is used for this comparison. The cosine of this
angle follows from the dot product between the vectors indicating both ar-
rival directions, (sinθRDcosφRD, sinθRDsinφRD, cosθRD) and (sinθSDcosφSD,
sinθSDsinφSD, cosθSD). The left side of figure 6.9 gives the results for Ω, for
the nineteen events listed in table 6.1 and the right side for the nine events in
table 6.2.
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Figure 6.5: Arrival direction of events 3388350 (upper left), 3398213 (upper right),
3497935 (middle left), 3516888 (middle right), 3526626 (lower left) and 3531785 (lower
right); the colours show the radio reconstruction in terms of S of the east-west channel
(arbitrary units), the black dot depicts the surface detector data reconstruction.
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Figure 6.6: Arrival direction of events 3824872 (upper left), 3913232 (upper right),
3913273 (middle left), 4346034 (middle right), 4349437 (lower left) and 4352818 (lower
right); the colours show the radio reconstruction in terms of S of the east-west channel
(in arbitrary units), the black dot depicts the surface detector data reconstruction.



94
Chapter 6: Cabled set-up:

Single-event analysis

]° [φ
-80 -60 -40 -20 0

]° [θ

20

40

60

80

0

2

4

6

8

10

12

14

16

18
1210×

]° [φ
-140 -120 -100 -80

]° [θ
0

20

40

60

80

0

10

20

30

40

50

1210×

]° [φ
-180 -160 -140 -120

]° [θ

0

20

40

60

80

0

5

10

15

20

1210×

]° [φ
-120 -100 -80 -60

]° [θ

0

20

40

60

80

0

10

20

30

40

50

1210×

]° [φ
-100 -80 -60 -40

]° [θ

0

20

40

60

80

-2

0

2

4

6

8

10

12

1210×

]° [φ
100 120 140 160 180

]° [θ

0

20

40

60

80

-500

0

500

1000

1500

910×

Figure 6.7: Arrival direction of events 4602085 (upper left), 4633032 (upper right),
4698935 (middle left), 4700239 (middle right), 4701978 (lower left) and 4791122 (lower
right); the colours show the radio reconstruction in terms of S of the east-west channel
(in arbitrary units), the black dot depicts the surface detector data reconstruction.
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Figure 6.8: Arrival direction of events 3388350 (upper left), 3425295 (upper middle)
and 3497935 (upper right), 3834831 (middle left), 4235335 (middle middle) and 4349437
(middle right), 4602085 (lower left), 4633032 (lower middle) and 4721607 (lower right);
the colours show the radio reconstruction in terms of S of the north-south channel (in
arbitrary units), the black dot depicts the surface detector data reconstruction.
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Figure 6.9: Angular difference between the RD and SD reconstruction for all events
with SNR > 4. Events measured in the east-west channel (left) and north-south channel
(right). The grey areas indicate events measured during thunderstorms.

For the five events measured in both channels of all three stations, I can compare
the RD arrival direction reconstruction from the east-west channel data with
that from the north-south channel. As above, I compute the 3D-space angle,
ΩEW−NS , to express the difference in the reconstruction between the east-
west and north-south determination. The results are listed in table 6.3. The
difference for event 3388350 is rather large, which is due to our measurement
of this event with the first Aachen wire-LPDA on RDS3. This antenna was
asymmetric in the east-west and north-south channels. It was larger in the east-
west channel, extending its response to lower frequencies. Due to a frequency-
dependent group delay, one obtains a time-offset in the east-west channel of
RDS3 with respect to the other stations. This results in a difference in arrival
direction reconstruction between the two channels for this event. For the other
events, the reconstruction can be different, because the cosmic-ray radio signals
are not exactly the same in both channels. The signals are not equally strong
and the pulse shape is different in the two channels. Furthermore, the amount
of noise is different in both channels.

6.2.3 Lateral distribution

Next, I focus on the lateral distribution of the cosmic-ray radio signals of the
events listed in tables 6.1 and 6.2. The maximum value of the Hilbert envelope
of the radio trace, in the signal window, is taken as a measure for the cosmic-ray
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Table 6.3: Difference in the arrival direction reconstruction between the east-west and
the north-south channel. The angles φ and θ represent the azimuth and zenith angle
respectively, and Ω is the 3D-space angular difference between both reconstructions.
Events with a ? were recorded during thunderstorms.

Event φEW [◦] θEW [◦] φNS [◦] θNS [◦] ΩEW−NS [◦]
3388350 -73 64 -65 61 8
3497935 -21 60 -21 61 1
4349437? -31 25 -34 23 2
4602085? -27 24 -32 24 2
4633032? -105 41 -101 43 3

radio signal. The uncertainty on the signal is given by the standard deviation
of the first microsecond of the trace. The uncertainty on the distance between
a station and the shower axis, as determined with the SD, is highly correlated
when going from one station to the other. The uncertainty on the shower core
reconstruction is of the order of 50 m for the low-energy events we measure in
coincidence with SD (see [56]). This is almost the same as the spacing between
the antennas. The uncertainty on the shower core position has been investi-
gated in a trial study. I changed the measured core positions 100 times within
50 m in a random way and checked how this affected the lateral distribution by
looking at the average values for the fit parameters. The analysis does not affect
the results of the LDF studies significantly. Therefore, I report the results for
the LDF, assuming the values for the core position as they are obtained with
the SD.
Figure 6.10 shows the lateral distribution of the signals recorded in the east-
west channel of two events, 3526626 (on the left side) and 4700239 (on the right
side). From the left side of figure 6.10, it is clear that for event 3526626, the
signal strength falls off with distance to the shower axis. The right side of this
figure shows that this is not the case for event 4700239. In this analysis, one
does not need to correct for any shower parameters, because we are looking at
the same event measured in three different stations. The additional correction
for a charge excess effect was studied, but does not influence the results. There-
fore, no correction for shower parameters is applied. Furthermore, the effect of
subtracting the average maximum noise of the event is investigated. This, also,
does not alter the LDF results significantly.
Nine events (out of the nineteen) recorded in the east-west channel with signals
larger than four times the noise in all three stations, show a lateral distribution
that decreases with increasing distance. For the north-south channel this is
three events (out of nine).
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Figure 6.10: Lateral distribution of cosmic-ray radio signals (in µV) measured in three
stations (east-west channel) as a function of distance (in m) between the station and
the shower axis, as obtained from the SD reconstruction, for events 3526626 (left) and
4700239 (right). The horizontal bar indicates the uncertainty of 100 m on the distance.

Table 6.4: Results for the fit parameters S0 and R0 for events in the east-west channel.
Events with a ? were recorded during thunderstorms.

Event S0 [µV/EeV] R0 [m] χ2/dof

3398213 91767 ± 19866 82 ± 10 0.008
3516888 26915 ± 4955 67 ± 13 0.46
3526626 51250 ± 8664 154 ± 30 0.21
3824872 47390 ± 22804 199 ± 91 2.98
3913273 103991 ± 33094 104 ± 17 0.43
4226086 30753 ± 4210 85 ± 14 1.60
4349437? 332176 ± 16123 90 ± 3 32.47
4698935 37983 ± 9304 246 ± 68 0.51
4791122 26887 ± 4231 55 ± 6 2.76

Table 6.5: Results for the fit parameters S0 and R0 for events in the north-south
channel. Events with a ? were recorded during thunderstorms.

Event S0 [µV/EeV] R0 [m] χ2/dof

3388350 141417 ± 92627 103 ± 29 22.95
3425295 14764 ± 4572 84 ± 29 0.67
4349437? 761008 ± 202256 39 ± 4 3.44

The results for the fit parameters S0 and R0, for the events with a decaying
lateral distribution, are listed in tables 6.4 and 6.5. The results for the fit
parameter S0, obtained from the LDF studies of the different events, need to
be corrected for the shower parameters, as expressed by equation (5.1). The
results, after this correction, are shown in figure 6.11. The left plot shows the
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Figure 6.11: Results for the fit parameter S0 after correcting for the shower parameters;
east-west channel (left) and north-south channel (right). The arrow indicates the value
for S0 obtained for event 4349437, which was recorded during a thunderstorm.

results from the nine events with a good LDF in the east-west channel, and
on the right are the results for the three events in the north south channel. In
these figures event 4349437 is indicated with an arrow, because this is the event
with a decaying LDF, recorded during a thunderstorm. The results agree with
the range of values found for S0 when studying the LDF of the signals recorded
in a single station, however the uncertainty on these results are also quite large
(of the order of 0.1-3 V).

6.2.4 Polarisation

Five events (3388350, 3497935, 4349437, 4602085 and 4633032) have a signal
with SNR > 4 in both channels (east-west and north-south) of all three sta-
tions. They are used to study the polarisation of the measured signals. To
do so, I determine the ratio between the maximum signals measured in the
two channels for each station. This corresponds to the relative strength of the
electric field, ~E, in the two orthogonal directions in the plane of the Earth.
Also, for each event, I can calculate the direction of the electric field associated
with geomagnetic radiation from ~E = ~v × ~B and decompose this electric field
in an east-west and north-south component. The calculated electric field can
be compared to the ratio between the maxima of our measurements in the two
channels.
However, the ratio of the signals we measured would not give us the direction
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Figure 6.12: The voltage values of the radio traces of event 3388350 in a window of
100 ns around the maximum, measured in the east-west channel (x-axis) vs. the north-
south channel (y-axis), for RDS1 (dots), RDS2 (crosses) and RDS3 (squares).

of the electric field, only the absolute value of the angle between ~E and, for
example, the east-west direction. But ~E can still point in four directions. To
narrow this down, I plot the signals measured in the east-west channel against
the signals in the north-south channel, in a time window of 100 ns (i.e. 40 sam-
ples) around the maximum. Figure 6.12 shows what this looks like for event
3388350. However, it is still not possible to distinguish between the upper right
and lower left quadrants, or the upper left and lower right. If the signals fall in
the first combination of quadrants, it means that the electric field would point
either north-east (NE) or south-west (SW). Otherwise, it would point either
north-west (NW) or south-east (SE). This can be used as a first check to see
whether the signals follow a ~v × ~B signature. Table 6.6 shows the direction of
the ~E-field calculated from the SD parameters for the five events. Table 6.7
shows the measured results for these events.

6.2.5 Simulated LDF

In this section, the lateral distribution study is repeated on events that are sim-
ulated using the REAS3 and MGMR packages. I will focus on the single-event
lateral distribution of the nineteen events measured in the east-west channel
and the nine events in the north-south channel, see tables 6.1 and 6.2. I have
again included a detector response, using the RDAS [61] package. This detector
response is similar to the one described in chapter 5.
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Table 6.6: Polarisation parameters from a geomagnetic contribution, as calculated from
the SD reconstruction. The second and third column give the direction of the electric
field from ~v × ~B, using the arrival direction from the SD analysis. The fourth and fifth
column show the relative maximum signal expected in the signal window assuming this
direction of the electric field. The last column shows the direction of the electric field.

Event φE [◦] θE [◦] EEW ENS
EEW
ENS

(relative) (relative) direction

3388350 -170 72 -0.89 -0.15 5.8 SW
3497935 -142 47 -0.58 -0.45 1.3 SW
4349437 -168 70 -0.89 -0.19 4.7 SW
4602085 -170 72 -0.85 -0.15 5.7 SW
4633032 171 83 -0.97 0.14 -6.9 NW

Table 6.7: Polarisation parameters deduced from the radio measurements. In the last
column, the direction is taken from the scatter plots showing the signal in east-west
versus the signal in north-south.

Event maxEW
maxNS

maxEW
maxNS

maxEW
maxNS direction

RDS1 RDS2 RDS3

3388350 3.0 2.7 1.1 NW/SE
3497935 0.9 0.8 0.6 SW/NE
4349437 2.1 5.2 6.2 NW/SE
4602085 0.2 0.1 0.5 NW/SE
4633032 0.9 1.0 0.8 NW/SE

When studying the lateral distribution of single events, I plot and fit the cosmic-
ray signal strength as a function of distance from the shower axis in the same
way as was done for the data. The fit parameter R0 for the nineteen events
in the east-west channel is listed in table 6.8, and for the nine events in the
north-south channel in table 6.9.
The values for S0, after correcting for the shower parameters, are shown in
figure 6.13 for MGMR and in figure 6.14 for REAS. Here, the events with a
decaying LDF in the data are in black, the other events are in red. It is clear
from these figures and figure 6.11 that for both models the values of S0 obtained
for the simulations agree well with the ones obtained for the data.
For the MGMR simulations, the fit procedure did not work for two events,
which is indicated by leaving the results for R0 blank in the tables. Event
4701978 in table 6.8 shows no clear radio signal in the simulated trace. This
could be because the distance between the antennas and the core position on
the surface is rather large, almost 600 m. Event 3425295 in table 6.9 shows a
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Table 6.8: Results fit parameter R0 for nineteen events simulated with MGMR (columns
2-3) and REAS (columns 4-5) in the east-west channel. The χ2 values are for one degree
of freedom.

Event R0 [m] χ2/dof R0 [m] χ2/dof

3388350 141 ± 118 0.002 98 ± 82 0.002
3398213 53 ± 36 0.002 58 ± 39 0.03
3497935 195 ± 161 0.005 126 ± 104 0.08
3516888 114 ± 117 0.034 116 ± 0.2 (6 · 105)
3526626 266 ± 184 0.070 68 ± 45 0.02
3531785 93 ± 79 0.037 51 ± 44 0.009
3824872 101 ± 97 0.0004 76 ± 70 0.03
3913232 79 ± 60 0.031
3913273 53 ± 37 0.002 69 ± 48 0.03
4226086 67 ± 46 0.003
4346034 55 ± 41 0.0001
4349437 73 ± 66 0.028
4352818 222 ± 171 0.0001
4602085 44 ± 29 0.00004
4633032 52 ± 41 0.0008
4698935 50 ± 32 0.0003
4700239 206 ± 150 0.048
4701978
4791122 21 ± 14 0.002

non-decaying LDF. However, here one needs to keep in mind that the distance
between the antennas and the core position is less than 100 m. At these short
distances the uncertainty on the simulated radio signals is larger [62].
For the REAS simulations, in the east-west channel, events 4226086, 4349437,
4633032, 4700239 and 4701978 show no clear signal in the trace and events
3913232, 4346034, 4602085 and 4698935 show a non-decaying lateral distribu-
tion. For the north-south channel, event 4349437 shows no clear signal and
events 4602085, 4633032 and 4721607 show a non-decaying LDF. This is again
indicated by leaving the results for R0 blank.
When comparing the results for R0 in tables 6.8 and 6.9 with the ones obtained
for the data, in tables 6.4 and 6.5, it is hard to find a correlation between
the two. For example, the results of MGMR and REAS for event 3398213
(east-west channel) agree nicely, but they do not agree with the result for R0

obtained from the LDF analysis performed on the recorded data of this event.
The results for event 3526626 (east-west channel) are very different for MGMR,
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Table 6.9: Results fit parameter R0 for nine events simulated with MGMR (columns
2-3) and REAS (columns 4-5) in the north-south channel. The χ2 values are for one
degree of freedom.

Event R0 [m] χ2/dof R0 [m] χ2/dof

3388350 140 ± 118 0.00002 133 ± 110 0.001
3425295 28 ± 32 0.03
3497935 227 ± 188 0.120 117 ± 98 0.1
3834831 226 ± 168 0.006 147 ± 11 0.005
4235335 96 ± 89 0.008
4349437 74 ± 65 0.017
4602085 44 ± 29 0.0004
4633032 52 ± 40 0.001
4721607 69 ± 57 0.003

REAS or the recorded data. The latter is true for most of the other events. It
is therefore difficult to draw any conclusions from the comparison of the LDF
studies performed on the simulations and the recorded data.
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Figure 6.13: Results for the fit parameter S0 for MGMR after correcting for the shower
parameters; east-west channel (left) and north-south channel (right). Events with a
decaying LDF in the data are in black, other events are in red.



104
Chapter 6: Cabled set-up:

Single-event analysis

 [V/EeV]0corrected S

0 0.2 0.4 0.6 0.8 1

# 
en

tr
ie

s

0

1

2

3

 [V/EeV]0corrected S

0 0.2 0.4 0.6 0.8 1
# 

en
tr

ie
s

0

1

2

3

Figure 6.14: Results for the fit parameter S0 for REAS after correcting for the shower
parameters; east-west channel (left) and north-south channel (right). Events with a
decaying LDF in the data are in black, other events are in red.

6.3 Events recorded in two stations

6.3.1 Event selection

The data set consists of a sub-selection of the 494 scintillator-triggered events
recorded with the cabled set-up at the BLS. In this set I look for twofold events:
events with a recorded cosmic-ray radio signal larger than 4 times the noise in
the same channel (east-west or north-south) of two different stations. When
one of these stations is RDS3, I correct the recorded signals for the response of
the LOFAR or wire-LPDA antenna. Table 6.10 shows the number of twofold
events for both channels and each combination of stations.

Table 6.10: Number of twofold events, with signals larger than 4σ.

channel:
east-west north-south

RDS1 and RDS2 38 17
RDS1 and RDS3 31 17
RDS2 and RDS3 26 12
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6.3.2 Arrival direction reconstruction

To determine the arrival direction in terms of both the azimuth angle φ and
zenith angle θ, one needs three independent measurements of the radio signal
from the shower, as was done in the previous section. In this section, I take one
of the arrival direction angles from the SD reconstruction and reconstruct the
other one from the radio data of the event recorded in two stations.
To get the arrival direction from the two radio traces, I first determine the
Hilbert envelope of both traces. For each trace, I determine the position of
the maximum of the Hilbert envelope in the signal window. The traces can
be shifted, until the overlap of the Hilbert envelopes is at a maximum. The
shift of the traces corresponds to a difference in arrival time of the signal. The
difference in arrival time of the signal at the two stations is the result of a
certain arrival direction. To get the correct shift in time, I vary the arrival
direction of the cosmic ray in the following way: I take θ fixed at the value
from the SD reconstruction. The other angle, φ, is now varied in n steps of
one degree. With each (φ,θ)-pair a relative time shift of the signals in the two
antennas can be calculated. At each resulting shift in arrival time, I calculate
the amount of overlap of the Hilbert envelopes in the signal region of the two
traces. The amount of overlap S is given by

S =
∑
i

Hiα ·Hiβ . (6.2)

Here, Hiα is the ith value of the signal region of the Hilbert envelope of the
trace recorded in station α and Hiβ of station β (with α, β = 1, 2, or 3 and
α 6= β).
The results of the analysis are shown in figures 6.15, 6.16 and 6.17 for the
combination of RDS1 and RDS2, RDS1 and RDS3 and RDS2 and RDS3 re-
spectively. These figures show the reconstructed azimuth angles versus the SD
azimuth angle, when the zenith angle is fixed at the value obtained with the SD.
The azimuth angle, obtained from the two radio traces, is in good agreement
with the one obtained from the SD reconstruction. Hence, the measured radio
signals are indeed produced by cosmic-ray induced air showers.

6.3.3 Lateral distribution

When I demand a cosmic-ray radio signal larger than 4σ in two of the three
east-west channels (i.e. look at events with a clear signal in two stations), I can
study the LDF of these two signals. In total, there are 95 events that pass this
threshold cut for the three combinations of stations. However, when I demand
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Figure 6.15: Arrival direction reconstruction of the azimuth for events with a signal
larger than 4σ in the east-west channel (circles) or north-south channel (squares) of RDS1
and RDS2. The zenith angle is fixed at the value from the SD reconstruction.

the parameter R0 to be larger than 10 m and smaller than 800 m, there are
only 38 events left. In this way, I exclude events with a flat or extremely steep
LDF, and only look at events for which the cosmic-ray radio signal falls off
with distance from the shower axis. Figure 6.18 shows the results for the fit
parameter R0 on the left and S0 (after correction for the shower parameters)
on the right for these 38 events. One needs to keep in mind that in this analysis
there are no degrees of freedom left, because the LDF is determined using only
two data points.

6.4 Conclusion and discussion

Arrival direction reconstruction

It is clear from the analysis performed on a sub-selection of the events that it is
possible to reconstruct the arrival direction of the cosmic-ray primary particle
from the radio detector data. This sub-selection consists of events with a clear
cosmic-ray radio signal in all three detector stations. I have constrained the
analysis to a set of events that have a signal-to-noise ratio larger than four in
the same channel of three stations. For these 28 events, of which 19 are in
the east-west channel and 9 in the north-south channel, the arrival direction
reconstruction from the radio data (or RD reconstruction) is compared to the
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Figure 6.16: Arrival direction reconstruction of the azimuth for events with a signal
larger than 4σ in the east-west channel (circles) or north-south channel (squares) of RDS1
and RDS3. The zenith angle is fixed at the value from the SD reconstruction.

]° [
RD

φ
-150-100 -50 0 50 100 150

]° [
S

D
φ

-150

-100

-50

0

50

100

150

Figure 6.17: Arrival direction reconstruction of the azimuth for events with a signal
larger than 4σ in the east-west channel (circles) or north-south channel (squares) of RDS2
and RDS3. The zenith angle is fixed at the value from the SD reconstruction.

standard Auger surface detector (SD) reconstruction. I find a maximum devi-
ation in opening angle between the two methods of less than twenty degrees,
making it very likely that both systems indeed measure the same events.
The uncertainty on the SD reconstruction of these events is listed in columns
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Figure 6.18: LDF results for R0 (left) and S0 (right), for events with cosmic-ray radio
signals larger than 4σ in two of the three east-west channels, that show a decaying LDF.

three and four of tables 6.1 and 6.2. Here, one can see that the uncertainty
on the azimuth and zenith angle, determined with the SD, is of the order of
less than a degree to a few degrees. The relatively large uncertainties (of a few
degrees) on the SD reconstruction are due to the fact that these are low-energy
events. One has to keep in mind that the Pierre Auger Observatory was built
to study the highest-energy cosmic rays. Its results are therefore more accurate
at those higher energies.
The last column of table 6.3 shows an estimate for the uncertainty of the angles
from the RD reconstruction. Here, I compare the reconstruction between the
two different channels (east-west and north-south) for five events, that show a
SNR > 4 in both channels of all three stations. This comparison provides a
measure of the angular resolution of the radio detection of cosmic rays. Ex-
cluding the first event, because it was recorded with the wire-LPDA antenna
that was asymmetric for the two channels, one obtains a resolution of about 2
degrees from a three station measurement, with a detector baseline of 100 m.
It should be noted that the correction for different antenna responses is just
a first-order correction, the use of different antenna types will result in uncer-
tainties on the reconstruction. Also, the effect of noise on the signal has to
be taken into account. Noise does not only change the maximum value of the
measured radio signal, but also changes the pulse shape. Therefore, the posi-
tion of the maximum of the signal can change as a result of the noise in the
data. For more detailed studies of the effects of noise on the radio data, I refer
to [63]. However, these effects appear to be ‘under control’. The pulse shape
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of the signal measured in the two different channels is usually very different,
due to geometric effects. But the difference in the RD reconstruction between
east-west and north-south is only of the order of a few degrees. Therefore, I
conclude from these results that, with a larger set-up, we will surely be able to
reach a reconstruction resolution in the order of (less than) one degree, equal to
or better than the SD reconstruction uncertainty for the highest-energy events.

Lateral distribution

It is difficult to find ‘common’ parameters when studying the lateral distribution
of the events. One sees that the typical fall-off distance for the radio signal is
different for different events, and that some events do not even show a fall-off.
Even though we expect signal strengths to fall-off with distance from the shower
axis, we realise that a flat lateral distribution has been observed before in the
LOPES data [64].
Events with a signal strength that decays with distance to the shower axis
show that the typical fall-off distance is between 50 and 150 m, with some
exceptions.
For event 4349437, the LDF results for the data using the east-west or the
north-south channel are not in agreement. This cannot be explained in terms
of shower parameters, but is likely to be the result of a geometrical effect of the
antenna direction and the direction of the electric field that is associated with
the cosmic-ray radio signal. However, one also needs to keep in mind that this
event was recorded during a thunderstorm.
The uncertainty in the shower core position might explain events that do not
have a lateral distribution that decays with distance. However, changing the
core position does not change the shape of the LDF. In chapter 5, I studied the
relation between the lateral distribution and the position of the shower core on
the ground with respect to the location of the radio detector stations. Figure
5.5 shows that the LDF looks different for showers with core positions to the
north, south, east or west of the stations. Showers with core positions to the
south or to the west of the array show a lateral distribution that is flat (or even
increasing) with distance. The events in this chapter with a flat or increasing
lateral distribution also mostly have core positions to the west or south of the
array of radio detectors. To understand the lateral distribution better, a better
understanding of the relation between the signal strength and the geometry of
the locations of the shower core and the stations is necessary. This relation has
never been taken into account before when studying the lateral distribution of
radio signals from extensive air showers.
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Polarisation

Before drawing any conclusions from the polarisation studies, note that events
4349437, 4602085 and 4633032 were recorded during thunderstorms.
There are three features in the results that I would like to point out. First, it
is clear from the lateral distribution studies that events 3497935, 4602085 and
4633032 do not show a fall-off of signal strength with distance from the shower
axis. Table 6.7 shows that these are also the events with a relatively strong
signal in the north-south channel (i.e. the numbers in columns 2-4 are smaller
than or equal to one). From a geometrical point of view, we expect stronger
signals in the east-west channel if the radio pulses of air showers are a result of
geomagnetic radiation. This is because the magnetic field of the Earth is ori-
entated (almost exactly) north-south. Next, for events 3388350, 4349437 and
4602085 the direction of the electric field determined with ~v × ~B or with the
measurements do not agree. Here, it is interesting to note that for these events
the electric field from ~v × ~B has the same orientation, see columns 2 and 3 of
table 6.6. At last, one can see that for all events there is a difference between
the ratios of the east-west and north-south components that are calculated or
measured. Here, again, one sees that the geomagnetic assumption always pre-
dicts larger signals in east-west, where the measurements show larger signals in
north-south.
From this I conclude that, although most of the observed features can be ex-
plained by a geomagnetic picture, this is certainly not the whole story. There
is a clear hint in the data that there is another radiation mechanism that can
play a role for certain showers, depending on the specific shower parameters.
This is also stressed in chapter 2, and in [38] and [39].



Chapter 7

MAXIMA set-up:
Single-RDS and single-event
results

In this section I present the results for the arrival direction reconstruction and
the LDF of events measured with the MAXIMA set-up between May 1st and
September 9th 2010, in time coincidence with the Auger surface detector. This
data set consists of events measured with stations M1, M2, M3 and M4, that
are externally triggered by local scintillator panels at each station during this
period of data taking. In the period of data taking, we recorded one event in
time coincidence with the SD that showed a clear cosmic-ray radio signal in all
four stations, this is event 9650410.

7.1 Arrival direction reconstruction

The arrival direction is reconstructed using the events with radio signals larger
than 3σ in at least three stations. Because of this lower cut on the signal
strength than in the previous chapter (where it was set to 4σ), the reconstruc-
tion is less accurate. This is because the cosmic-ray radio signal can easily be
confused with another 3σ-peak in the signal window, as is demonstrated in fig-
ure 6.3. The reconstruction is done for all the events recorded in three stations,
and the results are shown in table 7.1.
In table 7.1, the third column indicates the opening angle between the RD
reconstruction using the signals recorded in the east-west channels and the
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Table 7.1: Difference between SD and RD arrival direction reconstruction of events in
three stations.

east-west north-south
Event stations ΩSD−RD[◦] ΩSD−RD[◦] ΩEW−NS [◦]

9565312 1,3,4 7.4
9565581 1,3,4 5.1
9596649 1,3,4 7.8 1.0 7.6
9717178 1,2,3 2.2
9853299 1,3,4 7.3
9922235 2,3,4 6.3
10026675 4.5
10112521 8.9

Table 7.2: Difference between SD and RD arrival direction reconstruction of event
9650410.

east-west north-south
Event stations ΩSD−RD[◦] ΩSD−RD[◦] ΩEW−NS [◦]

9650410 1,2,3 4.3 9.8 6.5
9650410 1,2,4 5.6 5.2 10.0
9650410 2,3,4 6.9 1.0 6.8
9650410 1,3,4 6.7 8.7 10.3

Auger SD reconstruction. The fourth column is similar, but now for the sig-
nals recorded in the north-south channels. Event 9596649 shows cosmic-ray
radio signals larger than 3σ in both channels. Therefore, I can compare the
reconstructed arrival direction using the two different channels in terms of an
opening angle, which is indicated in the last column.
Table 7.2 shows the results for the arrival direction reconstruction of the four-
fold event 9650410, using different combinations of three stations. Here, again,
the third column shows the opening angle between the SD reconstruction and
the RD reconstruction using the east-west channel, and the fourth column using
the north-south channel. The last column shows the opening angle between the
RD reconstruction using the two different channels.
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Figure 7.1: Opening angle between SD and RD reconstruction for events with radio
signals larger than 3σ in three stations. For event 9650410 results of the four different
combinations of three stations are included. Black: north-south channel, red: east-west
channel.

7.2 LDF

7.2.1 Single-event LDF

Only the fourfold event 9650410 shows a lateral distribution function where the
signal strength falls off with distance from the shower axis. Figure 7.2 shows
the LDF for this event. The results are fitted with S = S0e

−r/R0 and the results
for the fit parameters S0 and R0 are in table 7.3.
It is clear from figure 7.2 that two stations measured the event at approximately
the same distance from the shower axis (around 300 m). These are M1 and M3,
with M1 showing the larger signal in both channels. The ratio between the
measured signals in the east-west and north-south channel is different for the
two stations, which indicates that the polarisation of the signal in the two
stations is different. The core position of this event is to the south-east of M3
and to the south-west of M1. The difference in polarisation between the two
stations at the same distance from the shower axis is an interesting observation.
To explain this feature in terms of different contributions to the total emission,
one needs to include a mechanism that has a non-geomagnetic origin. It is
also the reason for the rather large χ2 values obtained from the LDF fitting
procedure, as are shown in the last column of table 7.3.
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Figure 7.2: LDF of event 9650410, east-west channel (left) and north-south channel
(right).

Table 7.3: Fit parameter results for the LDF of 9650410.

channel S0 [µV] R0 [m] χ2/dof

east-west (1.35 ± 0.07) ·105 214 ± 13 17.5
north-south (1.24 ± 0.10) ·105 136 ± 11 4.1

7.2.2 Single-RDS LDF

Next, I look at the LDF of events measured in the east-west channel of one
of the four MAXIMA stations. The analysis is similar to the one described in
chapter 5. First, the effect on the fit parameters of applying a threshold of 3, 4
or 5 times the noise is studied for M1. The number of measured events for this
station as a function of threshold is shown in table 7.4. To analyse the LDF,
I plot the logarithm of the recorded signals and fit with S = S0 − r/R0. All
signals are corrected for the shower parameters, including a 20% charge excess
term. The effect of subtracting the noise was investigated, but does not change
the reported results significantly. The results for M1 are in table 7.5. Table
7.6 shows the results for the fit parameters S0 and R0 for all four stations after
demanding a threshold of five times the noise.

Table 7.4: Number of events in M1 after demanding a radio signal larger than nσ

n = 3 n = 4 n = 5

M1 east-west channel 43 29 20
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Table 7.5: Fit parameter results for the LDF of the events recorded in the east-west
channel with M1 as a function of threshold.

M1 log(S0/1 µV EeV−1) R0 [m] χ2 # events

signals > 3σ 14.30 ± 0.21 96 ± 9 171 43
signals > 4σ 16.46 ± 1.03 37 ± 10 63 29
signals > 5σ 14.77 ± 0.53 60 ± 14 45 20

Table 7.6: Fit parameter results for the LDF of the events recorded in the east-west
channel with MAXIMA, with signals larger than 5 times the noise.

RDS log(S0/1 µV EeV−1) R0 [m] χ2 # events

M1 14.77 ± 0.53 60 ± 14 45 20
M2 14.44 ± 1.03 72 ± 26 41 14
M3 16.03 ± 1.35 42 ± 13 31 15
M4 16.07 ± 1.57 48 ± 17 44 20

7.2.3 MGMR simulations

The events recorded with the MAXIMA stations in time coincidence with the
Auger SD are simulated using the MGMR package. After including a detector
response, similar to the MAXIMA set-up, I can again repeat the LDF studies.
Table 7.7 shows the results for the fit parameters S0 and R0 after correcting the
simulated signals for the shower parameters and binning them using 11 bins.
The lateral distribution of the simulated signals of the fourfold event 9650410
is shown in figure 7.3. The results for the fit parameters S0 and R0 are in table
7.8.

Table 7.7: Fit parameter results for the events recorded in the east-west channel with
MAXIMA and simulated with MGMR.

RDS log(S0/1 µV EeV−1) R0 [m] χ2 # events

M1 15.77 ± 0.32 55 ± 3 127 76
M2 15.77 ± 0.30 53 ± 3 97 77
M3 15.47 ± 0.36 56 ± 3 107 76
M4 16.07 ± 0.33 52 ± 2 106 76
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Table 7.8: Fit parameter results for the LDF of the MGMR simulated event 9650410.

channel S0 [µV] R0 [m] χ2/dof

east-west (1.1 ± 0.2) ·105 89 ± 13 (3.6 · 106)
north-south (4.7 ± 0.9) ·105 65 ± 10 (2.9 · 107)
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Figure 7.3: LDF of the MGMR simulations of event 9650410, east-west channel (left)
and north-south channel (right).



Chapter 8

Summary and conclusions

In this thesis, I focus on the measurements of radio signals produced by ex-
tensive air showers, measured with two dedicated radio detector set-ups, con-
structed at the Pierre Auger Observatory in Argentina. These two set-ups are
test sites for the Auger Engineering Radio Area, of which the first 21 radio
detector stations are operational since the second half of 2010. Apart from pro-
viding us with a lot of technical experience to successfully start the construction
of AERA, the test set-ups have produced a lot of interesting data as well.
After an historical overview of the discovery of cosmic rays and the first at-
tempts to measure their radio signals in the 1960s and 1970s in chapter 1,
chapter 2 focuses on the theory of coherent radio emission from extensive air
showers. The important frequencies for observing this coherent radiation are
determined by the relevant path-lengths traversed by charged particles in the
shower. These path differences are partially of a geometric origin, due to the
geometry of the shower (build-up, maximum and decay) and the location of
the observer. Furthermore, multiple scattering of particles results in both a
longitudinal lag of particles along the shower axis, and a transverse motion
perpendicular to the motion of the shower pancake, creating additional path
differences. On top of this, there are also path differences because the tra-
jectories of the charged particles are altered by the Earth’s magnetic field. I
briefly introduce two different models that describe the radio emission from an
air shower, resulting from the contributions of different emission mechanisms.
These are the REAS and MGMR packages, and in this thesis, the data mea-
sured in Argentina is compared to the simulated signals from these models.
Because of this comparison, the theories have improved significantly over the
last few years. The improvements, and thus the description in chapter 2, are
partially based on the experimental results presented in the other chapters of
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this thesis.
Chapter 3 describes the two radio detector set-ups in more detail. The first
set-up consisted of three antennas that were powered via cables from a central
facility, located in a shipping container called the Balloon Launching Station
(BLS), in the south-west corner of the surface detector array of the Auger Ob-
servatory. The shipping container hosted further electronics, like amplifiers,
filters and digitizers, as well as a central computer used for data storage and
event selection. The whole set-up was triggered externally on particle showers
through two scintillator panels located near the BLS. This set-up had different
types of antennas installed, to decide on a final design for the AERA site. The
second set-up, called MAXIMA, consists of seven autonomous radio detector
stations. These are solar-powered, and the filtering, amplification, digitizing
and data-buffering all happen locally, at each station. The stations commu-
nicate through an optical fibre with a central computer at the BLS, where a
second level of event selection takes place. Four of these stations have addi-
tional scintillators to trigger the stations again on particle showers. The other
three stations are used to develop, amongst other things, a so-called self-trigger,
an algorithm to trigger on the radio signal of a cosmic-ray induced air shower
instead of on an external trigger. Data taking with the MAXIMA stations is
ongoing.
In chapter 4, I describe an analysis that shows that both set-ups are sensitive
to the galactic radio background. This is an important test, to make sure that
we are not dominated by noise from, for example, our own electronics. Fur-
thermore, this analysis can be used to correct for the different responses of the
different antennas used for the first set-up. For this set-up, we used an alu-
minium type of LPDA antenna for two stations and a LOFAR antenna for the
third station. The analysis on the galactic background shows that the received
background signal between 50-70 MHz is larger in the LPDA antennas than
in the LOFAR antenna. Furthermore, the LOFAR antenna is more sensitive
towards the horizon, and thus to a larger amount of man-made noise. This
turns out to be problematic when developing an algorithm for self-triggering.
Therefore, for the MAXIMA stations, we chose to use LPDA antennas, where
the design changed to the black-spider LPDA, which is easier to mount on poles.
The AERA stations also use this type of black-spider LPDA antenna.
Chapters 5 to 7 are the main focus of this thesis, as they contain the results
from analyses performed on cosmic-ray radio data. They are performed on
the scintillator-triggered events that are in time coincidence with air showers
measured with the surface detector array of the Auger Observatory. In this
way, we are confident that when the recorded radio trace shows a signal, this is
actually cosmic-ray induced. In these chapters, I mainly describe two analyses
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performed on these events.
First, I can use the radio data to reconstruct the arrival direction of the primary
particle and compare this to the arrival direction information deduced from the
surface detector data. In doing so, I find that the angular difference in arrival
direction of primary particles between the two detection methods is less than
20 degrees for data measured with the first set-up and less than 10 degrees for
data from MAXIMA. Furthermore, when I have clear signals in both channels
(east-west and north-south) of three stations, I can also compare the arrival
direction reconstructed using these two channels. In this way I find an angular
resolution of approximately 2 degrees for data measured with the first set-up
and 8 degrees for data from MAXIMA. However, the latter data set only has
two events for which the last part of this analysis can be done.
The other analysis focuses on the lateral distribution of the recorded radio
signals. The lateral distribution function, or LDF, describes how the signal
strength falls off as a function of distance from the shower axis. For this analy-
sis, I have assumed an exponential decay, where the signal strengths also need
to be corrected for the shower parameters: the primary energy, the cosine of the
zenith angle, the sine of the angle between the magnetic field and the arrival
direction and the cosine of the angle between the electric field and the direction
of the antenna (east-west or north-south). The total electric field consists of
a geomagnetic part and an approximately 20% contribution from the charge
excess mechanism. Looking at the simulations of the events, these corrections
are justified. Two types of lateral distribution studies are done. For the first, I
look at all the events recorded in one radio detector station with clear cosmic-
ray radio signals and plot these (after the correction for the shower parameters
mentioned above) as a function of the shortest distance between the antenna
and the shower axis. For the other analysis, I use events that show a clear
radio signal in two, three or four stations and make a single-event LDF. An
exponentially decaying function of the form S = S0e

−r/R0 is used to fit to the
data. Here, the fit parameters are S0 and R0, where the latter indicates a
typical fall-off for the signal strength with distance. It is important to have a
good estimate of this R0, when determining the spacing between antennas in
a future array. At last, the LDF analysis is repeated on the two sets of events
simulated with the REAS and MGMR packages.
When doing this LDF analysis, there are a few effects that need to be con-
sidered. First, the effect of noise in the recorded data was investigated. All
recorded radio traces contain background noise, and we want to know how an
arbitrary noise fluctuation (upward or downward) can influence the cosmic-ray
radio signal and thus the LDF. Therefore, to exclude this effect, I first make an
event selection, where I only include events with signals larger than a certain
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threshold. Then, I determine an average maximum noise per event and subtract
this from the maximum signal, linearly or quadratically. The overall conclusion
is that noise tends to flatten the LDF, making the fit parameter R0 larger.
Combining the LDF results from these different analyses and stressing that
the uncertainties can still be rather large, I find that the measured data yields
an overall value for R0 around 100-150 m for the single-RDS studies. When
looking at the single-event LDF analysis, the range of values for R0 is a bit
broader, between 50-200 m. The analysis on the MGMR simulations gives a
value of R0 ' 50 m for the single-RDS LDF and values between 44-200 m for
the single-event studies. REAS yields a value of R0 ' 45 m. The single-event
LDF analysis allows values for R0 between 50-130 m for REAS.
One of the main points of observation here is that we find that the LDF can
be flat, or even increasing with distance on several occasions. First, for events
measured relatively close to the shower axis (less than 150 m) we see this type
of behaviour. From the results of the more and more refined versions of the
MGMR simulation programme it is becoming clearer that at certain observer
locations other emission mechanisms then from a purely geomagnetic origin
can play a dominant role. Effects from a charge excess or Cherenkov radiation
possibly explain the observed behaviour of the LDF. Next, we see that it is also
important to take into account what the position of the shower core is on the
ground with respect to the location of the radio detector station. This is again
the result of other emission mechanisms playing a role, resulting in a LDF that
is dependent of the position of the antenna with respect to the shower axis and
the geomagnetic field.
Keeping all this in mind, AERA is now operational with 21 stations spaced at
an inter-antenna distance of approximately 150 m, in agreement with the LDF
results in this thesis. This means that larger data sets in the nearby future will
be available to continue the research on the lateral distribution of the radio sig-
nals. A good understanding of the LDF is crucial when one wants to be able to
deduce shower properties, like for example primary energy or composition, from
the radio data alone. The two models used for simulations, are becoming more
and more accurate when all the relevant emission mechanisms are investigated
from a theoretical point of view and included in the simulations. Continuous
comparison with data should also give us a better understanding of the radio
emission resulting from the charged particles in an extensive air shower.
To continue and improve the comparison between data and simulation, I think
that, at this point, it is better to reduce the spacing between the antennas of
AERA that still need to be deployed, at least for a part of the set-up. One
should consider grouping several antennas close together instead of making the
next part of the array less dense. In this way, one could possibly detect the
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effect of a Cherenkov-boosting for the first time in real data and yield a re-
alistic estimate of, or a limit on, the magnitude of this effect. Understanding
the lateral distribution is of crucial importance for reliable energy and direction
estimates of the primary particle using the radio detection technique.





Chapter 9

Valorisation:
Cosmic Sensation

9.1 Motivation

The last chapter of this thesis is dedicated to Cosmic Sensation: Experience
the Universe [65]. During my work as a PhD student, I have been spending
much time on education and outreach activities. I consider it very important
to encourage high-school students to choose science as one of their main sub-
jects. Extracurricular teaching in schools, by young researchers, is a good way
of getting teenagers interested in science. As a young researcher, I am a role
model and I can give them an idea about what the work of a PhD student in
astroparticle physics entails. Apart from teaching in schools, I think it is im-
portant to communicate our scientific results to a general audience, as broadly
as possible. This is what ‘Cosmic Sensation’ was all about: reaching as many
people as possible and informing them about the existence of cosmic rays. In
my opinion, both education and outreach activities are an example of valorisa-
tion. In Marx’ [66] definition 1, a product validates itself when it makes money
or generates value. Ensuring that high-school students become fascinated with
science means that they might make their way into universities. Hence, they
can turn into the excellent researchers of the future, which generates value for
our economy of knowledge. Convincing our tax payers that fundamental re-
search is one of the pillars of our civilisation, and hence needs funding, results
in the money we need to do our job. Therefore, I dedicate this last chapter

1the city of Nijmegen houses the ancestry of both Marx and Philips (those of the lightbulbs)
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of my thesis to the valorisation of my research. I will focus on the Cosmic
Sensation project in more detail.

9.2 Cosmic Sensation

9.2.1 ‘Academische Jaarprijs’ 2009

Every year, the foundation Academische Jaarprijs organises a competition to-
gether with NWO, NRC Handelsblad and the VPRO for research groups that
want to communicate their scientific results to a broad audience. In a proposal,
the group explains the topic of the research, together with recent discoveries,
and an original plan to communicate these results to the general public. The
prize consists of 100.000 euro, to be used for executing the proposed plan. We
were invited, together with the other competitors, to present our plan on the
VPRO television show ‘Noorderlicht Nieuws’, in July, 2009. This is a popular
Dutch scientific TV programme. In October 2009, we had to present our pro-
posal at the Boerhaave Museum in Leiden, to a jury presided by Prof. Rick van
der Ploeg. During the day, we were chosen to be one of the two finalists, who
had to repeat the presentation in the evening for a large audience. At the end
of that session, we were chosen as the winners of the ‘Academische Jaarprijs’
(Academic Year Award) 2009 [67]. The Radboud University Nijmegen doubled
the winnings with another 100.000 euro, making it possible for us to realise
Cosmic Sensation.

9.2.2 The Plan

The main idea behind Cosmic Sensation is to make an audience aware of the
existence of cosmic rays. We want to do this by connecting science to art and
entertainment, making science and scientists ‘cool’ at the same time.
Most people do not know about cosmic rays, or the continuous bombardment
of the Earth by these highly energetic particles from outer space. However, re-
alising that particles that we cannot see, hear, smell or feel, are flying through
us (without us knowing), is quite a fascinating discovery for most people! To
make people aware of the existence of these particles, we make them ‘visible’
and ‘audible’. The plan is to turn particle hits, registered by particle detectors,
into sound and light effects. In this way, one can listen to the ‘music’ composed
by the messengers from outer space. Additionally, the light effects or projec-
tions can create a visualisation of these particles, their sources in the universe
and so on. For the sound, we chose to attempt to make dance music. Hence,
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in short, Cosmic Sensation is a dance event where the music and visuals are
steered by cosmic-ray particles.
The goals of our plan can be divided into several layers, and each layer corre-
sponds to reaching a certain (or different) part of the whole audience. First, as
mentioned above, we want to make people aware of the existence of cosmic-ray
particles. This message we want to get through to the full 100% of the audience.
Secondly, we want to explain that this radiation is not scary or dangerous, and
this message needs to reach at least half of the people. Thirdly, we want to
convey that this radiation is the cosmos ‘speaking’ to us. Some of the parti-
cles come from far away regions in the universe, that are quite different from
our own solar system. We want to interest about 20% of the audience in the
possible sources and the origin of cosmic rays. Furthermore, we want to tease
people to learn more later. In this way, we want to interest at least a few per-
cent of the audience to find out more about cosmic rays and the universe after
attending Cosmic Sensation. Finally, we want to make young people interested
in studying physics and astronomy. With this last goal we want to reach about
1% of the number of people in the audience, either directly or by receiving the
message via someone in our audience. The event was primarily targeted at an
audience between the ages of 16 and 26, but turned out to be also attractive
for people outside this window, up to rather high ages.

9.2.3 The Science

The organisers of the ‘Academische Jaarprijs’ demand a publication in a well-
established scientific magazine as the basis for what one wants to communicate
to the public. We used the publication from the Pierre Auger Observatory in
‘Science’ [25] as this basis for Cosmic Sensation. In this article, we demonstrate
for the first time that cosmic rays with ultra high energies (more than 1020 eV)
do not come equally from all directions of our universe.
Low-energetic cosmic rays come from the sun, or, for example, other stars or
supernovae. Ultra-high-energetic cosmic rays (UHECRs) cannot come from
these sources, because they are too small and not powerful enough to accel-
erate particles up to these energies. We therefore think that they have their
origin outside the Milkyway. Because of their extreme energies, the trajectories
of UHECRs are only minimally altered by intergalactic and interstellar mag-
netic fields. Detecting them, and deducing their arrival directions, opens the
door to do charged particle astronomy. In this publication, the Pierre Auger
Observatory was the first to demonstrate this possibility and has hence given
us an extra sense for studying the universe. We can now not only study the
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light emitted by stars and other objects, but also the charged particles they
emit and accelerate.
Apart from announcing the beginning of charged particle astronomy, the article
describes a correlation between the arrival directions of UHECRs and nearby
galaxies containing an active, super-massive, black hole. These galaxies are
called AGN, or Active Galactic Nuclei. Due to violent collisions near the black
hole in the centre of an AGN, it emits radiation and particles in jets of plasma
that extend well into intergalactic space. The AGN have to be nearby, because
otherwise the cosmic-ray particle looses its ultra-high energy in interactions
with the cosmic microwave background through the GZK-effect [21], [22]. These
nearby AGN are ideal candidate sources for the UHECRs we detect on Earth.
Whether they are the actual sources of cosmic rays, is still under investigation.
In later publications, the correlation between the arrival directions of UHE-
CRs and the positions of nearby AGN had to be loosened [68]. However, the
evidence for an anisotropy in the arrival directions remains very strong. This
indicates that UHECRs come from well-defined regions in space, and not from
any arbitrary direction.

9.2.4 The Team

The team behind Cosmic Sensation consists of researchers from the High En-
ergy Physics Department of the Radboud University Nijmegen, who work for
the Pierre Auger Observatory. Additionally, the team consists of students of
the Radboud University that study different topics, like, for example, Biology,
Medicine, Management Studies or Law. They represent a part of the general au-
dience that we want to reach and, therefore, their input is crucial for making the
event a success. Additionally, Office Broomer [69] joined the team and brought
a lot of experience with various (technical) aspects of organising a dance event.
Together with the technicians from the High Energy Physics Department of the
Radboud University, we managed to realise Cosmic Sensation.

9.3 Experience the Universe

9.3.1 The ‘Researcher’s Night’

As a teaser to the the real Cosmic Sensation Dance Event in the fall of 2010,
we organised a Researcher’s Night in LUX theatre in Nijmegen on March 12th,
2010. During this evening, the general audience could choose from a lot of
interactive presentations in two halls of the theatre. We invited many experts
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Figure 9.1: A schematic overview of the technique behind Cosmic Sensation.

to cover a lot of different topics related to astrophysics, high-energy physics and
cosmology. For example, we had speakers discussing cosmic rays, black holes,
dark matter and dark energy, and collider physics at CERN. Furthermore,
we had a live connection with researchers in Argentina at the Pierre Auger
Observatory and with researchers in the ATLAS experiment control room at
CERN in Geneva. The audience could ask them questions and see them at
work at both these experiments. Finally, there was a panel discussion about
the relevance of fundamental research and its costs and benefits for society. The
evening was closed with an interactive science quiz for the audience, using their
mobile phones for SMS voting.

9.3.2 The Dance Event

Cosmic Sensation took place between September 30th and October 2nd, 2010.
A schematic overview of the technique behind cosmic sensation is shown in
figure 9.1. The different component of this overview will be explained in more
detail below.
In Park Brakkenstein (Nijmegen), an enormous dome [70] of 30 metres in di-
ameter was constructed, see figure 9.2. This dome can hold upto 1000 visitors
at a time.
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Figure 9.2: The dome in Park Brakkenstein has a diameter of 30 metres and can house
upto 1000 visitors.

Figure 9.3: Left: the particle detectors suspended in the top of the dome. Right: the
DJ booth in the center of the dome; each tube with LED lights is connected to a set of
particle detectors in the roof and on the floor of the dome.

Figure 9.4: Cosmic Sensation: Experience the Universe. Projections on the inside of
the dome and LED-light shows on the DJ booth in the dome at night.
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In the dome, particle detectors were suspended in a circle at the top (left side
of figure 9.3), and positioned in another circle on the floor of the dome. The
detectors in the roof of the dome and on the floor were all connected in pairs
to a central trigger electronics box . Using trigger logics, pairs of detectors
were created in this way. Each pair was in turn connected to one of the tubes
of LED lights on the DJ booth (right side of figure 9.3). When both particle
detectors registered a hit simultaneously, the next compartment in the strip of
LED lights would light up. After cumulating seven hits, the whole tube of LED
lights started flashing, indicating from which direction the hits were registered.
When a large fraction of the detectors was triggered simultaneously, indicating
a large cosmic-ray shower hitting the dome, global visual effects were displayed.
The output signals from the trigger logic were connected to a computer run-
ning Isadora [71], a graphical realtime programming environment popular in
the entertainment industry. This computer, in turn, steered the different out-
put components like the DJ booth, the levels of music (turning the particle hits
into sounds) and the visuals used for the dome video projection.
The audience could listen to the music, composed by the cosmic-ray particles,
on three levels, being a metaphor for several aspects of cosmic-ray physics. The
‘Cosmic Composer’ directly reflected the coincident hits, where each particle
was turned into a sound sequence. Several sequences could be started and
stopped by cosmic coincidences and would play simultaneously in patterns de-
termined by those start and stop triggers. This level of music really reflected
the arbitrary nature of cosmic rays. The next level, the ‘Cosmic Ambient’,
combined the raw particle hits with additional information from the detectors.
The direction of the particle that was registered was made audible. This was
done by using directional speakers, present at 6 places in the dome. In this
way, the audience could really hear where a particle came from. The last level
of music, the ‘Cosmic Remix’, is real dance music.
For the cosmic remix, the creativity of a DJ was combined with the information
from the particle detectors. This level reflects how science is performed at the
Pierre Auger Observatory: the ‘creativity’ of the researcher is added to the
continuous flow of information from the detectors, hence disentangling relevant
data from background noise. Here, the DJ could choose the dance tracks, while
the information from the particle detectors would remix the music.
The dance music was audible through headphones that each person in the au-
dience received at the entrance of the dome. In this way, Cosmic Sensation was
also the world’s largest Silent Disco. All three evenings started with a two-hour
set played by Acos Koolkas [72] and Kings of AM. Each night ended with a set
played by different DJs. On Thursday, this was DJ OD, the creator of Silent
Disco [73]. The other two nights were closed by performances from several DJs
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from Sneakerz [74].
The visuals were made by the VJs Mehmet Akten [75] (from the UK), Dalai
Felinto [76] (from Brazil), Martinsh Upitis [77] (from Latvia) and Mike Pan [78]
(from Canada). The visuals were projected onto the dome using six beamers,
that were connected. In this way, a full 360 degrees projection was created on
the inside of the dome. At night, the projections, together with the LED lights
on the DJ booth, gave the visitor a really cool cosmic experience, as is shown
in figure 9.4.
Unfortunately, we could not realise two levels of music, the Cosmic Composer
and the Cosmic Remix. We wanted the Composer to be audible at the toilets.
However, these were located outside the dome in a separate facility where we
were not allowed to produce music using speakers. For the remix, we simply
did not have enough time to get it tested and running during the event. The
cosmic remix music, audible over the headphones, was therefore replaced by
the dance music from the different DJ sets.

Looking back . . .

Overall, the whole project was a great success. All three nights we had between
750 and 900 visitors filling the dome. The whole time, the members of the team
were available for questions from people in the audience. Visitors loved to take
off their headphones for a discussion about cosmic rays and associated science.
Both the dance event and the researcher’s night were very well received by the
audience. Cosmic Sensation attracted a lot of attention in (local) newspapers,
like the Gelderlander. Furthermore, it generated publicity in places (e.g. like
dance radio stations), where science has normally no exposure at all! We there-
fore hope that the success of this project encourages scientists to continue their
investment in outreach activities.



Samenvatting

Ongeveer een eeuw geleden, in 1910, ontdekte Theodur Wulf dat op de Eif-
feltoren de stralingsniveaus niet zoveel afnemen als werd verwacht. De inten-
siteit van ioniserende straling, afkomstig van radioactief verval van materiaal
in de aarde, zou moeten afnemen met hoogte. In de daaropvolgende jaren de-
monstreerde Victor Hess met ballonvluchten dat deze straling zelfs toeneemt
naarmate men hoger komt in de atmosfeer. De oorsprong van deze mysterieuze
straling, ofwel ‘hoogtestraling’, zou dus buiten de aarde moeten liggen: het is
kosmische straling. Kosmische straling bestaat uit deeltjes, bijvoorbeeld pro-
tonen of atoomkernen, en is afkomstig van sterren als onze zon, van supernova
explosies of van verder weg. Zo denken we nu dat de kosmische straling van
de allerhoogste energie, die meteen het meest zeldzaam is, afkomstig is uit de
buurt van grote, actieve zwarte gaten in naburige sterrenstelsels.
De Franse natuurkundige Pierre Auger deed metingen aan radioactieve deeltjes
en registreerde cöıncidenties in tellers die op een onderlinge afstand van elkaar
waren neergezet. Door deze ontdekking formuleerde hij het bestaan van de deel-
tjeslawine. Kosmische straling botst op de atmosfeer van de aarde en creëert
zo een lawine van secundaire deeltjes die het aardoppervlak bereikt. Sinds een
aantal jaren meten we bij het Pierre Auger Observatorium in Argentinië de lawi-
nes, geproduceerd door kosmische straling met de allerhoogste energie. Omdat
deze het meest zeldzaam is en de grootste voetafdruk heeft op aarde, hebben
we 1600 deeltjesdetectoren geplaatst op een oppervlak van 3000 km2, met een
onderlinge afstand van 1,5 km. Daarnaast meten we met fluorescentietelesco-
pen het licht dat wordt uitgezonden door stikstof moleculen in de atmosfeer
die zijn aangeslagen door het ionisatiespoor van de deeltjes. De lawine laat zo
een lichtspoor achter, dat op donkere (maanloze), heldere nachten gemeten kan
worden.
Deze tweede manier van meten kan maar gebruikt worden in ongeveer 10%
van de tijd. Daarom ontwikkelen we een nieuwe detectiemethode om de hele
lawine te kunnen meten. Deze is gebaseerd op de waarneming van het radio-
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signaal afkomstig van de geladen deeltjes in de lawine. Doordat de geladen
deeltjes worden versneld en afgebogen in het magnetisch veld van de aarde,
zenden ze een radiopuls uit. Dit signaal wordt met een antenne gemeten, in
twee polarisatierichtingen: noord-zuid en oost-west. De ontwikkeling van deze
detectiemethode bij het Pierre Auger Observatorium en het analyseren van de
eerste data daarvan is het onderwerp van dit proefschrift.
De data in dit proefschrift is afkomstig van twee testopstellingen. De eerste
opstelling bestaat uit drie antennes in de buurt van een zeecontainer in het
westelijke deel van het observatorium. De antennes zijn via kabels verbonden
met de electronica (filters en versterkers), trigger-logica en een computer om
de data uit te lezen en op te slaan. De tweede opstelling bestaat uit autonome
stations, die via zonnepanelen zelf zorgen voor het benodigde elektrische vermo-
gen en via een optische fiber communiceren met een centrale computer. Deze
opstelling is MAXIMA genoemd, het Multi Antenne eXperiment in Malargüe
Argentinië. Het uitlezen van de antennes wordt getriggerd door twee scintilla-
toren, die dienst doen als deeltjesdetectoren. Daarnaast vergelijken we de data
met de gegevens van de standaard Auger detectoren. Als er een cöıncidentie is
tussen beide methoden, weten we zeker dat het gemeten radiosignaal afkomstig
is van een deeltjeslawine. De radioachtergrond wordt gemeten door sowieso elke
10 seconden een meting te doen en deze op te slaan.
In hoofdstuk 4 laat ik zien dat uit deze achtergrondmetingen blijkt dat onze
opstellingen gevoelig zijn voor de galactische achtergrond. Het maximum van
de achtergrond wordt gemeten op het tijdstip dat het centrum van de melkweg,
met daarin veel sterke radiobronnen, recht boven het Observatorium staat. De
variatie in de achtergrond heeft een periode die overeenkomt met een siderische
dag, 23 uur en 56 minuten. We weten hierdoor dat we gevoelig zijn voor de
galactische achtergrond en dus niet worden gedomineerd door andere ruis, bij-
voorbeeld afkomstig van onze eigen elektronica.
In de hoofdstukken 5 tot en met 7 leg ik de nadruk op de analyse van de data
afkomstig van kosmische straling, de radiosignalen gemeten in cöıncidentie met
een aantal van de 1600 Auger detectoren. Als het signaal goed zichtbaar is in
drie antennes, kan ik de richting waaruit het komt reconstrueren en vergelijken
met de richting die is bepaald uit de standaard Auger detectie. Uit de goede
overeenstemming tussen beide bepalingen blijkt dat we inderdaad kosmische
deeltjes meten en dat we met drie antennes al een resolutie voor de richtingsre-
constructie kunnen halen van een paar graden. Daarnaast onderzoek ik hoe de
sterkte van het signaal afhangt van de afstand tussen de antenne en de as van de
deeltjeslawine. Dit heet de laterale distributie van het signaal. Hier verwachten
we dat het signaal exponentiëel afvalt met afstand. Bovendien is het signaal
afhankelijk van een aantal eigenschappen van het deeltje, namelijk de energie,
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de aankomstrichting en de hoek tussen de antenne en het elektrisch veld. Het
totale elektrische veld bestaat uit een geomagnetische component, die bepaald
wordt uit de richting van het aardmagnetisch veld en de aankomstrichting van
het deeltje. Daarnaast is er een elektrisch veld dat wordt veroorzaakt door een
overschot aan negatieve lading (elektronen). Dit laatste wordt nu geschat op
zo’n 20% van het totale veld gemeten bij het Pierre Auger Observatorium.
Uit de laterale distributie studies blijkt dat het moeilijk is een verband te vinden
tussen de sterkte van het signaal en de afstand tot de lawine. Uit dit onderzoek
blijkt dat we ook rekening moeten houden met de positie van de antenne ten
opzichte van de locatie van het centrum van de lawine op de grond. Lawines die
ten noorden, zuiden, oosten of westen van de antenne op de grond komen, tonen
een ander resultaat. Dit komt ook terug in de polarisatie van het signaal als
het gemeten is in beide richtingen. De verhouding tussen de signalen gemeten
in de noord-zuid en oost-west richting hangt af van de locatie van de antenne
ten opzichte van de plaats waar de lawine op de grond komt. Beide resultaten
ondersteunen het idee dat er andere mechanismen een rol spelen in het verkla-
ren van de gemeten signalen. Puur het geomagnetische beeld, waarbij geladen
deeltjes worden afgebogen in het aardmagnetisch veld, zou signaalsterktes ge-
ven die symmetrisch zijn rond de as van de deeltjeslawine, en dit is niet wat we
meten.
Omdat we de laterale distributie nog niet helemaal begrijpen, concludeer ik in
hoofdstuk 8 dat we in de volgende fase (genaamd AERA, de Auger Engineering
Radio Array), om te beginnen de onderlinge afstand tussen de antennes niet
groter moeten maken dan 100-150 meter. Door het groeperen van antennes op
nog kleinere afstanden kunnen we de andere emissiemechanismen beter meten,
bestuderen en afschatten. Het in detail begrijpen van de verdeling van het
signaal over het aardoppervlak is noodzakelijk om tot een nauwkeurige meting
van de energie en aankomstrichting te komen van de kosmische deeltjes die de
lawine veroorzaakten.
In hoofdstuk 9 beschrijf ik een project waaraan ik heb deelgenomen om de
ontdekkingen op het gebied van kosmische straling aan een breed publiek te
communiceren: Cosmic Sensation. Om dit project te verwezenlijken hebben we
met een team van wetenschappers en studenten van de Radboud Universteit
Nijmegen meegedaan aan de Academische Jaarprijs 2009, georganiseerd door
de stichting Academische Jaarprijs met medewerking van NWO, de VPRO en
het NRC Handelsblad. We hebben deze prijs gewonnen en in maart 2010 een
wetenschapsavond georganiseerd in het LUX theater in Nijmegen, als voorlo-
per op het echte event. Cosmic Sensation vond plaats op 30 september, 1 en
2 oktober 2010 in een grote koepel in Park Brakkenstein in Nijmegen. Tij-
dens dit event hebben we kosmische deeltjes, gedetecteerd met apparatuur in
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de koepel, omgezet in dance muziek en lichteffecten. Op deze manier hebben
we op drie avonden een kosmisch dance-event gehouden. Daarbij hebben we
de bezoekers kunnen informeren over het bestaan van kosmische straling en ze
kunnen interesseren voor de mysteries van het heelal.
Cosmic Sensation is een goed voorbeeld van hoe wetenschappers kunnen com-
municeren met het brede publiek, dat uiteindelijk verantwoordelijk is voor de
financiering van fundamenteel onderzoek. Het belang van dit soort activitei-
ten, alsmede het belang van goed onderwijs bij natuurkunde op scholen, heeft
tijdens mijn promotieonderzoek een grote rol gespeeld. Door het combineren
van onderzoek met onderwijs en ‘outreach’ kunnen projecten als AERA bij het
Pierre Auger Observatorium ook in de toekomst verder ontwikkeld worden. En
dan verwacht ik dat we de eigenschappen van kosmische straling steeds beter
zullen begrijpen.
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cosmo-mannenkalender, de H&M website, het eenden schieten, het stress-ballen
gooien, de hulp bij het programmeren, de monologen tegen computers, de frus-
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Ik wil de hele crew van Cosmic Sensation bedanken voor het samen organiseren
en mogelijk maken van ons kosmische ‘dance event’. Dat was een goed gelukt
feestje!
Margriet, Tim, Saskia, Willem, Haili en Luiz: ooit (meer dan tien jaar gele-
den. . . ) zijn we samen begonnen met studeren, ik ben de laatste die promoveert
(tenzij Willem ooit nog een poging gaat doen). Bedankt voor al die jaren ge-
zelligheid en het samen kunnen klagen over proefschriftsores.
Cecile en Harm, naast tochten op de Binnendieze of in Luxemburg toch vooral
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weer een goede reden om samen te gaan winkelen en dan snel nog een keer met
Janneke in Berlijn!
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lingen) bedankt! Jan, Jans, Roos, Mags, Li, Tromp sr en jr, Imca, Lieke, Marte
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Renny, Anne, Sylvie en Laura: India, Oud en Nieuw, een goede gezamenlijke
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combinatie met onze zangtalenten. . . ik hoop dat we nog jaren ontzettend veel
lawaai maken samen! Hilarisch en gezellig non-stop! Judik, samen met Renny
houden we onze X-files weekenden in ere, ’t is altijd heerlijk toeven op de He-
rengracht!
Jacqueline en Rob, we zien elkaar veel te weinig maar het is wel altijd ontzet-
tend gezellig om samen af te spreken. Ik kan geen Argentijnse voetbalshirts
meer regelen voor Beau, maar daar vind ik wel een alternatief op!
Jildau, ook jou ken ik al heel lang en de reis naar Ladakh zal ik nooit vergeten.
Ik ben blij dat we dit jaar eindelijk een reünie houden met ons ‘groepje’, dat
wordt vast weer alle gekheid op een stokje!
Mike, op de een of andere manier blijf je een oud-klasgenoot ook al was je dat
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nooit. Bedankt dat je me hebt gewezen op het onderwijs!
Dimitri en Annemariet, de start van de tijdrit in Grenoble is een recent voor-
beeld van vele vrolijke momenten. Ik kom ook graag op de nieuwe katjes passen!
En bedankt dat jullie Remko hebben gevraagd zich over mijn kaft te ontfermen,
zelf klooien in ppt is natuurlijk gedoemd te mislukken; en Remko, bedankt voor
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De rest van de familie uit Uden en oma Mook: we gaan een mooi jaar tegemoet,
ik denk dat de familietrip naar Zeeland voor oma’s 90e verjaardag onvergetelijk
gaat worden. Mede dankzij de vlekkeloze organisatie!
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vesten van een testopstelling, om de golfers te laten schrikken en/of ons wat
reiskosten naar Argentinië te besparen, Groesbeek is dichterbij! Onvergetelijk
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Pap, mam, Hans en Elisa: dankzij jullie is het altijd fijn om in Doetinchem,
Zeist/Boskoop/Zevenhoven, Amritsar (lassi mango lassi), Gerardmer (koning
snackbar) of waar dan ook te zijn. Elisa, ik weet niet wat een zwaardere be-
valling is, een proefschrift of een baby, maar ik weet zeker dat we het allemaal
eens zijn over wat het best is gelukt zo rond april 2011: ik ben heel blij met
(baby) Lucas, de pret van kale bassie heeft me door de laatste tijd van stress
heen gesleept! En als suikertante sta ik altijd klaar voor logeerpartijtjes en
(opblaas)badjes!
Zo, dat was ’m, hèhè. Was wel erg leuk om te schrijven!
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José Coppens was born on the 15th of June 1981 in Doetinchem. She gradua-
ted at Gymnasium level at the Rietveld Lyceum in Doetinchem in 1999. From
1999-2005 she studied physics and astronomy at the Radboud University in Nij-
megen. She graduated cum laude in January 2005, after finishing her master’s
research on pulsar studies. For this research she worked at the National Centre
for Radio Astronomy in Pune, India, for eight months in 2003-2004. During
her time as a student, she was a member of the board of the physics students’
association Marie Curie in Nijmegen for two years and organised a study tour
to Scandinavia and St. Petersburg. From 2005-2006 she studied philosophy at
the Radboud University in Nijmegen with a scholarship from the Thomas More
Foundation (previously known as the Radboudstichting).
In September 2006 she started her PhD research for Nikhef and the Radboud
University under the supervision of Prof. Sijbrand de Jong, Prof. Frank Linde
and Dr. Charles Timmermans. She worked on the development of the radio
detection technique at the Pierre Auger Observatory for ultra high energy cos-
mic rays in Argentina. Complementary to her PhD research, she worked as
a teacher from 2009-2011 in several secondary schools. She gave classes on
(astro)physics and cosmic-ray research. She also worked as a role model for
VHTO (an organisation for women working in science and technology), trying
to stimulate young girls to choose science as a main topic in school. For this,
she received an award in 2010.
She helped organising Cosmic Sensation in 2009-2010. This outreach pro-
gramme for cosmic-ray research, developed by a group of researchers and stu-
dents from the Radboud University, was partially funded with the money re-
ceived after winning the competition of the ‘Academische Jaarprijs’ in 2009.
Currently, she is employed as a physics teacher at the Kandinsky College in
Nijmegen. She is also the coordinator for NLT (Natuur, Leven and Technolo-
gie), an interdisciplinary subject taught in secondary schools, for schools in the
Nijmegen area.



140



List of Publications

• “Search for First Harmonic Modulation in the Right Ascension Distri-
bution of Cosmic Rays Detected at the Pierre Auger Observatory”, The
Pierre Auger Collaboration, Astroparticle Physics 34 (2011), 627-639

• “The Pierre Auger Observatory Scaler Mode for the Study of Solar Acti-
vity Modulation of Galactic Cosmic Rays”, The Pierre Auger Collabora-
tion, to appear in JINST (accepted December 2010)

• “The exposure of the hybrid detector of the Pierre Auger Observatory”,
The Pierre Auger Collaboration, to appear in Astroparticle Physics (ac-
cepted October 2010)

• “Update on the correlation of the highest energy cosmic rays with ne-
arby extragalactic matter”, The Pierre Auger Collaboration, Astroparticle
Physics 34 (2010) 314

• “The Fluorescence Detector of the Pierre Auger Observatory”, The Pierre
Auger Collaboration, Nucl. Instr. and Methods in Physics Research A620
(2010) 227

• “The Northern Site of the Pierre Auger Observatory”, The Pierre Auger
Collaboration, New Journal of Physics 12 (2010) 035001

• “A Study of the Effect of Molecular and Aerosol Conditions in the At-
mosphere on Air Fluorescence Measurements at the Pierre Auger Obser-
vatory”, The Pierre Auger Collaboration, Astroparticle Physics 33 (2010)
108

• “Measurement of the energy spectrum of cosmic rays above 1018 eV using
the Pierre Auger Observatory”, The Pierre Auger Collaboration, Phys.
Letters B 685 (2010) 239



142

• “Measurement of the Depth of Maximum of Extensive Air Showers above
1018 eV”, The Pierre Auger Collaboration, Phys. Rev. Letters 104 (2010)
091101

• “Trigger and Aperture of the Surface Detector Array of the Pierre Auger
Observatory”, The Pierre Auger Collaboration, Nucl. Instr. and Methods
in Physics Research A613 (2010)

• “Atmospheric effects on extensive air showers observed with the Surface
Detector of the Pierre Auger Observatory”, The Pierre Auger Collabora-
tion, Astropart. Phys. 32 (2009), 89

• “Limit on the diffuse flux of ultrahigh energy tau neutrinos with the
surface detector of the Pierre Auger Observatory”, The Pierre Auger Col-
laboration, Phys. Rev. D 79, 102001 (2009

• “Upper limit on the cosmic-ray photon fraction at EeV energies from the
Pierre Auger Observatory”, The Pierre Auger Collaboration, Astroparti-
cle Physics 31 (2009) 399-406

• “Observation of Radio Signals from Air Showers at the Pierre Auger Ob-
servatory”, J. Coppens, for the Pierre Auger Collaboration, Nuclear Inst.
and Methods in Physics Research A, NIMA49724 (2009)

• “Observation of the suppression of the flux of cosmic rays above 4 x 1019

eV”, The Pierre Auger Collaboration, Phys. Rev. Lett. 101, 061101
(2008)

• “Upper limit on the cosmic-ray photon flux above 1019 eV using the
surface detector of the Pierre Auger Observatory”, The Pierre Auger Col-
laboration, Astropart. Phys. 29 (2008) 243-256

• “Correlation of the highest-energy cosmic rays with the positions of ne-
arby active galactic nuclei”, The Pierre Auger Collaboration, Astropart.
Phys. 29 (2008) 188-204,

• “Upper limit on the diffuse flux of ultrahigh energy tau neutrinos from
the Pierre Auger Observatory”, The Pierre Auger Collaboration, Phys.
Rev. Letters 100 (2008) 211101

• “Correlation of the Highest-Energy Cosmic Rays with Nearby Extraga-
lactic Objects”, The Pierre Auger Collaboration Science 318 (5852), 938
(9 November 2007)



143

Internal notes

• “Physics data set from MAXIMA”, A.M. van den Berg, A. Aminaei,
J. Coppens, W. Docters, H. Falcke, E. D. Fraenkel, S. Grebe, S. Harm-
sma, J.R. Hörandel, S. de Jong, J.L. Kelley, A. Nelles, O. Scholten, H.
Schoorlemmer, C. Timmermans, K.D. de Vries, G. Zarza (2011)

• “AERA proposal for the construction of the 20 km2 Auger Engineering
Radio Array at the Southern Auger Observatory”, The AERA Group
(2009)

• “Lateral Distribution of Radio Signals from Extensive Air Showers”,
J. Coppens and C. Timmermans (2009)

• “Measurements of the radio background between 30 and 80 MHz”, H.
Schoorlemmer, A.M. van den Berg, J. Coppens, E. D. Fraenkel, S. Grebe,
S. Harmsma, S. de Jong, C. Timmermans (2009)

• “A radio survey at the AMIGA site”, J. Coppens, J. Hörandel, C. Tim-
mermans, A. M. van den Berg (2009)

• “Analysis of Galactic Radio Background Noise”, J. Coppens, A. M. van
den Berg, S. Harmsma, S. de Jong, R. Meyhandan, C. Timmermans
(2007)

• “First detection of radio signals from cosmic rays at the Pierre Auger
Observatory”, A. M. van den Berg, J. Coppens, S. Harmsma, S. de Jong,
M. Leuthold, C. Timmermans (2007)



144



References

[1] G.A. Askaryan, Soviet Phys. JETP 14, 441 (1962)

[2] G.A. Askaryan, Soviet Phys. JETP 21, 658 (1965)

[3] J. V. Jelley, et al., Nature, 205, 327-328 (1965)

[4] F. Kahn and I. Lerche, Proc. of the Royal Society of London (A), 289, 206
(1966)

[5] S. A. Colgate, Jounal Geophys. Res. 72, 4869 (1967)

[6] D. J. Fegan et al., Can. Journal Phys., 46, S 250 (1968)

[7] J.R. Prescott et al., Can. Journal Phys., 46, S 246 (1968)

[8] H. R. Allan et al., Nature, 225, 253 (1970)

[9] W. N. Charman, Journal Atmospheric and Terrest. Phys., 30,195 (1968)

[10] S. Buitink, Radio emission from cosmic particle cascades; Ph.D. thesis
(2009)

[11] H. R. Allan: Progress in Elementary Particle and Cosmic Ray Physics;
ed. J. G. Wilson and S. A. Wouthuysen, Vol. 10 (1971) 171

[12] J. Lamblin and the CODALEMA collaboration: Radiodetection of astro-
nomical phenomena in the cosmic ray dedicated CODALEMA experiment ;
ICRC 2007 Proceedings, 0337

[13] A. Horneffer and the LOPES collaboration: Primary particle energy cal-
ibration of the EAS radio pulse height ; Proceedings of the 30th ICRC,
2007



146

[14] The AERA group: AERA proposal for the construction of the 20 km2
Auger Engineering Radio Array at the Southern Auger Observatory ; In-
ternal PAO publication (GAPnote) 2009-172 (2009)

[15] H. Falcke and P. Gorham, Astropart. Phys., 19, 477 (2003)

[16] T. Huege et al., Astropart. Phys., 27, 392 (2007)

[17] O. Scholten, K. Werner, F. Rusydi: A macroscopic description of coherent
geomagnetic radiation from cosmic ray air showers; Astropart. Phys. 29,
94 (2008)

[18] O. Scholten, K. Werner: Macroscopic model of geomagnetic radiation from
air showers; Proceedings of the ARENA conference, 2008

[19] T. Antoni et al., Astropart. Phys., 24, 1 (2005)

[20] M. Nagano and A. A. Watson: Observations and implications of the
ultrahigh-energy cosmic rays; Reviews of Modern Physics, 72-3 (2000)

[21] K. Greisen, Phys. Lett. Rev., 16, 148 (1966)

[22] Z. T. Zatsepin and V. A. Kuz’min, Zh. Eksp. Teor. Fiz. Pis’ma Red., 4,
144 (1966)

[23] A. A. Penzias and R. W. Wilson, Astrophys. J., 142, 419 (1965)

[24] The Pierre Auger Collaboration, Phys. Lett. B 685, 239 (2010)

[25] The Pierre Auger Collaboration, Science 318, 938 (2007)

[26] T. K. Gaisser: Cosmic Rays and Particle Physics; Cambridge University
Press (1990)

[27] J. W. Cronin, TAUP proceedings (2003)

[28] T. Stanev: High energy cosmic rays; Springer (2004)

[29] W. Heitler: Quantum Theory of Radiation; Oxford University Press (1944)

[30] B. Rossi and K. Greisen, Revs. Mod. Phys., 13, 240 (1941)

[31] J. D. Jackson: Classical Electrodynamics; Wiley (1962)

[32] D. Heck et al.: A Monte Carlo code to simulate extensive air showers;
Technical Report 6019, KIT (1998)



147

[33] T. Bergmann et al., Astropart. Phys. 26, 420 (2007)

[34] T. Huege, H. Falcke, Astronomy and Astrophysics 412, 19 (2003)

[35] J. A. J. Matthews, Internal PAO publication (GAPnote) 1998-002 (1998)

[36] K. Werner, O. Scholten: Macroscopic treatment of radio emission from
cosmic ray air showers based on shower simulations; Astropart. Phys. 29,
393 (2008)

[37] K. de Vries et al.; ICRC Lodz (2009)

[38] H. Schoorlemmer, et al., Proceedings of the ARENA conference (2010)

[39] K. de Vries et al.: Macroscopic Geo-Magnetic Radiation Model; Polar-
ization effects and finite volume calculations; Proceedings of the ARENA
conference (2010)

[40] K. de Vries et al., Cherenkov letter

[41] T. Huege, et al.: The convergence of EAS radio emission models and a de-
tailed comparison of REAS3 and MGMR simulations, ARENA conference
proceedings (2010)

[42] T. Huege and H. Falcke, Astropart. Phys. 24, 116 (2005)

[43] M. Ludwig, et al.: REAS3: Monte Carlo simulations of radio emission
from cosmic ray air showers using an “end-point” formalism; Astropart.
Phys. (2010)

[44] The Pierre Auger Collaboration, Nucl. Instr. Meth. A, 50-95 (2004)

[45] The Pierre Auger Collaboration: AMIGA - Auger Muons and Infill for the
Ground Array ; ICRC Lodz (2009)

[46] The Pierre Auger Collaboration: Extension of the Pierre Auger Obser-
vatory using high-elevation fluorescence telescopes (HEAT); ICRC Lodz
(2009)

[47] for the most recent publications of the Pierre Auger Collaboration:
http://www.auger.org/technical−info/

[48] S. Harmsma: Radio signals of cosmic-ray-induced air showers at the Pierre
Auger Observatory ; PhD thesis (2011)



148

[49] A. M. van den Berg et al.: First Detection of radio signals from cosmic rays
at the Pierre Auger Observatory ; Internal PAO publication (GAPnote)
2007-065 (2007)
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