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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.

2

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.

3

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;

6
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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 

7

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]. 

8
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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 

9

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.

11

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].

12
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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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2 Theory of air showers

2.1 Introduction

As was already explained in Chapter 1, air showers (or cosmic-ray showers) 

are cascades created by the interaction of  a cosmic ray with the atmosphere. 

During  this  primary  interaction  several  high-energy  secondary  particles  are 

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

secondaries, and eventually forming an extensive avalanche of particles. If the 

energy of the primary cosmic ray is sufficiently high, air showers can consist of 

millions or even billions of particles such as electrons, positrons, pions, muons, 

gammas and neutrinos. Figure 1.3 on p. 4 shows a graphic representation of an 

air shower.

2.2 Heitler's toy model

Several important properties of cosmic-ray cascades can be easily understood 

by considering a simple toy model that was originally developed by Heitler [52]. 

In this model, a cascade of particles is considered; these particles are all of the 

same type and interact after a fixed interaction length λ . At the interaction, two 

new particles are created, each of them carrying one half of the energy of the 

original particle.

The original particle, the primary cosmic ray, enters the atmosphere, carrying 

an energy E0 . After travelling a distance λ  an interaction occurs, after which the 

shower consists of two particles, each carrying E0 /2 . When both particles have 

travelled  another  distance λ ,  two  more  interactions  occur;  the  shower  now 

consists of 4 particles, each carrying E0 /4 . After each interaction, the number of 

particles  doubles  while  the  energy  of  the  particles  is  halved.  This  process  is 

illustrated in Figure 2.1.
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At depth X=d λ  the number of particles N  in the shower can be written as 

N=2d , and the energy per particle as E=E0/ 2
d
.

The number of particles in the toy shower keeps growing, until the energy per 

particle drops below a certain critical energy E c . At this point the particles lose 

the small  amount of energy they have left  and are absorbed. Just  before this 

happens,  the number of particles reaches a maximum, thus  E c=E0/ 2
dmax .  The 

maximum number of particles is then N max=E0/E c , while the maximum depth of 

the shower is X max=λ dmax=λ log2 E0/E c .

Although the model  is  extremely  simple,  the expressions  derived  for N max  

and X max  are of significance for actual air showers.  The maximum number of 

particles in the shower scales linearly with the primary particle energy, while the 

depth of the maximum in the atmosphere depends logarithmically on E0 .

Obviously, many adjustments can be made to make the model more realistic. 

The number of particles produced at an interaction is not always two, and neither 

is the energy equally  divided between them. When this is incorporated in the 

model, the number of particles in the shower will no longer drop immediately to 

zero after the shower maximum is reached. Instead, the number of particles will 
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gradually  decrease  after  the  shower  maximum,  more  similar  to  actual  air 

showers.

2.3 Hadronic showers

Hadronic showers are air showers that are initiated by a nucleon or a nucleus. 

To a first approximation, a nucleus can be considered as the superposition of 

several nucleons, and one may consider the cascade initiated by a nucleus as a 

superposition of cascades from nucleons. Thus, a hadronic shower is initiated by 

one or several nucleons.

In the primary interaction of  the shower,  several  mesons are created,  both 

charged and uncharged, roughly in a relative ratio of 2:1. To gain some insight, 

let  us  consider  a  model  where  all  created  mesons  are  pions,  in  the  same 

charged-to-uncharged ratio  of  2:1.  Since the lifetime of neutral  pions is very 

short, they almost always decay into two γ-rays. The charged pions however have 

a much longer  lifetime;  they can either  interact  or  decay.  Interacting  charged 

pions  form the next  step  in  the development  of  the  shower,  creating  a  new 

generation of charged and uncharged pions. Decaying charged pions will decay 

into muons and muon neutrinos; the former are observable at ground level.

In the early stages of the shower development, the per-particle energy is large, 

which gives the particles a high Lorentz factor. Because of this, charged pions are 

unlikely to decay and will almost always interact. When the per-particle energy is 

lower in the more advanced stages of shower development, decay probabilities 

for charged pions are much larger.

The air shower described above can be considered as a combination of three 

types of (sub-)showers:

■ the hadronic sub-shower;

■ the electromagnetic sub-shower;

■ the leptonic sub-shower.

Before the first interaction, the shower is 100 % hadronic, since there is only 

the  primary  particle.  Shortly  after  the  first  interaction,  67 %  of  the  shower's 

energy is in the hadronic sub-shower (π+ and  π-), while the remaining 33 % of 
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the energy is in the electromagnetic sub-shower (γ-rays from π0 decay). Thus, 

energy has been transferred from the hadronic to the electromagnetic part of the 

shower.

Since the per-particle energy is large the charged pions are unlikely to decay. 

Therefore we will assume they interact after having travelled a certain distance λ. 

Shortly after the second interactions, again 1/3 of the remaining energy of the 

hadronic  sub-shower  has been transferred to the electromagnetic  part  of  the 

shower. At this point in the shower's evolution, 44 %  49   of the shower's energy 

is  in  the  hadronic  sub-shower,  while  56 %  59  of  the  energy  is  in  the 

electromagnetic sub-shower.

In the “meantime”, the γ-rays of the electromagnetic sub-shower interact in 

processes  such  as  e+-e- pair  production  and  bremsstrahlung.  In  this 

electromagnetic  shower,  the  high  energy  of  the  initial  γ-rays  is  distributed 

among many electrons, positrons and photons. None of this energy is returned to 

the hadronic sub-shower.

At every hadronic interaction, energy is transferred from the hadronic to the 

electromagnetic part of the shower. This is referred to as the “feeding” of the 

electromagnetic shower. This process continues until the per-particle energy of 

the charged pions is low enough to make decay of these pions probable. When 

the charged pions decay, muons and muon neutrinos are formed, feeding the 

leptonic sub-shower while further depleting the hadronic sub-shower.

A numerical treatment of the model outlined above is given by Matthews [53].

2.4 Monte Carlo simulations of air showers

Before  powerful  computers  were  available,  air-shower  development  was 

studied analytically. Calculations were done on air showers that were initiated by 

a  high-energy  photon;  this  led  to  the  electromagnetic  cascade  theory.  This 

involves solving equations that account for particle production and particle loss. 

Effects  such  as  bremsstrahlung  and  pair-production  are  taken  into  account, 

amongst others. However, it is usually necessary to make several approximations 

as exact analytical solutions are impossible. Nevertheless, approximate formulas 
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for  X max  and  N X   have been derived; see, for example, Rossi and Greisen 

[54, 55, 56].

Monte  Carlo  simulations,  on  the  other  hand,  are  an  extremely  powerful 

method to study the development of air showers. Models for a large number of 

physics interactions can be included in the simulation. Since particles are tracked 

roughly  individually,  shower-to-shower  fluctuations  come  directly  out  of  the 

simulations,  as  well  as  the  lateral  distribution  of  the  particles.  The  energy 

dependence  of  the  cross  section  of  physics  interactions  can  be  taken  into 

account.  Since  computing  power  has  dramatically  increased  over  the  last 

decades, Monte Carlo simulations of air showers have become increasingly more 

powerful. Nowadays Monte Carlo simulations give a very good description of the 

development of a shower, including the shower-to-shower fluctuations.

An illustration of a result from Monte Carlo air-shower simulations is given in 

Figure 2.2. These simulations were performed with CORSIKA[57];  the plot  has 

been  taken  from  [58].  The  figure  shows  the  number  of  electrons N e  in  the 

shower as a function of the penetration depth X  in the atmosphere. This depth 

is given in units of g/cm2 to accommodate for the fact that the density of the 

atmosphere is not constant but a function of the altitude. The presented shower 

profiles have been averaged over 500 simulations, thus eliminating shower-to-

shower fluctuations.

For the figure,  shower developments have been simulated for  two different 

primary energies,  1014 and 1015 eV, as well  for two different primary particles, 

iron and protons.  The plot shows that  N e  increases by a factor  of  10 if  the 

energy  of  the  primary  cosmic  ray  is  increased  by  that  same  factor.  This  is 

consistent  with  the  linear  dependency  that  was  derived  from Heitler's  simple 

model. The depth of the shower maximum in the atmosphere is slightly larger for 

the simulations  of  the higher  energy.  And,  when comparing iron with  proton 

initiated showers at the same energy, it can be seen that the penetration depth of 

iron is clearly smaller. This can be attributed to the larger cross section of iron. 

Alternatively, one may consider an 1015 eV iron nucleus as a superposition of 56 

nuclei (or, roughly speaking, protons) with an energy of 1015/56 eV each.

For  each  of  these  four  scenarios  (two  possible  particles,  two  possible 

energies), four curves are plotted, indicating the physics interaction model that 
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was used in the simulations. Since these four curves are in close proximity to 

each other, it can be concluded that at these energies the interaction models are 

in good agreement.

The Pierre Auger Observatory has, as we shall see in Chapter 3, been built to 

study cosmic rays in the ultra-high energy regime (1018 eV and above). This is a 

much larger energy than that of  the simulations of  Figure 2.2. The results of 

vertical air-shower simulations at 1019 eV with CORSIKA are shown in Figure 2.3. 

This plot is from [59].

As could be expected for this ultra-high energy shower, both the maximum 

number  of  particles  and the depth  of  this  maximum in the atmosphere  have 

increased.  Also  the  difference  between  iron  and  protons  can  still  be  seen. 

However, what is different from Figure 2.2 is the agreement between the various 
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Figure 2.2: Monte Carlo air-shower simulations, performed with CORSIKA. The 
plot shows longitudinal shower development for proton and iron induced showers 

at two different energies. For each profile, 500 simulation results have been 
averaged. Plot taken from [58].
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physics interaction models. The models give more divergent results in this higher 

energy  regime.  This  is  due  to  the  fact  that  the  physics  interactions  at  these 

energies  have  not  been  studied  in  the  laboratory  with  a  test  beam.  This  is 

because  accelerators  cannot  reach  energies  equivalent  of  1019 eV  in  the  lab 

frame. Therefore, results from laboratory measurement at lower energies had to 

be  extrapolated  to  the  ultra-high  energy  regime.  This  led  to  a  systematic 

uncertainty in the model predictions, especially for the hadronic interactions.
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Figure 2.3: Average longitudinal development of a 1019 eV air shower, as 
simulated with CORSIKA. The atmospheric depth at the Auger site is indicated by 

the dashed vertical line. Plot taken from [59].
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2.5 Radio emission by air showers

Research of radio emission by air showers started in the 1960s and the results 

of these studies are summarized in the 1971 review article by Allan [36]. In the 

article, Allan presents a phenomenological formula that describes the strength of 

the  electric  field Ɛ  (at  a  frequency f )  that  is  produced  by  an  extensive  air 

shower:

Ɛ f =20
E0

1017eV
sin cos exp 

−R
R0 f ,

V m−1MHz−1
(1)

In  this  formula,  E0  is  the  energy  of  the  primary  particle,    is 

the angle  between Earth's  magnetic  field  and the shower  axis,  and    is  the 

zenith angle of the shower axis. Further, R  is the distance between the observer 

and the  shower  axis  in  the frame  of  the shower,  and  R0  is  a  characteristic 

drop-off distance.

According to Allan's formula, the electric field strength:

■ scales linearly with the energy of the primary particle;

■ reduces exponentially with increasing distance from the shower axis;

■ is smaller for inclined events (large zenith angle  );

■ is larger if the angle between Earth's magnetic field and the shower axis is 

large, and zero if the shower moves parallel to the Earth's magnetic field.

When  the  experimental  detection  of  radio  signals  from  air  showers  was 

revisited by the CODALEMA and LOPES collaborations, the need arose for a more 

detailed  theoretical  understanding  of  these  radio  signals.  Which  physical 

processes  play  an  important  part  in  the  emission  mechanism,  and  which 

properties of the shower can be deduced from recorded radio signals?

Several  approaches have been made at modelling the radio emission by air 

showers. The radio-emission models can be distinguished into two main groups: 

the microscopic models and the macroscopic models. The microscopic models 

such as REAS2 and REAS3 make use of Monte Carlo simulations of air showers, 

and then describe the radiation that is emitted by each of the particles in the 
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shower. Macroscopic models on the other hand consider the shower as a whole, 

parametrising the global properties of the shower and considering the radiation 

that is emitted by the bulk movement of particles. An example of a macroscopic 

model is the MGMR model.

2.5.1 Microscopic modelling

The most prominent microscopic models of radio emission by air showers are 

REAS2 and REAS3, which are Monte Carlo based models. REAS2 is based on the 

geosynchrotron radiation model [60, 61], in which the radio signals are emitted 

by the electrons and positrons in the shower. These electrons and positrons are 

moving at  relativistic  speeds in  the shower  front,  and their  deflection  by the 

Earth's magnetic field causes the emission of synchrotron-like radiation.

REAS3 is a refinement of REAS2 and incorporates the radio emission due to the 

variation  of  the  number  of  charged  particles  during  the  evolution  of  the  air 

shower. REAS3 utilises an “end-point” formalism, in which the calculation of the 

radio emission is based on the complete underlying particle motion. REAS3 can 

therefore be seen as a more complete model than REAS2, which only described 

the emission of synchrotron-like radiation.

The REAS models do not simulate the air shower itself; for that the CORSIKA 

software is used (Section 2.4). The relevant properties of the simulated shower 

are stored in histograms, which can subsequently be opened by REAS2/REAS3, 

which in turn simulate the emission of the radiation.

Results  of  REAS2  simulations  are  discussed  by  Huege  et  al.  [62].  The 

differences between REAS2 and REAS3 are discussed by Ludwig and Huege [63].

2.5.2 Macroscopic modelling

As  an  example  of  a  macroscopic  model  we  will  consider  the  macroscopic 

geomagnetic  radiation  (MGMR)  model  [64, 65, 66].  The  model  considers  a 

(macroscopic)  transverse current that is created in the shower front of the air 

shower, as was first described by Kahn and Lerche in the 1960s [67].

Inside  an  air  shower,  the  electrons  and  positrons  in  the  shower  front  are 

moving at relativistic speeds in the Earth's magnetic field. Due to the effects of 
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the Lorentz force the electrons and positrons are pulled into opposite directions. 

The  bulk  movement  of  these  charged  particles  leads  to  the  creation  of  a 

macroscopic electric current. This current is moving at nearly the speed of light, 

as it takes place inside the shower front of the air shower. Because of the time 

variation of the amount of charged particles in the shower front, the macroscopic 

current also changes with time. This time variation of the current, in combination 

with  retardation  effects,  give  rise  to  the  radio  emission.  The  MGMR  model 

describes this emission process.

In addition to the radiation from the moving current, the MGMR model also 

includes  terms  for  the  radiation  that  is  a  result  of  the charge  excess  in  the 

shower  front  [68, 69].  To  a  first  approximation,  one  may  consider  the  total 

charge  of  the  particles  in  the  shower  front  to  be  neutral;  i.e.  roughly  equal 

amounts of positively and negatively charged particles. However, this balance can 

become  disturbed  as  a  result  of  knock  out  effects  (high-energy  Compton 

scattering) and positron annihilation. Therefore, the amount of electrons in an air 

shower is ~20 % larger than the number of positrons in the shower. [33, 70]

Both the microscopic REAS3 model and the macroscopic MGMR model describe 

the radiation that is  emitted by charges moving in the Earth's  magnetic  field. 

Therefore  the models  should be considered as complementary,  providing two 

different methods to describe the same physical process. The comparison of the 

differences and the common features of both models has led to an improved 

understanding  of  the  physics  that  is  involved.  Subsequently,  this  has  led  to 

convergence of the models.

A detailed comparison of REAS3 and MGMR simulations is discussed by Huege 

et al. [71]. Three graphs from this comparison, showing results of REAS3 and 

MGMR simulations in both the time- and frequency-domain, are reproduced in 

Figure 2.4.
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Figure 2.4: Comparison of REAS3 and MGMR simulation results. A vertical air 
shower with an energy of 1017 eV was simulated. The electric field was calculated 
at various distances from the shower axis. The (top) and (middle) figures compare 
radio pulses in the time domain for REAS3 and MGMR respectively. The (bottom) 
figure compares the radio signals in the frequency domain: REAS3 (thick lines) 

and MGMR (thin lines). Plots taken from [71].





3 The Pierre Auger Observatory

3.1 Overview

The  Pierre  Auger  Observatory  [72, 73]  has  been  built  in  the  province  of 

Mendoza,  Argentina,  to  study  cosmic  rays  in  the  ultra-high  energy  regime 

(1018 eV  and above).  The  observatory,  designed  and  built  by  an  international 

collaboration of more than 450 scientists from 18 countries, was completed in 

December 2008. The Auger Surface Detector (SD) [74] consists of 1600 particle 

detectors  and covers  an area  of  3000 km2 on a  hexagonal  grid  with  1500 m 

spacing.  The  atmosphere  above  this  area  is  being  monitored  by  the  Auger 

Fluorescence  Detector  (FD)  [72, 75],  an  optical  detector  consisting  of  24 

fluorescence telescopes. These telescopes are housed in four buildings located at 

the perimeter of the SD array (each building contains six telescopes). An overview 

of the layout of the Pierre Auger Observatory is given in Figure 3.1.

The hybrid design of the observatory (i.e. surface and fluorescence detector) 

allows  cosmic  rays  to  be  simultaneously  detected  with  two  complementary 

detection techniques. This improves the accuracy with which the properties of air 

showers  can  be  measured  [76].  It  also  allows  for  cross-calibration  and  a 

reduction  of  systematic  effects  that  may  be  associated  with  each  detection 

technique [77, 78].

In  the  following  sections,  the  SD  and  FD  components  of  the  Pierre  Auger 

Observatory will be discussed briefly. It is by no means a complete description; 

for a more detailed description one should consult the referenced material.

3.2 The Surface Detector

As already mentioned, the Auger Surface Detector (SD) [74, 79] consists of a 

grid of 1600 particle detectors, also known as Surface Detector stations. Each SD 

station is in fact a large polyethylene tank (height 1.5 m; diameter 3.6 m) which 

is  filled with  purified  water.  When charged particles  in  an air  shower  (mostly 
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muons, electrons and positrons; see Section 2.3) reach the surface of the Earth, 

they may pass through one or more SD stations. Cherenkov light is produced if 

the speed of these particles is larger than the speed of light in water (cn = c/n = 

c/1.33). With the help of a reflective liner this light may then be collected by 

three nine-inch photo-multiplier tubes (PMTs). The signals from these PMTs are 

digitized by an analog-to-digital converter, after which they are analysed by the 

front-end triggering system. If the PMT signals meet certain criteria (threshold or 

time-over-threshold; see [80]), a “triggered event” is created.

To obtain timing information on triggered events, each water tank is equipped 

with a GPS receiver, allowing for a temporal precision of 8 ns. Furthermore, each 
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Figure 3.1: Overview of the Pierre Auger Observatory near Malargüe. Dots indicate 
the design positions of Surface Detector stations; the shaded areas indicate 
stations actually placed. The four Fluorescence Detector sites are Leones, 

Coihueco, Loma Amarilla and Morados.
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station  is  equipped  with  solar  panels,  batteries  and  a  radio  communication 

system.  The  main  components  of  a  Surface  Detector  station  are  indicated  in 

Figure 3.2.

Triggered events may be a measurement of an extensive air shower, but may 

also  be “random”,  i.e.  a  measurement  that  can not be associated with an air 

shower.  An example  of  a  random event  is  when  two  muons  from the muon 

background pass through the detector at nearly the same time.

In order to distinguish between air-shower measurements and random events, 

a  coincidence-based triggering  system has  been implemented.  Using  wireless 

communication, tanks transmit the timestamps of triggered events to the Central 

Data-Acquisition System (CDAS), where the next level of the hierarchical trigger 

system [80, 81]  is  implemented.  The computers  of  CDAS will  then search for 

time-  and  space-correlations  between  events  from  all  Auger  SD  stations. 

Whenever a cluster of stations with a certain minimal size is found, a possible air 

shower is identified and the full PMT data is transmitted and stored.
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Figure 3.2: A Surface Detector station in the field
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3.3 The Fluorescence Detector

The Auger Fluorescence Detector (FD) measures the faint ultra-violet (UV) light 

that is emitted when an air shower passes through the atmosphere. This UV light 

is a result of a fluorescence reaction in which the charged particles in the air 

shower interact with the nitrogen molecules in the atmosphere.

The amount of fluorescence light produced by an air shower is proportional to 

the number of particles in the shower, which in turn is proportional to the energy 

of the primary cosmic ray (Section 2.2). The Fluorescence Detector is therefore 

able  to  determine  the  energy  of  the  primary  cosmic  ray  with  good  (“near-

calorimetric”)  precision.  Furthermore,  the  Fluorescence  Detector  can  measure 

X max , the depth in the atmosphere at which the number of particles, and thus 

the amount of UV light, is maximum.  X max  is proportional to the logarithm of 

the energy  of  the primary  cosmic  ray,  but  also  depends  on the mass of  the 

primary cosmic-ray particle (Section 2.4).
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Figure 3.3: Aerial view of Loma Amarilla, one of the four FD buildings at the Pierre 
Auger Observatory. The smaller building on the left houses a LIDAR system.



 3   The Pierre Auger Observatory

The Auger FD consists  of  four buildings that have been constructed at the 

perimeter  of  the  observatory,  each  of  them  housing  six  FD  telescopes.  A 

photograph of one of these FD buildings, Loma Amarilla, is shown in Figure 3.3. 

Since each telescope covers a 30º range both in azimuth and elevation, the field 

of view of one FD building is 180º in azimuth and 30º in elevation. (See also 

Figure 3.1 on p. 30.)

Figure  3.4 shows  a  schematic  representation  of  a  Fluorescence  Detector 

telescope.  Ultra-violet  light  from  air  showers  can  pass  through  the  UV-

transparent  filter  at  the aperture.  Next,  a  mirror  is  focusing  the light  onto  a 

camera of 20 × 22 PMTs. By digitizing the signals from the PMTs, a digital image 

of 440 pixels is created, which is subsequently used for triggering. Fluorescent 

light is emitted while an air shower travels down the atmosphere; therefore the 

FD trigger searches the digital image for bright pixels in a straight line.

As the atmosphere above the array forms an integral part of the Fluorescence 

Detector, monitoring it is an important aspect of the observatory's operation. The 
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Figure 3.4: Schematic view of a Fluorescence Detector telescope. From left to 
right: the aperture system, the PMT camera and the spherical mirror. From [75].
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attenuation of the fluorescence light due to aerosols in the air, like small pieces 

of dust or ash, is being monitored carefully. The cloud conditions are also being 

recorded, using dedicated cloud cameras that regularly take photographs. The 

distance of the clouds can be are measured with the LIDAR (Light Detection and 

Ranging) system [82] which is present at each FD site. Further monitoring of the 

atmospheric  conditions  is  done  by  regular  balloon  launches  (measuring 

temperature and pressure gradients) and by measuring the attenuation of light in 

the atmosphere (the amount of light scattered from a calibrated laser beam is 

measured).

While the fluorescence technique is a good way to determine the energy of an 

air shower, it is not very good in measuring its direction. A single FD telescope 

records a two-dimensional  image of  a three-dimensional  track.  Therefore  the 

track reconstruction is ambiguous if  an event is detected by only a single FD 

telescope. The track reconstruction of stereo events, which are measured by two 

or more FD telescopes, is obviously much more precise. Another improvement in 

accuracy is provided by the hybrid trigger. When one of the FD telescopes has 

detected  a  candidate  air  shower,  the  Surface  Detector  is  queried  for  any 

coincident data. Under these circumstances the data from any water tank that 

may be related to the FD data is saved, even if the SD data by itself would not 

have  passed  the  “SD-only”  trigger  condition  discussed  in  Section 3.2.  This 

additional  SD data to an FD event is very helpful  in the reconstruction of the 

event, especially regarding the geometry.

Another  disadvantage  of  the  fluorescence  technique  is  that  it  cannot  be 

performed 100 % of the time. The ultra-violet light that one needs to detect is 

very faint, and therefore detection is only possible during the night outside the 

twilight zone. As the telescope is very sensitive to light, it needs to be closed 

whenever the moon is inside its field of view. Furthermore, FD operations are 

limited by clouds, rain and strong winds, as well as aerosols such as smoke (i.e. 

ashes). The average duty cycle of the Auger FD is about 12 % [83].

3.4 An example hybrid event

Hybrid events are measurements of air showers that have been recorded with 

the  Surface  Detector  in  combination  with  at  least  one  measurement  by  a 
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fluorescence telescope. A small number of hybrid events have been recorded by 

all four sites of the Fluorescence Detector. As an example, one of these events is 

shown in Figure 3.5. The white dots indicate the SD stations; the four sites of the 

FD are indicated in blue, green, red and magenta.

In Figure 3.5, the red lines indicate the reconstructed track of the shower axis. 

The coloured lines between the shower axis and the four FD sites indicate the 

time  of  measurement,  i.e.  the  progression  of  the  shower  front  towards  the 

surface. The earliest FD measurements are indicated in violet (when the shower 

front is still  high in the atmosphere); the last FD measurement is indicated in 

yellow (when the shower front is near the surface).

The SD stations that have recorded the event are shown in yellow, orange and 

red. The shower front is perpendicular to the shower axis and can be imagined as 

a  pancake  with  a  radius  of  several  kilometres.  Due  to  the  inclination  of  the 

shower, the shower front first reached the SD stations indicated in yellow; the SD 

stations indicated in red are reached last.
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Figure 3.5: An example of a cosmic ray event. On March 15 2008, this event was 
seen by 14 SD stations and all four FD sites. The energy was determined to be 

19.9 ± 0.8 EeV.
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3.5 Prototypes for a Radio Detector

3.5.1 Motivation

In order to obtain high-quality cosmic-ray data, the Pierre Auger Observatory 

has been designed as a hybrid detector, combining SD and FD data. Due to the 

complementary  nature  of  SD and FD data,  the accuracy  of  hybrid  air-shower 

measurements  is  better  than  that  of  measurements  by  SD  or  FD  alone  [76]. 

Because  the  uptime  of  the Fluorescence  Detector  is  about  12 %,  most  of  the 

cosmic rays will only be measured with the Surface Detector, which has a duty 

cycle of about 99 %. Radio measurements however can be performed during day 

and night, and are not affected by clouds etc. as is the case for the FD. With the 

possible exception of  relatively short  periods of  thunderstorm conditions (see 

Section 7.6.1), radio measurements can have a duty cycle of nearly 100 %.

It would be advantageous for the Pierre Auger Observatory if air showers could 

be measured with more than one instrument, i.e. hybrid measurements, at a high 

duty cycle (near 100 %). Therefore, we investigate the feasibility of setting up an 

additional Radio Detector (RD) at the Pierre Auger Observatory. Especially for the 

periods  during  which  the FD is  not  operating,  the  radio  data  should  help  in 

improving the quality of measured data.

A grid of Radio Detector stations (RDS) could be sensitive to the following air-

shower parameters:

■ arrival direction of the cosmic ray;

■ energy of the primary cosmic-ray particle;

■ identity (mass) of the primary cosmic-ray particle.

The arrival direction of the cosmic ray is probably the parameter that can most 

precisely be measured with the Radio Detector. Given a grid of RD stations, the 

direction can be reconstructed from the relative timing of the individual stations 

that  have  registered  the  event.  This  process  is  very  similar  to  the  direction 

reconstruction that is used in the Auger SD. The capability of the radio-detection 

technique to measure the arrival direction of cosmic-ray induced air showers was 

demonstrated by Falcke et al. [84].
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The sensitivity of the RD to the energy is intuitive: primary cosmic rays with a 

higher energy create air  showers with more particles in it,  and more particles 

(coherently) emitting radiation will result in a stronger radio signal. The strength 

of this signal, i.e. the electric field strength, is believed to scale linearly with the 

primary  energy  [85, 49, 86],  whereas  the power  of  the signal  scales  with  the 

square of that (P ∝ V2).

The third  property,  mass  composition,  is  a  property  of  the air  shower  for 

which the sensitivity in radio still needs to be experimentally demonstrated. In 

principle, the shape of the radio signal is influenced by  X max , the penetration 

depth in the atmosphere at which the number of particles in the shower reached 

its  maximum.  Measurements  of  X max  are  used  to  determine  the  mass 

composition  of  the  cosmic-ray  spectrum  by  the  FD  (Section 3.3).  Simulation 

results of the sensitivity of the radio technique to X max  are discussed in [86].

3.5.2 A first-generation radio setup

A first-generation radio setup was used from April 2007 until  May 2008 for 

the detection of radio signals from cosmic-ray induced air showers. This setup is 

schematically represented in Figure 3.6. The details of this setup are discussed in 

Chapter 4; here we only discuss the detection principle.

The  particles  of  an  air  shower  that  reach  the  surface  of  the  Earth  can  be 

detected  using scintillator  plates.  When placing two scintillators  on the same 

level some distance apart, and requiring a simultaneous signal from both plates, 

an air shower can be identified. The coincidence unit prevents the system from 

triggering  when  only  one  plate  has  a  signal,  which  could  happen,  amongst 

others, due to natural radioactivity. This method is very similar to the work done 

by Pierre Auger in the 1930s; see Section 1.2.

Whenever the coincidence unit produces a trigger, the signal from the radio 

antennas is digitized by the digitizers. Using a precision GPS-timing module, the 

time of the event is recorded. After this, both the event and its timestamp are 

saved to disk.

In a second stage, during “off-line” analysis, the lists of events recorded by the 

radio setup and by the Auger SD are compared. We require the SD events to be in 
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the vicinity of the radio setup; a second requirement is that the time difference 

between the SD and radio  events  is  less  than a certain  maximum value.  The 

details of this procedure are described in Chapter 5.

This first-generation setup used three antennas to measure the radio signal. 

Each antenna measured the electric field in both the north-south and east-west 

polarisations. The measured signals were sent to a central data acquisition (DAQ) 

location through a coaxial cable. The setup was powered by AC electricity.

An example of an event with a clear air-shower-induced radio signal is shown 

in Figure 3.7.

3.5.3 MAXIMA: a second-generation radio setup

MAXIMA is an acronym for Multi-Antenna eXperiment In Malargüe Argentina. It 

is an evolution of the first-generation radio setup and was installed in June 2008. 

After  that  date,  the  hardware  of  MAXIMA was  changed  on  several  occasions, 
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Figure 3.6: Simple schematic overview of the first-generation radio setup
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addressing various issues with the setup. From May 2010 onwards, the MAXIMA 

setup is collecting good physics data.

There are several differences between MAXIMA and its predecessor. While the 

first-generation  radio  setup  used  antennas  which  were  connected  with  long 

cables to a central DAQ location, MAXIMA consists of a network of autonomous 

stations. Each station has a digitizer, a small PC, solar panels and batteries. An 

overview of the components of a station is shown in Figure 8.2 on p. 128.

The stations  communicate  through a  TCP/IP  network  with  the central  DAQ 

computer. Initially a WiFi wireless network was used, which was later replaced by 

a network of optical fibres. The central DAQ computer implements a coincidence 

trigger, and furthermore is used for data storage, run control and monitoring. 

The MAXIMA radio setup is discussed in more detail in Chapter 8.

3.5.4 AERA: the Auger engineering radio array

The  Auger  engineering  radio  array  (AERA)  is  currently  under  construction. 

AERA is  a  common effort  of  research  groups  from France,  Germany  and the 

Netherlands.  When  completed,  AERA  will  consist  of  160 antennas  and  cover 
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Figure 3.7: The “golden event”: the first coincident event from the first-
generation radio setup with a clear air-shower-induced radio signal. An obvious 
signal can be seen in both polarisations (north-south and east-west) of all three 

antennas.
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20 km2. Because AERA will have more antennas and cover a larger area than any 

of its predecessors, it is expected to provide more and better data.

More information about AERA can be found in the AERA construction proposal 

[87] or in conference proceedings [88, 89].
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4 A first-generation radio setup

4.1 Overview

In April and May 2007, a radio-detection setup was installed at the site of the 

Pierre  Auger  Observatory  in  Argentina.  The  location  for  the  radio  setup  was 

chosen at the Balloon Launching Station (BLS) of the Auger observatory, where 

electricity  and access  to the computer  network  are  available.  Additionally  the 

building of the BLS, a container, protects the electronics and computers of the 

data-acquisition system from environmental  influences such as rain, wind and 

dust. The presence of a nearby road makes the location relatively easy to access, 

which has proven to be very useful during the construction and maintenance of 

the detector.  The location of the BLS is indicated in  Figure 3.1 on p.  30, and 

Figure 4.1 below is a photograph of the BLS.
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Figure 4.1: The Balloon Launching Station (BLS) can be reached by car.
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To facilitate the testing of various detector concepts for radio detection near 

the BLS, six metal poles have been installed. Three of these poles (numbered 1, 2 

and 3) form an equilateral triangle with a side-length of 100 meters; these poles 

are  equipped  with  a  double  RG-213  coaxial  cable  to  the  BLS.  Two  separate 

signals  can  therefore  be  transmitted  to  the  BLS,  where  signal  processing  is 

performed by the data-acquisition system. The length of these RG-213 coaxial 

cables is about 140 meter; this is regardless of the actual distance of a pole to 

the BLS. The time which is needed for a signal to propagate through this cable 

was measured to be 835 ns.

The other three poles (numbered 4, 5 and 6) are not connected by cable, and 

have  been  used  for  testing  wireless  detector  concepts.  An  overview  of  the 

situation is given in Figure 4.2.

For the first-generation radio setup, we used poles nr. 1, 2 and 3, i.e. the ones 

with a cable connection. Poles nr. 4, 5 and 6 were used for a different setup 
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Figure 4.2: Map of the setup near the BLS, showing the location of the BLS and the 
six metal poles. The nearest SD station, named “Olaia”, is also indicated. X- and 
y-coordinates are shown; the origin of the coordinate system is located at the 

centre of the Pierre Auger Observatory.
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which will not be discussed in this thesis. For the second-generation radio setup, 

MAXIMA,  yet  a  different  set  of poles  was  used;  these  are  described  in 

Section 8.2.1.

An overview of the data-acquisition (DAQ) system is given in Figure 4.3. The 

components  of  this  setup will  be discussed in some detail  in the subsequent 

sections of this chapter.

4.2 Antennas and low-noise amplifiers

On each  of  poles  No.  1  and  2,  an  aluminium log-periodic  dipole  antenna 

(LPDA)  was  installed.  Pole  No.  3  initially  featured  a  wire-LPDA,  which  was 

replaced by a LOFAR [90] low-band antenna (LBA, [91]) on 24 May 2007. Figure
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Figure 4.3: Schematic representation of the data-acquisition (DAQ) system. The 
antenna measures the electric field in the north-south (NS) and east-west (EW) 

directions. The figure shows the readout system of a single antenna. Since signals 
were measured at poles 1, 2 and 3, three identical readout systems were used. 
These three readout systems shared a common coincidence-trigger system.
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4.4 contains  photographs  of  both an aluminium LPDA (left)  and a wire-LPDA 

(right). Since an LPDA consists of two sets of arms perpendicular to each other, 

the electric field can be measured in two independent directions, which we often 

refer to as “polarisations”. The two polarisations measured are north-south for 

channel 1, and east-west for channel 2.

When considering one of the LPDA polarisations,  the antenna consists  of a 

series  of  arms  (i.e.  dipoles).  The  distance  between  these  arms  increases 

“logarithmically”. Since the resonance frequency of a dipole is a function of the 

dipole length, the antenna is effectively resonant at a range of frequencies. The 

sensitivity  of  the  aluminium  LPDA  begins  at  a  frequency  of  40 MHz;  this 

corresponds with the longest arms. The response of the antenna as a function of 

frequency is shown in Figure 4.5, as reported by Krömer [92].

The  directional  sensitivity  of  the  LPDA  was  measured  using  a  1:3  scaled 

replica. For these measurements, only a single “antenna plane” was used; i.e. half 

of  the  antenna  as  seen  in  Figure  4.4 (left).  The  directional  sensitivity  was 

measured  in  the  E-plane  (the  plane  of  the  antenna)  and  the  H-plane 

(perpendicular to the plane of the antenna). The results are shown in Figure 4.6.

The directional sensitivity of the antenna depends somewhat on the frequency. 

The  antenna  is  fully  sensitive  to  signals  that  come  from  above  (0 dB).  The 
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Figure 4.4: Log-periodic dipole antennas. Left: made from aluminium, reinforced 
with plastic bars. Right: experimental wood/wire construction.
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sensitivity to signals that come from below is reduced by ~10 dB or more. Signals 

from the horizon are greatly reduced in the E-plane (-20 dB or more), and are 

somewhat reduced in the H-plane (-6 dB).

More  details  of  the  aluminium  LPDA  are  available  in  the  PhD  thesis  of 

O. Krömer [92].
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Figure 4.6: Directional sensitivity of the LPDA, in dB, for several frequencies. Left: 
in the E-plane (the plane of the antenna). Right: in the H-plane (perpendicular to 

the plane of the antenna). Adapted from Krömer [92].

Figure 4.5: Left: measured reflection coefficient of the LPDA as a function of 
frequency. The reflection coefficient is the ratio between the powers of an 

inserted and a reflected pulse. The power that is not reflected is considered to be 
emitted; i.e. a small reflection coefficient means an antenna that is emitting 

efficiently. Furthermore, an antenna that emits efficiently is also an antenna that 
absorbs radiation efficiently. Right: the power-transfer factor has been calculated 
from the reflection coefficient. The antenna is fully sensitive at frequencies above 

40 MHz. Graphs adapted from Krömer [92].
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The aluminium LPDAs were designed by our collaborators from Forschungs-

zentrum Karlsruhe (FZK) and built by our collaborators from RWTH Aachen. The 

experimental prototype of a wire-LPDA (Figure 4.4, right) was designed and built 

by RWTH Aachen in an attempt to reduce weight and be more resilient against 

strong winds.  The north-south polarisation of  the wire-LPDA has roughly the 

same size and frequency range as the aluminium LPDA, while the sensitivity of 

the  antenna  in  the  east-west  plane  has  been  extended  towards  lower 

frequencies, resulting in a much larger mechanical structure. In the wire-LPDA, 

the wooden framework provides the mechanical structure, while the metal in the 

wires function as the electrical antenna.

The  purpose  of  the  wire-LPDA  was  mainly  to  explore  the  possibility  of 

constructing LPDAs from a solid frame that is strung with wires. Such an antenna 

could be lighter than the aluminium LPDAs, and also be more resilient to strong 

winds.  Constructing  LPDAs  from  a  frame  with  wires  proved  to  be  a  viable 

possibility,  and  the later  “Black  Spider”  LPDAs  that  are  used  for  MAXIMA are 

based on this principle. However, the original wire-LPDA was extremely large and 

not built with the intend of long-term usage. It was therefore removed from its 

pole and replaced by a LOFAR antenna.
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Figure 4.7: Left: LOFAR low-band antennas in the field at the site of Exloo, the 
Netherlands. The antenna arms are the thin wires in the shape of a “double 

inverted V”. The setup features a ground plane underneath each antenna. Right: a 
LOFAR antenna on a pole at the BLS site. Here, no ground plane is used.
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The LOFAR LBA should normally be mounted on the ground, as seen in Figure

4.7 (left). Because of the environmental conditions on the Argentinian Pampas, 

such as loose cattle, and because of the agreements with the local landowners, it 

was decided to position the LOFAR antenna on a pole instead. A photograph of a 

LOFAR antenna on a pole is shown in Figure 4.7 (right).

A small box directly below the LPDA houses the low-noise amplifier (LNA), a 

wide-band amplifier that performs the initial amplification of the signal. For the 

LOFAR antenna, the LNA is integrated inside the small disc on the top of the pole. 

The initial amplification that the LNA performs needs to be done very close to the 

antenna to prevent pick-up of noise and loss of the signal on the ~140 meter 

coaxial  cable  to  the  BLS.  A  second  function  of  the  LNA  is  to  convert  the 

impedance of the antenna to a real impedance of 50 Ω, to match the impedance 

of the coaxial cable. The LNA should therefore be seen as an integral part of the 

antenna.

The  LNAs  that  were  used  in  this  setup  were  designed  and  built  by  our 

collaborators from FZK. The amplification or forward gain of the LNA depends 

slightly on frequency, but is roughly 22 dB. The characteristics of the amplifier 

were measured at KVI with a spectrum analyser; the results of the forward gain 

measurement are shown in Figure 4.8.
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Figure 4.8: Measurement of the forward gain of the FZK low-noise amplifier 
(LNA).
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4.3 Filters

After passing through the LNA, the signal reaches the data-acquisition system 

in the BLS through the RG-213 coaxial cable. In the DAQ system, the signal is 

successively filtered, amplified, and digitized. The goal of the filtering step is to 

remove  unwanted  frequencies  from the  signal.  In  the  case  of  the  aluminium 

LPDA, the antenna is optimized for the pick-up of frequencies between 40 and 

80 MHz. Signals outside this band are picked up with reduced sensitivity, and if 

they are significant and not caused by air showers, we do need to suppress them.

An obvious source of noise are “FM” radio stations. In most countries, the FM 

broadcast band ranges from 87.5 to 108.0 MHz, and signals from broadcasting 

stations can cause large peaks in the frequency spectrum. To suppress  these 

frequencies,  we  chose  to  use  the  SLP-70  filter,  which  is  a  low-pass  filter 

commercially  available  from Mini-Circuits  [93].  The cutoff  frequency  f co ,  the 

frequency at which the output power of the filter is ½ of the input power (-3 dB), 

is 67 MHz for this filter. Between DC and 60 MHz, the attenuation of the filter is 

less than 1 dB. For frequencies larger than 67 MHz, the attenuation is large; for 

example 20.2 dB at 87.5 MHz, the start of the FM band. Other sources of noise 

with  frequencies  at  or  above  the  FM  band,  e.g.  TV  broadcastings  and  GSM 

communications, are attenuated by this filter as well.

There are also sources of noise at lower frequencies, for example atmospheric 

noise and AM broadcastings. To suppress these frequencies, we use the  SHP-25 

filter, a high-pass filter from Mini-Circuits [94]. The cutoff frequency f co  for this 

filter is 25 MHz, with at least 20 dB attenuation at frequencies below 19 MHz.

The characteristics of the SHP-25 and SLP-70 have been measured at KVI, the 

results are shown in Figure 4.9.

During the measurements in Argentina we used a combination of the filters 

mentioned above: the filter-chain was “SHP-25 + SHP-25 + SLP-70 + SLP-70”; 

from left  to right. The reason for using two instances of each filter is that at 

some point we were not quite satisfied with the level of attenuation. Very roughly 

speaking, placing a filter twice doubles the attenuation as compared with a single 

filter.
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Other combinations of filters have been used as well; often involving a band-

pass or a custom designed filter. These filters were used in order to test which 

configuration gives the best signal-to-noise ratio in the data. However, most of 

the data have been measured with the “SHP-25 + SHP-25 + SLP-70 + SLP-70” 

filter chain; this is also the data that will be discussed in this thesis. An overview 

of the changes made to the setup, including the filter configuration, is given in 

Table 5.1 on p. 56.

The decision to use commercial off-the-shelf filters was based on reducing 

the time which is needed for the assembly of the experimental setup. Making a 

custom design requires additional manpower and time, and is more costly for 

low  volumes  than  commercial  components.  The  disadvantage  of  commercial 

filters is that there is a limited number of different components available. In our 

case, it would have been advantageous to use a high-pass filter with a cutoff 

frequency at 35 or 40 MHz to better suit the antenna response; however no such 

filter was available.
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Figure 4.9: Measurement of the transfer function of high- and low-pass filters.
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4.4 Amplifiers

After the filters, the (main) amplifiers are the next step in the data-acquisition 

chain. Here, the signal is amplified further, in addition to the initial amplification 

by the LNA's. The motivation for placing the amplifiers after the filters, instead of 

before them, is that high-power noise signals can now be removed by the filters 

before amplification. If the amplifiers had been placed before the filters, then the 

amplifiers may have been overloaded by the noise signal, possibly leading to a 

deformation of the signal.

Again it was decided to use an off-the-shelf component produced by Mini-

Circuits, in this case the wideband ZKL-2 amplifier [95]. The amplification of the 

ZKL-2 is 31 dB over a broad range of frequencies, as can be seen in Figure 4.10. 

This amplification was chosen to increase the average power of the signal to a 

level  suitable for  digitization.  In earlier  experimental  efforts,  the amplification 

had been insufficient.
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Figure 4.10: Measurement of the forward gain of the Mini-Circuits ZKL-2 
broadband amplifier. Data from Mini-Circuits [95].
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4.5 Digitizers

After passing the amplifiers, the signal is ready to be digitized. For this step, 

we used digitizers that were designed by Nikhef for the HiSPARC [96] project. As 

can be seen in Figure 4.3 on p. 43, each digitizer has two input channels. These 

two channels were used to digitize the signals from the north-south and east-

west arms of the antenna.

Figure 4.11 shows a photograph of the three digitizers that were used, one for 

each pole. The main feature of the digitizers is the flash ADC, which converts the 

input voltage into a digital number. This process is repeated every 2.5 ns, thus 

creating a string of numbers, called a trace, which represents the input voltage as 

a function of time. The digitizers were configured to produce traces with a length 

of  10 μs.  Whenever  a  trigger  signal  is  received  from the  trigger  system,  the 

digitizers  send two traces  to a  laptop;  one trace for  each input channel.  The 

laptop then saved these traces to disk.

51

Figure 4.11: Nikhef digitizers.
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Another  feature  of  the digitizers  is  the GPS timing.  A GPS antenna can be 

attached  to  the  digitizer,  which  can  then  use  the  GPS  signal  for  precise 

timekeeping.  This  allows  recorded  traces  to  be  accompanied  with  a  GPS 

timestamp, which describes with high accuracy at what moment a certain trace 

was  measured.  The  GPS-timing  feature  of  the  digitizers  is  provided  by  an 

integrated “Navman Jupiter Pico T” GPS receiver module [97]. More properties of 

the digitizers are discussed in Section  6.2, “Digitizers: features, calibration and

timing“.

4.6 Scintillator trigger system

As was mentioned before, the digitizers are triggered by a scintillator trigger 

system.  This  system  consists  of  two  scintillators  that  are  connected  to  a 

coincidence trigger unit; see also Figure 4.3 on p. 43.
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Figure 4.12: Left: Plastic scintillator and 2 PMTs in a wooden box, outside the BLS. 
Right: Coincidence trigger unit, trigger fan-out, and two HV power supplies.
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Outside the BLS,  two plastic  scintillators were placed about 5 m away from 

each other. Each of the scintillators was housed in a wooden box to protect it 

from the environment. A photograph of one of these boxes is shown in  Figure

4.12 (left). The figure shows the scintillator itself, wrapped in black plastic, and 

two photomultiplier tubes (PMTs) that are connected to the scintillator. The other 

scintillator, not shown in the figure, is read out with a single PMT. The horizontal 

area of each scintillator is roughly 1 m2 while the thickness is about 2 cm.

Figure  4.12 (right)  is  a  photograph  of  the  coincidence  trigger  unit.  The 

leftmost  part  of  this  unit  provides  the  coincidence  trigger  itself:  possible  air 

showers are identified when the signals from each scintillator are simultaneously 

above a certain threshold level. When this occurs, a TTL signal changes its logical 

value; this we call a “trigger”. The trigger signal is then split and supplied to the 

trigger-input  port  of  each  of  the digitizers.  In  Figure  4.12 (right)  the trigger 

fan-out component can perform this splitting of the trigger signal; however in 

the photograph it is not connected. The remaining two components in the right-

hand side of  Figure 4.12 are two high-voltage power supplies that power the 

PMTs.
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5.1 Events selected from the radio setup

5.1.1 Overview of the data taking

Using the first-generation radio setup that was described in Chapter 4, data 

was collected for a little over a year: from April  29, 2007 until  May 26, 2008. 

During this period, various changes were made to the configuration of the setup; 

these are listed in Table 5.1.

It  was  mentioned  before  that  the  filter  configuration  was  changed  several 

times, and that the configuration “SHP-25 + SHP-25 + SLP-70 + SLP-70” has 

been used most of the time, for 11 out of 13 months of data taking. The most 

significant change in the antenna configuration is the replacement of the wire-

LPDA by a LOFAR antenna after one month of data taking. Therefore the antenna 

setup has been rather stable as well, with the “LPDA, LPDA, LOFAR” configuration 

in use for 12 of the 13 months.

Although  the  setup  has  been  in  use  for  about  13  months,  it  did  not 

continuously gather data during this time. Possible reasons for this are:

■ DAQ disabled during on-site maintenance;

■ loss of AC power;

■ malfunction of DAQ hardware / software.

Additionally, the data of antennas 1 and 3 for the period April 14, 2008 - May 

12, 2008 has been lost due to the theft of a laptop. The corresponding data for 

antenna 2 had been backed up, however for the data from antennas 1 and 3 

there was no backup.
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date activity

configuration

antennas

(1, 2, 3 resp.)

filters

(in order)

28-04-2007 initial installation
LPDA, LPDA, 

wire-LPDA

SHP-25 SHP-25

SLP-70 SLP-70

01-05-2007 remove LPDA2 from DAQ
LPDA, none, 

wire-LPDA

SHP-25 SHP-25

SLP-70 SLP-70

02-05-2007 add LPDA2 to DAQ
LPDA, LPDA, 

wire-LPDA

SHP-25 SHP-25

SLP-70 SLP-70

12-05-2007
removed one SLP filter from 

scope 3 channel 2

LPDA, LPDA, 

wire-LPDA

SHP-25 SHP-25

SLP-70 SLP-70 *

16-05-2007 change filters
LPDA, LPDA, 

wire-LPDA

SHP-25 SBP-60

SLP-70

17-05-2007 change filters
LPDA, LPDA, 

wire-LPDA
SBP-60 SLP-70

24-05-2007 remove wire-LPDA, install LOFAR
LPDA, LPDA, 

LOFAR
SBP-60 SLP-70

28-05-2007
replace SBP-60 with SBP-30 on 

EW-arms

LPDA, LPDA, 

LOFAR

NS: SBP-60 SLP-70 

EW: SBP-30 SLP-70

30-05-2007 put back the SBP-60 filters
LPDA, LPDA, 

LOFAR
SBP-60 SLP-70

20-07-2007 change filters
LPDA, LPDA, 

LOFAR

SHP-25 SHP-25

SLP-70 SLP-70

20-08-2007
on scope 1 channel 1, a filter 

that gave no signal was repaired

LPDA, LPDA, 

LOFAR

SHP-25 SHP-25

SLP-70 SLP-70

08-04-2008
change filters, only on scope 2 

(SHP-25 SBP-60 SLP-70)

LPDA, LPDA, 

LOFAR

SHP-25 SHP-25

SLP-70 SLP-70 *

13-04-2008
change filters back to SHP-25 

and SLP-70 combination

LPDA, LPDA, 

LOFAR

SHP-25 SHP-25

SLP-70 SLP-70

12-05-2008
end data taking antennas 1 and 

3 (transit to MAXIMA)
-, LPDA, -

SHP-25 SHP-25

SLP-70 SLP-70

19-05-2008 change filters on scope 2 -, LPDA, -
SHP-25 SBP-60

SLP-70

26-05-2008
end data taking antenna 2 

(transit to MAXIMA)
-, -, - -

Table 5.1: Overview of changes made to the radio setup. An asterisk (*) indicates 
a slightly different configuration; see the associated description.
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To maximise the number of radio events in the dataset that we will analyse, we 

will not make any 'a priori' cuts on the data based on the filter and/or antenna 

configuration. Where needed, additional cuts will be made.

However, there are some data files that should be excluded at this point. Data 

that was taken while people were on-site, working on the setup or performing 

various tests, should be excluded. Sometimes the setup was used with a different 

trigger setting (not using the regular scintillator trigger); these files are excluded 

as well. Lists of the excluded files are given in Appendix A, in Tables A.1, A.2 and 

A.3.

5.1.2 Determination of good data-taking periods

Because of the frequent gaps in the data-taking period, we would like to have 

a list of the periods during which the radio setup was actually running properly. 

This is important when one wants to calculate the efficiency of the detector. For 

example, when the detector is not running due to a lack of AC power, air showers 

will not be registered. Not measuring these events is a problem of the detector, 

but not of the radio-detection technique.

We will refer to the period during which the radio setup was running properly 

as the uptime.

To calculate the uptime, we make use of the rate with which events have been 

registered by the setup, the trigger rate. This trigger rate has been calculated for 

each of the three antennas individually; time bins with a length of 5 minutes have 

been used. With the exception of the data files listed in Appendix A, all data has 

been used for this calculation. The calculated trigger rate is plotted in Figure 5.1.

Although many features can not be seen well due to the compression of the 

horizontal axis of the plot, it does give a good overview of the performance of 

the setup during the data-taking period. There is a large number of gaps during 

which no data has been measured, some of them lasting for more than a month. 

There are also several short periods with a much higher trigger rate. Additionally, 

the average trigger rate becomes permanently lower in November 2007; this can 

be explained by the replacement of the high-voltage unit that was powering the 

scintillators.
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Another feature that can be seen in  Figure 5.1 is that the trigger rate in July 

2007 was much lower than usual. During that period a problem with the hard- or 

software of the setup was causing an extremely long dead time. After the system 

was reset, normal data taking resumed.

To exclude data from periods during which the setup did not run well, e.g. July 

2007, we define the uptime of each antenna as the time during which the trigger 

rate was at least 0.05 Hz. Then, the uptime of the complete setup is defined as 

the time during which at least one antenna was running. In this way we have 

determined the good data-taking periods of the radio setup; see Figure 5.2.

The overall uptime of the setup during the data-taking period was 43 %. For 

antennas 1, 2 and 3, the uptimes were 32 %, 39 % and 33 % respectively.

An alternative, more stringent definition of the uptime of the complete setup 

would be to require that all three antennas were “up” (instead of only one). This 

would result  in the selection of  a smaller  set of higher-quality data.  In cases 
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Figure 5.1: Trigger rate for each of the three antennas. The dashed, horizontal 
line indicates the 0.05 Hz threshold.
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where  one  needs  data  from  all  three  antennas,  e.g.  for  a  three  dimensional 

reconstruction of the direction of the air shower, this would be a logical choice. 

However, because the amount of measured data is limited and because data from 

all three antennas is not strictly required for the analyses in this theses, we have 

chosen  to  use  the “at  least  one  antenna”  requirement.  The advantage  of  the 

higher uptime is 43 % versus 30 %.

For the analyses in this thesis we only consider data from the radio setup that 

was measured during the uptime. Other data is ignored. Additionally, this same 

cut is applied to the data from the Auger surface detector.

5.2 Events selected from the surface detector

We have created a list of events from the Auger surface detector (SD) that we 

will use to aid the analysis of the events from the radio setup. This list can be 

used to search for coincidences:  an extensive air-shower event that has been 
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Figure 5.2: The uptime in this plot indicates the time periods during which the 
radio setup was running properly. The combined uptime is the condition that at 

least one of the antennas was running.
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measured by both the SD and the radio setup.  For such coincidences,  the SD 

provides  us  with  very  useful  information  about  the  air  shower,  such  as  core 

position, arrival direction and primary energy. One may also use the list of SD 

events to determine which air-shower events were not seen by the radio setup. 

This can be used to calculate the efficiency of the radio setup.

To select the events on this list, we have made the following cuts on the data 

from the SD:

■ The event must have passed the CDAS trigger [81].  This  is  trivial;  else 

there would not have been any data.

■ The event must have passed the CDAS reconstruction. This implies that 

the event is a physical event that could be reconstructed.

■ The SD station that is nearest to our radio setup, called Olaia, must be one 

of the stations in the reconstructed event. Note that events elsewhere in 

the SD, with which Olaia was accidentally included due to a coincidence in 

time, are rejected. Also note that this cut on the selected station implies a 

hidden cut on the distance of the air shower.

■ The  event  must  take  place  during  the  uptime  of  the  radio  setup,  as 

determined in Section 5.1.2. This ensures that the radio setup was running 

properly.

The set of SD events that satisfy these criteria consists of 2,028 events. An 

overview of their properties is given in Section 6.1.

The  performance  and  operation  of  the  surface  detector  are  discussed  in 

[98, 79]. The number of SD stations that is operational at any time is typically 

more than 98.5 %.

5.3 Events coincident between radio and SD

Coincident  events,  or  coincidences,  are  events  that  have  been recorded by 

both  the  radio  setup  and  the  Auger  surface  detector.  Coincidences  can  be 

searched for by comparing the GPS timestamps of the events selected from the 

radio setup and the SD.
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In the radio setup, GPS timestamps have been attached to each event by the 

digitizers. This information is therefore available for each antenna individually. 

For the SD data, GPS timestamps are available from each individual SD station 

(i.e. water tank). These timestamps are used during the reconstruction in CDAS to 

determine the 'time of the event', which is the time that the core of the air shower 

hits the surface of the Earth. It is this time that was used in the comparison with 

the events from the radio setup.

In this analysis, the requirement for a coincidence is that the absolute value of 

the time difference    between radio  and SD events  is  not more than 10 μs. 

Therefore,  the  timestamps  of  the  SD  events  were  compared  with  the  GPS 

timestamps of the events from the radio setup, for each of the three antennas 

individually.

A  search  for  coincidences  was  performed  using  the  events  as  selected  in 

Sections  5.1 and  5.2. For each antenna, 0 coincidences were found. However, 

coincidences were found after adding 1 second to the timestamps of the radio 

setup. Similarly, a search where 2 seconds were added to the radio timestamps 

also yielded coincidences, while adding 3 seconds did not give any coincidences. 

These results have been summarized in Table 5.2.

The time difference between coincident radio and SD events has been plotted 

in  Figure 5.3 for  each of  the three antennas.  Each dot indicates  a  coincident 

event. A further analysis of the time difference between radio and SD events is 

presented in Section 7.2.
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GPS offset (s) antenna 1 antenna 2 antenna 3

0 0 0 0

1 208 259 221

2 140 175 141

3 0 0 0

total 348 434 362

Table 5.2: Number of events coincident between radio and SD, as a function of 
the GPS offset in seconds. The maximum allowed time difference   was set to 

10 μs.
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From these results, we can draw the following conclusions:

■ We  have  successfully  triggered  on  extensive  air  showers  using  the 

scintillator-based trigger.

■ There exists a fixed one second time difference between events from the 

radio setup and from the SD. The source of this offset is unknown.

■ Sometimes, an additional second is added to the timestamp of the radio 

setup. Whether or not this extra second is added can change from event to 

event; however usually it is stable for a few days. The problem was traced 

to a bug in the FPGA code of the digitizers and has been solved in newer 

versions of this code.
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Figure 5.3: The time difference between coincident radio and SD events. Each dot 
indicates a coincident event. No coincidences were found at =0s±10μs  or 

=3s±10μs .
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■ The expected number of accidental coincidences is small: between 0 and 

1. For GPS-offset values of 0 and 3, the number of accidental coincidences 

was  0  for  each  of  the  antennas.  The  same  value  may  reasonably  be 

expected  for  GPS-offset  values  of  1  and  2;  however  accidental 

coincidences can not be ruled out.

To perform an additional check on the number of accidental coincidences, a 

search  was  performed  where  the  maximum  allowed  time  difference    was 

100 μs  instead  of  10 μs;  i.e.  10 times  larger.  This  resulted  in  one  additional 

coincidence, seen in each of the three antennas. Taking into account the distance 

of the event, it was clear that this coincidence is purely accidental. The fact that 

only  one  accidental  was  found  within  the  90 μs  with  which  the  window  was 

enlarged, further strengthens the conclusion that the original window of 10 μs 

does not contain many accidental coincidences.

Alternatively,  a  rough estimate  of  the number  of  random coincidences  can 

easily  be  calculated.  For  this,  we  use  the  trigger  rate  of  the  radio  setup 

r radio≈0.3Hz and the trigger rate of the SD r SD . With the criteria of Section 5.2, 

2,028 events were measured in ~13 months, thus r SD≈6⋅10−5Hz . Then, the rate 

of  random  coincidences  is  r radio ,SD=2 r radio r SD≈3.6⋅10−10Hz .  The  number  of 

expected random coincidences during the ~13 months of data taking is therefore 

0.01.

For each of the three antennas, a total number of coincident events is listed in 

Table 5.2: 348, 434 and 362. Since these three numbers are not equal to each 

other, it can be concluded that some events were registered with only 1 or 2 

antennas  instead of  all  three.  This  of  course is  caused by  the uptime of  the 

individual antennas, as discussed in Section 5.1, and possibly also by the dead 

time of the digitizers. The number of coincident events for which the traces from 

at least one antenna were recorded, is 482.1

The analysis of the coincident events, i.e. radio measurements of cosmic-ray 

induced  air  showers,  will  be  discussed  in  Chapter 7.  In  Section 7.4,  “Pulse

1If  we  would  not  have  applied  the  cut  based  on  the  trigger  rate  as  described  in 
Section 5.1.2, the number of coincident events with traces from at least one antenna 
would have been 494. Due to this  trigger-rate  cut,  12 events were excluded.  These 
events were recorded between July 24 and August 5, 2007.
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detection”, a further cut on the data is made. In that section a selection is made 

between  events  in  which  air-shower-induced  radio  pulses  can  be  seen,  and 

events that don't show such a pulse.
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In this chapter, some general properties of the data will be discussed. First, an 

overview will  be  given  of  the air  showers  that  were  selected  from the Auger 

Surface Detector (SD). Next, general aspects of the data that was measured with 

the  first-generation  radio  setup  will  be  discussed.  Topics  include  calibration, 

timing precision,  self-interference,  and the radio  background at  the site.  The 

radio measurements of actual cosmic-ray induced air showers will be the topic of 

Chapter 7.

6.1 Properties of SD events

6.1.1 Core positions and shower energies

In Section 5.2, “Events selected from the surface detector”, a set of criteria was 

defined for the events from the Auger SD. Events that fulfilled all the criteria were 

selected for analysis. This selection consists of 2,028 air-shower events, and in 

this section a brief overview of the properties of these events will be given.

One of the criteria by which the SD events were selected, is that the SD station 

that  is  nearest  to  the  radio  setup,  namely  Olaia,  must  be  part  of  the 

(reconstructed) event. Due to this criterion nearby events are selected. The core 

positions of these events are shown in Figure 6.1. In this thesis, the terms 'core 

position' and 'shower core' indicate the location where the shower axis reaches 

the surface of the Earth.

The peculiar shape of the event distribution in this figure may seem surprising 

at first. However, it can be understood by comparing it with the positions of the 

SD stations. The triangular grid of the SD stations is also plotted in Figure 6.1. 

The off-grid position of the “Olaia” SD station lowers the energy threshold of 

detectable air showers since it allows smaller showers to be detected. Since the 

cosmic-ray energy spectrum is very steep, as was shown in  Figure 1.4 on p.  7, 

this results in a large number of additional, low-energy events.
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Figure 6.2 shows that the majority of the selected SD events (73 %) has an 

energy2 of less than 0.5 EeV. Further inspection showed that 86 % of these low-

energy events were detected with only 3 SD stations. The smallest configurations 

that consist  of  3 SD stations are  indicated with ellipses  in  Figure 6.3 (a).  The 

centre of each ellipse is indicated with a  symbol; around these locations we⨂  

expect a larger number of core positions due to the lower energy threshold.

In the (b), (c) and (d) sub-plots of  Figure 6.3, a cut has been made on the 

energy  of  the  events.  The  energy  is  required  to  be  more  than  0.3,  0.5  and 

1.0 EeV, respectively. The characteristic pattern of Figure 6.1 is no longer visible 

for events with energies above 0.5 EeV. Thus, the combination of the larger flux 

of  low-energy  cosmic  rays  with  the  detector  positions  is  the  cause  of  this 

pattern.

2In this thesis, the value we use for the energy of the SD events is the energy that is 
calculated  during  the  reconstruction  with  the  CDAS  software  [99].  Specifically,  the 
“NEWFD” energy estimator is used, which uses the constant intensity cut (CIC) method, 
together with the latest FD calibration [100, 101]. This “NEWFD” energy estimator was at 
the time of writing the preferred energy estimator in the CDAS reconstruction software.
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Figure 6.1: The x- and y-coordinates of the shower cores of selected SD events. 
The x-coordinate is positive towards the east; y is positive towards the north. The 
origin of the coordinate system is located at the centre of the Auger observatory. 

The positions of nearby SD tanks (detectors) have been indicated with grey circles. 
Left: a display of all 2028 selected events. Right: a zoom-in of the central region.
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It is necessary, however, to exercise some caution when drawing conclusions 

based on the SD data. The majority of the events (70 %) has been detected with 

only  3 SD stations.  The uncertainty  in  the  core  position  and energy  of  these 

events is relatively large. Other reconstruction parameters,  such as the zenith 

and azimuth angles of the arrival direction, do also have a larger uncertainty on 

them  as  a  result  of  the  small  number  of  detectors  with  which  they  were 

measured. Fortunately, the event reconstruction procedure of CDAS provides us 

with an estimate of the uncertainty in the reconstruction parameters. An overview 

of the estimated uncertainties of the selected SD events is given in Table 6.1.
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Figure 6.2: Energy distribution of the selected SD events. The bin width is 0.1 EeV 
(1017 eV). The error bars indicate the statistical uncertainty only. The final bin 

shows 54 events that had a reconstructed energy of more than 3 EeV.

No. of SD 

stations

No. of 

events

E
EeV 

dE
EeV  dE /E

dxcore

m 
dy core

m
dθ
°

dφ
°

3 1416 0.28 0.12 0.50 97 92 2.4 5.3

4 401 0.62 0.19 0.34 72 76 1.2 2.1

5 119 1.3 0.33 0.28 60 67 0.95 1.5

≥6 92 4.0 1.21 0.27 112 63 0.69 0.64

Table 6.1: Uncertainty of several reconstructed parameters as a function of the 
number of SD stations that were used in the reconstruction. θ indicates the 

zenith angle; φ is the azimuth angle.
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When  comparing  high-energy  events  with  low-energy  events,  we  find  that 

high-energy  events  have  a  smaller  relative  uncertainty  in  their  energy. 

Additionally,   high-energy  events  also  have a  smaller  uncertainty  in  both the 

zenith and azimuth angles. The uncertainty in the x- and y-coordinates of the 

shower core becomes smaller if the number of detectors with which the event 

was  measured,  is  increased.  The  average  uncertainty  in  the  x-coordinate  for 

events measured with 6 or more SD stations, as listed in Table 6.1, is a notable 
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(a) (b)

(c) (d)

Figure 6.3: Dependency of the shower core position on energy. (a) Sketch of 
smallest 3-tank configurations. (b) When applying and energy cut E > 0.3 EeV, the 

characteristic pattern (as seen in Figure 6.1) is still visible. (c) For energies 
E > 0.5 EeV this pattern is no longer visible. (d) Idem for E > 1.0 EeV.
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exception to this rule. This however is only an artefact that is caused by a few 

(seven) events with a very large uncertainty in the x-coordinate.

The relative  uncertainty  in  the energy  is  around 50 %  for  events  that  were 

measured with only 3 SD stations. Naturally, a more closely spaced grid of SD 

stations would have been able to measure these events with more accuracy. The 

accuracy of the reconstructed air-shower parameters of few-tank events, such as 

E  and dE , was investigated by Fitzner [102, 103].

The energy distribution of the selected SD events was presented in Figure 6.2. 

However, it is more common to use a logarithmic scale for the energy axis and to 

use  energy  bins  that  scale  exponentially.  The  resulting  flux  spectrum  is 

presented in Figure 6.4.

In  [15],  the flux of  cosmic  rays  J  as a  function of  energy  E  is  given by

J E ≃
ΔN sel E 

Δ E
1

ℰ E 
.  In  this  formula,  Δ N sel E   is  the  number  of  selected 

events in an energy bin centred around  E ;  Δ E  is the width of that bin; and 

ℰ E   is the energy-dependent exposure of the detector.
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Figure 6.4: Differential flux spectrum of the selected SD events. The vertical error 
bars indicate the statistical uncertainty only. The top bin, 1010.3 ≤ E < 1010.4, 

contains one event. A power law function is shown to guide the eye. The energy-
dependent acceptance has not been taken into account.
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In the referenced article, data from the (full) Auger observatory was used to fit 

a power law J=kE−γ  to the cosmic-ray flux spectrum below the ankle (see also 

Figure 1.4 and Figure 1.5). The value found for γ  was 3.28±0.07 stat 0.11
−0.10

sys .

What  is  plotted  in  Figure  6.4 is  the  first  part  of  the  formula  for  J E  : 

Δ N sel E /ΔE . To guide the eye, a power law has also been plotted in this figure; 

for this function we used γ=2.3 . Since the energy-dependent exposure ℰ E   is 

not  included  in  the  calculation,  we  do  not  expect  both  values  for  γ  to 

correspond.

It  is  difficult,  however,  to  obtain  this  exposure.  In  [104]  and  [105]  the 

acceptance  of  the  regular  Auger  grid  (1500 m triangular;  see  Section 3.2),  is 

calculated.  Both  references  find  that  the  acceptance  saturates  (> 99 %)  at 

E=2.2 EeV . Additionally, [105] also finds the acceptance for a 750 m triangular 

grid, which is called “the infill” and is used for AMIGA [106]. It was found that the 

acceptance of a 750 m grid saturates at  E=0.15EeV . However, the SD station 

“Olaia” is 866 m away from its 3 nearest neighbours, and is not part of an 866 m 

triangular grid.

Additionally, as can be seen in  Figure 6.1 (left), a group of SD stations was 

missing from the regular grid during the time of the selected SD events. This 

concerns  12 SD stations,  located  to the south-east  from Olaia.  This  gap also 

influences the acceptance. Furthermore, the acceptance is also affected by the 

criteria which are used for the selection of events. The selection criteria that were 

used  in  this  thesis  for  the  SD  events,  as  described  in  Section 5.2,  are  very 

different from the criteria which were used in [15]. Finally,  as we shall  see in 

Section 6.1.2, the acceptance is also influenced by the atmosphere in the case of 

low-energy inclined cosmic rays.

6.1.2 Arrival direction

Another feature of the SD events that can be explored is the arrival direction. 

This  arrival  direction can be characterized by the zenith  and azimuth angles. 

These angles are defined in the local  frame of the Auger observatory, i.e. the 

rotation  of  the  Earth  is  not  taken  into  account.  The  horizontal  angle  is  the 

azimuth angle φ, which is 0° towards the east (positive x-axis), 90° towards the 
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north (positive y-axis) and 180° towards the west. The zenith angle θ is 0° for 

fully vertical events and 90° for fully horizontal events.

The  distribution  of  the  zenith  angles  of  the  selected  SD  events  has  been 

plotted in  Figure 6.5 (left).  One apparent feature is that the number of events 

with a small (< 20°) zenith angle is relatively small. This is not surprising since 

the amount of solid angle is a function of the zenith angle. The bin 0° < θ < 2° 

describes a small circle on the sky, while e.g. 40° < θ < 42° covers a much larger 

ring. To compensate for this dependency, the distribution was calculated as a 

function of cos(θ); this ensures that each bin covers an equal amount of solid 

angle. The results are shown in Figure 6.5 (right).

The distribution in Figure 6.5 (right) is fairly constant for zenith angles below 

about  40°  (cos(θ) > 0.75).  Above  40°,  the  distribution  starts  to  fall  off,  with 

almost no events with θ > 60° (cos(θ) < 0.5). This reduction can be explained by 

the larger slant depth in the atmosphere for highly inclined showers (i.e. showers 

with a large zenith angle). This larger slant depth will cause more air showers to 

be absorbed before they reach the surface. This principle can be made visible in a 

scatter plot of the cosmic-ray energy versus the zenith angle; see Figure 6.6.

In  this  figure many  events  with  low energies  (e.g.  0.2 EeV)  can be seen at 

zenith angles smaller than 55°. Above 55°, however, are nearly no low-energy 

events. The atmospheric absorption appears to be important only for air showers 
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Figure 6.5: Left: distribution of the zenith angles of the selected SD events. The 
zenith angle is zero in the fully vertical direction. Right: the same distribution, but 

now as a function of cos(θ). Only statistical uncertainties are shown.
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with a relatively low energy; no suppression can be seen for higher-energy (e.g. 

E > 3.0 EeV) air showers. (Here we have not considered the case for events that 

are extremely inclined, i.e. horizontal or nearly horizontal).

We  will  conclude  this  section  by  considering  the  azimuth  angle  φ  of  the 

selected air showers. A distribution of this variable is plotted in Figure 6.7 (left); 

a scatter plot versus the energy is shown on the right hand side.

The  histogram  shows  no  asymmetry  that  depends  on  the  azimuth  angle; 

neither does the scatter plot. We do not see the well-known east-west effect of 

cosmic rays [10,  107]. This effect describes a larger cosmic-ray flux from the 

west due to the deflection of the predominantly positively charged cosmic rays in 

the Earth's magnetic field. However it is not surprising that we do not observe 

this asymmetry as the east-west effect occurs at cosmic-ray energies of around 

10 GeV.
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Figure 6.6: Scatter plot of the energy versus the zenith angle of the selected SD 
events.
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6.2 Digitizers: features, calibration and timing

With  the  Nikhef  digitizers,  two  traces  with  a  length  of  10 μs  each  were 

recorded  after  each  successive  trigger.  The  first  trace  is  channel  1,  the 

measurement  of  the  signal  in  the  north-south  direction;  the  other  trace  is 

channel  2  with  the  data  measured  in  the  east-west  direction.  We  use  the 

convention that “north-south direction” means that the antenna arms with which 

the  signal  was  measured,  were  pointing  to  the  north  and  to  the  south.  An 

example of a trace is shown in Figure 6.11 on p. 81.

The 10 μs trace was sampled with a frequency of 400 MHz; thus each trace 

consists of 4000 data points. The pre-trigger time was set to 2 μs, which means 

that the first 800 data points of each trace were measured before the trigger 

moment. This feature of the digitizer is provided by a digital data buffer.

Inside  the digitizer,  the input  voltage was sampled  by a  12-bit  Flash ADC 

(analog-to-digital  converter).  The  measured  traces  thus  consist  of  4000 

unsigned  12-bit  numbers.  In  order  to  be  able  to  convert  these  numbers  to 

voltages, the digitizers were calibrated by applying a 50 MHz 100 mV RMS sine 

wave to the input terminals. This was done for both inputs of each of the three 

digitizers  individually.  Subsequently,  sine  waves  were  fitted  to  the  measured 

traces, from which the calibration parameters were computed. These parameters 

are listed in Table 6.2.
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Figure 6.7: Left: distribution of the azimuth angles φ of the selected SD events. 
The azimuth angle is zero for events coming from the east. Right: scatter plot of 

the energy versus the azimuth angle.
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With the exception of the second channel of digitizer 3, the calibration results 

are  very  consistent:  (0.127  ± 0.001) mV/ADCU.  For  simplicity,  a  value  of 

0.127 mV/ADCU was used in all calculations, with the exception of channel 2 of 

digitizer 3, where 0.156 mV/ADCU was used. The deviating calibration of this 

channel is caused by a manufacturing error (a wrong resistor was used).

Not only two traces are stored whenever the digitizer is triggered, but some 

additional information as well. This information is the event header, and part of it 

is the GPS timestamp of the event. The timestamp indicates the time at which the 

digitizer triggered. Due to the pre-trigger time, the time of the beginning of the 

trace  is  the  timestamp  minus  the  pre-trigger  time  (typically  2 μs).  The  first 

number of the timestamp is the number of seconds in UTC since the UNIX epoch, 

midnight  1 Jan 1970.  The second (and last)  number  of  the timestamp is  the 

number  of  nanoseconds  since  the  beginning  of  the  second.  Logically,  this 

number should range from 0 until 109-1.

Uncertainties in the value of the timestamp can be systematic or statistical:

■ Systematic  uncertainties  can  arise  from  the  hardware  implementation 

(brand and model of GPS device, cable lengths), incorrect handling of leap 

seconds, and from counting errors like the bug mentioned in Section 5.3. 

The advantage of this type of uncertainty is that the errors are constant: 

we can measure them and compensate for them. The digitizers that were 

used contain a different GPS timing system than the Auger SD stations, 

leading to a non-zero offset in timestamp values.

■ Statistical  uncertainties  in  the  timestamps  are  different  for  each  event. 

This  type  of  uncertainty  cannot  be  compensated  for,  and  limits  the 
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Digitizer Channel 1: mV/ADCU Channel 2: mV/ADCU

1 0.127 0.126

2 0.128 0.128

3 0.126 0.156

Table 6.2: Results of the calibration of the digitizers. Note the different result for 
digitizer 3, channel 2. ADCU stands for ADC units.
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precision  with  which  we  can  determine  the  exact  time  of  the  trigger 

moment.

 To investigate the uncertainty in the timestamp, we analyse the data that was 

measured  within  an 8-day period,  from midnight  2007-08-08 until  midnight 

2007-08-16. There is nothing special about this time period; however,  it is a 

convenient period of continuous measurements without any on-site activity.

A search in the data from this period for “events” where traces from all three 

poles are available, yielded 170,520 such events. Here we used the criterion that 

the timestamps of the traces from each pole must not differ more than 10 μs 

from each other. Since a scintillator trigger was used, nearly all events recorded 

satisfy this criterion. For each of the antennas, 6.3 % of the events could not be 

fitted into such a threefold coincidence due to the dead time and issues with the 

data storage. For all other events, i.e. the ones that satisfied the criterion, the 

time differences of the GPS timestamps from digitizers 1, 2 and 3 have been 

plotted in Figure 6.8.
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Figure 6.8: Relative time differences of events from the three digitizers, 
calculated from the GPS timestamps in the event headers. Since the digitizers 

received the trigger simultaneously, perfect timing would be a time difference of 
zero.
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A  Gaussian  function  of  the  form  y=An e
−
t−t n

2

2σ n
2

 may  be  fitted  to each 

distribution of calculated time differences. We define n∈{21,32,13} ,  t 21≡t 2−t 1 , 

and similar for t 32  and t 13 . The fit results are summarized in Table 6.3.

Now that the standard deviations of the distributions of the time differences 

are  known,  we  can  calculate  the  standard  deviations  of  the  statistical 

uncertainties  of  the  GPS  timestamps  from  the  individual  digitizers.  Using 

σ 21
2
=σ 2

2
σ1

2
, etc. and solving the three equations, we find  σ digitizer  = 17, 12, 

and 9 ns  for  digitizers  1,  2,  and  3  respectively.  Furthermore,  the  average 

standard deviation of the time difference is σ n=18ns , and the average standard 

deviation of the GPS timestamp of the digitizers is σ digitizer=13ns . This uncertainty 

is lower than the uncertainty of 25 ns (1-sigma) that is mentioned in the data 

sheet of the GPS receiver module [97].

The  angular  reconstruction  of  air-shower  events  is  based  on  the  time 

differences  as  recorded  by  the  digitizers.  The  typical  uncertainty  in  the  time 

difference between two GPS timestamps, 18 ns, aggregates into an uncertainty in 

the  angular  reconstruction.  We  can  estimate  the  order  of  magnitude  of  this 

aggregated uncertainty in the angular  reconstruction using a simple back-of-

the-envelope calculation. Remember that the radio antennas in the setup form an 

equilateral triangle with a side-length of 100 meters (Section 4.1). Next, consider 

a fully vertical shower, thus hitting ground level at each of the three antennas at 

the same time. For simplicity, assume that two of the three digitizers measure 

this time perfectly. The third digitizer, however, is off by the typical value for the 

uncertainty in the time difference, i.e. 18 ns. In this case, the error in the angle is 
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Time difference n A n (ns-1) t n (ns) σ n (ns)

t2 - t1 21 3.1·103 8 21

t3 - t2 32 4.4·103 -11 15

t1 - t3 13 3.3·103 3 19

Table 6.3: Fitted parameters for a Gaussian function that was fitted to the 
distribution of calculated time differences.
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simply  arctan 
18 ns⋅c

½3⋅100m
=4 ° .  Although  the  calculation  is  very  simplistic,  it 

gives a quick estimate of the angular uncertainty we can expect based on the 

limited timing precision of the digitizers.

Updated  versions  of  the  digitizers,  such  as  the  ones  used  in  the  MAXIMA 

setup, have a higher timing accuracy; see Section 8.2.2.

6.3 Signals in the trace

Most of the traces that have been measured do not show a clear signal; see, 

for  example,  the trace in  Figure 6.11 on p.  81. Some structure  can be seen, 

however, when the average of a large number of traces is calculated. This is due 

to the fact that the noise which dominates the trace is random, and therefore will 

be cancelled when we take the average of  a large number  of  traces.  For this 

analysis, we used data from the same 8-day period as in Section  6.2, i.e. from 

midnight  2007-08-08  until  midnight  2007-08-16.  For  each  of  the  three 

antennas and for  both the north-south and east-west directions,  the average 

trace was calculated by summing over all traces in the selected period, and then 

dividing by the number of traces. The result is shown in Figure 6.9.

First  it  should  be  noted  that  only  signals  that  have  the  same  phase-time 

relationship  in  each  trace,  will  be  visible  in  this  plot  (i.e.  constructive 

interference). The plot shows that each of the average traces consists of two or 

three bursts/peaks. These are not signals from cosmic rays, but noise signals 

that are created by our own electronics. The first burst, with a peak height of 

about 1 mV, starts at t=2.0 μs,  the trigger moment.  Apparently,  whenever the 

digitizer triggers,  some noise is generated, which in turn is picked up by the 

electronics of the setup.

After  this  initial  burst,  two  additional  bursts  are  visible.  These  bursts  are 

strong in antenna 1, up to ~10 mV, while weaker but still visible in antennas 2 

and 3. For each antenna, they occur at slightly different positions in the trace. 

However, the time in between these two bursts is always 1.6 μs. This 1.6 μs is the 

time during which the TTL signal, which is used in the scintillator-based trigger 

system that is described in Section 4.6, has a value of 'true' after the occurrence 

of a trigger.  Whenever the logical  value of the TTL signal  changes, there is a 
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sharp transition in the voltage level. During this transition, radiation leaks out of 

the coaxial cables, which are located at the data-acquisition (DAQ) system inside 

the Balloon Launching Station (BLS). This radiation is picked up by the antennas 

outside. The different times at which the bursts occur in the trace can then be 

explained by the different distances of the antennas to the BLS, where the DAQ is 

located. These distances are 30, 117 and 86 m for poles 1, 2 and 3 respectively. 

Since the noise signal propagates with the speed of light, this takes 0.10, 0.39 

and 0.29 μs,  respectively.  When taking into  account  the time it  takes  for  the 

signal  to  travel  back  from the antenna  over  the coaxial  cable  (835 ns  for  all 

antennas) and the pre-trigger time (2.0 μs), we can explain the starting times of 

these noise bursts. Additionally, the stronger appearance of the noise in antenna 

1 can simply be explained by the fact that this antenna is nearest to the BLS.

Now  that  the  timing  of  the  noise  in  the  trace  due  to  self-interference  is 

understood, it can be compared with the timing of the signal. Where in the trace 

do we expect to see radio signals from air showers? Let us define t0 as the time at 
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Figure 6.9: Average of about 182,000 traces for each of the three antennas, 
north-south and east-west directions, calculated for a period of 8 days.
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which the muons in the air shower pass through the scintillators located at the 

BLS. After that, it takes the scintillator signal 100 ns to reach the trigger unit, the 

trigger unit itself takes 50 ns, and finally the trigger distributor ('fan-out' device) 

introduces a delay of 12 ns. Therefore, at t0 + 162 ns the trigger reaches the 

trigger input of the digitizers.

The  signal  itself  traverses  the  cable  between  the  antenna  and  the  BLS  in 

835 ns; this is true for all three antennas. However, since the antennas are not 

located  at  the  BLS,  the shower  front  may  not  pass  the  antennas  at  t0.  When 

ignoring the curvature of the shower front, the front passes the antennas at t0 if 

the event is fully vertical; i.e. the zenith angle is zero. When the zenith angle is 

not zero, then the arrival time depends on the zenith and azimuth angles of the 

shower and on the distance of the antenna to the scintillators. These expected 

arrival  times  are  summarized  in  Table  6.4 for  the  three  antennas  and  three 

possible zenith angles.

Instead of calculating the average voltage for each point in the trace, one may 

also calculate the average power for each point. Since P = V2/R, this amounts to 

summing the squares of the voltages, then dividing by the number of traces and 
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antenna
zenith 

angle θ

shower front at 

antenna (ns)

signal at digitizers 

(ns)

signal in the 

trace (ns)

earliest latest earliest latest earliest latest

1 0° t0 t0 t0+835 t0+835 2,673 2,673

2 0° t0 t0 t0+835 t0+835 2,673 2,673

3 0° t0 t0 t0+835 t0+835 2,673 2,673

1 60° t0-87 t0+87 t0+748 t0+922 2,586 2,760

2 60° t0-338 t0+338 t0+497 t0+1,173 2,335 3,011

3 60° t0-250 t0+250 t0+585 t0+1,085 2,423 2,923

1 90° t0-101 t0+101 t0+734 t0+936 2,572 2,774

2 90° t0-390 t0+390 t0+445 t0+1,225 2,283 3,063

3 90° t0-288 t0+288 t0+547 t0+1,123 2,385 2,961

Table 6.4: Times at which the signal of the shower can be expected, calculated 
for three antennas and three possible zenith angles. The earliest and latest 

possible times are given; the actual times depend on the geometry of the shower. 
In the calculation, a flat plane approximation was used for the shower front.
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R. The difference with the average traces as shown in  Figure 6.9 is that signals 

with a random phase-time relationship are no longer cancelled. The calculated 

“average powers” are shown in Figure 6.10.

When comparing  Figure 6.9 with  Figure 6.10, we see that both figures show 

compatible results for antenna 1. In Figure 6.9, the two bursts in the signal from 

antenna 1 are well above 5 mV, and in Figure 6.10 two corresponding peaks are 

visible. This is the self-interference from the TTL trigger signal. For antenna 2 

however,  Figure 6.10 shows two peaks in the east-west direction, but only one 

peak in the north-south direction.  When looking in  Figure 6.9 at the plot  for 

antenna 2, north-south, we see that the TTL-induced burst is not very strong; 

around 1 mV. The same is true for antenna 3 in both the north-south and east-

west directions. This may explain why no TTL-induced bursts are visible above 

the noise in the corresponding plots in  Figure 6.10. As was explained above, 

noise with a random phase is cancelled in Figure 6.9, but not in Figure 6.10.
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Figure 6.10: Average power for each point in the trace. Calculated for each of the 
three antennas, for the north-south and east-west directions, for a period of 8 

days.
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6.4 Properties of the radio background

To discuss the radio background, we will investigate the noise as measured by 

the first-generation radio setup. The noise is the background upon which we may 

measure signals.

Within the measured traces, at least three kinds of noise can be distinguished. 

First there is the general background, present at all times and at all frequencies. 

However, it is not equally strong at all frequencies, nor is it constant over time. 

Two examples of this type of noise are thermal noise and galactic noise. Second 

is the narrow-band noise, which is a continuous signal transmitted at a single 

frequency. Naturally, there can be many sources of narrow-band noise active at 

one moment, resulting in many peaks in the frequency spectrum. An example of 

this is the various frequencies in the FM broadcast band. The third kind of noise 

we can distinguish are the so-called transients, which are short bursts of broad-

band noise. This type of noise will be discussed in more detail in Section 6.4.1.
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Figure 6.11: Example of a trace containing noise. Traces have a length of 10 μs 
and consist of 4000 points. The trace shown in this figure was measured on 

August 8, 2007.
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To begin the discussion of noise, an example of a trace with noise has been 

plotted in  Figure 6.11. Very few features can be seen in the example trace; the 

measured signal is continuous and fairly random. More details can be seen in the 

frequency spectrum of the trace, which was calculated using a 4096-point fast 

Fourier transform; see Figure 6.12.

The sampling frequency of the digitizer was 400 MHz; therefore the Nyquist 

frequency of the recorded data is 200 MHz. What has been plotted in Figure 6.12 

is the first  Nyquist  band,  0-200 MHz. On the vertical  axis  is plotted the root 

mean square (RMS) voltage for each frequency, which is  2  times smaller than 

the amplitude. However, it is more common to express the frequency spectrum 

in terms of power in decibels (dBm). The logarithmic “dBm” unit expresses the 

power of a signal relative to a reference power of 1 mW. (For example, a signal 

with a power of 103 mW is a signal of 3·10 dBm.)

The frequency  spectrum can  also  be represented  using  the power  spectral 

density (PSD). The PSD is closely related to the power, and expresses the amount 

of power per unit of frequency.
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Figure 6.12: Frequency spectrum of the trace shown in Figure 6.11.
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For  narrow-band signals,  like  FM broadcasts  on  a  “single”  frequency,  it  is 

logical to work in units of power, as one may talk of “the power of a signal”. 

Broad-band  signals,  on  the  other  hand,  are  naturally  expressed  in  terms  of 

power  spectral  density.  The  power  of  these  signals  is  spread  across  many 

frequencies. What can be measured in real life, however, is the amount of power 

within a frequency bin. When using small bins, the amount of power within a bin 

becomes proportional to the size of the bins. Therefore, the power of a broad-

band signal at a certain frequency is not defined. (It would depend on the size of 

the bins of the measurement device that one is using.) However, what can be 

defined is the density of the power, which can be calculated by taking the power 

within a bin, and dividing by the size of that bin. Therefore, the PSD is expressed 

in  units  of  dBm/Hz  or  dBm/MHz.  For  broad-band signals,  the  PSD  does  not 

depend on the spectral resolution (the size of the frequency bins). This allows the 

comparison  of  measurement  results.  For  narrow-band  signals,  on  the  other 

hand,  the PSD resembles  the shape of  a Dirac  delta  function and is  not very 

useful to describe the signal.

Figure 6.12 shows that nearly all of the power in the trace is contained within a 

frequency band of roughly 20 – 80 MHz. In the east-west polarisation, a source 

of narrow-band radio-frequency interference (RFI) is present at 96 MHz, which 

lies within the FM broadcast band.

Although some structure can be seen in Figure 6.12, many details are hidden 

underneath the random noise. To overcome this, we have averaged the power 

spectra of all traces (1.8⋅105) measured within an 8-day period. Again, we use 

the same 8-day period as in Section 6.2. The 8-day averaged power spectrum is 

presented in Figure 6.13.

In comparison with the previous figure, many more details can be seen in this 

plot. The RFI peak at 96 MHz is now very visible, as well as additional peaks at 

21.7, 48.2, 55.3, 72.0, and 120.0 MHz, amongst others. Also visible is the effect 

of the high-pass and low-pass filters. The attenuation of the filters is a function 

of frequency and changes gradually: from -3 dB at the cutoff frequencies  f co  

(25 MHz and 67 MHz, respectively) until -20 dB in the stop band (< 19 MHz and 

> 90 MHz). See Section 4.3.
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Another feature that is visible in the power spectrum is the antenna response. 

The  spectrum  in  Figure  6.13 falls  off  below  36 MHz.  This  frequency  is 

comparable  with  the resonance frequency of  the longest  arm of  the antenna, 

40 MHz.  Figure  4.5 on  p. 45 shows  that  the  power  transfer  factor  of  the 

aluminium LPDA is 0.5 (i.e. -3 dB) at 36 MHz; this is in agreement with the power 

spectrum in Figure 6.13. Additionally, the resonance frequencies of the individual 

arms of the antenna are somewhat visible.

Another  detail  in  Figure  6.13 is  the  small  bump that  can  be  seen  around 

130 MHz in the east-west direction. This is not actually a signal picked up by the 

antenna, but merely an artefact of the digitizer.

As discussed in Section 6.3, one aspect of the radio setup is the pollution of 

the measured traces with noise caused by the TTL-trigger signal. Additionally, 

since the setup was designed to measure radio signals from air showers, some of 

these signals may be present in the traces. For these reasons, the selected traces 

are not a 100 % unbiased sample of the radio background.

To eliminate these artefacts, we can choose not to use the full 10 μs of the 
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Figure 6.13: Average power spectrum of all traces measured during 8 days.
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trace, but only the pre-trigger part. The pre-trigger part is the part of the trace 

that has been measured before the trigger moment, which in this case is the first 

2 μs of the trace. Considering the sampling frequency of 400 MHz, this amounts 

to the first 800 samples of each trace. Since fast Fourier transforms work best on 

arrays with a length that can be written as a power of 2, we will use the first 512 

samples of each trace.

The result of the recalculation of the average power spectrum, now using only 

the first 512 points of the trace, is presented in Figure 6.14. For comparison, the 

original results have been added in grey. Since the two results have a different 

spectral resolution, we are comparing the power spectral density instead of the 

power itself.

When comparing the two spectra in Figure 6.14, few differences can be seen. 

Narrow-band RFI peaks are less sharp in the spectrum from the partial  trace, 

which is to be expected due to its lower spectral resolution. At frequencies at 

which there is a sharp drop-off in the spectrum, e.g. at 20 MHz, the spectrum 
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Figure 6.14: Average power spectral density of the traces measured during the 
8 day period. The biased data of the full trace (grey) can be compared with the 

unbiased data of the partial trace (black). Since the partial trace has a lower 
resolution, peaks in the spectrum are less clearly defined.
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from the partial trace changes its value more slowly than the full spectrum. In at 

least two frequency bands, 100-120 MHz and 145-200 MHz, the spectrum from 

the full trace is more noisy than that of the partial trace. Although there is a clear 

difference between both spectra at these frequencies, the power level is below 

-70 dBm/MHz, thus relatively low.

The spectra in Figure 6.14 were calculated by averaging over a relatively long 

period of  8 days.  It  is  also  possible  to calculate  an average spectrum over  a 

shorter period, e.g. 5 minutes, and then consider how the spectrum changes as a 

function of time. This is the procedure that was used to calculate the spectra in 

Figures 6.15 and 6.16, using the said period of 5 minutes. In this calculation, the 

full traces were used, as opposed to using only the first 512 points of each trace. 

The reason for this is the superior spectral resolution of spectra calculated from 

full-length traces.  From  Figure 6.14 it can be concluded that the noise in the 

spectra due to self-interference is not very large.

Figures 6.15 and 6.16 show that the intensity of the spectrum between 25 and 

75 MHz  changes  with  time,  with  a  period  of  approximately  24 hours.  It  was 

shown by Coppens [108] that the period of this cycle is not exactly 24 hours, but 

one sidereal day (23.93 hours). A sidereal day is the period required for the Earth 

to complete one rotation around its axis relative to a fixed background of stars. 

The sidereal day is slightly shorter than a regular day due to the rotation of the 

Earth around the Sun.  (In fact,  24⋅364365  hours  is  a  good approximation for  the 

length of a sidereal day.

The important conclusion of the periodicity of the spectrum with the sidereal 

day is that a large part of the signals in the spectrum are of galactic origin. The 

antenna setup is sensitive enough to measure the galactic background above the 

noise. This noise, which includes self-made noise, man-made noise, atmospheric 

noise, and other sources of noise, is thus relatively low.

Sources of RFI that were visible in the spectra of Figure 6.13, such as the peak 

at 96 MHz, can be seen as vertical  lines in Figures  6.15 and  6.16. Again, this 

signal is stronger in the east-west direction than in the north-south direction. 

Horizontal lines seen in Figures  6.15 and  6.16 represent periods during which 

the  noise  levels  were  temporarily  higher.  Since  these  lines  span  a  broad 

frequency range, they represent broad-band noise. Possible candidates for this 
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type  of  noise  are  man-made  noise  and  noise  generated  by  thunderstorms, 

amongst others.
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Figure 6.15: Power spectral density (PSD) in the north-south polarisation, as 
measured during 8 days in August 2007.
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Figure 6.16: Power spectral density (PSD) in the east-west polarisation, as 
measured during 8 days in August 2007.



 6   Observations

6.4.1 Transients: short bursts of noise

The horizontal lines in Figures 6.15 and 6.16 were discussed as periods during 

which a large amount of broad-band noise was received. However, broad-band 

noise is also received outside of those periods. Short bursts of noise, the so-

called transients, are received several times per second. There is a large variation 

in the amplitude and shape of the transients, as well as the frequency with which 

they are received. Depending on the environmental  conditions and the chosen 

threshold value, this repetition frequency of transients can be very high.

Transients  can have  various  shapes;  from long bursts  of  noise,  sometimes 

repetitive, to short bursts, similar to the example transient in Figure 6.17. Three 

additional  examples of transients are shown in  Figure 6.18; in  Figure 6.18 (b) 

saturation of the trace can be seen. During saturation, the amplitude of the signal 

is  larger  than the largest  voltage that the ADC can digitize,  or  smaller  (more 

negative) than the smallest voltage that the ADC can digitize.
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Figure 6.17: Example of wide-band noise in a trace
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6.5 Distribution of amplitudes in the traces

Another method to analyse the radio background is to look at the distribution 

of the voltage values in the measured traces. Each trace consists of 4,000 data 

points (ADC values) that represent the input voltage of the digitizer, with samples 

taken every  2.5 ns.  Using the calibration result  of  (0.127  ± 0.001) mV/ADCU 

(Section 6.2), these ADC values can be converted to voltages.

Because the DAQ system contains a bias-T and high-pass filters, no DC signal 

is received from the antennas. Since all ADC values are positive, the 0 mV point is 

determined by subtracting the mean value of the trace. This is done for each 

trace individually.

For each trace, one can make a histogram of the voltage values of the 4,000 

data points in the trace. Such a histogram shows the distribution of the voltage 

values within the trace, i.e. the frequency with which each voltage value occurs. 

This distribution is called the amplitude probability distribution (APD).

Instead of creating a histogram using the data points from a single trace, one 

can obtain better statistics by using a large number of traces. This has been done 

for the APD in Figure 6.19, where we have used all the traces that were measured 
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(a) (b) (c)

Figure 6.18: More examples of transients.
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within the 8-day period that was used previously.  The histogram was created 

with a bin size of 1 ADC unit; this equals 0.127 mV.

The APD in  Figure 6.19 resembles  a  Gaussian distribution,  and a Gaussian 

function  y=A e
−
V−V 0 

2

2 σ2

 has  been  fitted  to  the  distribution.  Because  of  its 

definition, we have forced V 0=0 . Since the function fits rather well, a large part 

of the measured noise can be considered Gaussian noise.

However, the tails of the distribution at ∣V∣≥10mV  are not described well by 

the  Gaussian  function;  see  Figure  6.20.  A  different  function  is  required  to 

adequately describe the tail of the distribution; in this case we have pragmatically 

chosen a modified Breit-Wigner function. The second function that was fitted  is 

y=A1 e
−
V−V 0 

2

2σ 2


A2

π
γn

∣V−V 0∣
n
γn

. However, other functions may also be chosen to 

fit the non-Gaussian part of the noise; see e.g. [109].
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Figure 6.19: Non-normalized amplitude probability distribution (APD) on a linear 
scale. The histogram was compiled from all traces that were measured during 8 

days in August 2007. A Gaussian function has been fitted to the data.
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Thus, the measured data contains not only Gaussian noise, but also noise of a 

different kind. Possible forms of this non-Gaussian noise are transients or noise 

that is generated by the DAQ system itself (i.e. self-interference).

A known source of noise that is generated by the DAQ system is the TTL signal 

of the trigger; this was discussed in Section 6.3. As a check, one can compare the 

APD of  Figure 6.20 with an APD that has been created from the first 512 data 

points (~1.3 μs) of each trace. This part of the trace has been measured before 

the trigger moment (see Section 6.4). Therefore it does not contain noise that 

was generated  after  the trigger  moment.  (However,  it  may still  contain  other 

forms of self-generated noise.)

A comparison of the full APD with the “first 512 points” APD is shown in Figure

6.21.  To  aid  the  comparison,  all  curves  have  been  smoothed  with  a  spline 

function, as well as normalized to their amplitude at V=0. The “first 512 points” 

APD has a tail that is slightly below that of the full APD. This indicates that there 

is less noise (or signal!) before the trigger moment. However, most of the noise is 

not caused by the trigger. This conclusion is in agreement with the discussion in 

Section 6.4, where the power spectral densities were compared.
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Figure 6.20: The same APD as in Figure 6.19, but then on a logarithmic scale. 
Two functions have been fitted: a regular Gaussian, and a Gaussian added with 

with a modified Breit-Wigner function.
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Figure 6.21: Comparison of the APD that was generated from the full trace with 
an APD that only uses pre-trigger data.





7 Radio measurements of cosmic rays

7.1 Introduction

In Section 5.3, a search was made for events that are coincident between the 

first-generation radio setup and the Auger surface detector. For antennas 1, 2 

and 3, this resulted in 348, 434, and 362 events, respectively. Furthermore, it 

was established that these events are not accidental coincidences. Nothing has 

been said, however, about the radio signal in the traces of these events. Since the 

events were acquired using a scintillator trigger, i.e. a trigger based on a particle 

detector, it is not guaranteed that a clear radio signal from a cosmic-ray induced 

air shower is present.

After the first coincident events were measured in April  and May 2007, the 

traces of  these events  were examined by eye,  in search for  any radio  signals 

related to the air  shower.  The first  radio signals  from cosmic-ray induced air 

showers at the Pierre Auger Observatory were soon found. The first coincident 

event  of  which  clear  radio  signals  were  measured  is  often  referred  to as the 

“golden event” (Auger ID=3388350); the radio traces of this event are shown in 

Figure 3.7 on p. 39.

According to a reconstruction of the data as measured with the Auger SD, the 

energy of this event is (1.1 ± 0.3)·1018 eV. (Here, the “NEWFD” energy estimator 

was used; see Section 6.1.1.) The shower axis hit the surface of the Earth at a 

distance of ~380 m from the centre of the three antennas. The closest distance 

between  the  shower  axis  and  the  centre  of  the  three  antennas  was  ~260 m. 

Furthermore, the zenith and azimuth angles of the reconstructed SD event are 

consistent with the relative time differences of the pulses that were measured by 

each of the three antennas. The first detection of radio signals from cosmic rays 

at the Pierre Auger Observatory was reported in [110].

The radio traces of two other coincident events are plotted in Figure 7.1. Only 

the  traces  from  antenna  2  are  shown.  In  the  event  on  the  left  (Auger 
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ID=4226086) a signal (i.e. pulse) can clearly be seen, while the event on the right 

(Auger ID=4229023) does not show a signal above the noise.

There are many parameters that can influence the size of the radio pulse from 

an air shower which is measured at an antenna: the distance to the shower core, 

the bearing of the shower core, the energy of the shower, its azimuth and zenith 

angles, etc. This chapter will discuss the presence (or absence) of radio signals in 

traces  that  were  recorded  during  the  event  of  an  extensive  air  shower. 

Furthermore,  the  signal-to-noise  ratio  (SNR)  and the  spectral  composition  of 

radio signals from air showers will be discussed.

7.2 Timing comparison of SD and radio data

As described in Section  5.3, the coincident events were found by comparing 

the data from the radio setup with the data from the surface detector.  If  the 

timestamp of an event from the radio setup did not differ more than 10 μs from 

the  timestamp  of  a  reconstructed  “SD  event”,  then  a  coincident  event  was 
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Figure 7.1: Left: radio traces from some coincident events clearly show a signal, 
while (right) others do not.
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identified.  This  process  was  performed  for  each  of  the  three  antennas 

individually.

The distribution of the time differences for each of the three antennas, defined 

by τ≡t SD – t radio , is shown in  Figure 7.2. From the definition it follows that  τ  is 

negative if the radio event is recorded “later” than the SD event, because in that 

case the timestamp of the radio event will be a larger number. The three graphs 

of the distribution of τ  for each antenna are very similar: a course Gaussian, not 

centred around zero. This similarity is not surprising; the digitizers and their GPS 

antennas  were  at  the  same  location,  receiving  the  same  trigger  signal.  The 

position in the trace of any pulse that was induced by an air shower, has not 

been taken into account. The different positions of the three antennas therefore 

do not influence these three graphs.

Since the physical antenna is not important for the shape of the distributions 

in  Figure 7.2, one may ignore this variable. This allows adding the three data 

sets,  resulting  in  another  Gaussian-shaped  distribution  with  slightly  better 

97

Figure 7.2: Measured time difference of events correlated between Auger SD and 
radio, calculated for each antenna individually. The timestamps of the radio 

events have been corrected for the GPS offset, which can be 1 or 2 full seconds 
(Section 5.3).
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statistics. This distribution is shown in Figure 7.3, as well as a Gaussian function 

that was fitted to the data.

The fitted Gaussian is centred at  τ 0  = (-2.63 ± 0.02) μs and has a standard 

deviation of  σ measured Δt  = (0.57 ± 0.02) μs. In Section 6.2 the average statistical 

uncertainty on the timing of the digitizers was found to be σ digitizer = 13 ns. The 

overall time resolution of the individual SD stations is of comparable size: σ SD = 

10 ns [111]. These last two values are both much smaller than σ measured Δt  and do 

not explain its value of 0.57 μs.

The  value  of  σ measured Δt  can  be  explained,  however,  by  considering  the 

geometry  of  the  reconstructed  SD  events.  The  timestamp  of  the  SD  event 

indicates the moment that the shower core hits the ground. For showers with a 

non-zero zenith angle, i.e. nearly all showers, this is not the same moment as 

the time when the shower front passes the scintillators at the BLS. In other words, 

the location of the shower core and that of the BLS are not the same, and the 

shower front reaches both locations at different times. The difference between 
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Figure 7.3: Measured time difference of events correlated between Auger SD and 
radio, for all three antennas combined. Only the statistical uncertainty is shown. A 

Gaussian has been fitted to the distribution.
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these  two  times  can  be  calculated  on  an  event-by-event  basis,  using  CDAS' 

reconstructed shower parameters.

Using  the  list  of  the  482  coincident  events  between  radio  and  SD,  the 

distribution of “predicted time differences” was calculated. In this calculation, a 

flat shower front was assumed. The speed of the shower front was approximated 

with the speed of light c . The result is shown in Figure 7.4.

Also  to  this  distribution  a  Gaussian  function  was  fitted.  This  Gaussian  is 

centred at 0 μs and has a standard deviation of σ predicted Δt  = (0.57± 0.02) μs. This 

is in perfect agreement with the value of the standard deviation of the measured 

time difference σ measured Δt , which is hereby explained.

The number of entries in the distribution of Figure 7.4 is smaller than that of 

Figure 7.3. This is a result of the fact that in Figure 7.4 every coincident event is 

counted  once,  while  in  Figure 7.3 the coincident  events  of  each  of  the three 

antennas were summed.
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Figure 7.4: Predicted (calculated) time difference between the moment of the 
shower front reaching the surface at the BLS, and the moment of it reaching the 

surface at the location of the shower core. Only the statistical uncertainty is 
shown. Another Gaussian has been fitted to the distribution.
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As was already mentioned, the distribution in Figure 7.4 was calculated using 

the  list  of  the  482  coincident  events  between  radio  and  SD.  If  the  same 

calculation  would  be  performed  on  all  2,028  SD  events  that  were  registered 

during the data taking period, a standard deviation of 0.97 μs would have been 

found.  A  possible  explanation  for  this  larger  value  is  that  the  “radio  has 

triggered” requirement, which involves a coincidence between both scintillators 

at the BLS, apparently disfavours remote and/or inclined showers.

7.3 Properties of triggered events

In  Section 5.2,  a  list  of  2,028 events  from the Auger  surface  detector  was 

selected. Next, a search for coincidences between radio and SD was performed in 

Section 5.3. For antennas 1, 2 and 3, this resulted in 348, 434, and 362 events, 

respectively. The section was concluded with a count of the number of events for 

which the traces from at least one antenna were recorded, which is 482. In the 

following sections, we will refer to these 482 events with “the coincident events”.

Thus, 482 events have radio traces available. What we would like to investigate 

is which of these traces show a clear air-shower induced signal, which of them 

do not, and why this is the case. However, since only 482 of 2,028 events have 

triggered  the  radio  setup,  we  first  need  to  consider  the  properties  of  these 

triggered events. How do their properties differ from the events in the full set of 

2,028 events?

7.3.1 Core positions and shower energies

For the coincident events the positions of the shower cores, i.e. the locations 

where the shower axis reaches the surface of the Earth, are shown in Figure 7.5. 

This figure is very similar to Figure 6.1 in which the core positions of the full set 

of selected SD events are shown. When comparing both figures, at least three 

differences can be seen. First,  Figure 7.5 does not contain any events that are 

very  far  from the  scintillators  at  the BLS:  the  furthest  event  is  1.7 km away. 

Second, Figure 6.1 shows three clusters of events around SD station Olaia: one to 

the north-west, one to the north-east, and another one to the south. However, 

Figure 7.5 contains far fewer events in the location of the north-eastern cluster. 

As can be seen in Figure 7.5, this cluster is further away from the scintillators at 
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the  BLS  than  the  other  two  clusters.  The  third  difference  that  can  be  seen 

between both figures is the overall  density of events,  which is much lower in 

Figure 7.5 than in Figure 6.1.

In conclusion, the scintillators appears to be less efficient to trigger on distant 

air showers than SD station Olaia. This is not surprising because the detector 

volume of Olaia is much larger than that of a scintillator, thus having a larger 

probability to measure a single muon or other charged particle. Additionally, the 

scintillator trigger requires a charged particle to travel through each of the two 

scintillators, while Olaia may trigger on only a single particle.
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Figure 7.5: The x- and y-coordinates of the shower cores of coincident events. 
The x-coordinate is positive towards the east; y is positive towards the north. The 
origin of the coordinate system is located at the centre of the Auger observatory. 
The locations of nearby SD stations, the three antennas and the BLS are indicated 

as well.
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A second conclusion, based on the lower overall density of events in Figure 7.5 

could be, that the trigger probability of the scintillators is lower, even when the 

shower  core is  nearby and the particle  density high. However,  one should be 

cautious to draw this conclusion. From  Figure 6.2 on p. 67 we know that the 

majority of the events are air showers with a low energy (< 0.5 EeV). The Auger 

surface detector is not 100 % efficient for showers at these energies; this is also 

the reason for the peculiar shape of  Figure 6.1, as discussed in Section 6.1.1. 

Therefore,  even  though  some  air  showers  triggered  the  SD  and  not  the 

scintillator  trigger,  the reverse  is  also  true:  some air  showers  did  trigger  the 

scintillators but not the SD.

The differential flux spectrum of the coincident events is plotted in Figure 7.6 

(solid  circles)  and  is  very  similar  to  that  of  the set  of  all  selected  SD events 

(reproduced from Figure 6.4). Due to the smaller number of events the spectrum 

contains less counts, however the slope, i.e. the energy dependency, remains the 
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Figure 7.6: Differential flux spectrum of all selected SD events and of the 
coincident events. The vertical error bars indicate the statistical uncertainty only. 
Two power law functions are shown to misguide the eye. The energy-dependent 

acceptance of the SD has not been taken into account.
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same. Thus, the use of the scintillator trigger does not introduce a bias on the 

slope of the flux spectrum.

7.3.2 Arrival direction

For both sets of events, i.e. all selected SD events and the coincident events, 

the  distributions  of  the  zenith  and  azimuth  angles  are  shown  in  Figure  7.7. 

Besides the smaller number of entries, the distributions for the coincident events 

are not significantly different.

One interesting note can be made about a possible bias on the zenith angle 

caused by the use of the scintillators as a trigger. Unlike the water tanks of the 

SD stations, the scintillators are very flat; roughly 2 cm thick. The solid angle of 

the scintillators  is  thus smaller  for  inclined showers  and is  close  to zero  for 

purely  horizontal  events.  Therefore,  it  could  be  expected  that  the  trigger 

probability  of  the  scintillator  trigger  is  smaller  for  events  with  larger  zenith 

angles. From Figure 7.7 (left) however it is not clear whether this effect occurs. 

Therefore,  the relative  acceptance of  the coincident events with respect  to all 

selected SD events was estimated using the formulas derived in Appendix B. The 

results are shown in Figure 7.8.

Figure 7.8 (right) shows that the estimated relative acceptance of coincident 

events with respect to all selected SD events is independent of the azimuth angle, 

as  was  expected.  Figure  7.8 (left)  however  shows  that  the  estimated  relative 
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Figure 7.7: Distributions of both sets of events, as a function of cos(θ) (left) and 
φ (right). Only statistical uncertainties are shown.
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acceptance is slightly lower for inclined events cosθ0.5 ;θ60°  . Due to a lack 

of  statistics  nothing  can  be  said  about  the  acceptance  for  the  most  inclined 

events.  For zenith angles below  60 ° cosθ0.5  the trigger probability of the 

scintillators appears roughly constant.

In Section 6.1 “Properties of SD events” the effects of the atmosphere on low-

energy events were discussed. Due to absorption,  the detection probability  of 

inclined low-energy events is lower than that of nearly vertical events of the same 

energy.  This  is  true  for  all  SD  events  (Figure  6.6)  and  also  for  the  set  of 

coincident events (Figure 7.9).

7.4 Pulse detection

As was discussed in  Section 7.1,  some radio  traces  from coincident  events 

show a clear signal from an air shower, while other traces do not. An example 

was  given  in  Figure  7.1.  This  section  discusses  the  method  that  is  used  to 

determine whether a clear pulse is present in each of the recorded radio traces. 

This way, the set of coincident events is bisected into two subsets: events with 

and without a pulse in the trace. In Section 7.5 the physics properties of these 

two subsets will be explored. Furthermore, three alternative methods for pulse 

detection are discussed in Appendix C.

The method for pulse detection is based on a comparison of the power of the 

trace within a certain time window with a threshold level.  The time window is 
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Figure 7.8: Estimated relative acceptance of coincident events with respect to all 
selected SD events. Statistical uncertainties are shown.
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chosen around the location in the trace where a pulse could be expected. The 

threshold level is determined by a certain factor x  times a typical value for the 

power of the radio background. In essence, the power of the signal is compared 

with the power of the noise.

For  each  of  the  two  channels,  i.e.  north-south  and  east-west,  the  pulse 

detection algorithm performs the following steps:

1. Perform a 4096-point fast Fourier transformation (FFT) on the traces. 

The 4000-point traces are padded with 96 additional points (4001 to 

4096), which are identical to the last points of the original traces (4000 

down to 3905). The mirroring step ensures continuity of the trace.

2. Remove all  frequency  components  below 10 MHz and above 90 MHz. 

This step is mainly intended to remove some low-frequency noise that is 

present in the traces that were measured with the SBP-60 filters between 

May 16 and July 20, 2007 (Table 5.1 on p. 56). For all other traces this 

step  has  little  effect  since  the  amount  of  power  outside  the  pass-

frequencies of the filters is low.
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Figure 7.9: Scatter plot of the energy versus the zenith angle of the coincident 
events.
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3. Perform an inverse FFT; this returns the data to the time domain. The 96 

padded  data  points  are  removed,  thus  traces  have  a  length  of  4000 

points again.

4. Calculate  the  mean  voltage  V begin  and  mean  power 

Pbegin=
1

R⋅N ∑i=i0

i0N

V i− V begin
2  of the first  512 data points of the trace (

i0=0,N=512 ). Do the same for the last 512 data points. The reference 

power P ref  is the minimum of Pbegin  and P end .

5. Define a threshold level  at  x⋅P ref  where  x  is a variable given to the 

algorithm.

6. Define a time window of 400 ns around the moment at which a pulse is 

expected. This moment was calculated by Fraenkel [112], based on the 

timing information of the digitizers,  time delays of cables and trigger 

components, and the parameters of CDAS' reconstruction of the event 

based on the SD data.

7. Calculate the mean power within the time window Pwindow . Since the size 

of the window is 400 ns and the sampling frequency is 400 MHz, the 

number  of  data  points  N  is  160.  Return  true if  Pwindow  exceeds the 

threshold level, else return false.

In step 4 of the algorithm, the reference power P ref  is chosen as the minimum 

of Pbegin  and P end . This is done to better handle the case where a short burst of 

noise (transient) is present in the start of the trace. When a transient is present in 

this location, the value calculated for  Pbegin  will be significantly larger than its 

median value. In this situation, it is unwise to use the value of Pbegin  for P ref . In 

the algorithm an attempt is made to prevent this by using P end  from the end of 

the  trace  if  it  is  smaller  than  Pbegin .  Here  it  is  assumed  that  transients  are 

relatively infrequent and shorter than the trace length.

The size of the time window in step 6 was chosen to be sufficiently large to 

contain an air-shower induced pulse, even for the cases where the uncertainty in 

the location of the time window is higher.
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The result of using the algorithm on the set of 482 triggered events is shown 

in Figure 7.10. For each of the three antennas, the algorithm was applied, using 

different values of the threshold level x . The results show the fraction of events 

that pass when a threshold crossing is required in north-south, in east-west, or 

in at least one of these two.

In order to optimise the detection of air-shower-induced pulses, we choose to 

use  the  “pulse  in  north-south  or  in  east-west”  criterion.  The  results  of  the 

algorithm  using  this  criterion  are  summarized  in  Figure  7.10 (d).  The  figure 

shows that this criterion gives very similar results in each of the three antennas. 

This is also the criterion that was used to bisect the dataset of coincident events, 

using a threshold level of x=3 .

As  can  be  seen  in  Figure  7.10 (d),  for  each  antenna  about  13 %  of  the 

coincident events passed the test. The set of 482 coincident events (Section 5.3) 
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(a) (b)

(c) (d)

Figure 7.10: Fraction of events that pass the algorithm, for each of the three 
antennas and as a function of the threshold level. A pulse can be required in the 

north-south data, in the east-west data, or in at least one of these two.
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was bisected into a subset for which a pulse was detected in at least one of the 

three antennas, and a subset for which no pulse could be found. The subset “with 

pulse” consists of 94 events and the subset “no pulse” contains 388 events.

7.5 Radio signals of extensive air showers

7.5.1 Core positions and shower energies

The x- and y-coordinates  of  the shower  cores  of  events  with  and without 

pulse are shown in Figure 7.11.

Models that simulate the radio emission by air showers (Section 2.5) predict a 

larger radio signal for events whose shower core is near the antennas. Therefore, 

the fraction of events in which a radio pulse is visible, should be larger for nearby 

events. However,  Figure 7.11 does not clearly show whether this is reflected in 
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Figure 7.11: The x- and y-coordinates of the shower cores of coincident events 
with pulse (black) and without pulse (grey). A few other locations are indicated for 

reference.
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the  data.  Therefore,  the  distribution  of  all  coincident  events  and  coincident 

events for which a pulse was detected, are plotted in Figure 7.12 as a function of 

distance.

In Figure 7.12, a distinction is made between the distance to the shower core 

and the distance to the shower  axis.  The first  distance is  measured over  the 

ground, from the centre of the three antennas to the place where the shower axis 

reached the surface of the Earth. The second distance is measured perpendicular 

to the shower axis from the centre of the three antennas.

109

(a) (b)

(c) (d)

Figure 7.12: Distributions of all coincident events and coincident events for which 
a pulse was detected, as a function of distance between the event and the centre 
of the 3 antennas. Plots (a) and (b) use the distance to the shower core, i.e. the 
location where the shower axis reaches the surface of the Earth. This distance 

may be considered the distance “over the ground”. Plots (c) and (d) use the 
distance to the shower axis; this is measured perpendicular to the shower axis, 
i.e. in the frame of the shower. Plots (b) and (d) show the relative acceptance of 
the coincident events with pulse with respect to the total number of coincident 

events. The relative acceptance was estimated using the formulas derived in 
Appendix B.
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For each event,  the distance to the shower  axis  is  always  shorter  than the 

distance to the shower core. This effect can be seen in the distributions of Figure

7.12 (a)  and  Figure  7.12 (c).  According  to  Figure  7.12 (d),  about  50 %  of  the 

events within a distance of 200 m display a pulse (according to the algorithm 

described in Section 7.4).

The distribution of the energy, in the form of the differential flux spectrum, 

was already discussed in Section 6.1 for all SD events, and in Section 7.3 for the 

coincident events.  Figure 7.13 (left) shows the differential flux spectrum of the 

coincident events for which a pulse could be found (by the algorithm described in 

Section 7.4). Both flux spectra in this figure have roughly the same dependency 

on the energy. As seen in Figure 7.13 (right), events with an energy above 1 EeV 

seem to be more likely to show a detectable pulse in radio than lower-energy 

events.  However,  some  caution  is  required  here,  since  only  16 events  above 

1 EeV showed a pulse in radio, i.e. the amount of statistics is low.

7.5.2 Arrival direction

The distributions of the zenith angles and azimuth angles of the coincident 

events with pulse are shown in Figures 7.14 and 7.15, respectively. The fraction 

of events for which a pulse could be found is larger if the zenith angle is larger. 
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Figure 7.13: Left: differential flux spectrum of the coincident events (data from 
Figure 7.6) and of the coincident events for which a pulse was detected. The 

energy-dependent acceptance of the SD has not been taken into account. Right: 
the relative acceptance of the coincident events with pulse with respect to the 

total number of coincident events, as a function of energy.
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Additionally, events with an azimuth angle around -90°, i.e. the south, are more 

likely to show a signal in radio.

The larger visibility in radio of events coming from the south is explained by 

the direction of the Earth's magnetic field. At the site of the BLS, the magnetic 

declination is 3° (i.e. 3° eastward from the north). The magnetic inclination, also 

known  as  the  magnetic  dip,  is  -35°  (i.e.  upwards,  out  of  the  Earth).  These 

coordinates are equivalent to an azimuth angle of 87° and a zenith angle of 55°. 
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Figure 7.15: Left: distributions of the azimuth angles φ. Right: the relative 
acceptance of coincident events with pulse with respect to all coincident events.

Figure 7.14: Left: the distribution of the coincident events with pulse as a 
function of cos(θ). Right: the relative acceptance of coincident events with pulse 

with respect to all coincident events. Only statistical uncertainties are shown.
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Therefore,  the angle between the shower  axis  and the Earth's  magnetic  field, 

indicated by    in Allan's formula (Section 2.5; p. 24), is larger for events from 

the  South.  According  to  Allan's  formula,  the  signal  strength  in  radio  is 

proportional to sin ; this can explain the larger visibility in radio of events from 

the south. This effect is sometimes referred to as the v×B  effect.

Figure 7.16 shows a sky map of the arrival directions of the coincident events. 

The zenith angle is plotted in the radial direction; the azimuth angle is plotted in 

the tangential  direction.  As seen in the right  part  of  the figure,  there  are  no 

coincident events with pulse if the angle between the arrival direction and the 

Earth's magnetic field is small (less than about 25°).

7.5.3 Radio signals of higher-energy events

Figure 7.14 (right)  shows that  for  the selected dataset,  events  with  a  large 

zenith angle, i.e. inclined events, more often show a pulse in radio. However one 

should  be  careful  to  draw  any  conclusions  from  this,  since  we  know  from 

Figures 6.6 (p. 72) and 7.9 (p. 105) that inclined events have on average a higher 
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Figure 7.16: Sky map of the arrival directions of the coincident events (left) and 
the coincident events with pulse (right). The zenith is in the middle of each plot; 
the two circles indicate zenith angles of 30° and 60°. B indicates the direction of 

the Earth's magnetic field.
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energy than non-inclined events.  Indeed,  Figure 7.9 shows that all  coincident 

events with a zenith angle ≥60 °  have energies of 1 EeV or more. It may simply 

be this higher energy that is responsible for the observed pulses in radio.

To investigate this  a bit  further,  we refer  to the scatter  plot  of  the energy 

versus the zenith angle in Figure 6.6 (p. 72) and make a cut on the data, using 

the following criteria:

■ E≥1EeV

■ ≤70°

The atmospheric absorption, which causes the reduced number of low-energy 

inclined events, does not influence events that fulfil these two criteria, according 

to Figure 6.6. Additionally, for the case of coincident events, there are no events 

with  70°  (Figure 7.9). Therefore we can let go of the second criterion and 

simply require E≥1EeV .

Using this extra requirement, there are 43 coincident events remaining; 16 of 

them show a pulse in radio (according to the algorithm described in Section 7.4). 

Although the amount of data is very small, the distributions of these events as a 

function of cos   are shown in Figure 7.17.
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Figure 7.17: Left: distribution of the events with energies above 1 EeV as a 
function of cos(θ). Large bins of 0.4 π sr  have been used because of the small 

number of events above 1 EeV. Right: the relative acceptance of coincident events 
with pulse with respect to all coincident events.
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In the figure, we see that there are no events for which cos 0.4 66 °  . 

For  cos 0.6 53 °  ,  the  relative  acceptance  is  estimated  lower  than  for 

0.4cos 0.6 .

It appears that air showers with a large zenith angle more often have a clear 

pulse in radio, and that this effect is not merely a result of a bias on energy due 

to atmospheric absorption. Interestingly, our conclusion that events with a large 

zenith  angle  emit  a  stronger  signal  in  radio  is  contrary  to  Allan's 

phenomenological  formula  (Section 2.5;  p. 24).  Allan's  formula  predicts  a 

stronger radio signal for air showers with a small zenith angle  .

The arrival directions of events for which E≥1EeV  have been plotted as a sky 

map in  Figure 7.18. Due to the small number of coincident events in which a 

pulse was detected, the influence of the v×B  effect can not be seen.

The distribution of the events for which E≥1EeV , as a function of distance to 

the shower axis, is shown in Figure 7.19. There are 9 air showers for which the 

distance to the shower axis is less than 300 meters. All of these showers were 

seen in radio. The estimated relative acceptance for events 100 m≤d axis300m  is 
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Figure 7.18: Sky map of the arrival directions of the coincident events (left) and 
the coincident events with pulse (right). Only events for which E≥1EeV  have 

been plotted.
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very good (about 0.85). Furthermore, all 11 air showers within 350 meters were 

seen in radio (not shown in Figure 7.19).

7.6 Spectral  composition of  radio signals from air 
showers

In addition to examining radio signals from air showers in the time domain, 

one  may  also  investigate  these  signals  in  the  frequency  domain.  At  which 

frequencies  is  the signal  the strongest,  and  how does  this  compare  with  the 

noise? The noise,  i.e. the general  radio background,  was already discussed in 

Section 6.4, “Properties of the radio background”.

For this analysis, we will only consider signals from antenna 2. Antenna 1 is 

excluded because signals from this antenna contain relatively more noise, due to 

the presence  of  a  nearby  AC power  line.  Antenna  3 is  excluded because  the 

actual  antenna on pole no. 3 was changed during the data-taking period (see 

Table 5.1; p. 56).

In Section 5.3, “Events coincident between radio and SD” (p. 60), 434 events 

were found in coincidence between antenna 2 and SD. Most of these events were 

measured using the “SHP-25 + SHP-25 + SLP-70 + SLP-70” filter configuration. 
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Figure 7.19: Left: distributions of the coincident events and coincident events for 
which a pulse was detected, both with the requirement that E≥1EeV , as a 

function of distance between the shower axis and the centre of the 3 antennas. 
The distance is measured perpendicular to the shower axis, i.e. in the frame of the 

shower. Right: the estimated relative acceptance.
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However, as can be seen in Table 5.1, alternative filter configurations were used 

during the following periods:

■ 16 May 2007 – 20 July 2007

■ 8 April 2008 – 13 April 2008

■ 19 May 2008 – 26 May 2008

During these periods, the “SBP-60” [113] filters were used; these filters have a 

pass-band that is significantly narrower than that of the regular filter chain. Since 

we will examine the frequency spectrum of the coincident events, we exclude 85 

coincident events that were measured during the mentioned periods. Therefore 

there are 349 events remaining.

The radio  traces  of  these 349 coincident events contain  both radio  signals 

from air showers and noise. In Section 7.4, a time window with a size of 400 ns 

was taken around the location in the trace at which a pulse is expected. This 

location was calculated by Fraenkel [112] and is amongst others based on CDAS' 

reconstruction  of  the  event.  However,  to  analyse  the  spectral  composition  of 

radio signals from air showers, we will expand the size of this time window to 

640 ns. This is convenient because a window of this size contains 256 points 

from  the  trace,  suitable  for  a  fast  Fourier  transform.  With  the  term  “signal 

window” we will refer to the time window around the location in the trace where a 

signal is expected. 

The average  radio  background,  i.e.  the noise,  is  calculated  from the same 

traces, again using (time) windows of 256 data points (640 ns). However, instead 

of taking a single window from a trace, 7 windows are taken. Within each trace, 3 

windows are taken from the beginning of the trace (at t=0, 640 and 1280 ns) and 

4 are taken from the end of the trace (at t=7440, 8080, 8720 and 9360 ns). 

These windows are taken from pieces of the trace where no air-shower signals or 

systematic noise, such as the TTL noise that was discussed in Section 6.3, are 

expected.

The power spectral  densities (PSDs) of these 7 windows are then calculated 

and subsequently  averaged.  The PSD of  the signal  window is  also  calculated. 

Thus, for each coincident event a signal PSD and an average background PSD can 

be compared.

116



 7   Radio measurements of cosmic rays

In the next step, the signal PSDs of the 349 coincident events are averaged; 

the same is done with the 349 average background PSDs. The resulting spectra 

are compared in Figure 7.20.

Earlier  in this chapter  we discussed that some radio traces from coincident 

events show a clear signal from an air shower, while other traces do not show a 

signal above the noise. In Section 7.4 a method for pulse (i.e. signal) detection 

was used to divide the set of coincident events into two pieces: with and without 

(a clear)  pulse. For an event to be considered “with pulse”,  it had to pass the 

selection method in at least 1 of the 3 antennas, in the north-south and/or east-

west channel.

In this section, the 349 coincident events are again divided into two sets, using 

the same selection method.  However,  there is one difference.  Because we are 

only  looking  at  data  from  antenna 2,  we  require  a  pulse  in  the  north-south 

and/or east-west channel of this antenna. Thus, events that showed a pulse in 

antenna 1 or 3, but not in antenna 2, will be considered “without pulse” in this 

context.

117

Figure 7.20: Average power spectral density of radio signals measured during air 
showers. This can be compared with the average power spectral density of the 

radio background.
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The bisection of the set of 349 coincident events resulted in a set of 51 events 

that showed a pulse, and another set of 298 events that did not have a pulse. The 

average power spectral densities of these two sets are shown in Figure 7.21.

Figure 7.21 (right) shows that for the set of events “without pulse”, the average 

PSD in the signal window is equal to the average PSD of the background. Thus, 

the air shower induced signals in this window are not above the noise. Also the 

systematic noise,  such as the TTL-induced noise,  is not larger than the noise 

from other sources.

The average PSDs from the set of events “with pulse” are shown in Figure 7.21 

(left). Here, the average spectrum in the signal window is clearly larger than the 

average background spectrum. This of course is not surprising because traces 

with  power  in  the  signal  window  were  explicitly  selected.  However,  it  is 

interesting that the difference between both curves appears to be rather constant 

between 35 and 70 MHz.

The signal-to-noise ratio (SNR) as a function of frequency can be calculated by 

dividing the signal PSD by the background PSD. When expressing the PSDs in the 

logarithmic scale of dBm/MHz, the SNR in dB is simply the difference between 

both curves. The SNR of the events that showed a pulse in antenna 2 is plotted in 

Figure 7.22.

Between  35  and  70 MHz,  the  average  SNR  is  ~6 dB  in  the  north-south 

direction,  and  ~8 dB  in  the  east-west  direction.  The  SNR  in  the  east-west 
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Figure 7.21: Left: average power spectral density of events that have a clear pulse 
in the NS and/or EW channel of antenna 2. Right: average power spectral density 

of events that do not have a clear pulse.
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direction  shows  a  dip  at  72 MHz;  Figure  7.21 (left)  shows  a  peak  in  the 

background spectrum at this frequency. In Section 6.4, “Properties of the radio

background” (p. 81), a peak at this frequency was already observed.

Within the frequency range in which the DAQ is sensitive, the SNR is roughly 

constant.  On the low-frequency  side,  the SNR is  limited by the antenna.  The 

sensitivity of the aluminium LPDA begins at a frequency of 36 MHz (the -3 dB 

point, see Section 4.2); the SNR is small (or zero) at frequencies that are much 

lower than 36 MHz. On the high-frequency side, the SNR is reduced due to the 

SLP-70 low-pass filters [93].

The SNR is significantly above zero in a wide frequency band. Therefore, an 

antenna that is sensitive in a wide frequency band is preferable for the optimal 

detection of radio signals from air showers. On the other hand, frequency bands 

containing strong sources of RFI should be avoided.

7.6.1 Events measured during thunderstorms

During thunderstorm conditions, rapid and large changes in the strength and 

direction of the ambient electric field can occur. Buitink et al. have shown that 
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Figure 7.22: Average signal-to-noise ratio as a function of frequency, for the 
events that showed a pulse in the signal window.
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these changes can amplify the radio signals generated by air showers [114, 115]. 

Since the signal-to-noise ratio of radio signals from air showers may be very 

different  during  thunderstorms,  we  investigate  whether  the  results  of  the 

previous section change if thunderstorm events are excluded.

Collaborators from the Pierre Auger collaboration have installed electric field 

measurement equipment at the BLS. Using the data from this equipment, Grebe 

compiled a list  of  coincident events that were measured during thunderstorm 

conditions [116]. In addition to these thunderstorm events, the list also includes 

events  that  were  measured  during  periods  for  which  no electric  field  data  is 

available. This “thunderstorm blacklist” consists of 56 events; 42 thunderstorm 

events and 14 no-data events.

In Section 7.6, a list of 349 coincident events was selected and analysed. When 

events that are on the thunderstorm blacklist are excluded, 305 events remain.3 

These numbers are summarized in Table 7.1.

The analysis of the data sets listed in row #1 in  Table 7.1 was performed in 

Section 7.6 . The same analysis was repeated for the data sets in row #2. Because 

the  power  spectra  look  very  similar  to  those  previously  shown,  they  are  not 

repeated here. However, there is one spectrum that is notably different, and that 

is the signal-to-noise ratio in the north-south direction of events that contain a 

pulse. The average SNR of these 46 events is shown in Figure 7.23 (left).

3Not all 56 events on the thunderstorm blacklist are part of the set of 349 coincident 
events.  This  is  because  some  events  are  excluded  from  the  latter  set,  e.g.  events 
measured with the “SBP-60” filters.
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# selection
events

all with pulse without pulse

1 antenna 2, coincident, regular filters 349 51 298

2 as #1, and not on thunderstorm blacklist 305 46 259

3 as #1, and on thunderstorm blacklist 44 5 (4+1)* 39

Table 7.1: Numbers of events that remain after applying various cuts to the 
data. *: Of the 5 events with pulse that are on the blacklist, 4 events are actual 

thunderstorm events; for 1 event there is no E-field data available.
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The average  SNR  in  the  east-west  direction  is  slightly  smaller  without  the 

thunderstorm  events;  from  ~8 dB  to  ~7 dB.  In  the  north-south  direction,  the 

average SNR is much smaller without the thunderstorm events;  from ~6 dB to 

~3 dB.  Since  the  difference  between  both  data  sets  is  only  5 events,  these 

5 events must have a rather strong signal in the north-south direction.

For  one  of  these  5  excluded  events  no  electric-field  data  is  available. 

Therefore it is not possible to determine whether it is a thunderstorm event. The 

average SNR of the remaining 4 thunderstorm events (with pulse)  is shown in 

Figure 7.23 (right).

An  analysis  to  identify  thunderstorm  events  using  a  different  method  was 

performed by Melissas et al. [117]. This analysis also classifies the 4 events that 

were selected for  Figure 7.23 (right) as thunderstorm events. It did not classify 

the “indeterminate” event as a thunderstorm event.

7.6.2 Spectral composition of radio signals from near and 
far events

In  Section  2.5,  “Radio  emission  by  air  showers”,  two theoretical  models  of 

radio signals from air showers were discussed. These are the microscopic REAS3 

model and the macroscopic MGMR model. These models predict a suppression of 

the higher frequencies in the radio spectrum of remote events; see  Figure 2.4 

(p. 27).  Remote  events  are  events  whose  shower  axis  is  a  large  distance 
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Figure 7.23: Left: average SNR as a function of frequency, for the events that 
show a pulse. 4 thunderstorm events and 1 possible thunderstorm event have 

been excluded from the analysis. Right: average SNR of 4 events that show a pulse 
and that have been measured during thunderstorm conditions.
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(e.g. > 200 m) from the antenna (the observer). In this section, the distance to 

the shower axis is measured in a plane perpendicular to the shower axis, i.e. in 

the frame of the shower.

To test this prediction against the measured data, we use the 46 coincident 

events  that showed a pulse  in  antenna 2 and that were not measured during 

thunderstorm conditions (Table 7.1, row #2). Since the amount of events is not 

very large, we have chosen to divide the 46 events into two groups.  The first 

group consists of 15 events with a distance to the shower axis of 200 m or less; 

the second group comprises  31 events  at  a  distance  larger  than  200 m. The 

average SNRs of these two groups are compared in Figure 7.24.

The figure shows that for both groups the SNR in the east-west direction is 

nearly identical at frequencies around 40 MHz. However, for frequencies around 

65 MHz the nearby events (d ≤ 200 m) have a higher SNR than the remote events 

(d > 200 m).

It  should  be  noted  however  that  there  are  only  15  selected  events  with 

d ≤ 200 m. The calculated average SNR of this group is greatly influenced by the 
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Figure 7.24: Average signal-to-noise ratio as a function of frequency, for the 
events that showed a pulse in the signal window and that are not thunderstorm 
events. The events have been divided into two groups: events with a distance 

between the shower core and antenna 2 that is smaller than 200 m, and events 
where this distance is larger than 200 m.
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4-5 strongest events within this group. Since the amount of statistics (i.e. events) 

is very small, the observed difference has limited statistical significance.

To  improve  the  amount  of  statistics,  we  repeated  this  analysis  for  the 

coincident  events  of  antenna 1.  Again,  events  that  were  measured  during 

thunderstorms  or  with  different  filter  configurations  were  excluded.  Then,  a 

pulse  was  required  in  the  signal.  After  these  cuts  on  the  data,  30  events 

remained, 19 of which had a distance of more than 200 m between the shower 

axis  and  antenna  1.  The  average  SNR  of  these  events  is  shown  in  Figure

7.25 (left).

Between  45  and  70 MHz  in  Figure  7.25 (left),  the  average  SNR  in  the  EW 

direction is slightly larger for the nearby events than for the remote events. At 

~40 MHz, however, the opposite is true: here the remote events have a slightly 

better SNR. However the differences are very small  and, considering the small 

amount of events (11 nearby and 19 remote), not statistically significant.

Since the same effect was observed in antennas 2 and 1 (resp. Figure 7.24 and 

Figure  7.25 (left)),  we expect  to  also  see  the  effect  when  both  data  sets  are 

joined.  This  has  been  done  in  Figure  7.25 (right),  with  26 nearby  events 

(d ≤ 200 m)  and  50  remote  events  (d > 200 m).  (The  distance  has  been 

calculated between the shower axis and the antenna that measured the trace.)
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Figure 7.25: Left: as in Figure 7.24, but then for antenna 1. Right: the same plot, 
but then with the combined data of antennas 1 and 2.





8 The MAXIMA radio setup

8.1 Introduction

The first-generation radio setup operated in Argentina from April 2007 until 

May  2008.  During  this  period,  work  was  started  in  the  Netherlands  on  the 

second-generation radio setup, called MAXIMA. MAXIMA is an acronym for Multi-

Antenna eXperiment In Malargüe Argentina.

While the first-generation radio setup used antennas which were connected 

with long cables to a central  DAQ location,  MAXIMA consists  of  a network of 

autonomous stations.  Most of the DAQ electronics,  such as filters,  amplifiers, 

digitizers  and a small  PC,  are part  of  the station.  Thus,  these electronics are 

co-located with the radio antennas in the field. This is the major difference with 

the first-generation radio  setup,  where  the DAQ electronics  were placed  at  a 

central DAQ location.

The first 4 MAXIMA stations were installed in June 2008; 3 additional stations 

were  deployed  in  the  first  half  of  2010.  Initially,  the  stations  communicated 

through a wireless network with the central DAQ location. The use of wireless 

communication can make it easier to deploy detectors over large areas and in 

remote  locations,  and  is  also  less  intrusive  towards  landowners  and  the 

environment.

Since no cables were used to connect the stations, the power needed for the 

stations had to be provided in an alternative way. Therefore, the stations were 

equipped  with  solar  panels  and  batteries.  During  the  day,  the  solar  panels 

provide  electricity  to  the  electronics  and  to  the  batteries.  The  batteries  then 

power the electronics during the night.

The central DAQ system for MAXIMA is located in the BLS, where previously the 

DAQ of the first-generation radio setup was located. In the BLS, basic amenities 

such as AC power and internet access are available. Since a large part of the DAQ 

125



 8   The MAXIMA radio setup

electronics is located at the stations themselves, the central DAQ system consists 

of only a DAQ laptop and an outdoor receiver for the wireless network. The DAQ 

laptop has several functions: the run control, a multi-station trigger, and data 

storage.

In  May  2010 the  wireless  network  was  replaced  with  a  network  of  optical 

fibres. This replacement was performed in response to prolonged problems with 

the  wireless  receivers.  Furthermore,  a  scintillator  unit  was  installed  in  each 

MAXIMA station. This scintillator unit can be used to trigger on air showers. The 

development of a trigger based on the radio signal itself has been problematic, 

therefore a scintillator trigger is used to obtain coincident events.

Further changes to the MAXIMA setup include the removal of noisy electrical 

components and an overhaul of the cabling and grounding of the electronics. 

This  was done to reduce the noise  that was picked up (or  produced!)  by the 

stations.

From May 2010 onward, the MAXIMA setup is operating relatively well. Events 

in coincidence with the surface detector are (once again) being measured.

In this chapter, a general overview of the MAXIMA radio setup will be given. 

The multi-station trigger of the MAXIMA setup will be discussed in more detail. 

The power  spectral  density  (PSD)  of  the  radio  background  as  measured  with 

MAXIMA is compared with the PSD that was measured with the first-generation 

radio  setup.  No  analysis  of  radio  signals  from  air  showers  measured  with 

MAXIMA will be discussed; this will be done in forthcoming publications.

8.2 The hardware of MAXIMA

8.2.1 Site layout

An overview of the site layout of the MAXIMA setup is given in Figure 8.1. The 

map shows the location of the BLS, three poles from the first-generation radio 

setup (P1, P2, P3), seven MAXIMA stations (M1-M7), and four nearby SD stations. 

The station MAXIMA 5, labelled “M5” in  Figure 8.1, is a reuse of “pole 5”; this 

pole is indicated with “P5” in Figure 4.2 on p. 42.
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The first four MAXIMA stations, M1-M4, were deployed in June 2008. These 

stations  form  an  equilateral  triangle  with  a  side-length  of  375  meters.  The 

station MAXIMA 2 is placed at the middle of this triangle, 216 meters away from 

the other three. Almost 2 years later, in May 2010, three more MAXIMA stations 

were placed: M5-M7.

The map also shows the location of four SD stations: three from the regular 

Auger grid (SD stations Apolo, Arbolito and Sandra) and one additional station, 

SD Olaia, located at the centre of the triangle made by the former three.
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Figure 8.1: Map of the MAXIMA setup near the BLS. Indicated are the BLS itself, 
the three poles from the first-generation radio setup (P1, P2, P3), and the 

locations of seven MAXIMA stations (M1-M7). M1-M4 were deployed in June 2008; 
M5-M7 were placed in May 2010. Also indicated are the four nearest SD stations.
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8.2.2 MAXIMA stations

A photograph of one of the MAXIMA stations is shown in  Figure 8.2; several 

components of the station are indicated in the figure.

The sensor of the station is the log-periodic dipole antenna, mounted on a 

pole  above  the  station.  Initially,  these  poles  were  made  of  wood,  and  the 

antennas  were mounted  at  a  height of  ~4 m. However,  the strength of  these 

poles was reduced due to ageing and the effects of the environment. Therefore, 
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Figure 8.2: MAXIMA stations can be reached on foot.
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they have been replaced with new poles, made from iron and similar to poles P1-

P6 of the first-generation setup.

The  log-periodic  dipole  antenna  that  is  used  for  MAXIMA  is  made  from 

aluminium, carbon fibre and wires. The antenna was designed and built by our 

collaborators at RWTH Aachen, who named it the “black-spider” LPDA. It is quite 

different from the aluminium LPDA that was used in the first-generation radio 

setup  (Figure  4.4,  left),  and  in  fact  is  a  refined  version  of  the  wire-LPDA 

prototype (Figure 4.4, right).

The black-spider LPDA has several advantages over the aluminium LPDA. The 

horizontal wires of the black-spider LPDA, visible as thin black lines on the top of 

Figure 8.2, are the active elements of the antenna. These thin wires are much 

lighter than the horizontal beams of the aluminium LPDA, and also experience 

less stress from strong winds. The black horizontal beams can be folded to a 

position  parallel  with  the  main  beam  of  the  antenna,  allowing  for  easy 

transportation.  Whereas  the  aluminium  LPDA  was  designed  to  be  sensitive 

between 40 and 80 MHz, the black-spider LPDA is sensitive from 36 to 80 MHz. 

The longest arms of the black-spider LPDA are slightly longer than those of the 

aluminium LPDA. More details about the black-spider LPDA are given in [118].

Signals  that  are  picked  up by the antenna  are  sent  through the low-noise 

amplifier (LNA). The LNA is located in a small box attached to the pole directly 

below the antenna; see Figure 8.2. After the initial amplification by the LNA, the 

signal  enters  the  electronics  enclosure  where  it  is  further  processed.  A 

photograph  of  the  components  inside  the  electronics  enclosure  is  shown  in 

Figure 8.3.

Within the electronics enclosure, the signal first passes through a bias-T. The 

bias-T does not modify the radio frequency part of the signal. However it isolates 

the DC part of the signal, which is used as a phantom power supply for the LNA.

Next, the signal passes through a power splitter, where it is split in two. This 

allows two different sets of filter combinations to be used for each polarisation 

direction (NS or EW). In Figure 8.3 only one channel is used for each polarisation; 

the second channel was not in use when the photograph was taken. The power 

splitters half the power of the signal; therefore they constitute a 3 dB loss.
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After the power splitter, the signal passes through 4 filters and 1 wideband 

amplifier. The same filters and amplifiers were used as in the first-generation 

radio setup; see Sections 4.3 and 4.4 for details.

Finally  the signal  reaches  the digitizer,  which  is  slightly  different  from the 

previous digitizer. The previous digitizer had two inputs which were sampled at 
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400 MHz; the MAXIMA digitizer has four inputs which are sampled at 200 MHz. 

According  to  the  Nyquist–Shannon  sampling  theorem,  this  latter  frequency  is 

sufficient to sample signals up to 100 MHz.

A  major  improvement  of  the  MAXIMA  digitizer  in  comparison  with  its 

predecessor is the GPS-based timekeeping system. This system is the Trimble 

Resolution T, and according to its manufacturer has an accuracy of 15 ns with 

respect to UTC (1 sigma; [119]). The accuracy of the relative timing between two 

MAXIMA digitizers was measured by Timmermans [120]. In this measurement, 

both digitizers received a common trigger. From a comparison of the timestamps 

of recorded events, a 1-sigma accuracy of 2.3 ns was found. This is remarkably 

better than the 13 ns 1-sigma accuracy that was found in Section 6.2 for  the 

digitizers  of  the  first-generation  radio  setup.  This  improvement  in  timing 

precision of the digitizers allows a more accurate reconstruction of the direction 

of the air shower.

The digitizer is connected with a mini PC through a USB cable. Software on the 

mini PC is used for reading data from the digitizers and communicating with the 

central DAQ computer. This communication is provided by the Wi-Fi unit (Figure

8.3), which is connected to the Wi-Fi antenna (Figure 8.2). As was mentioned 

already, the Wi-Fi network was replaced with an optical network in May 2010.

8.2.3 Central DAQ of MAXIMA

The MAXIMA stations communicate with the central DAQ computer, which is a 

laptop located in the BLS. This laptop is named “MaximaS” because it is a server 

for  MAXIMA.  MaximaS  communicates  with  the  MAXIMA  stations  through  the 

wireless network, or more recently, the optical network.

Several  tasks  are  performed  on  MaximaS.  First,  there  is  the  run-control 

software,  with  which  the measurements  can  be started  or  stopped.  The run-

control software is also used to configure the digitizers of the individual stations. 

For  example,  which  channels  are  to  be  read  out,  which  channels  should  be 

triggered on, and which trigger conditions should be used.

The  second  task  of  MaximaS  is  to  implement  a  multi-station  trigger  for 

MAXIMA. Whenever  an individual  station has  triggered it  sends  a message to 
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MaximaS,  informing  it  of  the  exact  trigger  moment.  MaximaS  then  looks  for 

multiple stations that have triggered in coincidence. This process is described in 

more detail in Section 8.3.

The third function of MaximaS is used to save the triggered data to disk. After 

saving, the data can be brought to the Netherlands for analysis. Fourth, MaximaS 

is  used  for  monitoring  of  the  data-acquisition  process.  One  can  check  if  all 

stations are still  sending data, how high the trigger rates are, and inspect the 

triggered traces in both the time and frequency domain.

8.3 The trigger system of MAXIMA

The trigger system of MAXIMA is a hierarchical trigger system that consists of 

several layers (currently three). This setup is rather similar to that of the surface 

detector  (see  Section 3.2 or  [80, 81]).  Level  1  (L1)  of  the  MAXIMA  trigger  is 

implemented in the digitizers of the individual stations. Each digitizer contains 

an FPGA (field-programmable  gate array),  which  is  a  computer  chip  in which 

logical  functions can be programmed.  The FPGA performs digital  pulse  shape 

analysis on the radio signals that enter the digitizer. If the programmed trigger 

conditions are met, an “event” is generated. An event consist of 1-4 radio traces 

(configurable;  the  digitizer  has  4  inputs)  of  a  certain  length  (usually  10 μs). 

Furthermore, a GPS timestamp is also part of the event. Additional information 

that  is  stored  in  the event  indicates  at  which  MAXIMA station  the  event  was 

measured (currently M1-M7) and the “level” of the event.

If the event has passed the FPGA trigger (L1), the event is categorized as a 

level 1 event. If the event, in addition to passing the L1 trigger, has also passed 

the L2 trigger (explained below), it is categorized as a level 2 event. Similarly, 

events that have passed the L3 trigger are marked as level 3 events. Events that 

were triggered in a “special”  way,  for  example by an external  trigger,  have a 

special level marking; this ensures that they can be handled appropriately.

8.3.1 The first level trigger

The L1 trigger in the FPGA of the digitizer analyses the shape of measured 

radio pulses in the time domain. If the shape of an incoming pulse satisfies a 

number of criteria, then a level 1 event is created. The details of the L1 trigger 
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algorithm  are  described  by  Timmermans [120]  and  Verkooijen [121];  in  this 

section only a short overview is given.

The goal of the trigger is to pass a maximum amount of radio signals from air 

showers (such as those in Figures 3.7 and 7.1), while minimising the amount of 

transients  that  pass.  Transients  are  short  bursts  of  noise;  see  Section 6.4.1 

(p. 89) for examples.

First, the baseline of the signal is calculated. This is the level around which the 

signal fluctuates. The threshold level is set relative to the baseline. The trigger 

requires a pulse to be larger than baseline + threshold (i.e. a large positive pulse) 

or smaller than baseline - threshold (i.e. a large negative pulse). Furthermore, the 

number  of  threshold crossings must lie  within  a  certain  (configurable)  range. 

Another  requirement  of  the  trigger  is  that  there  are  no  threshold  crossings 

during a certain time before and after the pulse. This allows for the rejection of 

noise  pulse-trains  similar  to  those  in  Figures 6.17 and 6.18.  Yet  another 

requirement  is  a  limit  on  the  height-to-width  ratio  of  a  pulse.  Finally,  these 

requirements can be applied to channel 1 (north-south), channel 2 (east-west), 

channel 1 and  2, or channel 1 or  2.

We have worked on optimising the values (parameters) of the trigger criteria. 

This  was  done  using  our  knowledge  of  the  shape  of  radio  signals  from  air 

showers that were obtained with the first-generation radio setup.  However, even 

though the trigger  was able  to reject  most  transients,  there  was still  a  large 

amount of transients that could not be rejected because their pulse shape was 

too similar to that of actual air showers. These transients passing through the L1 

trigger are problematic because of the limited bandwidth that is available on the 

data-bus (USB) between the digitizer and the mini PC. If the maximum trigger-

rate of the digitizers (~100 Hz) is reached, the system “saturates” and the dead-

time becomes large.

8.3.2 The second level trigger

Events that have passed the L1 trigger are sent from the digitizer to the mini 

PC. The mini PC is a simple PC that is present in each MAXIMA station. On the 

mini PC the second trigger level (L2) is implemented. Software on the mini PC can 

inspect the level 1 events, and promote them to level 2 if the event meets the 
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right criteria. Events that do not meet the right criteria are not promoted; these 

events are discarded. Events with a special level marking are never discarded.

At the moment of writing, the L2 trigger was not used; a dummy trigger is 

implemented that promotes all level 1 events to level 2.

8.3.3 The third level trigger

After passing the L2 trigger, the event is sent to the third level trigger (L3). The 

L3 trigger is implemented in both the mini PCs in the MAXIMA stations and on 

the MaximaS laptop. It functions across the wireless network and integrates the 

data from all individual stations into a single data stream.

Because the bandwidth of the wireless network is limited, not all L2 events are 

sent  to  MaximaS  for  storage.  Instead,  whenever  a  station  has  an  L2  event 

available, it will temporarily store the event in a RAM memory of the mini PC. This 

RAM memory thus functions as a  local  buffer.  Next,  the mini  PC will  send a 

message  to  MaximaS,  indicating  that  it  has  an  L2  event  available.  Contained 

within this  message is  the GPS timestamp which indicated the time when the 

event was measured.

MaximaS  then compares  the timestamps it  receives  from the stations,  and 

checks whether the L3 trigger condition is satisfied. This condition requires that 

two different stations have triggered with a time difference of 5 μs or less (a 

“coincidence” between two stations). Written as a formula, the requirement is:

∣t a−t b∣≤5μs ; a≠b (2)

In the next step, MaximaS sends a message back to the stations whose events 

had  satisfied  the  L3  trigger  condition.  This  return  message  includes  the 

timestamp  of  these  events.  Upon  receipt  of  the  timestamp,  the  local  station 

searches  its  local  buffer  (the  RAM  memory)  for  the  event  that  matches  the 

received timestamp. This event is then promoted to level 3 and sent in full  to 

MaximaS for storage.

Although the process outlined above is simple, there are several complications 

that need to be handled correctly. One complication arises when the connection 

between MaximaS and one of the stations is lost. For example, the batteries of a 
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station may be depleted or the Wi-Fi link may encounter interference. Whenever 

this  occurs,  the  trigger  system  should  not  crash  but  keep  running  with  the 

remaining stations.  Whenever a station is not connected with MaximaS, it  will 

periodically attempt to reconnect. Measured events may be lost if the connection 

is unavailable for a longer time.

Another issue is the synchronisation of the various stations. The timestamps 

that  arrive  at  MaximaS  may  not  be  in  chronological  order.  Although  the 

timestamps from one individual station do arrive in order, this may not be true 

when comparing the timestamps of more than one station. One can imagine that 

timestamps from remote stations may take longer to reach MaximaS than those 

of stations nearby. The L3 trigger was designed to tolerate these synchronisation 

issues.

One of  the features  of  the L3 trigger system is  that  it  is  not  blocking the 

measurement  of  new events.  While  the timestamps  are  transmitted  back  and 

forth across the network, the local stations can continue to measure new events. 

Because GPS timestamps are attached to each event, the events can be stored in a 

local buffer (i.e., the RAM memory of the mini PC) and do not need real-time 

processing.

Another feature is the “L3 blacklist”. In the data measured with MAXIMA, the 

time differences of GPS timestamps were investigated. It was found that for a 

combination of two stations, certain time differences occur very frequently. This 

was traced back to a source of noise on the horizon; this source emits bursts of 

noise (transients, see Section 6.4.1) that often cause an L1 trigger. By blacklisting 

these specific time differences in the L3 trigger, these events can be discarded. 

Unfortunately this blacklist creates certain blind spots in the sky, and also does 

not lower the L1 trigger rate. Therefore the blacklist feature is usually not used.

After  the  scintillator  units  were  installed  at  the  MAXIMA  stations,  the  L1 

triggering occurs based on the scintillator signals. Because each MAXIMA station 

is  only  equipped  with  a  single  scintillator,  we  use  the  L3  trigger  to  find 

coincidences between triggered events.
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8.4 Measurement of the radio background

One  option  of  the  MAXIMA  digitizers  is  to  record  a  radio  trace  every  10 

seconds.  These  “10-second”  traces  can  be  obtained  simultaneous  with  the 

regular L1-trigger operations. The advantage of these traces is that they provide 

radio traces that are not biased towards large pulses, perfect for study of the 

radio background.

In Section 6.4, the power spectral density (PSD) of the radio background was 

calculated; an average was taken over a period of 8 days in August 2007. The 

results  were  shown  in  Figure  6.14.  Using  the  10-seconds  traces  from  the 

MAXIMA setup, another PSD of the radio background was calculated. This time, 

the PSD was averaged over a different 8-day period: from midnight 2010-07-06 

until  midnight  2010-07-14.  The  results  for  MAXIMA station  2  are  shown  in 

Figure 8.4, and compared with the PSD that was obtained with pole 2 of the first-

generation radio setup.
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Figure 8.4: Average power spectral density (PSD) of the radio background, as 
measured during two distinct 8-day periods (2007 & 2010). In grey is the average 
PSD as calculated from the traces of the first-generation radio setup (pole 2). This 
is identical to the “full trace” data in Figure 6.14. In black is the average PSD that 

was calculated from the traces of MAXIMA station 2. Because of the lower 
sampling rate of the MAXIMA digitizers, the PSD is limited to 0-100 MHz.
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When comparing the PSDs from both setups, many similarities can be seen. 

The  spectra  are  rather  close  together,  with  a  few  exceptions.  On  the  low-

frequency side,  between 30 and 40 MHz,  the MAXIMA spectrum extends to a 

lower  frequency  than  the  PSD  from  the  first-generation  radio  setup.  This  is 

caused by the longer  arms of  the black  spider  LPDA in  comparison  with  the 

aluminium LPDA. Another difference is the strong peak at 67 MHz in the MAXIMA 

PSD; this peak is not present in the 2007 PSD. The peak is caused by a local radio 

transmitter.

It  is  surprising  that  both  PSDs  are  so  close  together,  given  the  use  of  a 

different antenna, a different LNA, shorter cables, and a power splitter (-3 dB) in 

the MAXIMA setup.
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9 Conclusions and outlook

We have investigated the feasibility of constructing a Radio Detector (RD) at 

the Pierre Auger Observatory. The addition of an RD may increase the amount of 

hybrid measurements at the observatory and thus improve the precision of the 

air-shower measurements.

A first-generation radio setup at the Pierre Auger Observatory made use of a 

scintillator-based coincidence-trigger system. This system triggered on 24 % of 

the air showers (as registered by the Auger SD). This trigger introduces a bias 

towards  zenith  angles  < 60°  and nearby  events  (distance  to  the shower  axis 

< ~650 m). No bias was found regarding the energy and the azimuth angle of 

scintillator-triggered air showers.

Of  the  air  showers  that  were  triggered  on,  we  found  that  20 %  of  the 

corresponding radio  traces  had a clear  signal.  The criterion required that  the 

power of the signal in al least one antenna is at least three times the power of the 

noise;  i.e.  the  signal-to-noise  ratio  (SNR) ≥ 5 dB.  For  ~5 %  of  the  triggered 

events,  the power of the signal  was at least 10 times the power of the noise 

(SNR ≥ 10 dB).

When using the first mentioned criterion (SNR ≥ 5 dB) to define “a clear signal 

in radio”, we found that:

■ More  than  40 %  of  the  air  showers  that  were  triggered  on  by  the 

scintillators, and whose shower axis is at a distance of less than 200 m 

from the antenna, show a clear signal in radio. Air showers that are further 

away show much less frequently a signal in radio.

■ There were 11 air showers with an energy E≥1.0EeV  and dist axis350m . 

All 11 air showers showed a clear signal in radio.

■ Of the air showers with E≥1.0EeV , 37 % was seen in radio, which is much 

higher than the 20 % which is seen when no cut is made on the energy.
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■ Inclined air showers (zenith angle > 60°) are more likely to show a clear 

signal in radio. This effect is not simply a consequence of the fact that 

inclined showers have a higher mean energy than non-inclined showers.

■ Air showers coming from a “southern direction” (i.e. the azimuth angle is 

between -180° (west) and 0° (east)) more often show a signal in radio than 

showers  arriving  from  a  “northern  direction”  (with  azimuth  angle  in 

between  0°  (east)  and  +180°  (west)).  The  ratios  are  25 %  and  13 % 

respectively. This effect can be explained by the direction of the Earth's 

magnetic field, and is therefore known as the v×B  effect.

The signal-to-noise ratio of radio signals from air showers was found to be 

approximately constant between 35 and 70 MHz. The lower limit is a result of the 

low-frequency limit of the antenna, while the upper limit is caused by the low-

pass filters. For air showers that show a signal in radio, the SNR is significantly 

above zero in the mentioned frequency band. Because the signal is coherent, an 

antenna that is sensitive in a wide frequency band should be preferred for the 

optimal detection of radio signals from air showers.

During thunderstorm conditions, the radio signals of air showers have a higher 

SNR.  The  radio  signals  of  showers  not  measured  during  thunderstorms  are 

usually  stronger  in  the  east-west  polarisation.  The  SNR  of  remote  events 

dist axis200 m   is  higher  at  low  frequencies  (~40 MHz);  and  lower  at  high 

frequencies (~65 MHz). For nearby events dist axis≤200m   the SNR is about equal 

at both frequencies.

The  successful  construction  of  a  Radio  Detector  at  the  Pierre  Auger 

Observatory will depend on the ability to efficiently trigger on air showers. Due to 

the size and cost of the scintillator-based trigger system of the first-generation 

radio setup, it is not practical to equip a large number of Radio Detector Stations 

(RDS) with this type of trigger system. Furthermore, these scintillators triggered 

on  24 % of  the air  showers  registered by the SD;  thus many events were not 

detected. Smaller scintillators have been installed in the MAXIMA stations.

A functional trigger based on the radio signal itself has not been demonstrated 

in  this  work.  However,  limited  success  on  self-triggering  is  reported  in 

[122, 123].
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The Auger  Engineering  Radio  Array  (AERA),  currently  under  construction  in 

Argentina,  will  have the option to directly use the trigger signal of nearby SD 

stations. Though this does not guarantee a clear signal in radio, it will provide an 

efficient trigger.

Since May 2010 the MAXIMA radio setup has been operating with relatively few 

technical problems. Using a scintillator trigger, radio traces of air showers are 

being collected. The set of events coincident between SD and MAXIMA is steadily 

growing.

With its 160 antennas on 20 km2, AERA is expected to measure many more 

cosmic-ray events above 1 EeV than its predecessors. Furthermore, each event 

will be measured with a larger amount of antennas, which will be very useful for 

the study of the emission mechanism of the radio signal from air showers.
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file name(s) reason for exclusion

20070507_B_1Hz, 20070508_A_1Hz used a '1 Hz timed' trigger instead 

of the scintillator trigger

20070508_B_ST, 20070509_A, 20070510, 

20070511_A 

used a threshold-trigger instead 

of the scintillator trigger

20070509_B as above; additional data file 

corruption

20070511_B, 20070512_A, 20070512_B, 

20070512_D, 20070513_B, 20070518_test, 

20070518_test2

on-site testing in progress

20070522_B_scint digitized scintillator signals 

instead of radio signals

20070523_B_ijk_s1c1, 20070523_B_ijk_s1c2 calibration in progress

20070524_B, 20070807_B, 20070807_C, 

20070807_D

work in progress

20071115_B_noise2, 20071115_C_noise3 work in progress; noise 

measurement (undocumented)

Table A.1: For antenna 1 of the first-generation radio setup, 23 data files are 
excluded from data-analysis.
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file name(s) reason for exclusion

20070501_B_noAnt, 20070502_A_noAnt antenna was disconnected

20070507_B_1Hz, 20070508_A_1Hz used a '1 Hz timed' trigger instead 

of the scintillator trigger

20070508_B_ST, 20070509_A, 20070510, 

20070511_A 

used a threshold-trigger instead 

of the scintillator trigger

20070509_B as above; additional data file 

corruption

20070511_B, 20070512_A, 20070512_B, 

20070512_D, 20070513_B

on-site testing in progress

20070518_B, 20070519_A, 20070519_B, 

20070520_A, 20070520_B, 20070521_A, 

20070521_B

used a threshold-trigger instead 

of the scintillator trigger

20070522_B_scint digitized scintillator signals 

instead of radio signals

20070523_B_ijk_s2c1, 20070523_B_ijk_s2c2 calibration in progress

20070524_B work in progress

20070524_C, 20070525_A used a threshold-trigger instead 

of the scintillator trigger

20070807_B, 20070807_C, 20070807_D work in progress

Table A.2: For antenna 2 of the first-generation radio setup, 30 data files are 
excluded from data-analysis.
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file name(s) reason for exclusion

20070507_B_1Hz, 20070508_1Hz used a '1 Hz timed' trigger instead 

of the scintillator trigger

20070509_A, 20070510, 20070511_A used a threshold-trigger instead 

of the scintillator trigger

20070509_B as above; additional data file 

corruption

20070511_B, 20070512_A, 20070512_B, 

20070513_B

on-site testing in progress

20070522_B_scint digitized scintillator signals 

instead of radio signals

20070523_B_ijk_s3c1, 20070523_B_ijk_s3c2 calibration in progress

20070524_B, 20070807_B, 20070807_C, 

20070807_D

work in progress

20071115_B_noise work in progress; noise 

measurement (undocumented)

Table A.3: For antenna 3 of the first-generation radio setup, 18 data files are 
excluded from data-analysis.





B Estimating the acceptance

In  an  experiment  in  which  n  out  of  N  events  pass  a  certain  selection 

criterion, the (relative) acceptance   of the selection criterion is often estimated 

as  n /N . This is correct in cases where both n  and N  are large, however it is 

incorrect when either n  or N  is not large.

Consider  an  experiment  with  a  true  but  unknown  acceptance   .  If  the 

experiment  is  performed  only  once,  the  probability  for  success  is   .  If  the 

experiment is repeated N  times, the probability of having exactly n  successes 

is given by the binomial distribution:

P n=Nn 
n
1−N− n

 with Nn =
N !

n!N−n! (3)

When it is observed that the experiment has  n=nobs  successes,  what is the 

probability that a certain value of   has caused the experimental result of nobs ? 

The probability density function for the acceptance   can be written as:

P  =
Pnobs 

∫
0

1

Pnobs d 
(4)

The expected value of   is then:
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Using:

∫
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xn
1− x mdx=
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nm1!

(6)
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We obtain:

=
n1
N2

(7)

Similarly:
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(8)

And for the standard deviation:

=  2−
2 = n1

N2  n2
N3

−
n1
N2 = n1N−n1

N3N22
(9)

In  Table B.1 a comparison of    and  n /N  respectively is made for  several 

values of n  and N . The difference between   and n /N  is largest when n  or 

N−n   is small.

This section was adopted from [124].
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n = 0 n = 1 n = 2 n = 3 n = 9

N = 1 0.33; 0 0.66; 1

N = 2 0.25; 0 0.5; 0.5 0.75; 1

N = 3 0.2; 0 0.4; 0.33 0.6; 0.66 0.8; 1

N = 20 0.045; 0 0.091; 0.05 0.136; 0.1 0.182; 0.15 0.455; 0.45

Table B.1: Comparison of   and n /N  respectively for several values of n  and 
N .



C Alternative methods for pulse detection

This appendix discusses three alternative methods for pulse detection. These 

methods serve as alternatives to the method that was described in Section 7.4. 

This last method will in this appendix be referred to as the “mean-power based 

method”.  The alternative methods are:

■ a pulse-height based method;

■ a pulse-envelope based method;

■ an upsampling and interpolation based method.

C.1 Pulse detection based on pulse height

The first  alternative  method is  a  simple  algorithm that  compares  the trace 

amplitude within a certain time window with a threshold level. The time window 

is chosen around the location in the trace where a pulse could be expected, and 

the  threshold  level  is  determined  by  a  certain  factor  x  times  the  standard 

deviation of the noise.

This pulse-height based method consists of several steps, just like the mean-

power based method. In fact, some of these steps are identical (1, 2, 3, and 6). 

For each of the two channels, i.e. north-south and east-west, these are the steps 

that the algorithm performs:

1. Perform a 4096-point fast Fourier transformation (FFT) on the traces. 

The 4000-point traces are padded with 96 additional points (4001 to 

4096), which are identical to the last points of the original traces (4000 

down to 3905). The mirroring step ensures continuity of the trace.

2. Remove all  frequency  components  below 10 MHz and above 90 MHz. 

This step is mainly intended to remove some low-frequency noise that is 

present in the traces that were measured with the SBP-60 filters between 

May 16 and July 20, 2007 (Table 5.1 on p. 56). For all other traces this 
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step  has  little  effect  since  the  amount  of  power  outside  the  pass-

frequencies of the filters is low.

3. Perform an inverse FFT; this returns the data to the time domain. The 96 

padded  data  points  are  removed,  thus  traces  have  a  length  of  4000 

points again.

4. Calculate the mean voltage V  and standard deviation σ  of the first 512 

data points of the trace. Do the same for the last 512 data points. Select 

the σ  that has the smallest value, and the mean that belongs to this σ .

5. Define maximum and minimum threshold level at V±x⋅σ  where x  is a 

variable given to the algorithm.

6. Define a time window of 400 ns around the moment at which a pulse is 

expected. This moment was calculated by Fraenkel [112], based on the 

timing information of the digitizers,  time delays of cables and trigger 

components, and the parameters of CDAS' reconstruction of the event 

based on the SD data.

7. Consider all  points of  the trace within the time window. If  the signal 

exceeds  the  maximum/minimum threshold  level  at  any  point,  return 

true, else return false.

In step 4 of the algorithm, two values for  σ  are calculated, and the smaller 

value is selected. This is done to better handle the case where a short burst of 

noise (transient) is present in the start of the trace. This is very similar to step 4 

of the mean-power based method, where the smallest value of two powers was 

selected.

The  result  of  using  this  pulse-height  based  algorithm  on  the  set  of  482 

triggered  events  is  shown in  Figure C.1.  For  each of  the three antennas,  the 

algorithm  was  applied,  using  different  values  of  the  threshold  level  x .  The 

results  show  the  fraction  of  events  that  pass  when  a  threshold  crossing  is 

required in north-south, in east-west, or in at least one of these two.

When comparing the pulse-height based method with the mean-power based 

method, a few points can be noted:

■ The fraction of events that pass the method is a rather smooth function in 

the case of  the  mean-power based method (Figure 7.10 (d)  on p. 107), 

150



 C   Alternative methods for pulse detection

while for the pulse-height based method it is not (Figure C.1 (d)). In the 

latter method the difference between the three antennas is also larger.

■ An event can pass the  pulse-height based algorithm based on a single 

point in the trace. However, on each measured data point there is a certain 

amount of error involved. Part of this error is a measurement uncertainty 

of the digitizer, but a more important part is the influence of the noise. A 

measurement error  in the value of  a single data point  may lead to the 

event being passed or rejected. On the other hand, in the mean-power 

based algorithm, the power is calculated over a series of points, reducing 

the uncertainty in its value.

■ In the case of a sharp peak, the digitizer could record a sample at exactly 

the moment of this peak. However,  it is also possible that samples are 

taken slightly before and after the peak. This effect may cause events to 
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(a) (b)

(c) (d)

Figure C.1: Fraction of events that pass the pulse-height based algorithm, for 
each of the three antennas and as a function of the threshold level. A pulse can be 
required in the north-south data, in the east-west data, or in at least one of these 

two.
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be accepted or rejected, thus leading to a certain amount of arbitrariness. 

The two alternative methods that are discussed in the next two sections 

attempt to overcome this issue.

C.2 Pulse detection based on pulse envelope

This  second  alternative  method  is  a  modified  version  of  the  pulse-height 

based algorithm. Instead of comparing a threshold level with the trace itself, the 

threshold  level  is  compared  with  an  envelope  of  the  trace.  Steps 1-6 of  this 

method are the same as in the pulse-height based method. After these steps the 

envelope is calculated, which may be done in several ways, e.g. using a Hilbert 

transform.

We however have chosen to calculate the envelope by means of squaring the 

input signal and low-pass filtering. When the signal is squared, it is effectively 

demodulated, using itself as the carrier wave. This means that half of the power 

of the signal is pushed towards the higher frequencies, while the other half is 

pushed towards DC. The envelope can then be calculated by keeping all the low-

frequency  components  while  removing  the  higher  frequencies;  i.e.  low-pass 

filtering.  As a final  step,  the signal  is  multiplied by 2 to compensate  for  the 

removal  of  half  of  its  power,  after  which  the  square  root  of  the  signal  is 

calculated. This is the envelope, and it is compared with the maximum threshold 
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Figure C.2: Illustration of envelope detection. As an example, a radio trace of one 
of the coincident events is shown on the left. This trace has already been 

frequency filtered (10-90 MHz; steps 1-3). A cosmic-ray-induced radio pulse can 
clearly be seen. On the right, the calculated envelope is compared with the 

absolute value of the trace.
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value that was defined in step 5 of the algorithm. Since the envelope is always 

positive, it is not necessary to consider the minimum threshold value.

For the coincident events, a cutoff frequency of 42 MHz was used during the 

low-pass filtering step. This value was chosen since the frequency spectrum of 

the squared traces has a minimum around 42 MHz. In fact, there is little power 

between 25 and 95 MHz, thus the value of 42 MHz is not very critical.

An example of one of the envelopes that were calculated is shown in  Figure

C.2.  It  is  compared  with  the  absolute  value  of  the  trace  from  which  it  was 

calculated.

Now  that  the  envelope  has  been  calculated,  the  maximum  value  of  this 

envelope  is  compared  with  the  threshold  level,  which  is  still  based  on  the 

standard deviation of the noise. The ratio of coincident events that pass the test, 

as a function of the height of the threshold level, is shown in Figure C.3.
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(a) (b)

(c) (d)

Figure C.3: Fraction of events that pass the pulse-envelope based algorithm, for 
each of the three antennas and as a function of the threshold level.
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C.3 Pulse  detection  based  on  upsampling  and 
interpolation

The third and final alternative method for pulse detection we will discuss is a 

method based on upsampling and interpolation. Also this method is a modified 

version of the pulse-height based algorithm. In this method, not only are the 

data points of the trace compared with the threshold level, but also interpolated 

data points are compared.

At the end of Section C.1 it was argued that the sampling moment may make a 

difference in the case of a sharp peak in the signal. The signal could be sampled 

at exactly the moment of the peak, or it could be sampled slightly before and 

after the peak. If the values of the signal in between the measured data points 

could be known, then the height of a peak could be determined more precisely.

Fortunately, these values can be computed. The low-pass filters in the DAQ 

setup  (Section 4.3)  remove  the  higher  frequencies.  For  frequencies  above 

87.5 MHz the attenuation (suppression) of one low-pass filter is at least 20.2 dB. 

The actual attenuation is even larger because two low-pass filters were used in 

series.

Since  the  sampling  frequency  is  400 MHz,  the  corresponding  Nyquist 

frequency is 200 MHz. Since the amount of power in the signal at frequencies 

above  200 MHz is  negligible,  the Nyquist–Shannon sampling  theorem applies, 

which  states  that  the  signal  is  completely  determined  by  the  recorded  data 

points.

Thus  the  signal  at  the  input  of  the  digitizers  can  be  reconstructed. 

Mathematically this can be done in several ways; here it was chosen to use the 

Whittaker–Shannon  interpolation  formula.  This  formula  is  guaranteed  to 

reconstruct  the  signal  exactly  if  the  signal  is  Nyquist  sampled.  Although  the 

formula is ideal in that sense, it is computationally intensive and therefore not 

very practicable for everyday use.

In  between  each  two  original  data  points,  7  additional  data  points  were 

interpolated. Thus, the interpolated traces contain 8 times more data points. An 

example of part of an interpolated trace is given in Figure C.4.
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In the final step, the interpolated traces are compared with the minimum and 

maximum threshold values. Except for the use of interpolated traces instead of 

the original traces, this method is identical to the pulse-height based method. As 

can  be  seen  in  the  example  in  Figure  C.4 for  the  east-west  direction,  the 

maximum value of the interpolated trace can be a bit larger than the maximum 

value of the original trace.

The  result  of  using  the  upsampling  and  interpolation  based  method  with 

threshold levels of varying heights is shown in Figure C.5. When comparing this 

plot with the equivalent plots for the pulse-height based method (Figure C.1) and 

the pulse-envelope based method (Figure C.3), the results are very similar. All 

three alternative methods that were discussed thus give similar results.

The results of the mean-power based method (as shown in Figure 7.10 (d) on 

p. 107) show both smoother curves and smaller differences between the three 

antennas than the alternative methods. As was noted on Section C.1, the mean-

power based method is also less influenced by noise on single data points. For 

these reasons, the mean-power based method was chosen for the selection of 

the “events with pulse” in Sections 7.5 and 7.6.
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Figure C.4: Illustration of the interpolation of a trace. We use the same radio trace 
as the one that was used in Figure C.2. The solid line indicates the original trace 
with data points every 2.5 ns. The interpolated trace is indicated by the dashed 

line and has 8 times more data points.
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(a) (b)

(c) (d)

Figure C.5: Fraction of events that pass the upsampling and interpolation based 
algorithm, for each of the three antennas and as a function of the threshold level.
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Deze tekst is een bewerking van het artikel “Kosmische stralen in Argentinië” door José 

Coppens en Sybren Harmsma. Dit artikel verscheen in december 2010 in het tijdschrift  

Periodiek van de Fysisch-Mathematische Faculteitsvereniging.

Kosmische  stralen  zijn  deeltjes  die  door  het  heelal  vliegen.  Het  kunnen 

bijvoorbeeld protonen zijn, of zwaardere deeltjes zoals atoomkernen. Sommige 

kosmische stralen hebben een enorm hoge energie, soms wel een miljoen keer 

meer dan de deeltjes die wij zelf versnellen in de Large Hadron Collider (LHC) . 

Door te meten aan kosmische stralen op aarde proberen astrodeeltjes-fysici te 

ontrafelen  hoe  de  kosmos  deeltjes  kan  versnellen  tot  zulke  extreem  hoge 

energieën.

Het Pierre Auger Observatorium

Kosmische stralen worden waargenomen door het Pierre Auger Observatorium, 

dat in het westen van Argentinië is gebouwd. Voor de detectie wordt gebruik 

gemaakt van het feit dat er bij een botsing van zo'n hoogenergetisch kosmisch 

deeltje op de atmosfeer van de aarde een hele lawine aan secundaire deeltjes 

ontstaat, die uiteindelijk het aardoppervlak bereikt. Zo'n lawine heet in het Engels 

een “extensive air shower” (zie figuur 1.3 op blz. 4) en werd in 1938 voor het 

eerst gemeten door de Franse natuurkundige Pierre Auger (figuur 1.2; blz. 3).

Omdat  kosmische  stralen  met  een  extreem hoge energie  relatief  zeldzaam 

zijn,  is  een  groot  detectieoppervlak  noodzakelijk.  Daarom  beslaat  het  Pierre 

Auger  Observatorium  (figuur 3.1;  blz. 30)  zo'n  3000 km2,  dat  is  ongeveer  de 

oppervlakte  van  de  provincie  Friesland.  Het  observatorium  is  een  hybride 

detector,  wat  betekent  dat  er  op  twee  verschillende  manieren  informatie 

verkregen  wordt  over  de  deeltjeslawine.  Hierdoor  kunnen  de  energie  en  de 

aankomstrichting  van  de  extreem-energetische  kosmische  deeltjes  worden 

bepaald.
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Een  van  de  onderdelen  van  het  observatorium  is  de  oppervlakte-detector 

(figuur 3.2; blz. 31). Dit is een rooster van 1600 watertanks die 1.5 km uit elkaar 

staan.  Sommige  deeltjes  in  de  lawine  zullen  door  een  watertank  heen  gaan 

wanneer zij het aardoppervlak bereiken, en als dat gebeurt dan ontstaat er een 

klein lichtflitsje.  Dit  licht  heet Cherenkov-licht en wordt door de oppervlakte-

detector  geregistreerd.  Daarnaast  zijn  er  vier  fluorescentie-telescopen 

(figuur 3.3;  blz. 32),  die  het  gebied  met  de  1600 watertanks  omringen.  Deze 

telescopen  meten  het  fluorescentie-licht  dat  door  stikstof  atomen  in  de 

atmosfeer  wordt  uitgezonden,  nadat  zij  door  de  deeltjes  in  de  lawine  zijn 

aangeslagen. Het fluorescentie-licht dat wordt gemeten is zo zwak dat het alleen 

op maanloze, heldere nachten gedetecteerd kan worden, wat maar zo'n 12 % van 

de tijd is. Dit betekent dat detectie van kosmische deeltjes slechts in 12 % van de 

tijd op een hybride manier gebeurt.

Radio Detectie van Kosmische Stralen

Onderzoekers  verbonden  aan  drie  Nederlandse  instituten  (Nikhef,  KVI 

Rijksuniversiteit Groningen en IMAPP Radboud Universiteit Nijmegen) maken deel 

uit van het Pierre Auger samenwerkingsverband. De Nederlandse bijdrage aan het 

observatorium richt zich voornamelijk op de ontwikkeling van een derde manier 

om kosmische stralen te meten, namelijk met behulp van radioantennes. In de 

lawine die gecreëerd wordt door kosmische stralen, bevinden zich veel elektrisch 

geladen  secundaire  deeltjes  (voornamelijk  elektronen  en  positronen).  Deze 

geladen deeltjes bewegen met hoge snelheid door het aardmagnetisch veld en 

worden  daardoor  afgebogen.  Hierbij  wordt  elektromagnetische  straling 

uitgezonden,  welke  waarneembaar  is  in  het  radiogebied  tussen  de  10  en 

100 MHz. Hoewel het al  zo'n 50 jaar  bekend is dat deze straling met simpele 

radioantennes gemeten kan worden, is de techniek pas sinds kort zover dat dit 

ook op grote schaal en met voldoende gevoeligheid mogelijk is.

Het  voordeel  van  radiodetectie  is  dat  er  in  principe  continu  gemeten  kan 

worden. Dit in tegenstelling tot fluorescentie-detectie, de andere manier om de 

elektromagnetische  component  van  de  deeltjeslawine  te  meten.  Deze  laatste 

techniek kan zoals gezegd maar zo'n 12 % van de tijd gebruikt worden. Juist het 

meten  aan  deze  elektromagnetische  component  van  de  lawine  is  interessant, 
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omdat het zo'n 90 % van de energie van het oorspronkelijke kosmische deeltje 

bevat. Een goede maat dus voor de energie van dat primaire deeltje.

Daarnaast  kan  met  data  afkomstig  van  een  aantal  radiodetectoren  erg 

nauwkeurig de richting worden bepaald waaruit de kosmische stralen komen. Op 

die manier kunnen we meer te weten komen over de oorsprong van de deeltjes. 

Een derde voordeel is dat de radiopuls, die door de deeltjes in de lawine wordt 

uitgezonden,  informatie  bevat  over  de  ontwikkeling  van  de  lawine  in  de 

atmosfeer. Dit laatste kan antwoord geven op vraag wat voor deeltje het primaire 

deeltje  was.  Was  het  primaire  deeltje  een  proton,  of  een  atoomkern  van 

bijvoorbeeld ijzer? Hoewel het niet mogelijk is om voor iedere kosmische straal 

afzonderlijk de primaire compositie te bepalen, kunnen we na een bepaalde tijd 

meten wel iets zeggen over de gemiddelde massa van de kosmische stralen, die 

in die periode gemeten zijn.  En ook of  deze gemiddelde massa verandert  als 

functie van de gemeten energie.

Bovenstaande  voordelen  laten  zien  dat  radiodetectie  een  interessante 

complementaire  techniek  is  voor  het  meten  van  de  eigenschappen  van 

deeltjeslawines.  Genoeg  reden  dus  om  te  investeren  in  deze  derde, 

onafhankelijke methode voor het observeren van kosmische stralen!

De opstelling

De  eerste  “Nederlandse”  opstelling  van  radioantennes  bij  het  Pierre  Auger 

Observatorium bestond  uit  drie  antennes.  Deze  opstelling  is  in  figuur 3.6 op 

bladzijde 38 schematisch  weergegeven.  Er  werden  twee  soorten  antennes 

gebruikt: een LPDA (log-periodieke dipool antenne; zie figuur 4.4 op blz. 44), die 

ontwikkeld is door medewerkers uit Aken en Karlsruhe, en een LOFAR antenne uit 

Nederland (figuur 4.7; blz. 46). Beide soorten antennes meten het elektrisch veld 

in twee polarisatie-richtingen: noord-zuid en oost-west.

Het  data  acquisitie  systeem  bevond  zich  in  een  container  op  de  pampa 

(figuur 4.1; blz. 41). Hier zijn een aantal basisvoorzieningen, zoals elektriciteit en 

internet, aanwezig. De door de antennes gemeten signalen werden via een kabel 

de container in gebracht. Hier werden ze versterkt en gefilterd, waarbij alleen de 

frequenties tussen 30 en 70 MHz werden doorgelaten. Het filteren gebeurt om 

veel vervelende achtergrondruis kwijt te raken, zoals dat van FM radiostations. 
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Vervolgens werd het signaal  naar een digitizer gestuurd (figuur 4.11; blz. 51). 

Een digitizer kan van een analoog signaal een digitaal signaal maken.

Met behulp van een computerprogramma kunnen bepaalde instellingen van de 

digitizer worden aangepast, zoals wanneer er signalen gemeten en opgeslagen 

moeten  worden.  Dit  laatste  noemen we de  “trigger”.  We kunnen  bijvoorbeeld 

eisen  dat  alleen  signalen  worden  opgeslagen  die  tegelijkertijd  in  beide 

polarisatie-richtingen  worden  gemeten.  De  signalen  die  voldoen  aan  de 

ingestelde trigger-eisen worden in de digitizer verwerkt tot een data-pakketje 

met een lengte van tien microseconden dat 4000 samples bevat.  Het pakketje 

kreeg daarbij een tijdsstempel van een GPS antenne en werd daarna opgeslagen 

op een laptop.

Een groot probleem was dat  er,  ondanks  het  filteren,  nog steeds  veel  ruis 

binnenkwam.  Om onderscheid  te  kunnen  maken  tussen  signalen  veroorzaakt 

door  kosmische  stralen  en  achtergrondruis  hebben  we  twee  scintillatoren 

gebruikt om de uitlezing van de radioantennes te “triggeren”. Deze scintillatoren 

(figuur 4.12;  blz. 52)  zijn  deeltjes-detectoren  en  geven  aan  wanneer  er  een 

lawine  van  deeltjes  plaatsvindt.  Door  op  die  momenten  de  antennes  te  laten 

meten  krijgen  we  de  radiosignalen  van  de  kosmische  stralen  binnen.  Een 

voorbeeld van een gemeten puls is te zien in figuur 3.7 op bladzijde 39.

Data analyse

De  analyse  van  de  data  (d.w.z.  de  meetgegevens)  wordt  besproken  in  de 

hoofdstukken 5, 6 en 7 van dit proefschrift. Hoofdstuk 5 gaat over de selectie 

van  de  data  en  over  de  correlaties  tussen  de  gemeten  radiosignalen  en  de 

deeltjeslawines die zijn geregistreerd met de deeltjes-detectoren van het Pierre 

Auger  Observatorium.  Lawines  die  gemeten  werden  met  beide  meetsystemen 

noemen  we  coïncidenties.  Van  deze  coïncidenties  weten  we,  dankzij  de 

reconstructie van de data van de watertanks, de energie en de richting van het 

primaire  deeltje  (de oorspronkelijke  kosmische  straal).  Deze  informatie  is  erg 

nuttig bij het bestuderen van de radiopulsen van de deeltjeslawines.

In  hoofdstuk  6  wordt  afzonderlijk  gekeken  naar  de  data  van  de  deeltjes-

detectoren  van  Auger,  en  naar  de  data  gemeten  met  de  radio  antennes. 

Hoofdstuk 7 behandeld de coïncidenties, waarin de informatie van de deeltjes-
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detectoren en de radio metingen worden gecombineerd. Er wordt onder andere 

gekeken naar de eigenschappen van de kosmische stralen waarvan een radiopuls 

gemeten werd, en naar de grootte en de vorm van de gemeten radiopulsen.

MAXIMA

Naast het analyseren van de data zijn we ook bezig geweest met het bouwen 

van  een  tweede  radio-opstelling  in  Argentinië:  MAXIMA  (Multi-Antenne 

eXperiment  In  Malargüe  Argentinië).  Deze  opstelling  heeft  een  aantal 

verbeteringen ten opzichte  van  de eerste:  de antennes  en het  data  acquisitie 

systeem worden gevoed door accu's. Deze worden opgeladen met zonnepanelen. 

We hebben nu niet meer alle elektronica in op één centrale locatie,  maar een 

netwerk van autonome stations. Een van deze stations is te zien in figuur 8.2 op 

bladzijde 128. De stations communiceren met een centrale computer, die onder 

andere zorgt voor de data opslag. Meer details over de MAXIMA opstelling zijn te 

vinden in hoofdstuk 8 van dit proefschrift.
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