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1 Introduction

1.1 The mystery of the cosmic rays

Some things in physics just don't make sense. Or, at least, don't seem to make 

sense. These unsolved problems are the things that make physics interesting, 

and are also a great source of conversation material at social occasions. One of 

these unanswered questions is the problem of the ultra-high energy cosmic rays: 

some cosmic rays appear to possess energies that we think are impossibly high. 

How can it  be that  these cosmic  rays  have energies  higher  than those which 

cosmic accelerators in the near Universe can produce, while we also know that 

these  cosmic  rays  could  not  have  come  from  further  away?  Where  do  these 

cosmic  rays  come from,  if  they  are  not  from the  distant  Universe,  nor  from 

accelerators in the nearby Universe, and neither are relics of the Big Bang?

This question is featured on various lists of greatest unanswered questions in 

physics [1, 2, 3, 4]. At the 3,000 square kilometre Pierre Auger Observatory, we 

study the properties of  these “impossible”  cosmic  rays,  collecting information 

that may lead to the unravelling of the mystery of their existence.

1.2 History of cosmic rays

The discovery of cosmic rays dates back to 1910, one hundred years ago. After 

radioactivity had been discovered, scientists noticed that the air around them was 

continuously being ionized. Experiments were devised to determine whether this 

ionization is a property of air itself, or a result of the natural radioactivity of the 

Earth.

At that time, Theodor Wulf was a physics teacher at the Ignatius College in 

Valkenburg,  the  Netherlands.  He  had  designed  and  built  an  electrometer,  a 

device  with  which  he  had  measured  the  ionization  by  natural  sources  of 

radiation. He predicted that the ionization of air would be lower at high altitudes, 

as the air there is further away from the ionizing sources on Earth. To test his 
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hypothesis, he travelled to Paris in 1910, where he measured the ionization at 

the top of the Eiffel Tower, and compared this with the value measured at the 

bottom of the tower. Contrary to his prediction, the ionization didn't decrease 

with altitude, but actually increased! However, when he reported the observations 

he had made at the Eiffel Tower, his results were initially not accepted.

It  was  therefore  still  believed  that  the ionization  of  the air  was caused by 

sources of radiation on Earth. Since it is easy to shield from α and β-rays, it was 

suspected that the air was being ionized by γ-rays, the other type of radiation 

known at the time.

To determine the penetrating power 

of these  γ-rays, Victor Hess performed 

a series of precise experiments during 

1911-12,  flying  in  a  balloon  up  to 

heights of 5.3 km (Figure 1.1). Also to 

his  surprise  he  found  that  the 

ionization  didn't  decrease  with  height, 

but  strongly  increased.  He  explained 

the results of his measurement with “a 

radiation  of  very  high  penetrating 

power  enters  the  atmosphere  from 

above”.  In  1936,  Hess  received  the 

Nobel Prize in Physics for the discovery 

of cosmic rays.

Hess'  results  were  confirmed  in 

1913-1914 by Werner Kolhörster, who measured the increased ionization rate at 

altitudes up to 9 km. The term “cosmic ray” was first used by Robert Millikan, 

who measured the ionization with instruments that he lowered to various depths 

into mountain lakes. He believed the ionizing rays were γ-rays originating from 

nucleosynthesis reactions, having energies from 30 to 250 MeV. Since 10 meters 

of depth in water is equivalent to the total thickness of the atmosphere, Millikan 

believed  his  measurements  would  more  accurately  determine  the  absorption 

length of cosmic rays. However, he found that the ionization at relatively large 

depths (up to 1700 g/cm2; 17 meters of water equivalent) was too high to be 

attributed to 250 MeV γ-rays.
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Figure 1.1: Victor Hess before his
1912 balloon flight in Austria.
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Later  experiments  revealed  that  cosmic  radiation  consists  of  various 

components  that  have  different  penetrating  powers  [5, 6, 7].  Rossi  classified 

these components as hard, soft and ultrasoft radiation [8].

Before high-energy particle accelerators became available, cosmic rays were 

the  major  source  of  high-energy  particles.  Therefore,  most  of  the  research 

around cosmic rays focused on their high-energy physics properties. Due to this 

lack of particle accelerators, most of the particles discovered before 1950 were 

observed through cosmic-ray interactions.

The  progress  in  cosmic-ray  research  was  boosted  by  inventions  and 

discoveries made in other fields of physics. The cloud chamber made ionizing 

tracks directly visible, and the thickness of the track measured the amount of 

ionization.  Devices  like  the  Geiger-Müller  counter  made  it  possible  to  count 

charged particles, making particle detection a lot easier.

By  placing  one  counter  on  top  of  another  one,  it  was  shown  that  some 

particles  could trigger both counters simultaneously,  and therefore they must 

have had energies large enough to penetrate both of them. By putting a certain 

amount of matter, like lead or gold, in between both counters, it was proved that 

some cosmic-ray particles had even higher energies, and were not γ-rays.

Instead  of  on  top  of  one 

another,  counters  could  also  be 

positioned at the same level, with 

a certain distance between them. 

In  1938,  it  was  discovered  by 

Pierre  Auger  (Figure  1.2)  that 

sometimes these counters  would 

trigger  simultaneously.  These 

coincidences  demonstrated  that 

some cosmic rays arrive in groups 

at  the  surface  of  the  Earth;  this 

marked  the  discovery  of  the  air 

shower.
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Figure 1.2: Pierre Auger in 1935.
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Figure 1.3: Impression of an air shower induced by a (primary) cosmic ray. When 
air showers were discovered by Auger, pions were not yet known.
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Air  showers,  also  called  cosmic-ray  showers,  are  cascades  created  by  the 

interaction  of  a  cosmic  ray  with  the atmosphere.  During  such  an interaction, 

which  usually  takes  place  at  high  altitudes,  several  high-energy  secondary 

particles are created. These in turn also interact with the atmosphere, creating 

more  secondaries,  and  eventually  an  avalanche  of  secondary  particles  is 

travelling towards the Earth.  This  led to the formation of  the electromagnetic 

cascade theory, which is discussed in Chapter 2. Depending on the energy of the 

cosmic ray that initiated the cascade, air showers can consist of millions or even 

billions  of  particles  such  as  electrons,  positrons,  pions,  muons,  gammas and 

neutrinos. An impression of an air shower is shown in Figure 1.3.

Auger performed a thorough investigation of  these air  showers,  and found 

that the frequency of counters triggering in coincidence became smaller when the 

distance  between  the  counters  was  increased.  It  is  not  hard  to  imagine  that 

primary cosmic rays with a higher energy can create a larger shower, and it was 

discovered that a few cosmic-ray events had very high energies. Pierre Auger was 

able to estimate that the primary cosmic rays that created these large air showers 

must have energies of at least 1015 eV [9].

After  it  was  realized  that  the  primary  cosmic  rays  were  in  fact  positively 

charged  nuclei,  physicists  began  to  explore  their  interaction  with  the  Earth's 

magnetic field. This led to the discovery of the east-west effect: the number of 

cosmic rays coming from the west appeared to be larger than those from the 

east [10].  Due  to  the  direction  of  the  geomagnetic  field,  the  Lorenz  force  is 

towards the surface for a positive particle coming from the west, and away from 

the  surface  if  the  particle  would  come  from  the  opposite  direction.  The 

measurement of  the east-west excess confirms that there are more positively 

than negatively charged cosmic rays.

In the 1950s and 1960s quick progress was made with experiments at particle 

accelerators,  and  many  high-energy  physicists  left  the  field  of  cosmic-ray 

physics. The advantages of accelerators are clear: the composition of the beam is 

known, the intensities are high, and advanced detectors can be built around the 

vertex  (collision)  point.  Each  successive  accelerator  was  able  to  reach  higher 

energies, leading to new discoveries.
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On the other hand, cosmic-ray physicists were able to benefit from the work 

done  with  the  accelerators.  The  results  of  measurements  of  nuclear  cross 

sections  were  applied  to  the  theory  of  the  propagation  of  cosmic  rays.  Also 

cosmic-ray acceleration and interaction models became much more advanced. 

The better  understanding of  hadronic  interactions led to improvements  in air 

shower models, which in turn allowed for a better interpretation of cosmic-ray 

data. Detection techniques from accelerator physics were applied to high-altitude 

balloon experiments, allowing a direct measurement of cosmic-ray composition 

at the top of the atmosphere. These composition results were then compared 

with the composition of matter at possible acceleration sites in the cosmos.

1.3 Cosmic-ray physics of today

In the last 20 years there has been a renewed interest in cosmic-ray physics, 

for which several reasons can be mentioned. One of these is the observation of 

cosmic rays at the highest  energies (1020 eV and above),  for  example the so-

called “oh-my-God” particle. This particle, very likely a proton, was detected on 

the night of  October 15, 1991 by the Fly's  Eye detector  [11] in Utah,  and its 

energy was measured to be (3±1)·1020 eV [12]. For a proton, that is a very large 

energy.

Compare  this  energy  with  that  of  the  Large  Hadron  Collider,  the  largest 

accelerator we have build so far,  and whose protons will  have energies up to 

7·1012 eV. When two protons of this energy collide, the energy of the collision in 

the centre-of-mass frame is 14·1012 eV. In an inertial frame where one of the two 

protons is at rest, a situation comparable to that of a high-energy cosmic ray 

colliding with a “stationary” molecule in Earth's atmosphere, the energy of the 

incoming proton must be in the order of 1017 eV [13].

The following list may also be helpful for comparing the energy of the oh-my-

God particle:

■ the microscopic particle has a macroscopic energy: 3·1020 eV equals 51 J;

■ a tennis ball served at 200 km/h has a kinetic energy of 89 J;

■ a 2 kg brick falling from a height of 2 m has a kinetic energy of 2·2·g = 

39 J;
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■ if the proton would travel through space together with an accompanying 

photon for the period of one year, the photon would be 46 nm ahead.

An  obvious,  but  yet  unanswered,  question  is:  how  can  nature  accelerate 

particles to these immense energies?

It should be noted that the above mentioned “oh-my-God” particle is not the 

only  ultra-high  energy  cosmic-ray  event  detected  by  the  Fly's  Eye  detector. 

Neither is it the only detector for cosmic rays at these energies. In fact, cosmic 
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Figure 1.4: Flux spectrum of cosmic rays above 100 GeV. The flux spectrum 
dN/dE has been multiplied by Ep

2 [GeV2] to make the features of the spectrum 
more apparent. Adapted from [14].
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rays  at a wide variety  of  energies have been measured by a large number of 

different cosmic-ray experiments.

It was already realized by Pierre Auger that a small portion of the cosmic-ray 

flux consists of cosmic rays with an energy much higher than most other cosmic 

rays. Thus, the flux of cosmic rays is a function of its energy. When combining 

the  flux  measurements  from  a  large  number  of  cosmic-ray  experiments,  we 

obtain the cosmic-ray flux spectrum as shown in Figure 1.4.

Because the cosmic-ray flux spectrum (dN/dE) is a very steep spectrum, it is 

common to  multiply the spectrum with a power-law function. In  Figure 1.4 the 

flux  spectrum has been multiplied  with  E2;  this  improves  the visibility  of  the 

features of the spectrum.

One of the striking features of the flux spectrum is that it covers over nine 

orders of magnitude in energy, as well as 26 orders of magnitude for the flux 

(when not multiplying by E2). While the flux can be quite high at relatively low 

energies,  say 1 m-2s-1 at 103 GeV, it is extremely low in the ultra-high energy 

regime; e.g. about 1 km-2yr-1at 1010 GeV. This makes it  immediately clear why 

ultra-high energy (UHE; E > 1018 eV) cosmic-ray (CR, UHECR) observatories are so 

large:  in order  to  obtain  statistically  significant  data  on cosmic rays  at  these 

energies, one has to measure them with sufficiently high event rates.

Even though cosmic-ray experiments have grown in size over the last decades, 

with the southern Pierre Auger Observatory covering 3,000 km2, the end of the 

spectrum has not been determined yet.  To what energies can cosmic rays be 

accelerated?

Two  areas  of  special  interest  have  been  indicated  in  the  cosmic-ray  flux 

spectrum in Figure 1.4: they are labelled “knee” and “ankle”. In these regions, the 

slope of the spectrum changes slightly. To make such changes more apparent, 

one can multiply the flux spectrum with a power-law function. In Figure 1.5 this 

has been done for the high-energy end of the spectrum, using a power-law with 

an index of 3.

The position of the ankle can be determined by fitting a broken power law 

function. Using data that was measured with the hybrid detector of the Pierre 

Auger Observatory, the position of the ankle was determined at 1018.6 eV [15]. 
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Below the ankle (E < 1018.6 eV), the flux spectrum was fitted with a power law 

E-3.3, while above the ankle the power law is E-2.6.

The explanation of the changes in the slope of the cosmic-ray flux spectrum, 

both  at  the  knee  and  the  ankle,  is  the  topic  of  ongoing  physics  research. 

Theoretical models for cosmic-ray acceleration make predictions on the slope of 

the cosmic-ray flux spectrum. These predictions can then be compared with the 

measured flux spectrum, confirming or ruling out certain models. A change in 

the slope of the spectrum may indicate a transition to a different acceleration 

mechanism.  Other  explanations  are  a  transition  from galactic  to  extragalactic 

cosmic rays, or a change in the composition of cosmic rays.

Another feature of the cosmic-ray flux spectrum that is of special interest is 

the “GZK” area at energies above 1019.5 eV. Figure 1.5 shows a suppression of the 

flux at energies above 1019.5 eV. This suppression was highly anticipated as it was 

predicted in 1966 by Greisen [16], and Zatsepin and Kuz’min [17] (GZK). Protons 
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Figure 1.5: Flux spectrum of ultra-high energy cosmic rays, as determined from 
measurements with the hybrid detector of the Pierre Auger Observatory. The 

spectrum has been multiplied with a power law E3 to make changes in the slope 
more apparent. In addition, the spectrum was fitted with a broken power law, 
which was used to determine the position of the ankle at 1018.6 eV. From [15].
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with energies in excess of 5·1019 eV, the so-called GZK limit, may interact with 

the photons of the cosmic microwave background (CMB) radiation through the 

GZK process, producing pions. During this interaction protons lose a portion of 

their  energy.  If  their  remaining  energy  is  still  above  the  GZK  limit  they  can 

interact again and again, losing energy each time, until their energy is below the 

threshold.

This GZK limit is also the reason why physicists were initially so surprised to 

measure cosmic rays in excess of this energy: due to the GZK effect these cosmic 

rays could not have travelled over a large distance, for then they would have lost 

their  energy  through  the  Δ-resonance.  But,  on  the  other  hand,  no  “nearby” 

possible sources were known. In addition, data from one of the earlier UHECR 

observatories, AGASA, indicated that there was no suppression of the flux above 

the GZK limit [18, 19]. If this was true then our understanding of physics would 

have to be adjusted. Later data, as measured by Auger and HiRes (Figures 1.5 

and 1.6), does show a suppression [15], in agreement with the predictions by 

Greisen, Zatsepin and Kuz’min.

10

Figure 1.6: Flux spectrum of ultra-high energy cosmic rays, as determined from 
measurements with the surface  detector of the Pierre Auger Observatory. Because 

the Auger surface detector has a 10  higher duty cycle than the Auger hybrid⨉  
detector (see Chapter 3), this figure has more events than Figure 1.5. There is a 

significant (>20 σ) suppression of the cosmic-ray flux at energies above 1019.5 eV. 
HiRes data is shown for comparison. Plot taken from [15].
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Although there is  a  significant (>20 σ;  [15])  suppression of  the cosmic-ray 

flux at energies above 1019.5 eV [15], the flux is not zero. The number of Auger 

events with E > 1019.5 eV in  Figure 1.6 is about 200. Also HiRes has measured 

events above the GZK limit. Therefore, the obvious questions are: what are these 

cosmic rays and where do they come from?

As was mentioned already, cosmic rays that have energies above the GZK limit 

have a certain probability to lose part of that energy through an interaction with 

the CMB. Due to the mean path associated with this interaction, these cosmic 

rays cannot be observed on Earth if  their  origin is  more than about 100 Mpc 

(megaparsec; 1 parsec is equal to 3.26 light-years) away from Earth. The distance 

beyond  which  cosmic  rays  (E > 1019.5 eV)  cannot  travel  is  known  as  the  GZK 

horizon.

The  value  of  100 Mpc  is 

somewhat  arbitrary,  as  the 

rate  with  which  cosmic  rays 

lose energy depends strongly 

on  their  energy.  The  more 

their energy is above the GZK 

limit, the faster their energy is 

lost.  The  mean  energy  of 

protons  with  initial  energies 

of 1020, 1021 and 1022 eV as a 

function of distance from the 

source,  is  shown  in  Figure 

1.7.

A sky  map of  cosmic  rays 

can be obtained by measuring 

the arrival direction of cosmic 

rays  during  a  certain  time 

period. To compensate for the 

movement of the Earth during 

this  period,  galactic  coordi-

nates are used.  The sky map 

can then be compared with maps of possible sources of cosmic rays.
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Figure 1.7: Mean energy of protons due to 
interaction with the CMB as a function of 

distance from the source, for three different 
initial energies. Adapted from [20], after 

[21].
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In [22], a sky map of cosmic rays with energies above 5.6·1019 eV is compared 

with a catalogue of “nearby”  (distance ≤ 75 Mpc) active galactic nuclei  (AGNs). 

AGNs are the compact centres of very luminous galaxies, and are believed to be 

supermassive black holes that accrete matter from their host galaxy. The article 

reports a correlation between cosmic-ray arrival directions and the positions of 

AGNs. These results have been updated in subsequent publications [23, 24].

Another topic of cosmic-ray research is the composition of cosmic rays. Are 

they protons, electrons, light or heavy nuclei, photons, neutrinos, etc.? The most 

straightforward way to study the composition is through direct measurement of 

individual cosmic rays with detectors above the atmosphere. These experiments 

were  performed  with  detectors  mounted  on  satellites  or  very-high  altitude 

balloons.  However,  due  to  the  rapidly  decreasing  flux  of  the  cosmic  ray 

spectrum,  results  from  composition  studies  of  cosmic  rays  through  direct 

measurements  are  only  available  up  to  energies  of  1014 eV  [25].  At  higher 

energies  the  cosmic-ray  flux  is  too  low  for  direct  measurements,  and  the 

composition  needs  to  be  deduced  from  measurements  on  air  showers;  an 

indirect method.

Cosmic rays with energies of about 100 GeV consist mostly of H (90 %) and He 

(9 %), with traces of electrons and positrons, light elements (such as C, N and O), 

heavier elements, and rare isotopes [26]. Since cosmic rays of these energies are 

believed to be of galactic origin,  their mass composition is used to study the 

mass composition of our galaxy. Due to the effects of the intergalactic magnetic 

fields, these cosmic rays unfortunately do not point back to their origins.

At  energies  above  1014 eV,  cosmic  rays  are  studied  indirectly  through  air 

showers. Although it is usually not possible to know the primary particle which 

induced a specific air shower, it is possible to perform a statistical analysis on a 

large set of air-shower measurements. A comparison with simulation results can 

then give information on the mean mass of the primary particles.

For  the  highest  energies  (1018 eV  and  above),  measurements  by  the  Pierre 

Auger Observatory regarding the composition of cosmic rays were reported in 

[27]. Furthermore, limits on the photon flux at these energies were reported in 

[28, 29, 30], and limits on the (tau) neutrino flux in [31, 32].
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To summarize the major questions of research on cosmic rays:

■ What are ultra-high energy cosmic rays?

■ Where do they come from?

■ What is their acceleration mechanism? Do they have a maximum energy?

■ How do they interact while travelling through the cosmos? Do they point 

back to their sources?

■ How  do  cosmic  rays  interact  with  Earth's  atmosphere?  What  are  the 

properties of air showers?

□ How can we optimize our detection of air showers?

□ How can we take full advantage of the physics in air showers? What 

can we learn from them?

1.4 Radio detection of extensive air showers

1.4.1 Early days

The history of radio detection of extensive cosmic-ray air showers starts in 

1961 with an article by G.A. Askar'yan [33]. The article discusses the excess of 

electrons (i.e. negative charge) in an extensive air shower (EAS) due to positron 

annihilation and Compton effects. It was estimated that this excess could be as 

large as 10 % of the particles in the shower, and could “increase by many orders 

of magnitude … transition radiation in the radio range. … Coherent amplification 

of the radio emission from the excess charge increases the chances of registering 

the showers by radio.”

The experimental detection of the radio signal was first reported by Jelley and 

Porter  in two articles,  dating 1965 [34] and 1966 [35].  “Radio pulses of  short 

duration  (< 0.15 μs)  have  been  observed  at  a  frequency  of  44  MHz  …  in 

coincidence  of  extensive  cosmic-ray  air  showers  having  5·106 particles.  … 

Experiments  at  a  higher  frequency  (150  MHz)  …  suggest  that  the  radiation 

observed is enhanced by effects of mutual coherence among the particles in the 

shower.”
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These  results  were  soon  confirmed  by  other  experiments,  in  which  radio 

signals from air showers were measured in a wide range of frequencies, from 2 

up to 520 MHz. Although radio signals could be measured, the experiments were 

having difficulties with radio interference, and also the correct interpretation of 

the results was unclear. Therefore the work on radio measurements was stopped, 

and people started to work on other, more successful  techniques. The results 

obtained thus far were summarized in a review article by Allan [36].

1.4.2 Revival of radio detection

After the initial work in the 1960s, it remained quiet for a long time in the field 

of radio detection of cosmic rays. In 1984 there was a proposal by Gusev and 

Zheleznykh for the construction of a “radio detector for muons and neutrinos” in 

ice [37]. In 1995 and 1996, the first RICE antennas [38] were deployed in the ice 

of Antarctica, in conjunction with the AMANDA neutrino telescope. From 1996 

onwards, radio telescopes were used for the detection of neutrinos hitting the 

moon. This was initially done by the Parkes and Goldstone radio telescopes [39], 

and  nowadays,  amongst  others,  by  the  NuMoon  project  [40, 41, 42].  In  the 

NuMoon project, the Westerbork and LOFAR radio telescopes are used to search 

for radiation that is emitted when ultra-high energy neutrinos (or cosmic rays) hit 

the Moon. The ANITA experiment [43] attempts to detect radio pulses that are 

emitted by neutrinos interacting with the Antarctic ice sheet. The detector is an 

array of radio antennas which is flown on a balloon at a height of about 35 km 

above Antarctica.

Radio antennas are not only used for  detecting neutrinos,  but also for  the 

detection of  cosmic-ray induced air  showers  in the atmosphere.  In  1997 and 

1998  radio  measurements  [44]  were  performed  at  the  site  of  the  CASA/MIA 

cosmic-ray detector  in Utah.  The CASA/MIA detector  was an array of  particle 

detectors that was co-located with the optical High Resolution Fly's Eye (HiRes) 

detector [45]. (HiRes is the successor of the Fly's Eye detector, which registered 

the  “oh-my-God”  particle  in  1991;  see  Section 1.3.)  Unfortunately  the  radio 

measurements at the CASA/MIA site did not detect radio signals from cosmic-ray 

induced  air  showers.  The  detection  was  hindered  by  large  amounts  of  radio 

frequency interference,  a large part of which was emitted by the high voltage 

power supply of the CASA array [44].
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Radio signals from air showers were successfully detected by the CODALEMA 

(2003-present)  [46, 47]  and  LOPES  (2003-present)  [48, 49]  collaborations. 

CODALEMA set up an array of radio antennas at the Nançay Radio Observatory in 

France, while LOPES was installed at the site of the KASCADE air shower detector, 

which is located at the Forschungszentrum Karlsruhe in Germany. Using an array 

of particle detectors as a trigger, they were able to study the radio emission from 

extensive air showers up to 1018 eV on a systematic basis. Their results show that 

the geomagnetic field plays an important role in the emission mechanism of the 

radio radiation [50]. Currently it is understood that the charged particles in the 

air  shower,  most  importantly  electrons  and  positrons,  are  deflected  by  the 

magnetic field of the Earth and emit radiation in the process. The radio emission 

mechanism will be discussed in more detail in Chapter 2.

To study the radio emission from extensive air showers at the highest energies 

(1018 eV and above) the Auger Radio project was started in 2006. Initially several 

small setups were installed in order to try out various detector concepts, while 

nowadays  the  early  results  and  experiences  are  used  for  the  design  and 

installation of the Auger Engineering Radio Array (AERA), which will cover an area 

of 20 km2. Naturally, many more details about the radio effort at the southern 

site of the Auger Observatory will follow in this thesis.

Another  project  that  uses  radio  antennas  to  detect  cosmic-ray  induced air 

showers is the TREND experiment in China [51]. Promising results were obtained 

with a prototype setup which was deployed early 2009.

1.5 This thesis

This work describes the measurement of radio signals from air showers by one 

of  the  initial  radio  setups  at  the  site  of  the  Pierre  Auger  Observatory.  An 

introduction to air showers will be given in Chapter 2, together with a few words 

on the modelling of air showers and the modelling of the radio signals emitted 

by air showers. The Pierre Auger Observatory is described in Chapter 3, and the 

hardware of the first-generation radio setup in Chapter 4.

The data that was measured by this radio setup is compared with that of the 

Pierre Auger Observatory. The data that will be analysed in this thesis is selected 

in  Chapter 5;  the  analysis  itself  is  performed  in  Chapters 6 and 7.  Chapter 6 
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describes the general properties of the selected air showers as measured by the 

Pierre Auger Observatory, and the general properties of the radio background as 

measured  by  the  radio  setup.  In  Chapter 7  the  data  from  both  systems  are 

combined in the discussion of radio measurements of cosmic rays.

Chapter 8 describes the MAXIMA radio setup,  which is a second-generation 

radio  setup.  The chapter  focuses  on the experimental  setup,  in particular  the 

trigger system. Finally, conclusions and an outlook on future developments will 

be the topic of Chapter 9.
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