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Abstract

LOPESSTAR ig a prototype detector for future experiments on the observation of
radio emission of ultra high energy cosmic rays. Absolutely calibrated measurements of
the electric field strength with the LOPESSTAR detector were performed in coincidence
with the well-established air shower detector KASCADE-Grande. The experimental
configuration allowed a simultaneous observation of east-west and north-south polarised
components of the electric field per antenna used.

This thesis discusses in detail the influence of background sources on the detector
configuration as well as the resulting self-trigger system. The implemented trigger sup-
presses strong background signals from the industrial environment on the site of the
Forschungszentrum Karlsruhe (rejection > 99.9 %) and is the basis for a hardware self-
trigger. Therefore, the system is adequate for any other detector site.

Two different calibration methods are performed and cross-checked to convert the
measured raw data into an electric field strength. Both methods result in the same
frequency dependent calibration values within their uncertainties. Furthermore, the
analysis of the radio emission of ten high quality shower events results in the most
probable scale parameter of dy = (137 £ 18) m. The comparison of selected events with
Monte Carlo simulations on an event-by-event basis points out a good correspondence
within the given uncertainties and confirms the geosynchrotron model. The overall
angular resolution of the arrival direction results in only a few degrees. The presented
methods and algorithms are developed for the trigger system and the analysis and are
now standard tools for the data analysis in the LOPES collaboration.






Zusammenfassung

Triggersystem fiir Radiosignale aus kosmischer Strahlung

Das LOPESSTAR Experiment ist ein Prototyp Detektor fiir zukiinftige Experimente zum
Nachweis der Radioemission aus Luftschauern der hochsten Energien. Im Vordergrund
stehen dabei die Entwicklung und Optimierung eines unabhingigen Triggersystems fiir
Radiosignale, eine absolute Kalibration des Messaufbaues sowie ein besseres Verstdndnis
der Korrelation zwischen Radiosignalen und rekonstruierten Schauergréfsen etablierter
Luftschauerexperimente.

Zu diesem Zweck wurden 10 logarithmisch-periodische Dipolantennen auf der Fliche
des bewihrten Luftschauerexperimentes KASCADE-Grande installiert. Jede Antenne
detektiert gleichzeitig die Nord-Siid und die Ost-West polarisierte Komponente des elek-
trischen Feldes in einem Frequenzbereich von 40 —80 MHz. Die Positionen der Antennen
auf dem Geldnde des Forschungszentrums Karlsruhe bilden die Punkte eines gleichseiti-
gen Dreiecks, welches zur Richtungsbestimmung durch Triangulation benutzt wird. Alle
Antennen bedecken zusammen eine Fliche von ungefihr 300 x 350 m? und sind in zwei
Gruppen mit vier Antennen und einer weiteren Gruppe mit zwei Antennen organisiert.
Ein von KASCADE-Grande gesendetes Signal startet automatisch die Datenauslese aller
10 Antennen, falls ein Luftschauer mit einer Energie £ > 106 eV detektiert wurde.
Gleichzeitig werden die Eigenschaften der Sekundérteilchen bis zu einer Energie von
E < 10" eV am Erdboden von KASCADE-Grande auf einer Fliche von 700 x 700 m?
nachgewiesen.

Zusétzlich wurde ein identischer Messaufbau mit drei Antennen im Rahmen des Pierre
Auger Observatoriums in Argentinien installiert, um die dort vorherrschenden Unter-
grundeffekte und Umwelteinfliisse zu untersuchen. Es zeigte sich, dass die typischen
Untergrundeffekte im Mittel eine Grofenordnung im Amplitudenspektrum geringer aus-
fallen als auf dem industriell geprigten Gebiet des KASCADE-Grande Experimentes.
Das Pierre Auger Observatorium bedeckt eine Fliche von ungefihr 3000 km? und bietet
damit ideale Bedingungen fiir ein grofflichiges Antennenfeld zur kontinuierlichen De-
tektion der Radioemission aus Luftschauern bei Energien iiber 10'® V.

Die Entwicklung und Optimierung einer Strategie zur Selbsttriggerung fiir Radiosig-
nale wurde auf Basis von extern getriggerten Daten von KASCADE-Grande in Software
realisiert. In einem ersten Schritt wurden die transienten Storsignale von technischen
Anlagen sowie kontinuierliche Radio und TV Signale, die mit dem Messaufbau detek-
tiert werden, analysiert und charakterisiert. Das entwickelte System zur Selbsttrig-
gerung unterdriickt dabei durch plausibel motivierte Parameter Storsignale innerhalb
einer Polarisationsrichtung. Die akzeptierten Radiosignale aus Luftschauern und Un-
tergrundsignale werden unter Ausnutzung der geometrischen Anordnung der Antennen
(Koinzidenzbedingung) weiter separiert. Radiosignale aus sehr geneigten Luftschauern
(Zenitwinkel 6 > 60°) sowie zivilisationsbedingte Stérungen werden auf diese Weise un-
terdriickt.
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Nach Anwendung des implementierten Selbsttriggers auf den ausgewéhlten Datensatz
ergibt sich eine Unterdriickung von Storsignalen von iiber 99,9 %. Fiir einen Energie-
bereich des Primirteilchens von 5-107eV < E < 10! eV ergibt sich die Effizienz zu
iiber 90 %. Die Reinheit eines Datensatzes ist definiert als das Verhéltnis der akzep-
tierten Schauerereignisse zu der Anzahl aller akzeptierten Ereignisse (Schauer- und
Untergrundereignisse) und ergibt sich zu 6 %. Das Triggersystem zeigt eine gute Re-
duktion von Untergrundereignissen sowie eine gute Akzeptanz von Schauerereignissen
unter den gegebenen Messbedingungen im Rahmen von KASCADE-Grande. Mit dieser
Arbeit ist die Machbarkeitsstudie des vorgestellten Selbsttriggers erbracht.

Eine absolute Kalibration des Messaufbaues ist notwendig, um die Rohdaten in ADC-
Werten in eine elektrische Feldstdrke zu konvertieren. Dies bildet die Grundlage fiir
die Verifikation der erzielten Resultate aus der Korrelationsanalyse. Zwei unabhéngige
Methoden wurden durchgefiihrt, um die absolute Kalibration des LOPESSTAR Detek-
tors zu verifizieren. Zum einen wurden die charakteristischen Eigenschaften aller ver-
wendeten Einzelkomponenten prézise im Labor vermessen und mathematisch so kom-
biniert, dass das Gesamtsystem beschrieben wird. Zum anderen wurde eine externe
Referenzantenne benutzt, welche ein wohldefiniertes Signalspektrum emittiert. Ein
entsprechender Vergleich der erzielten frequenzabhéngigen Kalibrationskonstanten zeigte
eine sehr gute Ubereinstimmung beider Methoden innerhalb ihrer Fehlergrenzen. Der
resultierende Gesamtfehler auf die gemessene Feldstérke kann damit zu o\ = 7.2 % fiir
das LOPESSTAR Experiment angegeben werden.

Die gewihlte Nihe des LOPESSTAR Experimentes zum Luftschauerexperiment
KASCADE-Grande bietet beste Voraussetzungen fiir Korrelationsanalysen. Es wurden
strenge Bedingungen an die Qualitdt der Rekonstruktion von Schauerereignissen durch
KASCADE-Grande und LOPESSTAR gestellt. Der resultierende Datensatz enthélt zehn
Schauerereignisse fiir weitere Untersuchungen.

Eine Parametrisierung des Radiosignals in Abhéngigkeit der charakteristischen Grofen
eines Luftschauers erlaubt ein Vergleich der Ergebnisse verschiedener Experimente.
Gleichzeitig kann fiir Einzelereignisse mit rekonstruierter Geometrie die Energie des
Primérteilchens abgeschitzt werden. Unter Beriicksichtigung beider Polarisations-
richtungen (Nord-Siid und Ost-West) wurde eine Parametrisierung der Radiosignale
durchgefiihrt: in Abhéngigkeit vom geomagnetischen Winkel o (Winkel zwischen Erd-
magnetfeld und Schauerachse), der Energie des Primérteilchens E und dem lateralen
Skalenparameter dp. Aus den Untersuchungen folgt ein Skalenparameter von dy =
(137 £ 18) m und eine lineare Beziehung zur Energie des Primérteilchens (kohérente
Radioemission).

Die Grenzen der Winkelauflésung werden durch verschiedene Faktoren, wie Zeit-
auflosung oder Abstand und Anzahl der genutzten Antennen, bestimmt. Der verwen-
dete Aufbau erlaubt eine Bestimmung der Winkelauflosung auf zwei unterschiedliche
Methoden. Bei der ersten Methode wird unter Annahme einer ebenen Schauerfront auch
dieselbe Richtung fiir Schauerachse und Radiosignal angenommen. Es wird durch Trian-
gulation die Richtung der Radiosignale bestimmt und die Differenz zur rekonstruierten
Richtung von KASCADE-Grande gebildet. Daraus ergibt sich eine Winkelauflosung fiir
den Azimutwinkel ¢ und Zenitwinkel 6 von Ap ~ A ~ 7° mit einer systematischen
Verschiebung von Ay = 2° und Af =~ —1°. Die zweite Methode nutzt kiinstlich erzeugte
Stérsignale, die Ahnlichkeit zu Radiosignalen aufweisen. Verworfene Untergrundsignale
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mit einem Zenitwinkel § ~ 90° werden benutzt, um die Hiufigkeitsverteilung des Azimut-
winkels zu untersuchen. Diese Methode kann dabei keine Aussage iiber die Winkelge-
nauigkeit des Zenitwinkels geben, da dieser als konstant angenommen wird. Setzt man
voraus, dass die Quellen dieser schauerdhnlichen Signale wihrend der Messdauer weder
ihre Position noch ihre Signalform #ndern, dann erreicht man mit dem LOPESSTAR
Detektor mit mindestens drei und hochstens vier Antennen eine Winkelaufldsung von
Ay = 0.6°.

Eine weitere Untersuchung der Schauereigenschaften der gewadhlten zehn Schauer-
ereignisse zeigt ein klares Defizit aus siidlicher Richtung. Luftschauer aus dieser Richtung
weisen einen geringen geomagnetischen Winkel auf und emittieren gemif dem Geosyn-
chrotron Modell, ein Modell zur Beschreibung der Radioemission aus Luftschauern, nur
schwache Radiosignale.

Wihrend der zur Verfiigung stehenden Messdauer wurden zwei Luftschauer von allen
zehn installierten Antennen detektiert. Diese Schauer wurden ausgewdhlt, um die
Lateralverteilung auf Basis von Einzelereignissen mit deren Monte Carlo Simulationen zu
vergleichen. Es zeigt sich hierbei eine gute Ubereinstimmung mit dem Geosynchrotron
Modell und den darauf aufbauenden Simulationen. Eine Ausnahme bilden dabei Signalen
nahe der Schauerachse. Jedoch wird die Stérke der Radiosignale in den verschiedenen
Polarisationen qualitative richtig reproduziert.

LOPESSTAR ist ein absolut kalibrierter Detektor fiir Radiosignale aus kosmischer
Strahlung. Das vorgestellte Triggersystem unterdriickt transiente und kontinuierliche
Storsignale und akzeptiert dabei Radiosignale aus Luftschauern. Zur Zeit wird im
Rahmen von LOPESSTAR ein Hardwaretrigger in Betrieb genommen, welcher eine auf
diese Elektronik angepasste Version des Triggersystems beinhaltet. Dieser wird zuerst
auf dem Geldnde des Forschungszentrums Karlsruhe und anschlieffend im Rahmen des
Pierre Auger Observatoriums in einer Testumgebung mit drei Antennen installiert und
verifiziert. LOPESSTAR bietet damit ideale Voraussetzungen, um dem Ziel eines Anten-
nenfeldes in der Grofe von mehreren zehn Quadratkilometern ndher zu kommen. Dies ist
notwendig, um den Effekt der Radioemission aus Luftschauern und deren Korrelation
mit einer Vielzahl von Luftschauerparametern besser untersuchen zu kénnen. Die in
dieser Arbeit erzielten Ergebnisse werden im geplanten Radioexperiment im Rahmen
des Pierre Auger Observatoriums umgesetzt und tragen dazu bei, das Geosynchrotron
Modell zu verifizieren.
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Chapter 1
Introduction

The discovery of cosmic rays is related to the balloon experiments of Victor Hess. He
measured the altitude dependence of the discharge rate of electroscopes and detected that
the intensity of ionising radiation rises with increasing height at about 1000 m above the
ground. He concluded that the origin of this radiation is not from the Earth [Hess 12].

High energy cosmic rays initiate showers of secondary particles in the atmosphere
of the Earth by interacting with the nuclei of air molecules. The secondary particles
propagate through the atmosphere with a velocity almost close to the speed of light as
a disc of particles. This phenomenon of extensive air showers was first understood and
studied in detail by Pierre Auger and collaborators [Auge 39].

Many processes are related to the generation and development of extensive air showers.
In particular, the emission processes in the radio frequency range of the lightest charged
particles are of interest for this thesis as well as the establishing of new complementary
detection techniques for high energy cosmic rays in astro-particle physics.

Radio pulses from cosmic rays were first experimentally discovered by Jelly and col-
laborators [Jell 65] and, were soon verified by several experiments in the late 1960s. In
the following years the activities almost completely stopped due to difficulties with radio
interferences, uncertainty about the interpretation of the results and the success of other
detection methods (e.g. scintillator and fluorescence).

The observation of radio emission of extensive air showers is performed with the
LOPESSTAR experiment by using an array of ten antennas at the location of the well-
calibrated extensive air shower experiment KASCADE-Grande. This allows to perform
coincident investigations on the properties of the shower particles and the radio emission.
The LOPESSTAR antennas measure absolutely calibrated the north-south & east-west
polarised components of the electric field. The configuration of the experiment com-
bined with the benefit of KASCADE-Grande gives the possibility to develop a digital
self-trigger system on the radio emission of cosmic rays.

Chapter 2 gives an introduction to extensive air showers and describes the processes
of radio emission and their Monte Carlo simulations. An overview of the configuration
of the experiment is presented in chapter 3. Two independent and consistent calibration
methods are introduced and discussed in chapter 4. A detailed discussion about the
requirements of a self-trigger system and the resulting strategy are presented in chapter 5.
Finally, the parametrisation of the electric field strength and an event-by-event analysis
are presented in chapter 6.






Chapter 2
High Energy Cosmic Rays

The investigation of cosmic rays is one of the most active fields in astro-particle physics.
Origin, acceleration, and transport of the cosmic rays through interstellar and intergalac-
tic space are not fully understood even 100 years after their discovery. Large detector
arrays with high duty cycle and a combination of multiple detection techniques are
needed to solve these open questions.

This chapter gives a brief introduction to the observed energy spectrum of cosmic rays
and the mechanisms behind extensive air showers. Furthermore, the geosynchrotron
model as a model of the emission of radio signals is described and discussed on the basis
of Monte Carlo simulations.

2.1 Cosmic Ray Flux

Cosmic rays are primarily nuclei with kinetic energies covering 12 orders of magnitude
from a hundred MeV to several hundred EeV. The integrated flux decreases strongly
with increasing energy and spans more than 30 decades, so that numerous particles per
cm? - s reach the Earth at low energies, but only one particle per km? and century at the
highest energies.

The energy spectrum of the cosmic rays is almost featureless. Extending from 10° eV
up to 10?Y eV the spectrum follows a power law E~Y with a spectral index of v ~ 2.7.
In order to point out deviations from the power law fall off, the flux, shown in fig. 2.1,
has been multiplied by E?.

A power law fall off is expected in the case of stochastic acceleration of charged particles
at astrophysical shocks as proposed by Fermi [Ferm 49]. The Fermi mechanism works
most efficiently in the case of diffuse shock acceleration when particles encounter the
wave front of the shock several times. In addition, it explains the acceleration during
supernova explosions, where material of several solar masses is ejected at a speed larger
than the speed of sound in the interstellar medium and results in a strong shock wave
that propagates radially. This acceleration mechanism combined with the propagation
processes through the medium can qualitatively explain the whole energy range of the
energy spectrum observed on Earth.

The two visible changes of the spectral index, shown in fig. 2.1, one at F =
3-10% eV [Kuli 59] and the other at E ~ 4-10'%eV [Bird 93] are referred to within
the astrophysics community as the knee and the ankle of the spectrum in analogy to
the shape of a leg. All the spectral features might be interpreted as a change of the
acceleration mechanism at the sources, as a propagation effect or as a change of the
hadronic interaction cross section with increasing energy.
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Figure 2.1: The flux of the cosmic rays is multiplied by E?® to underline the features of
the energy spectrum. The energy range of the LOPES experiment and the upcoming
radio detector at the Pierre Auger Observatory are indicated by the arrows.

The knee might be considered to be an acceleration feature. The energy of the cosmic
ray is proportional to the charge of the particle. The maximum energy that can be
reached by Fermi shock acceleration follows Eyax = bs- Z - B - L, where by is the shock
velocity, Z is the charge of the particle, B is the magnetic field strength, and L cor-
responds to the Larmor radius (radius of gyration). Thus, the knee is explained as a
drop of the acceleration possibilities for different particles. Possible acceleration sites
are supernova remnants.

The knee also might be interpreted as a propagation result due to a change in the
regime of diffusion in the galactic magnetic field [Ptus 05, Cand 02|. The KArlsruhe
Shower Core and Array DEtector (KASCADE) experiment has shown that the contri-
bution to the flux from protons fall off earlier than from helium [Ulri 03].

Around 10'7 eV there might be a second steepening of the spectral index observed
— the second knee [Marc 05|. The experimental status does not allow to determine
this energy well, but the KASCADE-Grande and the other experiments will clarify the
characteristics of this energy range of the cosmic ray flux in the near future.

The ankle is a rise of the spectral index at energies above 4-10'® eV. The experimental
evidence is less strong than at lower energies due to the already very low particle flux and
the large detection area needed. The most probable models assume that the extragalactic
component then dominates the flux of particles and that the galactic component dies
out, due to missing acceleration mechanisms in our galaxy. The position of the ankle
would be the energy where the two components equally contribute to the total flux.

The last feature of the energy spectrum is a cut-off at energies above 5-10' eV and
was independently predicted by Greisen [Grei 66] and Zatsepin & Kuz'min [Zats 66], the
so-called GZK-effect. The energy of these cosmic rays is now high enough to interact
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with the Cosmic Microwave Background (CMB) and they lose the main part of their
energy due to the following interaction:

YcMmB +p — Ai’—232 Mey — 11 + 7T+ (BR 33 %)
—p+7° (BR 66 %) (GZK-effect)

The numbers in brackets denote the approximated Branching Ratios (BR). The vomB
photons have a temperature of 2.7 K and fill up the universe as a uniform background
radiation measured first by Penzias & Wilson [Penz 65].

Acceleration and propagation of cosmic rays at high energies is one of the puzzles that
have not been yet solved in astro-particle physics. Up to energies of several 10 eV they
are of solar origin, but above this energy due to the maximum acceleration power in
the Sun and the leakage of day-night variations of the measured flux, they must have
another source outside of the solar system.

The first evidence that cosmic ray particles were charged was given by east-west asym-
metries caused by their deflection in the magnetic field of the Earth. Up to energies of
a few 108 eV the arrival directions are completely isotropic. The cosmic rays of the
highest energies are affected by galactic and extragalactic magnetic fields. Only above
an energy of 10'® eV, particles cannot be confined by the ~ 3 uG magnetic field of our
galaxy anymore and tracking back these particles might be possible. Their arrival di-
rection and origin might be reconstructed depending on the intergalactic magnetic fields
and the distance to the source, due to the fact that the deflection angle is less than 5°
for nearby astrophysical objects assuming particle energies of approximate 10! eV,

The explanation of sources of ultra high energy cosmic rays has a long history. Even
before the sources were identified, it was assumed that nearby radio galaxies, which
contain Active Galactic Nuclei (AGN) were very good accelerating sites. AGN are super-
massive black holes with a mass 6 orders of magnitude larger than the solar mass. In
the region close to the black hole a big amount of matter is accreted and parts of it
are released in the form of jets. The maximum energy that might be reached in these
astrophysical objects is 10%! eV [Bier 87]. The acceleration sites for the ultra high energy
cosmic rays can be interpreted as a beam dump: Where the jet hits an intergalactic cloud
of matter from galaxies or the region very close to the black hole or even in remnants of
the fossil jets of old AGNs.

2.2 Extensive Air Showers

In analogy to a fixed-target experiment one can consider the atmosphere acting as a
(inhomogeneous) calorimeter and the incoming cosmic rays as the beam particles. At
large altitudes the depth of penetration of the first interaction strongly fluctuates due
to the low density of the atmosphere. The electromagnetic cascade initiated in the
first interactions from the pion (7%, 7%) and kaon (K*,K°) decays is important for the
detection of the radio emission of cosmic rays.

Heitler developed a simple cascading model for the electromagnetic component (e*
and ~y particles) [Heit 49]. It describes the main characteristics by the development of

an extensive air shower and is introduced here for simplification.
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The energy of the primary particle Ey is larger than the critical energy FE., which
is needed to interact with the particles in the atmosphere. The basic processes are
bremsstrahlung and pair production. Two particles always result from one interaction
and in addition, it is assumed that both particles are equal in energy. After a number
of interactions n the total number of particles corresponds to 2" with an energy per
particle of Ey/2™. One interaction occurs after a splitting length of A = X(1n 2, where
X is the radiation length for air. The maximum number of interactions is proportional
to In(E/E.). The air shower develops and reaches its maximum at an atmospheric
depth of Xpax = Alogs(Ey/E.) o In(Ep) with the maximal number of particles Nyax =
Ey/E,. [Stan 04].

Note: The electromagnetic radiation length in the air corresponds to Xg ~ 37 g/cm?.

At the atmospheric depth Xp,ax the shower development reaches a maximum for the
number of particles Nmax and afterwards the number exponentially decreases due to
bremsstrahlung and ionisation loses. The longitudinal shower development can be de-
scribed by the parametrisation by Gaisser-Hillas [Gais 77]:

Xmax—Xp

X-Xo \ > Xinax — X
N(X)=Nopoo |—— 29 . Zmax
(X) = Ninax (Xmax - X0> P < ) >

This parametrisation describes the number of particles IV in dependence on the atmos-
pheric depth X. The two parameters, Xyax and A, result from a fit to the shape of the
shower front.

The distribution in the atmosphere of the secondary particles form up an extensive
air shower that is described by three main components: Electromagnetic (e, e~ and ),
muonic (u+ and p7), and hadronic (mainly: 7%, 7°, n, p, K* and K°). Electromagnetic
particles are the most numerous ones and carry the main part of the total energy (=
97 %). The remaining energy is shared by the other components (muonic part: ~ 1.7 %).

Any air shower that is initiated by an atomic nuclei as the primary particle starts from
its hadronic component. The hadronic component consists of the strong interacting
particles in the air shower, fragments of nuclei, single nucleons and mesons, for example.
The hadronic component corresponds to about 1% of all the particles arriving on the
ground. The first collision typically produces more than fifty secondaries, which carry
most of the energy in the early shower stage. These particles are emitted closely to
the original particle direction due to high longitudinal momentum. The lateral spread
extends only a few tens of meters around the shower axis at the observation level.

The muonic component consists of all the muons that are produced during the
shower development. Charged mesons, pions or kaons for example, derive from the
hadronic component and have a short life time. If no interaction occurs during their
propagation, then they will decay to lighter mesons or directly to muons.
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at Mi + v,
K* — u® 4+, (BR 64 %)
— 70 4 7t (BR 21%)
— 3t (BR 5%)
— '+ put (BR 3%)

:U’i_)ei‘{’ye‘}'yﬂ

The life time of relativistic muons (7 &~ 2.2 us) is much longer than the life time of the
hadronic component and most of the muons reach the surface of the Earth (depending on
the zenith angle and the primary energy of the cosmic ray). They can lose their energy
in several ways: Ionisation, bremsstrahlung, direct e* pair production and photonuclear
interactions.

The electromagnetic component consists of the lightest particles in the shower
(electrons and positrons) and the photons. The total number of charged particles is
dominated by this component. The neutral or charged mesons, derived from the hadronic
component, decay by 99 % to photons or muons.

w0 =y

at - ,ujE + vy

The charged pions live about 10® times longer than the neutral pions, which might lead
to a smaller contribution to the electromagnetic component. The two resulting energetic
photons from the 7° decay create electrons (pair production). These electrons generate
photons by bremsstrahlung.

v —ete” (pair production)

et —ef 4y (bremsstrahlung)

A cascade of electromagnetic particles is initiated until the energy falls below a critical
energy F. (Heitler model). The critical energy for the electromagnetic component in
the air corresponds to E. ~ 80MeV. Then the energy loss due to ionisation becomes
dominant and no further particles are produced. At this stage the cascade starts to die
out and the exponential decrease takes effect (parametrisation from Gaiser-Hillas).

Besides the creation and loss of particles in the longitudinal direction, the electromag-
netic component suffers Coulomb scattering. The Moliére theory describes the laterally
spread out of particles and contains the Moliére radius R,, as a characteristic quantity
of extensive air showers [Moli 47, Moli 48|.

The lateral distribution of electrons on the observation level is described by the NKG
function [Grei 56, Kama 58| (named after Nishimura, Kamata, and Greisen) and follows:

B N, Dagis \° daxis =B I'(B—s)
p(daxis) - 27TR72TL ' ( Rm > ‘ (1 + Rm > ‘ F(S)F(ﬁ —« '5)
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The electron density p(daxis) is calculated from the measured number of electrons N,
on the observation level and the distance to the shower axis daxis. The parameter s (or
shower age) is fitted to the lateral particle distribution, measured on the ground and
describes the lateral shape, whereas the parameters « and (§ are used as a normalisation
factor.

An estimation of the primary energy can be performed on the basis of the total particle
number determined by the NKG function, whereas the primary mass can be estimated
from the ratio of the measured muon number to the electron number (N, /N.) [Haun 03a].

2.3 Radio Emission

In addition to the energy loss of particles of the electromagnetic component, further
secondary effects are expected from these numerous particles in extensive air showers.
They excite nitrogen molecules in the air by ionisation and thereby lose part of their
energy. The de-excitation of the molecules is partly emitted as fluorescence light and can
be observed with telescopes on the ground level, as done at the Pierre Auger Observatory
[Blue 03, Abra 04].

Electromagnetic radiation is emitted when charged particles pass through an insulator
at a speed greater than the speed of light in that medium, the so-called Cherenkov
radiation. The refractive index of the air n,j, ~ 1.000292 (A = 589nm) is only slightly
larger than the one of the vacuum ny,e = 1. This is a large background source for
fluorescence measurements [Nerl 05], but it contributes only little to the emission in the
radio frequency range.

It was Askaryan who proposed an effect leading to radio emission in the air and
especially in dense media [Aska 62, Aska 65]. The electromagnetic cascade generates e®
pairs by pair production. The positrons might annihilate with the electrons of the air
molecules. Furthermore, the electrons from the air molecules might be regenerated and
may contribute to the electromagnetic component. This leads to a negative charge excess
that travels faster towards the Earth than the speed of light in the air and additionally
emits Cherenkov radiation. The emission will be coherent for wavelengths smaller than
the shower disc thickness.

Finally, the radio signal can be observed on the ground due to the fact that the
atmosphere is radio transparent. The origin of radiation in the radio frequency range
in the air is most likely connected to the magnetic field of the Earth and was suggested
as a geomagnetic production by Hazen and collaborators [Haze 69]. The first analytical
model that took the charge excess and the geomagnetic emission mechanism into account
was developed by Kahn & Lerche [Kahn 66].

2.3.1 Geosynchrotron Model

The magnetic field of the Earth might be approximated as a magnetic dipole. All the
particles of an extensive air shower penetrate through this magnetic field B with a
velocity V. Particles with a charge ¢ are deflected due to the Lorentz force F:

ﬁzq(ff'Xﬁ)
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electron ?? positron

Figure 2.2: Positron and electron propagate through the magnetic field B of the Earth
and are deflected due to the Lorentz force. The accelerated and charged particles emit
electromagnetic radiation (radio frequency range) in the direction of motion.

The influence of the Lorentz force F on the lightest charged particles is illustrated in
fig. 2.2 with a vertical direction of motion and a magnetic field pointing into the picture
plane.

Any accelerated charged particle (charge ¢, mass m, energy E) contributes to elec-
tromagnetic radiation due to the synchrotron radiation. The amount of radiation loss
follows —A Egyne o< (%)4 for a complete gyration cycle of the particle in the magnetic
field. Thus, only the lightest particles (e*) contribute to radio emission. The effect for
muons is weaker due to their higher mass 8 orders of magnitude (m, ~ 207-m.). The
electromagnetic radiation is emitted in the radio frequency range (for air) and in forward
direction with an emission cone proportional to the inverse Lorentz factor (o< v~ 1).

This synchrotron radiation in relation to the geomagnetic field of the Earth is called
geosynchrotron radiation.

The observation of radio emission from extensive air showers has a number of ad-
vantages compared to the established measurement techniques, like the observation of
fluorescence light or the detection of secondary particles on the ground.

The geosynchrotron radiation is almost independent of the observing conditions, ex-
cept during thunderstorms. The additional electric fields during thunderstorm conditions
might accelerate or decelerate the charged particles and radio emission is amplified or
attenuated [Buit 07].

A much higher duty cycle by radio observations is possible due to day and night
measurements, whereas optical observations are limited by the light of the Sun or the
Moon and clouds. The possible duty cycles at the Pierre Auger Observatory and during
the LOPES experiment are larger than 95 %.

The atmosphere of the Earth is almost transparent for radiation in the radio frequency
domain and the emission of extensive air showers is not attenuated. Thus, radio emission
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Figure 2.3: Monte Carlo simulated field strength |E,| in the frequency domain for a
vertical shower with a primary energy of 10'7 eV. The shown distances correspond to
different observation distances to the shower axis by moving to the north. The steep fall
off (double logarithmic scale) levels off numerical noise at large frequencies [Hueg 07].

from highly inclined air showers is observed, whereas the secondary particles have almost
died out on the ground level [Petr 07]. Such investigations might help to study highly
inclined air showers and air showers that are induced by high energy neutrinos.

2.3.2 Monte Carlo Simulations

Falcke & Gorham developed a complete model to describe the radio emission in the
context of the geomagnetic field [Falc 03]. Analytical approaches are available to describe
the shower evolution in relation to its atmospheric depth. The combination of these
approaches with Monte Carlo simulations allows to parametrise the radio emission of
extensive air showers as given in eq. 2.1 [Hueg 05a, Hueg 05b].

Ep 0.96
‘E(ﬁ 9007Eanmax)‘ =fEy <m>
2 - max ~— )
exp (_ 00m - ((Xmax — 1) + 1(r cp0)>
a(Xmax) -lp

- exp ( vtz — 10 > (2.1)

47.96- exp (—I(r, ¢0))

This parametrisation includes a change of the scale factor ly with respect to the shower
maximum Xpay expressed as the ratio a(Xmax) = lo(Xmax)/lg(631g/cm?). The scale



2.3 Radio Emission 11

6000 prrrrrrre RRRRRRLLL RRRRRRLLL RRRRRRRRL RRRERRRLL RRRRRRLLL RRRRRRLLL T

r 125 m north ]

o 225 mnorth (x 3) -------- R

5000 r . 325 m north (x 5) e ]

—_ - : 425 m north (X 7) === ]
£ 4000 [ " 525 m north (X 9) =+ - 3
Z i ]
< 3000 3
S) - ]
C : :
£ 2000 F 3
w r -
k=) C ]
2 1000 | . -
0F Sy S R ad

-1000 o EESTEREEE Lo Lovvuniin Lovwiiin Livuiiinn T ]

0 200 400 600 800 1000 1200 1400
time [ns]

Figure 2.4: The simulated field strength in the time domain of the same simulated shower
event as shown in fig. 2.3. The illustrated pulses are scaled for a better comparison and
represent different distances to the shower axis by moving to the north [Hueg 07].

parameter I(r, p) = r/1 — cos2(pg — ¢)sin? @ is the transformation from the ground-
based to the shower-based coordinate system. Here ¢ and 6 specify the shower azimuth
and zenith angle, r corresponds to the observer distance from the shower centre and g
corresponds to the azimuth angle of the observer. The electric field strength of eq. 2.1
can be approximated as linear in relation to the energy E, of the primary particle and
follows a power law relation with an index of K &~ 0.8 — 1.0 due to the position of the
observer in relation to the shower core.

The exact shower evolution of the electrons and positrons is provided by the air shower
simulation package CORSIKA [Heck 98] and plays an important role for sophisticated
Monte Carlo simulations. The lateral distribution of the particles, the shower-to-shower
fluctuations, the energy content as well as the particle numbers are available for simula-
tion of radio emission [Hueg 07].

At this point of the Monte Carlo simulations we were able to investigate in detail the
differences between the simulated data and the measured data and were able to verify
the geosynchrotron model. Such a simulated shower event is illustrated in the frequency
domain in fig. 2.3 as well as in the time domain in fig. 2.4. These data are based on
proton induced air showers with an energy of E = 107 eV. The zenith and azimuth
angles are # = 30° and ¢ = 180° (north direction). The shown distances to the shower
axis result from a movement of the observer towards the north.

The introduced Monte Carlo simulation based on CORSIKA might be regarded as an
approach in a microscopic way of modelling the radio emission in extensive air showers
and is being studied by Kalmykov and collaborators as well [Kalm 06]. A macroscopic
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point of view, the magnetic field of the Earth induces a net electric current in the electron-
positron plasma of the electromagnetic component by deflecting the lightest charged
particles (Lorentz force) in opposite directions, is being investigated as well [Scho 08].
The calculated pulses have a small negative pulse shape in this macroscopic model,
which is neglected in the Monte Carlo simulations, but is now being considered [Hueg 08].
Since all the Monte Carlo studies are still under development, a experimentally verifica-
tion of the different approaches has to be performed with recent and future experiments.

2.3.3 Past and Recent Experiments

The experimental verification started in the 1960s after the predictions of
Askaryan [Aska 62, Aska 65|. The first discovery of radio pulses in correlation with cos-
mic ray air showers at a frequency of f = 44 MHz and a bandwidth of Af = 2.75 MHz is
related to Jelly and collaborators [Jell 65]. In the following years emission from 2 MHz
up to 520 MHz was found. The experimental and theoretical results were summarised in
a detailed review by Allan [Alla 71].

A parametrisation results from this review, which is determined by the measurements
of the radio emission combined with the theoretical expectations at this time as given
in eq. 2.2.

E daxi Y%
—920- [ —2 |} . sina- . ___axis 29
ef =20 <1017 eV) sina - cos - exp < do(f,9)> [m-MHz] (2.2)

Where F), is the energy of the primary particle, a the angle between the shower axis
and the geomagnetic field lines (geomagnetic angle), € is the zenith angle and daxis
corresponds to the distance between the antenna and the shower axis (reference frame
of the shower). The scale parameter dy was determined at about 110m at f = 55 MHz
considering 6 < 35°.

The historical experiments were limited by the existing technology. Measurements
with a very small bandwidth of a few MHz were performed and no digital electronics
for data storing or sufficient trigger concepts were available. Improvements by other
detection techniques (e.g. scintillator and fluorescence) had the consequence of stopping
further experimental investigations on radio emission of extensive air showers.

In fact, if a coincidence of several particle detectors was detected an analogue trigger
took a picture of the screen of an oscilloscope. These photographs were used to analyse
the observed radio emission. The received amount of background (mono-frequent and
transient signals) could not be suppressed by digital tools and lowered the quality of
the data. Measurements were often only done at night when commercial TV and radio
stations were turned off [Week 01].

The field of radio emission from cosmic ray air showers revived with the technical
and theoretical improvements. Since the work of Falcke & Gorham [Falc 03] many new
experiments have been installed to observe the geosynchrotron radiation. These exper-
iments follow new approaches with digital electronics state-of-the-art, for example the
CODALEMA experiment [Ardo 05] and the LOPES experiment with its different con-
figurations like LOPES10 [Horn 06], LOPES30 [Nehl 08a] as well as LOPESSTAR [this
thesis|.

The LOPES experiment measures the radio emission of cosmic ray air showers
(E, < 10'8eV) in coincidence with the well-established extensive air shower experi-
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ment KASCADE and KASCADE-Grande, respectively [Anto 03, Nava 04]. The proof-
of-principle with this kind of detection technique was shown [Falc 05]. A parametrisa-
tion of the radio pulse height €qt of the signal measured in the east-west polarisation
(40 — 80 MHz) as a function of the geometry of the air shower and the energy of the
primary particle E,, simular to eq. 2.2, was investigated and is given in eq. 2.3 [Horn 06].

€est =(11£1)-((1.16 £ 0.03) — cos @) - cos @

0.95+0.04
~exp | — daxis . Ly ( : L (2 3)
(236 + 81) m 1017 eV m - MHz '

A comparison of eq. 2.2 with eq. 2.3 points out several differences, e.g. the resulting
scale parameter dy = (236 4+ 81) m differs by a factor of 2, whereas the parametrisation
of the geomagnetic angle « follows different approaches. A more detailed discussion
about the parametrisation of the measured field strength of the past experiments and
the results from the LOPESSTAR experiment is presented in the analysis chapter 6.

So far the comparison of theories and experimental results are not complete nor fully
understood. A larger antenna array with good calibration, refined analysis of the data,
and sufficient self-trigger system to suppress transient signals and radio interferences
(e.g. TV transmitters) is necessary. LOPESSTAR  as described in the next chapter, is a
main building block on this path.







Chapter 3
LOPESSTAR

3.1 Introduction

The LOfar PrototypE Station (LOPES) is installed on the site of the Forschungszentrum
Karlsruhe to record radio emission emitted by Cosmic Rays (CRs). The measurements
are performed in coincidence with the well-established extensive air shower experiment
KASCADE-Grande. In a first step 10 and later additional 20 short dipole antennas with
an inverted V-shape (LOPES30) were installed to observe the east-west polarised com-
ponent of the electric field and are externally triggered by KASCADE-Grande [Horn 06].
Later a rearrangement of the LOPES30 antennas was performed to be able to measure
the north-south & east-west polarised component of the electric field with at least 15 an-
tennas. The LOPES30 configuration is set up within the KASCADE-Array, which limits
the signal quality due to the emitted electromagnetic noise of the particle detectors.

The LOPES Self Triggered Array of Radio detectors (LOPESSTAR) is the enhance-
ment of LOPES30 to optimise detection techniques for radio emission of high energy
cosmic rays, in particular to provide a self-trigger system [Gemm 06]. In addition, it is
a prototype detector for large-scale arrays, like the Pierre Auger Observatory.

Based on theory and simulations cosmic ray particle produces a broadband signal in
the range of a few MHz up to over 100 MHz. The LOPESSTAR experiment records a
frequency band from 40—80 MHz with an array of 10 antennas for the north-south & east-
west polarised components. The measured signals are convoluted with the characteristics
of the electronics used. A reconstruction of the spectrum is only possible within the
observed frequency range.

This chapter describes the detector layout and configuration as well as all the compo-
nents of the signal chain. Furthermore, an overview of the KASCADE-Grande experi-
ment is given, the external trigger used is described, and the developed and optimised
digital methods for the data analysis of LOPESSTAR are presented.

3.2 Detector Layout

3.2.1 Forschungszentrum Karlsruhe

LOPESSTAR is installed inside the area of the KASCADE-Grande experiment (see
fig. 3.1) so that the radio background generated by the particle detectors (KASCADE-
Array) is not measured. Each marked position (red triangle) corresponds to one antenna
measuring east-west and north-south polarisation. The 10 antennas are arranged in three
clusters. Two clusters (D17 and D30) consist of four antennas and one cluster (D19)
consists of two antennas. The name convention of the clusters is simply given by the
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Figure 3.1: Layout of the cosmic ray experiments KASCADE-Grande (Array, Grande,
and Piccolo), the radio detector LOPES30 as well as LOPESSTAR (red triangle), and
the external radio trigger constraint (7-out-of-7-coincidence) from KASCADE-Grande
(dashed black line).

identification number of the nearby KASCADE-Grande station, which is also the housing
of the Data AcQuisition (DAQ) system.

The antenna positions in cluster D17 and D30 are part of a vertex of an equilateral
triangle (see fig. 3.1 & 3.2 and table 3.1). The chosen geometry is part of the self-trigger
concept with a baseline b of bp;7 = 70m and bpsg = 65m. By evaluating the timing
of signals in each antenna a coincidence constraint can be performed as well as a fast
estimation of the arrival direction.

The name convention for the LOPESSTAR antennas in each cluster (see table 3.1) is
defined by their azimuth ¢ orientation in degrees (clockwise, north: ¢ = 0° ), except the
centred antenna (CTR) next to the DAQ system.

These 10 antennas measure absolutely calibrated the north-south & east-west polarised
component of the radio emission of cosmic ray air showers if an external trigger signal
is given by the KASCADE-Grande experiment. The provided trigger corresponds to an
energy threshold of about 10'6 eV of the primary particle. It is expected to detect clear
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x /m | Ax/m y/m|Ay/m | z/m| Az/m
D17 - CTR 43.764 | 0.004 | -284.214 | 0.006 | 126.803 | 0.006
D17 - 060 106.322 | 0.019 | -248.751 0.014 | 126.235 | 0.024
D17 - 120 107.956 | 0.036 | -319.652 | 0.019 | 127.982 | 0.027
D17 - 180 43.488 | 0.075 | -356.203 | 0.065 | 126.878 | 0.076
D30 - CTR | -191.754 | 0.014 | -469.506 | 0.017 | 126.826 | 0.018
D30 - 240 -233.720 | 0.024 | -495.219 | 0.019 | 128.327 | 0.020
D30 - 300 -233.634 | 0.021 | -444.444 | 0.019 | 127.604 | 0.022
D30 - 360 -191.601 0.017 | -419.977 | 0.019 | 127.218 | 0.018
D19 - CTR | -192.121 0.014 | -271.226 0.023 | 127.298 | 0.024
D19 - 030 | -164.956 | 0.023 | -219.832 | 0.024 | 128.010 | 0.035

Table 3.1: The geometrical position and their uncertainty of the LOPESSTAR antennas
in relation to the reference frame of KASCADE-Grande and the z coordinate in relation
to sea level.

radio pulses in the time domain at an energy of the primary particle of E > 10175 eV
for the LOPESSTAR configuration (LPDA and electronics) [Krom 08]. Thus, most of
the recorded data will show no signal of the radio emission but they are used to develop
methods to reduce background signals.

Antenna Positions

The positions of the LOPESSTAR antennas were determined with a Differential Global
Position System (DPGS) and transformed to the reference frame of KASCADE-Grande.
One of the two hand-held units (type: ProMark2, Magellan) was mounted at the 21"
LOPES30 antenna [Hake 06]. The positions of the antennas were measured in relation to
this well-known reference point with the second hand-held unit. The commercial analysis
software (Ashtech Solutions, version 2.6, Magellan) determined the positions of the an-
tennas and their uncertainties. The listed values in table 3.1 are already transformed to
the reference frame of KASCADE-Grande. The positioning uncertainties are neglected
in the following error propagations with respect to the obvious higher uncertainties of
reconstructed quantities (e.g. position of the shower core: Ax ~ Ay ~ 7m [Coss 08]).
The orientation of the measured polarisation components are aligned with the corre-
sponding point of the compass in the north-south and in the east-west direction.

3.2.2 External Trigger Source

A convenient way to start developing a self-trigger system, is the usage of a well-defined
external trigger based on particle detectors. KASCADE-Grande provides such an ex-
ternal trigger source in the framework of the LOPESSTAR experiment with an energy
threshold of about 106 eV. If seven KASCADE-Grande stations (cluster 13 — see below)
have a trigger in each station within a defined coincidence time window, a trigger signal
is sent to all 10 LPDAs. The dashed black line in figure 3.1 marks six of the specified
seven KASCADE-Grande stations. An additional one is placed in the middle of this
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Figure 3.2: Part of the antenna cluster D30. The triangular structure of the antenna
positions and the north-south & east-west polarisation are clearly visible.

hexagon. A well-defined data set results from these measurements in combination with
the results of the reconstruction from KASCADE-Grande.

KASCADE-Grande

An introduction to the KArlsruher Shower Core and Array DEtector (KASCADE) is
given in the references [Anto 03, Nava 04].

KASCADE-Grande is an extensive air shower experiment to study cosmic rays in the
primary energy range of 1016—10'8 eV. It is located at the Forschungszentrum Karlsruhe,
110m above sea level (49°N,8°S), and consists of the KASCADE experiment (with the
Field Array and the Muon Tracking Detector), the Grande array and the Piccolo array
(see fig. 3.1).

KASCADE-Array The KASCADE-Array covers 200 x 200 m? and is composed of 252
stations with a grid spacing of 13m. In each station, four e/ detectors (respectively
two in the outer stations) are positioned on a lead/iron plate (10cm Pb and 4 cm Fe),
corresponding to 20 radiation lengths and resulting in an energy threshold for vertical
muons of 230 MeV in the u detector below the plates. The stations are organised in 16
clusters of 16 stations each (except the four inner ones consisting of 15), whereas the
inner clusters have no p detectors. A detailed description of all the detector components,
their energy dependent thresholds and uncertainties is given in [Anto 03].
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Grande-Array The Grande-Array detectors have been obtained by re-assembling the
electromagnetic detectors of the former EAS-TOP experiment [Agli 93]. The Grande
array consists of 37 stations each of 10m? of plastic scintillators over a surface of 700 x
700 m?. The detectors form a triangular grid with an average spacing of 137m. A part
of the Grande array overlaps with the KASCADE-Array. Five 700 m cables connect each
of the stations with the central DAQ of KASCADE-Grande |Pier 07].

Grande Trigger The 37 Grande stations are organised in 18 trigger clusters of 7 stations
each, with 6 forming a hexagon and 1 central station. Several trigger constraints for each
trigger cluster are defined: 4-out-of-7-coincidence (4/7) and 7-out-of-7-coincidence (7/7).
A mean trigger rate of f ~ 5Hz (4/7) and f ~ 0.05Hz (7/7) is obtained. The Grande
trigger decisions are made in the central DAQ, where all the signal cables arrive.

The efficiencies of different trigger conditions have been studied by averaging over
various simulations of the experiment [Haun 03b]. For this purpose, air showers induced
by different primaries (proton and iron) and at different energies as well as the experiment
response have been simulated (the detector and the different trigger conditions). The
7/7 trigger condition reaches full efficiency at about 10'6eV.

The operating experience of the KASCADE-Grande collaboration has shown that
the event reconstruction is reliable, if the 7/7 cluster 13 trigger is active. Due to this
experience and the close location to all the LOPESSTAR antennas the cluster 13 trigger
was chosen as an external trigger source.

The antenna field D19 and D30 receive the trigger signal via a 70 m cable (type RG58).
The trigger signal for D17 is transmitted via an optical fibre (A = 820 nm) with respect
to the distance (= 200m) to the Grande DAQ.

Reference Frame The reference frame for the ground coordinates is located in the
centre of the KASCADE array inside the Forschungszentrum Karlsruhe (110 meter above
sea level, latitude: 49° north, longitude: 8° east). The azimuth angle ¢ is counted
clockwise (north: ¢ = 0°) and the y-axis is rotated 15° clockwise with respect to the
north [Pier 07]. The zenith angle 6 is zero for vertical incoming particles and 6 = 90°
corresponds to a horizontal arrival direction.

The listed geometrical positions of all the LOPESSTAR antennas in table 3.1 are given
in this reference frame.

Shower Reconstruction from KASCADE-Grande The KASCADE collaboration pro-
vides its reconstruction results for the LOPES collaboration to investigate correlations
between the measured radio signals and the detected shower quantities based on particle
measurements. The reconstruction from KASCADE-Grande is calculated with KRETA
(Kascade Reconstruction for ExTensive Air showers).

The results from the third reconstruction level from KRETA (version V11702) are
used for the present studies.

3.2.3 Pierre Auger Observatory

The future development of the radio detection technique aims at setting up an indepen-
dent radio detector in the framework of the Pierre Auger Observatory [Blue 03, Abra 04].
The key feature of the observatory is its hybrid detection technique. On the one hand
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the fluorescence light of excited nitrogen is detected with 24 optical telescopes (FD)
positioned on the boundary of a 3000 km? array. On the other hand secondary particles
are measured on the ground with water Cherenkov tanks (SD) spaced by a distance of
1.5km. The whole experiment is located in the southern hemisphere in Argentina near
the town of Malargiie (province of Mendoza). The Pierre Auger Observatory reaches full
efficiency at primary particles energy of E =~ 10'® eV and is able to observe particles up
to the highest energies above 1020 eV,

Improving the radio detection technique requires boundary conditions in particular
accessibility and availability of established cosmic ray experiments. The KASCADE-
Grande experiment is convenient to access, but the energy range is limited to £ < 10'8 eV
due to the instrumented area. In contrast, the Pierre Auger Observatory is far away,
expensive to access, but provides a higher energy threshold of 108 eV.

The consequence is the following strategy: The prototype detector LOPESSTAR g
developed, set up, and verified in coincidence with KASCADE-Grande, which is conve-
nient to access on the site of the Forschungszentrum Karlsruhe. The obtained results
are combined with results from other investigations of the radio technique to instrument
an area of about 20km? within the Pierre Auger Observatory.

In a first step a detector system simular to the one at the Forschungszentrum Karlsruhe
was installed within the SD array (antenna cluster D42) of the Pierre Auger Observatory.
Each of the three antennas measure the north-south & east-west polarised component of
the electric field strength. In a first data taking period, the background was measured to
compare interferences of the different environments and the robustness of the equipment
was tested (see chapter 5).

3.3 Signal Chain

The signal chain consists of all the electronic components used by the receiving part
of the system up to the storage of the raw data. This section describes the complete
LOPESSTAR configuration. A more detailed discussion about the spectral characteristics
of the components will be given when the calibration is described (see chapter 4).

3.3.1 Logarithmic-Periodic Dipole Antenna

The Logarithmic-Periodic Dipole Antenna (LPDA) was chosen to measure one polarisa-
tion (north-south or east-west) of the electric field. This antenna type fits the require-
ments of radio detection of high energy cosmic rays [Krom 08].

The main characteristic of the LPDA is described by its direction sensitivity. For
low zenith angles § < 60° the antenna gain is about 3.5dBi, whereas for § > 60° the
signal is strongly suppressed. The interferences from surrounding buildings and machines
complicate the detection of radio emission from zenith angles 8 > 60°. The major part of
the man-made background signals reaches the detector horizontally and is suppressed by
the LPDA in an early stage of data processing. The arriving direction of radio emission
of CR particles are randomly distributed over the sky. Radio emission of highly inclined
air showers is easy to detect due to the low attenuation of the atmosphere of the Earth
in the radio frequency range but is suppressed by the direction sensitivity of this type
of antenna.
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Figure 3.3: Block diagram of the signal chain for each antenna cluster. An external
trigger signal from KASCADE-Grande is used.

The LPDA has a real impedance at the signal output, which is an important detail
for an absolute calibration. An additional benefit of the chosen geometry of the LPDA
is its first order band-pass filter (f &~ 30 —90MHz), due to the length of the dipole arms
(antenna geometry).

Two LPDAs are combined by rotating one LPDA by 90° and fixing both in the centre.
The resulting antenna measures the north-south and east-west polarisation simultane-
ously and is named in the following LOPESSTAR antenna or short LPDA. Three out of
four LPDAs of cluster D30 are seen in photography 3.2.

3.3.2 Analogue Electronics

The signal of each channel is raised by a factor of arxa ~ 22dB by a Low Noise pre-
Amplifier (LNA). After transmission via a 100m cable (type RG213) the signal is at-
tenuated by the cable by argo1s = —5dB. The following 40 — 80 MHz band-pass filter
(32" order) re-amplifies the signal by Gband-pass ~ 37 dB. The LNA and band-pass filter
are developed for the requirements of LOPESSTAR [Krom 08].

The Radio Frequent (RF) signal is digitised by a 12bit Analogue Digital Converter
(ADC) with a sampling frequency of 80 MHz (type SIS3300, Struck GmbH). The digi-
tised data is then transferred via an optical fibre to a VME-PCI bus interface (type
SIS1100/3100, Struck GmbH) to a standard Personal Computer (PC). The enclosure for
the band-pass filter, the ADC with the sampling clock, and the communication board
is provided by a standard VME-Crate'. The block diagram in figure 3.3 illustrates the
signal chain.

!Versa Module Europa
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3.3.3 Digital Electronics

The LOPESSTAR electronics fulfils the constraints of sub-sampling in the second Nyquist
zone |[Nyqu 02]. The upper band-pass limit of 80 MHz is twice the lower band-pass limit
of 40 MHz. Thus, the digitisation of a 40 MHz bandwidth signal with 80 MHz contains
the full information of the band limited signal.

The resulting sub-sampled data are stored in a 128kB ring buffer. The raw data
are stored within a PostGreSql data base together with a timestamp from the Global
Position System (GPS) clock (type GPS167LCD-MP, Mainberg), if a trigger? occurs.
The timestamp is specified by the manufacturer with an accuracy of At = 100ns and
is recorded for a combined reconstruction of the data of all the clusters and for event
correlation with KASCADE-Grande. Raw data are stored on a central RAID?-5 storage
via the Local Area Network (LAN). Due to the usage of a central data base server, a
common software interface to read and write data in parallel and consistently has been
created (see fig. 3.3).

3.4 Digital Data Analysis

The raw data are recorded in a defined time window of At = 25.6 us. The contained
time information of the radio emission is limited by the observed bandwidth.

The challenge of a digital data analysis is to deconvolve, calibrate and reconstruct the
measured signals. The functionality of the analysis methods, as described in the follow-
ing, are summarised in the software package star-tools and developed in the framework
of this thesis.

Methods and algorithms developed are meanwhile standard tools for the data analysis
in the LOPES collaboration and can be summarised as follows:

Fast Fourier Transform The fast Fourier transform determines the spectrum of the am-
plitude and phase distribution and reverse.

Up-Sampling The up-sampling algorithm increases the sampling frequency artificially
by a given factor. This method does not correspond to an interpolation of the time
samples, but uses the known frequency limits of sampling.

Envelope Calculation The calculation of the envelope signal of radio frequent data is an
important method in the context of the self-trigger system to compare the signal
with a threshold or to define pulse parameters.

Suppression of Radio Frequency Interferences Radio frequency interferences are
present all the time and measured by the system. Mono-frequent background
signals can be sufficiently suppressed by this algorithm.

Observed Time Window The amount of observed time samples corresponds to a time
period (sampling frequency of 80 MHz) and to a frequency resolution of the am-

’In this case the external trigger from KASCADE-Grande is used. Additionally, any other trigger
source might be used (e.g. signal generator).

*Redundant Array of Independent Disks; Version 5: All the stored data is redundant to failure of one
hard disc, after hot-swap normal operation is resumed.
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plitude and phase spectrum. The optimal length is an important factor for the
suppression of radio frequency interferences.

3.4.1 Fast Fourier Transform

Each antenna observes a 40—80 MHz band limited signal, which is digitised by a sampling
rate of 80 MHz in the time domain. To analyse the characteristics of the radio emission
in the frequency domain a Fourier transformation has to be performed. Therefore, the
open source and optimised algorithm FFTW* (version 3) was chosen to calculate the
Fast Fourier Transform (FFT) [Frig 05].

The implementation of the FFT and the inverse FFT methods fulfil Plancherel’s the-
orem. The theorem predicts that the energy of the signal in the Fourier domain is
identical to the energy in the time domain, if formula 3.1 is conserved. This is an im-
portant detail for algorithms which manipulate the signal in the frequency domain, like
background rejection or calibration.

[1sora= [ 1FewP (3.1)

The common challenge by applying an FFT is to reduce the influence of the points of
discontinuity, due to the FFT requirement of infinitely long time samples. The time data
are put together periodically. The points of discontinuity appear by crossing the last
sample and the first one. The so-called leakage effect results in non-zero values of cos(wt)
after its Fourier transform at frequencies other than w. The solution is to multiply a
well-defined window function w(t) by the time data s(t) to achieve a periodic function.
The amplitude distribution H(f) is a convolution of the transformed time data S(f)
with the transformed window function W (f).

FFT
h(t) = s(t) - w(t) = H(f) = S(f) @ W(f) (3:2)

Various window functions, like Hamming-, Hann- or Cosine-Window, are investigated
and their effects are summarised and described by Nuttall [Nutt 81]. The most simple
window function is a rectangular function with w(¢t) = 1. Its Fourier transform is

W(f) = Smgcﬂ = sinc(z) and influences the data strongly. The other window functions
mentioned are established by working with narrow bandwidth signals and manipulate
all the time samples. It is not convenient to manipulate all the samples of broadband
signals (A fstar = 40 MHz), because the influence on the periodic character of the signal
is mainly dominated by the samples at the boundaries of the time data. All the time
data used in the present studies are Fourier transformed by using a Gaussian window
function with a standard deviation of o = 2.5 (mean value = 0). Half of the Gaussian
function is multiplied by the data at the beginning and at the end, whereas the central

part stays the same.

3.4.2 Up-Sampling

All the information of a band limited signal is contained with a sampling frequency higher
than twice the highest frequency of interest, the so-called sub-sampling in the second

4Fastest Fourier Transform in the West
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Figure 3.4: Raw sub-sampled data points disposed by up-sampled data (by factor z = 8)
in the frequency domain. All the data points shown are linked by a straight line.

Nyquist Zone [Nyqu 02]. But one has to preserve boundary conditions: The upper band
limit has to be twice the lower band limit. Therefore, a sampling rate of twice the upper
band limit is sufficient to keep all the information of the signal. The band-pass filter of
LOPESSTAR from 40 — 80 MHz and the ADC sampling rate of 80 MHz used fulfil these
sub-sampling requirements.

The advantage of sub-sampling is given by the reduction of the necessary amount of
storage for the raw data, as well as the possibility to use electronics with low power
consumption, due to the lower sampling frequency. Often, the digital data in the time
domain is approximated by linear interpolation or a histogram. But especially in the case
of sub-sampled data an up-sampling is necessary by a factor z = 2to 4. Up-sampling by
z = 2 corresponds to doubling the sampling rate and fulfils the well-established sampling
theorem of Shannon [Shan 98]. The classical way of sampling data is performed by using
a sampling frequency twice the size of the highest frequency of interest (160 MHz in the
case of LOPESSTAR),

The up-sampling can be performed in the time or frequency domain. Both methods
lead to an increase of the bandwidth and are described in the following.

time domain Up-sampling by z corresponds to set z — 1 zero values between each data
point. The new data are convoluted with a low pass filter. The critical frequency
flow pass of the filter is a function of z and results in fiow pass = fup - 2, with the
upper band-pass frequency fup.

frequency domain Each amplitude and phase spectra contain 5 entries for symmetric

reasons of the FFT. Up-sampling by z > 0 is realised by setting 5 zero values in
one block next to lower band-pass limit fiow. Additional (z —2) - § zeros in one
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Figure 3.5: Different methods to calculate an envelope signal: Filter I, Filter I, and
Hilbert method. The absolute values of the up-sampled Radio Frequent (RF) data are
given by the solid black line.

block are put next to fu,. The inverse FFT results directly in the up-sampled
data. The frequency domain method is used in the following.

The accuracy of the up-sampling is only limited by the band-pass used in the ana-
logue signal chain. If this filter does not fulfil the sub-sampling constraints, additional
frequency components are convoluted into the frequency band of interest, manipulate
the original data and limit the total accuracy of this method.

An example of up-sampling in the frequency domain is illustrated in figure 3.4. Each
sub-sampled data point overlays with one point of the up-sampled data. One can notice
as well that the original trace has an inflexion point between each sub-sampled data
point. The dot-dashed black line is given by the sub-sampled data points connected by
a straight line — what the human brain does obviously. On the other hand the solid red
curve corresponds to up-sampled data points connected by a straight line, as well. Only
the up-sampled data describe the real behaviour of the data in the time domain.

3.4.3 Envelope Calculation

The recorded RF signal corresponds to the filter response function of the band-pass
filter used. The geosynchrotron model predicts pulses with a length of about 10— 100 ns.
Interferences of the same time length or even longer are present, depending on the specific
background sources which influence the antenna cluster. Due to the fact that these
background signals are broadband, a rejection can only be performed in the time domain
by characterising the RF data. The envelope signal is used for that parametrisation.
Different methods can be used to evaluate the envelope signal in software based on
up-sampled data. Three typical methods are discussed here and illustrated in fig. 3.5.
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Figure 3.6: Amplitude distribution of the raw spectrum (dashed red line), the Cut Off
method (solid black line), and the Median method (dot-dashed red line) to suppress
Radio Frequency Interferences (RFI).

From the engineering point of view the RF data have to be squared and filtered by a
low pass filter (e.g. LOPESSTAR £, = 40 MHz) — Filter IT method.

Squaring in the time domain corresponds to a convolution of the signal with itself in
the frequency domain. The demodulation of modulated carrier signals in the observed
bandwidth can partly be suppressed by applying a high pass filter of fpizn ~ 500 kHz
in addition. The appearing cross demodulations of the convolution are not completely
suppressed — Filter I method.

Another method of calculating an envelope is given by using the Hilbert transforma-
tion [Brac 00] — Hilbert method. The Hilbert transform H occurs in practice as the
imaginary part sg(t) = H{sn(t)} of measured data sy(t). After FFT the phases are
manipulated. The negative frequency components are shifted by +90° and the positive
frequency components are shifted by —90°. Afterwards the phase distribution is mul-
tiplied by i. This has the effect of restoring the positive frequency components while
shifting the negative frequency ones by additional +90°, which results in their negation.
The envelope calculation seny(t) follows equation 3.3.

Senv(t) = \/(sére(t))2 - (H{sp(1)})* = \/(8%(0)2 - (s3(t))? (3.3)

A comparison of the described methods is shown in fig. 3.5. It illustrates the Filter II
and the Hilbert methods describe the RF signal well, whereas the Filter I method, with
the additional high pass filter, modifies the signal, as expected. In the present studies
the more precise and analytical defined Hilbert method is used to calculate an envelope.
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Figure 3.7: Comparison of the Median method (Snryedian method) With the Cut Off
method (Snrcut Off method). The signal-to-noise ratios (snr) are calculated on the basis
of the samples (snr o voltage).

3.4.4 Suppression of Radio Frequency Interference

Two main classes of background signals have to be distinguished. First, there are broad-
band interferences, which result in sharp peaks in the time domain. Rejection and
suppression of such transient signals need a characterisation of the timing signal com-
bined with a statistical analysis. And second, there are mono frequent sources (e.g. radio
or TV transmitters), which show narrow peaks in the frequency domain. These Radio
Frequency Interferences (RFI) correspond to a noise floor in the time domain. One ob-
viously has to manipulate the amplitude distribution and leave the phase untouched to
suppress RFI.

Two methods of suppression are discussed here and are shown in fig. 3.6 and 3.7. A
straightforward approach is to define a dynamic threshold in the amplitude distribution
and cut off all the amplitudes above this threshold. The Cut Off method is based on a
LOPES30 algorithm [Sing 07]. A moving median filter M is applied to the amplitude dis-
tribution Amed(f) = M{Aorig(f)}. The length m of the sliding window of M is a function
of time samples (n) used and follows m = 64 - 1g5;- The normalised spectrum is inde-
pendent of hardware characteristics and is calculated by Anorm(f) = Aorig(f)/Amed (f).
A threshold is defined by using Anorm without the narrow peaks and applied to the
whole distribution. The corrected spectrum Aeor is used to divide Aypig, which results

in a RFI suppressed spectrum Ag,,. The solid grey line in fig. 3.6 illustrates the part
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Figure 3.8: Influence of the RFT suppression (median method) on the time data. The
noise in the time domain decreases significantly by this method. The searched signal is
visible at &~ 7.5 us in both figures.

of the spectrum after the Cut Off method (dotted red line). An inverse FFT of Agp
corresponds to the RFI suppressed time data.

Man-made narrow band transmitters carry modulated information in the sideband of
the carrier frequency. Two TV transmitters and several radio transmitters are located
within the observed frequency band, e.g. the strong TV transmitter Raichberg, as men-
tioned in section 3.4.5, with its picture carrier at f = 62.25 MHz and its audio carrier
f = 67.75MHz. In Germany, as well as in large parts of the world, the Phase Alter-
nating Line (PAL) broadcast television system is used for colour encoding. As defined
in the PAL system, the picture information is amplitude modulated in a Af = 5 MHz
sideband of the picture carrier. The audio information (mono signal) is located exactly
5.5 MHz above the picture carrier signal and is frequency modulated. The second audio
channel (stereo signal) is again 242.19kHz above the mono signal and is also frequency
modulated.

Keeping the PAL system in mind, the RFI suppression by the Cut Off method sup-
presses only the carrier signal strength, but leaves the sideband untouched. All the
modulated information is still present in the time domain as noise. With respect to
the modulated sideband information, the whole spectrum can be replaced by the me-
dian filtered one — Median method (see dot-dashed red line in fig. 3.6, sliding window
m = 128 Af = 5MHz). The median follows the system characteristics present in the
amplitude distribution. The carrier frequencies and the remaining sideband modulated
information are suppressed. Due to random background processes, like galactic noise,
fluctuations in the spectrum are smoothed out by the median method.

In fig. 3.7 the comparison of the Cut Off and Median method are shown. The signal-
to-noise ratio (snr) was calculated for both methods on the same data set and based
on the samples (snr o voltage). The methods are equal up to snr less than 20 and the
Median method suppresses RFI signals more significantly for higher snr values. In the
following the RFI suppression with the Median method is used.

Figure 3.8 impressively illustrates the significant reduction of the noise in the time
domain by applying the RFI suppression (median method) on calibrated and up-sampled
data.
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Figure 3.9: The solid line represents the root mean square (rms) for different window
sizes of the raw time data, whereas a suppression of the radio interferences was applied
to the data and is marked by the dashed line (antenna cluster D30). No significant
decrease of the rms for window sizes larger than 2048 samples (optimal length).

3.4.5 Observed Time Window

The n measured time samples used correspond to a time length of At = n-12.5ns
(sampling rate f = 80MHz). This results directly in a frequency resolution of §f =
% = % for the amplitude and phase distribution.

The expected radio emission signal is short-time (=~ 10— 100 ns), which means broad in
the frequency domain. Therefore, a low resolution is sufficient. On the one hand some
interferences are not characterised by a broadband signal. Narrow band background
signals could be suppressed much better with a good frequency resolution. On the other
hand a longer measuring time also means adding up more interferences to the real shower
signal during recording.

A good balance between sufficient frequency resolution and a high signal-to-noise ratio
(snr) has to be found. The analysis of data with nmax = 16-1024 = 16k samples by
varying the time length yields to an optimal resolution with a time window of At =
2048-12.5ns = 25.6 us. Figure 3.9 illustrates the calculated rms over the different
chosen window sizes which are averaged over all the channels of one event for antenna
cluster D30.

Note: Only window sizes which are supported by the ADC module were chosen.

The solid line is mainly characterised by two bumps. This feature is due to the TV

transmitter> at 62.25 MHz (picture carrier) and 67.75 MHz (audio carrier) in the observed

band width. The line synchronisation signal of terrestrial TV programs is emitted every

"Transmitter Raichberg, mounted on top of the mountain having the same name in the Swabian
Mountains.
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63.943 us and is visible as an enormous burst in the time data. When recording 16k
samples about 3 synchronisation bursts are expected and also seen in the data. If no
background suppression is performed the synchronisation burst(s) is in the data and
increases the rms by chance. By increasing the window size, the spectral resolution
increases, too, and the suppression of interferences changes. Figure 3.9 points out that
an optimal window size is achieved by using a window length of n = 2048 = 2k samples.
Every larger window size does not improve the suppression of interferences significantly.
Only the computation time increases by nlogy(n), where n is the number of samples.



Chapter 4

Calibration

4.1 Introduction

The recorded data are deconvolved from the frequency characteristics of the electronics
and depend on the direction of the incoming signal (characteristics of the antenna).
The data have to be absolutely calibrated for comparison with other experiments and
with simulations. Additionally, the resulting field strength has to be normalised to the
effective bandwidth of the system. The digital methods used in this chapter (e.g. Fourier
Transform) are described in detail in sec. 3.4.

This chapter gives a theoretical description of the processed signal chain and de-
scribes the procedures of two independently performed absolute calibration methods:
End-to-End and Step-by-Step calibration. Furthermore, the frequency dependence of
the electronic components used are discussed and the effective bandwidth is calculated.

4.2 Theoretical Description

The theoretical description gives an overview of the formulae used to describe the detec-
tor calibration. Thus, characteristics of the electromagnetic field, the antenna, and the
signal chain have to be discussed in more detail.

4.2.1 Electromagnetic Field

The energy flux of an electromagnetic field is described by the Poynting vector S [%]
for free space propagation:

S=ExH (4.1)

where E is the electric and H the auxiliary magnetic field. The emitting radio source is
several hundred meters or even kilometres above the receiving antenna, so the far-field
approximation for the radio frequency range is valid. The impedance of free space is
defined by Z:

- _|E| _E 1o
Vi o M (4.2)
where F and H are the absolute values of the corresponding field and ¢ is the speed
of light. Equation 4.1 combined with the far-field approximation and eq. 4.2 results in

eq. 4.3.
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1
S pu—
Mo - C
The received power per area P [%] of an isotropic radiator (emitting power Pjq) is
described by:

E? (4.3)

p_ Ptot

— 4.4
A2 (4:4)
where r is the distance between emitter and receiver.
4.2.2 Antenna
The output power P,pt of the receiving antenna follows eq. 4.5.
Pant = Aeﬂ(f, 9) -5 (45)

The effective area Aeg is defined by the geometry of the antenna type used and depends
on the frequency f as well as on the zenith angle 6

2 2
A= G0 = 175
The antenna gain G(f, ) is a function of the frequency and the zenith angle. The
gain G has to be determined in units of dBi (dB in relation to the isotropic radiator)
otherwise eq. 4.6 and 4.5 are not valid. The values for G(f,6) have been measured or
result from antenna simulations.
The received power per polarisation varies with a cos?(¢) depending on the azimuth
angle ¢ of the incoming signal.

G(£.,9) . (4.6)

4.2.3 Signal Chain

On the one hand P, is mainly characterised by the amplification and attenuation (both
are dependent on the frequency) in the various parts of the signal chain and finally results
in the Papc, which is finally digitised (eq. 4.7).

amp(f) - aitier (f)
acable (f) * @ins(f)
On the other hand Papc corresponds to a voltage, due to the impedance of the system
(Z) — Ohm’s law, and is digitised with a 12Bit ADC (voltage range: +0.5V, see
eq. 4.8).

PADC = Pant : (47)

U? ADC?
Papc = —ARC — (4.8)
Z aipc(f)-Z
Here appc = % is the conversion factor and Z = 502 is the impedance of the system.

In addition, Papc passes through the complete system and corresponds to the raised
and attenuated P,y signal (see eq. 4.5 and 4.7). The LNA (aamp(f)) and band-pass filter
(agiter (f)) amplify the signal, whereas the cables (acable(f)) and the insertion loss of the
LPDA (ains(f)) attenuate it. The frequency dependence of the amplification functions
a(f) have been measured in the laboratory.
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4.2.4 Calibration Equation

An overall calibration equation is obtained by combining the discussed formulae. The
energy flux of the electromagnetic field (eq. 4.3) is received by each of the observed
polarisation channels (eq. 4.5). The resulting power P, is manipulated in the signal
chain and digitised (eq. 4.8 and 4.7). Finally, the combination of eq. 4.3 and eq. 4.5
— 4.8 yields to the calibration equation 4.9.

o Z acable(f) : ains(f)
E =4/ =" -ADC 4.9
LPDA‘ \/; aamp(f) : aﬁlter(f) *AADC - \/m ( a)

—of, JHT. Geable(£) - @ins(f) -ADC
Zec  aamp(f) - afitter (f) - aanc - /G (f,0)
1 1
_ . -ADC 4.9b
corr(f) +/G(f,0) o
1 =2f HoT acable(f) - Gins(f) (4.9¢)

corr(f)

Thus, the corr(f) values are the correction values to calibrate the amplitude spectrum
in a frequency dependent way. The End-to-End and Step-by-Step calibration methods
use different aspects of the calibration equation 4.9 to convert ADC counts into field
strength [uV/m] and are discussed in the following.

Zc  amp(f) - afiter (f) - aapC

4.3 End-to-End Calibration

The End-to-End calibration method measures the frequency dependent correction values
for the complete system. A reference source was placed at a well-known position above
the LPDA and the measured spectrum was corrected by taking the propagation of the
emitted signal and the direction sensitivity of the antennas into account.

4.3.1 Configuration

The signal chain of the calibration reference system consists of several parts: A biconical
antenna (VSQ 1000), an amplifier (DPA 4000), and a signal generator (RSG 1000). All
three parts are commercial products of the Schaffner company (Augsburg) and are used
for the amplitude calibration of LOPES30 [Hake 06, Nehl 08b]. The biconical antenna is
linearly polarised and has a nearly constant directivity close to its main lobe. This fact
is important since it results only in a small loss, if the radio source is slightly off target.
The reference source is originally designed for the frequency range of 300—1000 MHz, but
the antenna is specified and accredited for the broader frequency range of 30 — 1000 MHz
as well. The signal generator was set to a rate of 1 MHz and produces an accredited
harmonic wave spectrum. The calibrated amplitude spectrum in a distance of 10m to
the source is given by the manufacturer and is illustrated in figure 4.1 for the observed
frequency range.

The centre of the reference source was mounted vertically in a distance of r ~ 11 m
above the centre of the LPDA and aligned in parallel to the measured polarisation.
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Figure 4.1: The emitted field strength in a  Figure 4.2: The resulting field strength af-
distance of 10 m from the reference source ter propagation from the reference source
given by the manufacturer (linear inter- to the LPDA in logarithmic scale (linear
polation). interpolation).

80 data records with a time period of At = 16,384 -12.5ns = 204.8 us were taken at
antenna cluster D30 for each of the 8 channels. During the measurement the alignment
of the reference source was ensured by tightening long lines which were fixed at the poles
of the biconical antenna.

4.3.2 Analysis

LPDA Direction Sensitivity

On the one hand, the electric field expected at the LPDA ‘ELPDA

into account the propagation of the signal from the biconical antenna to the LPDA. Free
space propagation is assumed for simplification. The resulting amplitude spectrum is
illustrated in figure 4.2.

On the other hand, the direction sensitivity of the LPDA Geg(f, #) has to be considered
to perform a general amplitude calibration. The direction dependent gain Geg of the
electric field plane (E plane) is shown in fig. 4.3.

The calibration equation 4.9 changes under these circumstances:

‘ELPDA‘ VGer(f,0) =

is calculated by taking

1
o) -ADC. (4.10)

Determination of Correction Values

Only recorded data with no ADC overflow were analysed in the following. The frequency
dependent correction values corr(f) convert the Fourier transformed ADC data into an
absolute amplitude calibrated spectrum and (applying inverse FFT) into absolutely cal-
ibrated time data, respectively. The calibrated harmonic wave spectrum of the reference
source consists of 1 MHz spaced points. Figure 4.1 shows these points connected by a
straight line. A typical un-calibrated spectrum is presented in fig. 4.4. The included
upper right plot shows a zoom in on the frequency range (linear scale) of the discrete
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Figure 4.3: Direction sensitivity of the LPDA for different zenith angles € of the electric
field E plane (data derived from [Krom 08]).

calibration signal. The small peaks are broadened, due to the limited spectral resolution

_ 40 MHz o

Each correction value corr(f) is determined by the ratio of the expected signal Sexp(f)

Y%

to the measured signal Smes(f) in units of | —m-

] as given in eq. 4.11.

Swes(f) __ FFT{ADC}
Sexp(f) ‘ELPDA‘ : Geﬁ(fa 9)

corr(f) = (4.11)

Additionally, an integral of the peak is correlated to the received field strength, due to
the broadening of the calibration peaks (spectral resolution). The correction values for
fiow = 40MHz and fhigh = 80 MHz were not calculated in order to exclude edge effects
of the band-pass filter, due to the steep fall off at the boundary frequencies.

Quality Cuts on Correction Values

The distribution of all the 1/corr(f) values in a frequency range from 41 < f < 79
shows a long tail (see fig. 4.5). This points to falsely determined correction values. RFI
sources from machines or man-made radio (e.g. police radio) during the measurement
are responsible for low values. The background signal is constructively overlaid with
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Figure 4.4: The un-calibrated harmonic wave spectrum (steps of 1 MHz) of the refer-
ence source measured with the LPDA in logarithmic scale. The upper right spectrum
is zoomed in the frequency axis and shows the broadened peaks due to the spectral
resolution.

the calibration peak. Thus, the integral is overestimated and 1/corr(f) decreases. In
contrast, if the polarisation alignment between reference source and measured channel
varies, due to a rotation of the biconical antenna, 1/corr(f) increases. A quality cut
that rejects all the values that fulfil 1/corr(f) > 2.5 is applied to the data (dashed line
in fig. 4.5) to suppress this effect.

The frequency dependence of the rejected correction values are pictured in fig. 4.6.
The distribution points out that especially for f > 70 MHz the 1/corr(f) are falsely de-
termined as it appears as a bump in the figure. The illustrated statistical error indicates
the fluctuations during the measurement. Only half of the observed frequency peaks
(f > T0MHz) of all the calibration measurements appear in fig. 4.6, the other half of
the determined correction values are accepted by the quality cut. Further measurements
are necessary to investigate systematic effects in more detail.

4.3.3 Results

The accepted 1/corr(f) values versus frequency are pictured in fig. 4.7. The 1/corr(f)
error bars are determined by statistics, while the uncertainty in frequency is fixed to
oy = £0.5 MHz, due to the frequency resolution of the reference spectrum. The average
statistical uncertainty of all the accepted corr(f) values is Georrstat < 1.5%. The influ-
ence of RFI and noise (background fluctuations) is very low, with respect to the applied
quality cut.

The absolute uncertainties o¢qy combine several error sources. The main part is given
by the accredited reference source with a systematic error of oyersys = 2.5dB from the
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Figure 4.5: The 1/corr(f) distribution of
all the analysed records with the applied
quality cut (dashed black line).

Figure 4.6: The rejected 1/corr(f) val-
ues with statistical error versus frequency
(0f = £0.5 MHz).

manufacturer. In addition, the systematic error oqsys of the antenna gain G(f,0) was
estimated at oggys = 0.8dB, as well as the uncertainty of the amplitude distribution
(band-pass filter and LNA) ofitertamp,sys = 0.2dB  [Krom 08]. The contribution of the
square root of G (see eq. 4.10) results in a O /Gays = 04 dB. Therefore, the overall
uncertainty results in ocop(p) = 44.4% for the End-to-End calibration method.

The corr(f) distribution with an overall error band is shown in figure 4.8. The spec-
trum is clearly dominated by the large uncertainty of the reference source. A negative
slope of the correction values is visible, as expected by the frequency dependent attenu-
ation of the cables used.

Half of the measured correction values are rejected (f > 70 MHz) and hint to system-
atic problems of the experimental set-up. Furthermore, the resulting correction values,
illustrated in fig. 4.8, show ripples within their uncertainties, which might be related to
the procedure and its configuration. The presented analysis of the End-to-End calibra-
tion method is based on only one measurement. Calibration measurements have to be
repeated on a regular time base to investigate seasonal, environmental, and systematic
effects in detail and will help to increase the statistics and reduce the uncertainty of the
correction values.

Conclusion

The End-to-End calibration method is a good instrument to calibrate the complete sys-
tem including environmental effects. With respect to the surrounding conditions (area,
weather, etc), the mounting of the reference source becomes challenging. Another refer-
ence source with much lower systematic uncertainty is needed to improve this calibration
as a stand-alone method. Furthermore, if single components of the signal chain are re-
placed by spares or upgraded modules, the complete system has to be calibrated again.
The End-to-End calibration is a sufficient tool to control and to estimate the absolute
environmental effects on the system.
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Figure 4.7: The frequency dependency of Figure 4.8: The resulting correction val-
the accepted correction values with their ues are connected by a straight line.

statistical error. The frequency uncer- The shown error band corresponds to
tainty is fixed to +0.5 MHz due to the the absolute uncertainty obtained by this
characteristics of the reference antenna. method.

4.4 Step-by-Step Calibration

The Step-by-Step calibration method takes into account each component used and de-
termines the overall correction values corr(f). Therefore, each part of the electronics is
characterised by its amplitude and phase spectrum. The advantage of the LPDA is the
real 502 impedance at the output of the antenna. Thus, the calibration equation 4.9 is
used directly. The corr(f) values are defined by equation 4.9¢ and result in the following:

1 VA . .
COI‘I‘(f) _ c ) aamp(f) aﬁlter(f) aADC . (412)
2f HoT acable(f) : ains(f)
The equation shows that corr(f) is proportional to the amplification or the attenuation
spectra of the LNA, the band-pass filter, the cables, and the insertion loss of the LPDA.
The constant factor is determined by the physical constants (po and ¢) and the conversion

constants (Z = 50, aapc = %)'

4.4.1 Component Characteristics

The absolute gain spectra of all the components are shown in figure 4.9. The charac-
teristics of the LPDA, the band-pass filter and the pre-amplifier have been determined
in a laboratory measurement [Krom 08]. Positive values correspond to amplification,
whereas negative values attenuate the signal. The overall sum is shown by the solid red
curve.

Cable Attenuation

Each polarisation of the LPDA is connected via a RG213 cable of 100 m length. An
additional RG58 cable of 4m length connects the incoming RG213 cable to the filter
board within the VME crate. The frequency dependent attenuation was taken from the
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Figure 4.9: Gain distribution of the different electronic components used in the signal
chain of LOPESSTAR,

data-sheet!. The attenuation is documented in steps of 10 MHz. A linear interpolation
is performed for frequencies in between. The combined attenuation of the RG213 and
RG58 cable acaple is illustrated by the dot-dashed blue line in figure 4.9. The calibration
software handles each length of the cables used separately.

Insertion Loss

One requirement of the antenna development was a low insertion loss and therefore, a
sufficient matching between the impedances of the antenna and the electronics. This is
necessary to transfer all of the received signals into the system. Otherwise the reflected
part of the signal is transmitted to the antenna. The reflection coefficient S1; describes
the mismatch between the impedances of the antenna and the system. The insertion
loss ajng is directly related to the reflection coefficient by ajs = 1 — |Sn|2 and marked
by a dashed dark green line in fig. 4.9.

Band-pass

The system response function is mainly dominated by the applied 40 —80 MHz band-pass
filter. The gain of the filter agiier is shown in fig. 4.9 and marked with the long-dashed
black line. A ripple in the observed frequency range is visible, corresponding to the filter
design. On the one hand, the filter steepness has to be very high to suppress RFI from
adjacent transmitter bands (e.g. FM-band 88 — 108 MHz). The filter is a combination
of high and low pass filter with a steepness of ~ 65dB/octave at the barrier frequencies

"manufacturer: Bedea
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(see fig. 4.9). On the other hand, the chosen filter design has to match the required real
impedance of 50 ). Both criteria have to be balanced and result in the ripple.

Pre-Amplifier

The Low Noise pre-Amplifier (LNA) shows a smooth gain spectrum aamp over a large
frequency range as shown in fig. 4.9 (dashed and triple dotted light brown line). This
broadband amplifier also matches the required 50 €2 at the connection to the band-pass
filter. The limiting factor of such a LNA is the noise temperature of the electronics.
The electronics noise temperature is more than one order of magnitude lower than the
mean temperature of the galaxy [Krom 08]. This is proven by the fact, that, at best
conditions, the galactic noise is visible in the data as presented in sec. 5.2.

4.4.2 Results

As described in section 4.3.3, the major uncertainty of the calibration is related to the
reference source used and the knowledge of the receiving antenna. The Step-by-Step
calibration method uses the LPDA characteristics derived from model measurements
and the amplitude spectrum of the electronic components measured in a laboratory.
The estimated error of the gain G of the LPDA corresponds to oggys = 0.8dB. The
accuracy of the corr(f) determination is limited by the equipment used for measuring
the components in the Step-by-Step calibration. The error of the combined measurement
of band-pass filter and LNA was estimated at ofiter+amp,sys = 0.2dB. The uncertainty
of the insertion loss is not explicitly mentioned, but is considered in the uncertainty of
the antenna gain oq gys.

The overall sum of the correction values determined with the Step-by-Step calibration
method is illustrated in figure 4.10 with an error band indicating the absolute uncertainty.
A detailed discussion of the comparison of both presented calibration methods is given
in the following section.

The Step-by-Step calibration method is flexible and an independent procedure. Single
components could easily be replaced or added to the signal chain. Furthermore, no
overall calibration is necessary. In addition, the antenna characteristics have to be
known precisely (necessary for both methods) and might be obtained by simulations or
laboratory measurements.

4.5 Comparison and Results

The comparison between the determined corr(f) values of both calibration methods is
shown in figure 4.10. The Step-by-Step uncertainties are limited by the equipment used.
The illustrated error bands correspond to the absolute uncertainty of these methods
(dashed blue and solid black line). The resulting uncertainty values of the Step-by-Step
method are doubled for a better illustration.

The large uncertainty of the End-to-End calibration is dominated by the influence
of the reference source used. The resulting ripples might be related to systematic or
environmental effects, but that could not be distinguished or analysed in detail due to one
performed measurement. Further End-to-End calibration measurements are necessary to
investigate such effects in detail with high statistics. Nevertheless, the achieved accuracy
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Figure 4.10: The comparison of the End-to-End and Step-by-Step calibration methods.
Both methods conform to each other within the estimated uncertainties. The resulting

uncertainty of the correction values of the Step-by-Step method are doubled for better
comparison.

is sufficient enough to verify both methods and point out, that the performed calibration
procedures work well.

Both methods almost match within the resulting uncertainties. A more quantitative
way to analyse this is given by the residual. This is defined by the difference of both
corr(f) values for each frequency as pictured in fig. 4.10 (dashed-dotted red line). The
resulting mean of 0.029 describes the good correspondence of both methods. Taking
the error of ~ 30% into account the systematic offset is negligible. In conclusion, the
investigations of calibration processes have shown that the system is well-understood,
due to the same results from different methods.

Calibration procedures have to be performed on a regular time basis to monitor the
stability and performance of a detector. A cross-check by operating different calibra-
tion methods is important. Only a combination of different approaches will help to
understand the systematics of the procedures and the detector.

4.6 Effective Bandwidth

A comparison of absolutely calibrated radio emission of cosmic rays with results from
other experiments has to be performed on a comparable basis. Different detectors mea-
sure different bandwidths. The first experiments on that field measured a bandwidth
of A fexp = 2.45MHz [Jell 65]. The measured and calibrated field strength values were
divided by the effective bandwidth A feg of their system. This normalisation of the mea-
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Figure 4.11: The calculation of the effective bandwidth of LOPESSTAR  The relative gain
Jrel. 18 related to the normalised gain to the tranmission range of the band-pass filter.

sured signal is valid as long as A fexp < A fineo is fulfilled, where A fiheo is the expected
bandwidth of the radio signal from theory.
The effective bandwidth A feg is defined by the following formula:

o0

Afur = / gea(f) df (4.13)

0

where gye1(f) is the amplification spectrum of the band-pass filter after calibration. Fig-
ure 4.11 shows the band-pass filter characteristics (dashed black line), normalised to the
transmission range of the band-pass filter (40 —80 MHz), and additionally the correction
for the ripple (solid red line). The effective bandwidth of LOPESSTAR ig calculated by
using eq. 4.13 and results in A fog = 42.02 MHz.

The influence of the antenna in this context is negligible, due to the fact that the LPDA
acts as a first order band-pass with a barrier frequency of 30 — 90 MHz [Krom 08]. The
mean gain of the band-pass filter of about 37 dB dominates the system.

The integration limits are given by the Least Significant Bit (LSB?). The ADC used
digitises a voltage range of 0.5V with a resolution of 12 Bit. The LSB limit translated
to dB results in grel,Ls = —20-logio (2'%) = —72.2dB (solid grey line in fig. 4.11).

Sub-sampling requires a sampling rate twice the highest frequency of interest. The
barrier frequencies of the band-pass filter (—6 dB) were designed at 40 MHz and 80 MHz
as shown in figure 4.11. Therefore, the effective bandwidth of the filter is about 5%
larger. Frequencies beyond the barrier frequencies are convoluted in the frequency range

2 A voltage signal lower than 1 LSB = 1;]\3/“ = % = 244 pV corresponds to 1 ADC count and is stored
in the least bit.
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of interest (red shaded area in fig. 4.11). This 5% effect is almost negligible due to the
estimated uncertainty of the environmental effects on the LPDA.

Future developments of band-pass filters have to take into account that the barrier
frequencies are equal to the LSB limit (of the ADC module used). Otherwise, parts of the
frequency spectrum will be convoluted into the base band and increase the uncertainties
in the reconstruction and in the calibration.

4.7 Calibration of LOPESSTAR

The results from the comparison of different calibration methods showed that the elec-
tronics and the LPDA characteristics are understood. The data shown in units of *ILH—V
are calculated in the following way:

e The arrival direction (¢, ) is reconstructed by using clearly correlated time pulses
on the basis of single antenna clusters.

e The direction sensitivity of the antenna is taken into account.
e The determined corr(f) values (Step-by-Step method) are applied.

e The inverse Fourier transform results in the absolutely calibrated signal in the
observed bandwidth per channel (polarisation) — |Exg| and |Epw]| [%]

e The normalised signal is defined by dividing the calibrated signal by the effective
bandwidth A fog — € = A2 [ v }

Afeg | m-MHz

The total field strength corresponds to the vectorial addition of the absolutely cali-
brated signals of the north-south & east-west polarised components of the electric field
and is defined by:

|E| = \/’ENS’2 +|Epwl? . (4.14)

The applied correction for the direction sensitivity of the LPDA also takes into account
the undetected field strength of the vertical polarised component of the signal. Whereas
the uncertainty of the reconstructed field strength increases with increasing zenith angle,
due to large attenuation resulting from the direction sensitivity of the antenna for high
zenith angles.
Note: The calibration method, due to the LPDA characteristics, is limited to zenith
angles 6 < 60° [Krom 08].

The absolute uncertainty of the field strength is estimated at O\F = 7.2 %, due to the

environmental effects of the LPDA of o VGsys = 0.4dB and the electronics uncertainties

of Fhiter+amp,sys = 0.2dB (compare with the error discussions in section 4.4 and 4.3).






Chapter 5

Selt-Trigger

5.1 Introduction

The main challenge of the LOPESSTAR experiment is to provide an independent self-
trigger system for the radio emission of high energy cosmic rays. A short overview of
the background situations for different antenna clusters is given in the first part of this
chapter. The main part is dedicated to the self-trigger system and finally, the obtained
results from the correlation analysis based on the reconstruction of KASCADE-Grande
are presented.

5.1.1 Analogue Self-Trigger

The LOPESSTAR antenna clusters were installed over a time period of 18 months (sum-
mer 2005 — winter 2006). The described external trigger from KASCADE-Grande is
available since autumn 2006.

In a first step an approach of an analogue electronic self-trigger was devel-
oped [Krom 08|. The functionality of the analogue channel trigger is briefly described
by the following:

e The RF data are rectified and high & low pass filtered to suppress RFI (compare
with Filter I method as described in sec. 3.4.3).

e The envelope signals of the RF data are determined from the north-south and
east-west polarisation channel, respectively, and are added up per antenna.

e An adjusted threshold, which is the same for all the antennas, is compared with
the combined envelope signals of each LPDA. If the signal exceeds the threshold,
the analogue channel trigger condition is fulfilled.

If the detected pulses of all three LPDAs are accepted by this channel trigger then the
coincidence constraint of the analogue trigger is performed by taking into account the
geometrical configuration (equilateral triangle).

During a time period of 9 months (before the external trigger was ready for use)
LOPESSTAR was only triggered by the analogue trigger. An offline comparison of the
recorded timestamps with the ones recorded by KASCADE-Grande showed no coinci-
dence.

In a next step, only the logical output of the analogue trigger (true or false) was
recorded for every sample in the observed time window when an external trigger occurred.
The reconstructed KASCADE-Grande events with the highest energies (E > 5-107 eV)
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were used to find recorded shower signals containing a clearly visible radio pulse in the
time domain (expected are about 5 events during one month of data taking).

The shower events found were investigated in detail in order to study the behaviour
of the analogue trigger during the observed time window. A shower event is rejected
if the analogue trigger signal is false during the recorded time window. A background
event is accepted if the analogue trigger signal is already on before the signal of the
shower is visible. In addition, a shower event might be recorded by chance. The cor-
rect analogue trigger signal (true) corresponds to a trigger signal that is delayed and
obviously correlated with the external trigger signal as well as with the observed time
signal. The investigations showed that none of the 5 detected strong shower events were
accepted by the analogue trigger. The accepted data of the analogue trigger were only
background events. The fixed trigger threshold, the background suppression, and the
combined envelope signal are not sensitive enough to detect radio signals on the site of
the Forschungszentrum Karlsruhe.

5.1.2 Digital Self-Trigger

Further developments or improvements of the analogue trigger were stopped due to the
insufficient background rejection and shower acceptance. A new analysis of the falsely
accepted background events (analogue trigger) pointed out several disadvantages:

fixed threshold The added up envelope signals are compared with a fixed threshold for
all the LPDAs. Each channel (polarisation) of the LPDAs has its own background
influence due to the different distances to the background sources which results
in an individual noise floor in the time domain. It is not possible to balance
the threshold between sufficient background rejection (high threshold) and the
detection of radio emission of low energy particles (low threshold).

A dynamic threshold is needed to achieve a trigger rate that is moderate for the
electronics used. Therefore, the time signal for each data channel is monitored to
determine a dynamic threshold and to take the individual background variations
into account.

sum of envelope signals Most of the observed background events are transient signals
which are emitted on the site of the Forschungszentrum Karlsruhe. Depending on
the arrival direction (azimuth angle) of the background events only one channel
detects the main part of the transient signal. The adding up of the envelope
signals of the two polarisation channels increases the background signal, which is
often much higher in amplitude than the wanted signal of the radio emission.

Each polarisation channel has to be observed separately to reject transient back-
ground signals per channel.

background suppression A simple background suppression is not sufficient if only the
demodulated RF signal is filtered. A more complex method is necessary to sup-
press RFI signals (e.g. the median method of the RFI suppression as described in
sec. 3.4.4), whereas transient signals have to be characterised and rejected in the
time domain.
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A detailed investigation of the required conditions of the self-trigger followed. The
(digital) self-trigger, as described in the following, is motivated by these results and the
listed disadvantages of the previous approach [Asch 07]. Externally triggered data are
used to develop and to optimise self-trigger conditions in software to implement it later
in a hardware!' based self-trigger system.

Note: Recorded time windows, due to any given trigger signal, are named triggered
event. Thus, triggered events can be background events or shower events.

5.2 Background Situation

The background conditions have to be well understood in order to reject falsely accepted
background events. These conditions are not equal or constant over time for each LPDA
and vary strongly with the detector site. Man-made signals in the MHz frequency range
are constantly present or appear frequently from sources like exhausters, passing cars,
or air conditioning systems. Furthermore, insufficient shielding of electronics acts as
an emitting electromagnetic background source of frequencies in the observed spectrum
(e.g. PCs or digital devices emit frequencies related to their internal bus clocks).

Two kinds of background signals have to be distinguished. On the one hand the sources
are characterised by peaks in the spectrum due to mono frequent signals (modulated or
not). In the time domain the overall noise increases in relation to the signal strength
of these sources. On the other hand background sources emit broadband signals which
are characterised by pulses in the time domain and result in an offset in the amplitude
spectrum (frequency domain).

Note: All the illustrated amplitude spectra in this chapter are calibrated data without
RFI suppression.

5.2.1 Forschungszentrum Karlsruhe

Long term measurements and background studies have been performed on the site of
the Forschungszentrum Karlsruhe. In figure 5.1 an averaged spectrum illustrates the
mono frequent sources in the observed bandwidth for the east-west polarised component
of one antenna from cluster D17. The time range of At = 600s was recorded at noon
and clearly shows two TV transmitters (TV: Ch2 and Ch4) and one picture carrier
of the TV Ch3. Furthermore, the Industrial, Scientific and Medical (ISM) radio band
(40.66 — 40.70 MHz) at the lower band limit is explicitly visible. The ISM bands? were
internationally reserved for the use of RF electromagnetic fields for industrial, scientific
and medical purposes other than communications.

Another method to analyse and monitor the background is given by the dynamic
spectrum. Figure 5.2 shows the amplitude spectrum versus the time of one channel of
antenna cluster D30. The horizontal lines correspond to mono frequent signals, whereas
vertical lines illustrate broad band background signals at that time.

The industrial environment on the site of the Forschungszentrum Karlsruhe defines
more or less the worst conditions for detection of radio emission of high energy cosmic

'In this context the hardware is given by a Field Programmable Gate Array (FPGA).
2In total 12 frequency bands were defined, spread from the lower MHz up to several GHz (e.g. Bluetooth
and IEEE 802.11 (WLAN)).
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Figure 5.1: An averaged amplitude spectrum (At = 600s, LOPESSTAR cluster D17,
antenna 60, east-west channel). Several mono frequent carrier signals of different sources
are clearly visible.

rays. The time dependent background variation limits the sensitivity of the complete de-
tector system and the threshold of any self-trigger system. Radio pulses with a sufficient
signal-to-noise ratio (snr) are necessary to distinguish between shower signal and back-
ground signal. The necessary shower energy was estimated at £ > 5- 10" eV [Krom 08]
and corresponds well to the results from the self-trigger and from the analysis chapter
of these investigations.

5.2.2 Pierre Auger Observatory

The reverse background situation is given on the site of the Pierre Auger Observatory.
The rural region in the southern Argentinian pampa offers a very quiet radio environ-
ment. The nearest industrial complexes are several tens of kilometres away and only the
nearby roads with lorries and cars or power lines are considered as background sources.

A detector system with 3 antennas, simular to the one on the site of the Forschungszen-
trum Karlsruhe, was used for background studies. One of the resulting dynamic spectra,
shown in fig. 5.3, illustrates the sensitivity of the system to galactic noise (see sec. 5.2.3)
due to the cycle of the Earth and the changing field of view (periodic time structure).
Almost no mono frequent background sources (horizontal lines) or broadband emission
(vertical lines) are recorded in the observed time. A comparison of fig. 5.2 and 5.3 points
out that mean radio background on the site of the Pierre Auger Observatory is one order
of magnitude lower than on the site of the Forschungszentrum Karlsruhe (note: Different
scaling in the two figures).
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Figure 5.2: The dynamic spectrum in cluster D30 on the site of the Forschungszentrum
Karlsruhe. Horizontal lines show mono frequent signals whereas vertical curves corre-
spond to broad band background signals. The amplitude values are coded in colour.

5.2.3 Galactic Noise

If all the man-made background sources are negligible, the galactic noise is the limiting
sensitivity factor of a receiving system. The noise temperature Ty, varies with time due
to the observation direction (e.g. possible view into the galactic centre). The Consultative
Committee on International Radio (CCIR) has averaged the atmospheric, the industrial
and the galactic noise spectrum over long term measurements.

The connection between the temperature of the galactic noise T, and the received
power Py is described by:

Pant :4'k'B'Tgal.'Af (51)

where kp is the Boltzmann constant and Af = 40 MHz is the bandwidth of the system.
Equation 5.1 and typical noise temperatures are taken from [Roth 02] and listed in the
following.

10MHz  Tya. = (0.2...2)- 105K
100MHz Ty = (0.6...6)-10°K
1000MHz Ty = (3...7)K

The received power Paye = Aeg(f,0)-S (eq. 4.5) has to be equal to eq. 5.1. Solving this
equation, the resulting field strength |E| becomes:
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dynamic spectrum: Pierre Auger Observatory
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Figure 5.3: The dynamic spectrum of one polarisation of an antenna from cluster D42
on the site of the Pierre Auger Observatory (see fig. 5.2, note: Different scaling).

Pff(f? 0)

E(f)| = \/16”"Z§é;;;7-éf)2-Af v/ Tal.(f) (5.2)

B(f)| = \/ dhs g B [0

A randomly triggered time window on the site of the Pierre Auger Observatory and a
comparison with the galactic noise estimation is illustrated in fig. 5.4. The dashed red
line shows the estimated galactic noise (with error band based on the given temperature
range), whereas the solid blue line is a straight line fit to the recorded amplitude spec-
trum. On average the observed spectrum is lower than the expected galactic noise due
to the orientation of the field of view of the antenna at the time of measurement. The
amplitude variation over time is shown in fig. 5.3.

Note: For the antenna gain G(f,#) a mean gain of G(f,0 = 30°) = 4dBi ~ 2.51 was
assumed with respect to the superposition of all the arrival directions.

On the site of the Pierre Auger Observatory the galactic noise is the limiting factor
for the sensitivity of the detector used. Whereas on the site of the Forschungszentrum
Karlsruhe the background emitted by the industrial environment is on average one order
of magnitude higher.

The rural environment in Argentina offers very good conditions to detect the radio
emission of high energy cosmic rays. The self-trigger is developed under bad conditions
(Forschungszentrum Karlsruhe). The following analysis shows that the background in-
fluence is well understood and sufficiently suppressed. The conditions provided within
the framework of the Pierre Auger Observatory will improve these methods and will
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Figure 5.4: The comparison between the calibrated amplitude spectrum (black line), a
linear fit to the data (solid blue line) and the estimated galactic noise limit (dashed red
line) on the site of the Pierre Auger Observatory.

additionally allow to decrease the threshold of the self-trigger and to detect CRs with
lower energy.

5.3 Data Selection

The development and results of the self-trigger system is based on externally triggered
data from the KASCADE-Grande experiment.

A pre-selection of data with no ADC overflow was performed to fulfil the sub-sampling
criteria. Signals larger than the dynamic range of the ADC module overload the analogue
digital converter and an additional flag in the data is set. An up-sampling of these raw
data is not possible and recorded events with time samples marked as ADC overflow are
rejected for this analysis.

Training data were selected to develop the self-trigger strategy. A data taking period
with available KASCADE-Grande reconstruction and quiet background conditions due
to Christmas and New Year (holiday season: 2006 — 2007) were chosen. Afterwards, the
resulting optimised self-trigger methods were applied to the verification data (antenna
cluster D17 & D30) to verify the results. A description of the chosen data is summarised
in table 5.1.

During the time period of the verification data D17 & D30 the KASCADE-Grande
trigger had a total offline time of about one month due to technical problems. The
technical configuration of the external trigger generated randomly triggered events during
this time which were kept in the data set to increase the statistics of background events.
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name of the data set ‘ cluster no. ‘ run no. ‘ period ‘ events
training data D30 21 — 049 | 2006-12-12 — 2007-01-07 102,535
verification data D17 D17 12 — 185 | 2007-08-02 — 2008-01-21 787,203
verification data D30 D30 21 — 454 | 2006-12-12 — 2008-01-21 | 1,598,543

Table 5.1: The chosen data to develop (training data) and to verify (verification data
D17 & D30) the self-trigger system.

5.4 Trigger Strategy

The self-trigger strategy is organised in a multi-level trigger system consisting of two
main parts. First, the trigger constraints for each polarisation (channel) have to reduce
the trigger rate on antenna level. A dynamic threshold is continuously compared with
the recorded samples to detect a threshold exceeding. Additionally, all the characteristic
pulse parameters are determined for the coincident constraints described in the following.

Second, the more complex constraints on cluster level have to accept coincident shower
events and to reject background signals. At this stage of the trigger system, all the
information about the determined parameters of the channel are available. Data from
channels that contain numerous pulses are rechecked for possible shower signals in a given
time window. The geometrical configuration of the set-up is used for the coincidence
constraint.

A block diagram of the self-trigger system is shown in fig. 5.5 and discussed in the
following. The digital methods used in this section (up-sampling, envelope calculation,
and RFT suppression) are described in detail in sec. 3.4.

A typically recorded shower event of antenna cluster D30 after applied RFI suppres-
sion is illustrated in fig. 5.6. All the channels show a clear detectable pulse signature.
Additional noise and small transient signals are visible in the north-south polarisation
of antenna 300.

5.4.1 Channel Constraints

Data of each polarisation of the antennas are controlled by the channel trigger. Its
challenge is to suppress and to reject background events at an early stage of data taking
as well as to select and to accept shower signals. The channel constraints correspond to
the central red rectangular as shown in fig. 5.5.

RFT and transient signals are the two main classes of background events. Thus, the
continuous sub-sampled data flow per channel has to be split into time windows of
At = 25.6 us to apply the RFI suppression method with sufficient frequency resolution
(Af ~ 40kHz).

The remaining background signatures (after RFI suppression) are transient signals
which are characterised by a broadband spectrum. The continuous data flow is compared
with a dynamic threshold and is accepted if the threshold is exceeded, otherwise the
channel is rejected. The following quality and transient cuts will reject the remaining
transient background signals. The determined positions in time of the detected pulses
are needed for the following coincident constraints.
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Figure 5.5: Block diagram for the minimal requirements of the self-trigger system. The
three red rectangles correspond, from top to bottom, to the geometrical configuration
of the antenna cluster, the channel trigger, and the coincidence trigger.

Dynamic Threshold

A dynamic threshold Tyyn has to be calculated on the basis of the continuous data flow
over a sufficient time range. A time range that is short (several nano seconds) is sensitive
to fast background fluctuations and might also miss the shower signal as it occurs as a
transient signal. A long time range of hours will be sensitive to day-night-effects, but
cannot follow strong background fluctuations (numerous background pulses in a short
time range or solar flair).

In fact, the optimal time range for determining the dynamic threshold is strong de-
pendent on the site of the detector (in the range of seconds). In the case of this analysis
the externally triggered data have a defined time range. The recorded time windows do
not correspond to a continuous data flow and the dynamic threshold is determined on
the basis of the complete time window (At = 25.6 us).

After RFI suppression the sub-sampled data per channel sgup,(t) are up-sampled syp ()
and the squared envelope signal (Hilbert method) sepy2 ,,(t) is calculated. The squared
data are proportional to the received power and are used to calculate the mean value
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Figure 5.6: Typical time signatures of the radio emission of a cosmic ray air shower after
RF1I suppression on the site of LOPESSTAR in December 2006 (E ~ 8-10'7 eV, 6 ~ 60°,
© ~ 51°).

, - Therefore, all the time samples (including
sup

the pulse itself) are taken into account, due to the fact that the time length of the pulse
is much shorter than the recorded time window. A dynamic threshold Tyyn env2 up Per

channel is defined by eq. 5.3 and compared with seyy2 (%)

Smean,env2,up and its uncertainty og

mean,env

Tdynzenv27up = Smeanzenv27u1) + 45 ’ Ugmean env2,up (53)

The empirical factor of 4.5 is iteratively derived from these investigations.
If the dynamic threshold is exceeded, the data of this channel are accepted, otherwise
rejected (dynamic threshold trigger).

Quality Cuts

A very rough estimation of the data quality is performed by using the sub-sampled
data after RFI suppression. The channel data sgyp,(t) are squared and a sliding window
over six neighboured time samples is performed to smooth the data. The peak value
S“peak’sub, the mean value Smean,sub and its uncertainty O3, oamsup, AT€ determined. An

empirically defined threshold Tipressub (eq. 5.4) is applied to count the raising edge of
the samples exceeding this threshold to estimate the number of pulses per channel in
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Figure 5.7: The quality cuts applied to each polarisation. The shaded part is accepted
and contains all the shower events (one detected pulse), whereas 80 % of the background
events are rejected.

that time window.
Note: The threshold Tipres sub has to be smaller than Tiyn,env2,up t0 count all the pulses.

_ (Speak,sub - (Smean,sub +2- U§meanysub))

Tthres,sub = Srnean,sub +2- 03, ean sub + 1.0

On the one hand equation 5.4 takes into account the noise due to an offset determined by
S”mean,sub and 05 eansub and on the other hand an additional offset depending on S”peak’sub
is considered to count dominant peaks and not small noisy peaks.

Furthermore, the signal-to-noise ratio (snr) of the squared peak value and the mean
value of the complete time data is calculated (snr oc power).

An illustration of the calculated parameters of the training data is shown in fig. 5.7.
A combination of two cuts is introduced to increase the quality of the data (quality cuts)
and to reject more than 80 % of the background signals, whereas all the shower events
are accepted.

(5.4)

snr > 75 (5.5a)
no. of pulses < 2 (5.5b)

Equation 5.5a allows to accept pulses with a good signal-to-noise ratio and to reject pulses
comparable with noise in the data. Background sources often emit their characteristic
signal periodically over a certain time. If several pulses are detected in the recorded time
window, the defined cut (eq. 5.5b) rejects this channel.
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Figure 5.8: A squared envelope signal of one channel (shower event) with the character-
istic parameters to distinguish between background and shower events.

Transient Cuts

Each channel that is accepted by the dynamic threshold trigger is processed further
to determine the exact number of pulses and their position in time for the coincident
constraints. Only the channels that are accepted by the quality cuts are analysed by the
following transient cuts.

The remaining pulse in the data has to be characterised by parameters to distinguish
between transient signals and radio pulses from high energy cosmic rays. Various pulse
parameters were analysed, but only the most adequate ones are discussed here and are
illustrated in fig. 5.8 and fig. 5.9.

pulse position The position of the pulse in the time window is determined by the posi-
tion of the maximum and is used by the coincidence constraint to reject inclined
arrival directions. In case of a precise reconstruction of the direction (triangula-
tion) a constant fraction method (f = 0.5) is used. A comparison of both methods
is presented in the analysis chapter 6.

pulse width The time length of a pulse is defined as the width at one third of the max-
imum of the peak value. Radio pulses from cosmic ray air showers are expected
to be short in time. The recorded detector response function results from a con-
volution of the original pulse with the filter characteristics of the system. A pulse
of a few nano seconds is expanded to a pulse width less than 100ns due to the
40 — 80 MHz filter used. In contrast, background sources often consist of longer
pulses repeated frequently.
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Figure 5.9: Definition of the RF crossing gap parameter. Only the maximal time Afpax
between the crossing of two raising edges of the RF signal is determined.

pulse integral The area of the squared envelope signal in the time range of the pulse
width is an additional parameter to characterise the signal. The combination of
the pulse integral with the pulse width makes a separation between high and flat
pulses possible.

post pulse integral An integral of the post pulse time over twice the pulse width char-
acterises well the noise in the data. The factor of two is empirically motivated. A
shower event produces a signal as shown in fig. 5.8, whereas background data often
include multiple pulses — small pulses around one dominant pulse. The ratio of

post pulse integral . . .
pulse integral turned out to be a good estimator to reject noisy channels.

RF crossing gap A threshold TR crogs to determine this parameter is defined by the
square root of the dynamic threshold (TRr cross = \/m) and is compared
to the up-sampled RF samples. The longest time period between the crossing of
two raising edges defines the time value of the RF crossing gap as illustrated in
fig. 5.9.

. . post pulse integral . . .
The integral ratio " pulse integral  VeTSUS pulse width is shown in fig. 5.10 for the

training data. A concentration of events in the lower right corner is visible. These
entries correspond to very wide time pulses, whereas the integral ratio points out that
the detected pulses are large. A second peak is indicated in the upper left part of the
distribution due to the fact that some background signatures start with a short dominant
pulse followed by broad pulses (post pulse integral, ratio > 1). The expected radio signal
lies in the intermediate zone corresponding to the green floor shown in figure 5.10.

The parameter RF crossing gap additionally controls the number of pulses in a precise
way. Thus, the chosen cut of RF crossing gap < 300ns in combination with the already
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Figure 5.10: Parameters to reject transient background signals. The shaded part is
accepted by the transient cuts (see eq. 5.6).

applied quality cuts makes sure that only one dominant pulse is within the recorded time
window. The estimated amount of pulses is not unique on the basis of this parameter
without considering additional quantities. In the case of background sources emitting
pulses very frequently the RF crossing gap parameter always results in small values and
does not reflect the recorded multi-pulses.

The discussed parameters as given in eq. 5.6 define the transient cuts. They are
optimised to reject transient background signals and to accept shower events.

pulse width < 125ns (5.6a)

post puls'e int egral (5.6b)
pulse integral

RF crossing gap < 300 ns (5.6¢)

The channel trigger accepts a channel if the dynamic threshold is exceeded as well as
the quality and the transient cuts are fulfilled. After applying the channel trigger to the
training data 560 out of 102,535 events are accepted including all the shower events.

5.4.2 Cluster Constraints

In most cases the man-made background signals are emitted and reach the detector
in parallel to the surface of the Earth (# > 70°). The radio emission of CRs reaches
the Earth of all the zenith angles (0° < # < 90°). Taking into account the direction
sensitivity of the LPDA only events with a zenith range § < 60° are meaningful for
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further analysis. The suppressed signals with # > 60° are part of the detector concept
to reduce man-made background at an early stage of the signal processing.

Note: The usage of an antenna type with higher sensitivity at larger zenith angles 6
allows to increase the sensitivity range for more inclined shower events (6 > 60°).

In a next step the arrival direction of the signal is determined by taking into account
the geometry of the antenna cluster. As described in chapter 3 each LPDA is installed
on a vertex of an equilateral triangle. This simple geometry allows a fast triangulation
and an estimation of the arrival direction (azimuth and zenith).

The time differences of the triggered pulses of three LPDAs are calculated and com-
pared with a given coincidence time tcoine (coincidence trigger). Incoming signals from
6 = 0° (vertical) are recorded simultaneously in all the channels. Signals with a larger
zenith angle need more time to propagate through the antenna cluster. The maximal
propagation time corresponds to the arrival direction perpendicular to one of the sides
of the equilateral triangle. Thus, the coincidence time depends on the zenith and the
azimuth angles tcoinc (6, ¢).

A sufficient description of the coincidence time is given by taking into account the
height of the triangle, which corresponds to the shortest way to propagate through the
antenna cluster. In this case the triangle is approximated as a circle and t¢oine (6) follows
equation 5.7 for all the azimuth angles.

b2 — Y

.
75coinc(9) = f . SID(Q) (57)
where 0 is the zenith angle, b is the cluster baseline, and ¢ is the speed of light. Due to
the limited sensitivity of the LPDA only zenith angles less than 60° are used.
The cluster constraints of the self-trigger system correspond to the lower red rectan-
gular as shown in fig. 5.5.

Coincidence Trigger

All the channels observe the signals in a defined time window synchronously and con-
tinuously. If two or more channels in a triangle with three LPDAs (trigger cell) fulfil
the channel trigger conditions, the event is processed further. If one channel is rejected
by the channel trigger due to detected background, the second polarisation may be ac-
cepted.

Note: It is assumed that the signals are received simultaneously in both polarisations
when they reach the antennas.

So far, channels with one dominant pulse of an event are accepted. An estimation of
the arrival direction is only possible with events containing one channel of each LPDA
(triangulation within a trigger cell). The cosmic ray signal is superposed by the back-
ground and channels with multi-pulses are rejected by the channel trigger.

The coincidence trigger calculates the mean position of the pulse (point in time)
t_pulse of all the accepted channels. The data from channels which are rejected by the
quality cuts are rechecked in order to find out whether a clear pulse in the time range of
tpulse £ teoinc (0 = 60°) is present or not. If one of the rejected channels contain a pulse
in the data, this channel is additionally accepted by the channel trigger. The coincident
constraint is applied to all the time positions of pulses of accepted channels.
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Applying the coincidence trigger to the training data results in only 68 out of 560
accepted events. An additional cut on the reconstructed arrival direction to rejected
events that fulfil & > 60° results in a total number of 57 accepted events including the
expected shower events.

5.5 Results

5.5.1 Correlations with KASCADE-Grande

The events accepted by the self-trigger are correlated with the reconstructed shower
parameters from KASCADE-Grande. In order to perform such a correlation the time
delay At between the LOPESSTAR and KASCADE-Grande event timestamp has to be
known.

The incoming trigger signal is directly connected to the hardware trigger of cluster 13
inside the KASCADE-Grande DAQ. The position in time of this trigger corresponds to
the true timestamp tevent Of the air shower. tgrar results in tsTAR = tevent + ALSTAR,
by taking into account the typical delay AtgTar to transmit the trigger signal to the
LOPESSTAR antenna clusters and to take the timestamp.

tevent 18 internally processed by KASCADE-Grande (event building as well as matching
with the KASCADE-Array and Piccolo etc.) and delayed by Atgrande. This results in
the recorded timestamp of KASCADE-Grande tgrande = tevent + Atqrande-

These studies showed that the delays of different LOPESSTAR clusters are approxi-
mately equal (AfSTAR ~ Atpi7 ~ Atpig ~ AtD3U). In addition, Atgrande > AISTAR
and AtgTar is negligible. The measured coincidence time Ateoinc results in:

Atcoine =tGrande — tSTAR (5.8a)
=tevent + AlGrande — (fevent + AfSTAR) (5.8b)
%AEGrande (5'8C)
= (819778.269 + 0.656) us . (5.8d)

The determined uncertainty of oay,,,.. = 0.656 ps reflects the jitter in time of the GPS
clock as well as the variation of the processing time of KASCADE-Grande.

The correlated timestamps reject falsely triggered events due to RFI on the trigger
cable or random trigger signals during technical problems of KASCADE-Grande and
those events which cannot be reconstructed (typically ~ 9% of the data).

training data The correlation of the self-triggered training data with the reconstructed
data of KASCADE-Grande results in 57 accepted shower candidates from all the
arrival directions and 52 shower candidates for 6 < 60°.

verification data 285 events for antenna cluster D17 and 779 events for D30 remain
respectively after correlation with KASCADE-Grande and appliance of the 8 < 60°
cut. The time period of the verification data D30 is twice the time of the verification
data D17. Thus the resulting amount of events differ by a factor of about 2.
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5.5.2 Purity, Efficiency and Rejection
Direction Correlation

The correlated events are coincident and contain background and shower events. The
arrival direction of the radio event and the direction delivered from KASCADE-Grande
have to correspond within their uncertainties to identify shower events correctly, whereas
background signals fulfil these constraints only by chance.

The direction correlation is performed by using the cuts described in eq. 5.9 with
LOPESSTAR zenith angle 6 and azimuth angle ¢, as well as the KASCADE-

STAR

Grande zenith angle 6 . and azimuth angle ¢, .
Osrar < 60° (5.9a)
GSTAR - 2 : UGSTAR < HGrande < HSTAR + 2 ' UGSTAR (59b)
PsTar — 2 O-LPSTAR < Parande < PsTAR + 2 O-LPSTAR (59C)

Purity

After correlation of the self-triggered events with the recorded timestamps of KASCADE-
Grande the applied direction cuts (eq. 5.9) result in well-correlated extensive air showers
(same timestamp and same arrival direction). The purity describes the ratio of accepted
shower events to the total number of accepted events of the self-trigger. The total number
of events can be estimated on the basis of the analysis results from KASCADE-Grande
by taking into account the shower geometry and the geomagnetic angle, respectively.

training data 7 shower events out of 52 events remain after correlation of the time-
stamp and direction with the ones of KASCADE-Grande including 6 < 60°. This
corresponds to a purity of 14 % for the training data.

verification data 285 events and 779 events are accepted by antenna cluster D17 and
D30 by the self-trigger including a cut on the zenith angle (§ < 60°), respectively.
After correlation (timestamp and direction) 22 events (D17) and 34 events (D30)
are identified as radio emission of cosmic rays. The purity results in 7% (D17) and
5% (D30) for the verification data.

The differences of the obtained purity reflect the influence of the individual background
sources depending on the site of the antenna cluster. Emitted signals from uncorrelated
or correlated background sources reach the detector horizontally from random azimuth
directions. The channel trigger accepts shower-like background signals and the coinci-
dence trigger accepts these signals by chance. The reconstructed arrival direction points
to a random azimuth and zenith angle. In fact, this is the main reason for the low
purity results and the falsely accepted background events. A detection site without the
industrial environment (e.g. Pierre Auger Observatory) and advanced trigger levels will
increase the purity.

Efficiency

A reliable efficiency analysis has to be based on detailed MC simulations for a full detector
simulation as well as MC simulations for the radio emission of high energy cosmic rays.
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data set name cluster no. | accepted events | applied constraints
102,535 | none (all the events)
20,547 | quality cuts per channel
560 | channel trigger
training data D30 68 | + coincidence trigger
5T | + Ogppp < 60°
52 | + Grande: time correlated
7 | + Grande: 6 & ¢ correlated
787,203 | none (all the events)
2,209 | channel trigger
verification data D17 D17 1,226 1 + coincidence frigger
499 | + Oyppp < 60°
285 | + Grande: time correlated
22 | + Grande: 0 & ¢ correlated
1,598,543 | none (all the events)
33,452 | channel trigger
verification data D30 D30 }’ggg i Z:::jcle%coeo rigger
779 | + Grande: time correlated
34 | + Grande: 6 & ¢ correlated

Table 5.2: Summary of the accepted events in relation to the applied trigger constraints
of the data sets used. The deviation of the rejection rates between the different data sets
are due to the environmental effects and seasonal influences on each antenna cluster.
None of the shower events are rejected by the applied constraints.

The shower simulation methods are available, but a sufficient detector simulation is not
ready. In addition, the sensitive area of the detector array has to be determined by
simulations as well. It is very complex to extract the sensitive area only based on the
measured events due to the low particle flux at these high energies. Furthermore, the
effect of the radio emission and its dependence on the geomagnetic angle have to be
measured and simulated in detail to get reliable efficiencies.

The efficiency describes the ratio of the accepted shower events to the total number
of shower events in the data set. The KASCADE-Grande reconstruction was used to
determine the absolute number of observed shower events in each data set. Therefore,
quality cuts were applied to the results of the reconstruction of KASCADE-Grande
(Grande cuts). Only shower events that fulfil the quality constraints are used in the
following. A detailed discussion of Grande cuts are presented in section 6.2.1.

The chosen Grande cuts are applied to the KASCADE-Grande data and result in 25
shower events (training data) which are detected in the particle detectors. 4 out of 25
shower events are accepted by the self-trigger on the basis of the radio emission and this
corresponds to an efficiency of 16 % (5-1017eV < E < 1018eV).

The 21 rejected shower events by LOPESSTAR were analysed further to understand
the rejection of the self-trigger system in more detail. It turned out that most of the
shower events showed no radio signal in the time domain. This results from large RFI
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background at this time or from the arrival direction of the extensive air shower. If this
direction is almost in parallel to the geomagnetic field then no radio emission is emitted
(geomagnetic angle a ~ 0°). Only two rejected events showed pulse signals in more than
2 channels (different antennas), but the influence of the background at this time does
not make it possible to detect these pulses. The efficiency results in more than 90 % by
only taking into account shower events with a sufficient signal-to-noise ratio.

The results from the efficiency of the verification data are the same as for the training
data. The background conditions on the site of the Forschungszentrum Karlsruhe are
bad and time dependent as described above. The RFI and transient signals increase the
dynamic threshold all the time and the acceptance of signals from radio emission with an
energy E < 5-10'7 eV and a low geomagnetic angle is not efficient. In addition, the area
covered by the KASCADE-Grande experiment (700 x 700 m?) limits the reconstruction
of primary particles of E > 10'8eV.

Rejection

The rejection r is defined as unity minus the ratio of the accepted events n to the total
number of events m: 7 =1 — >. The accepted events are defined in this context as the
number of self-triggered events with no additional cuts.

training data The self-trigger accepted 68 out of 102,535 events, corresponding to a
rejection of r = 99.93 %.

verification data The verification data of antenna cluster D17 consist of 787,203 events.
After applying the self-trigger 1,226 events are accepted, corresponding to a rejec-
tion of r = 99.79 %. Antenna cluster D30 has 1,598,543 events in the verification
data and 1,676 events are accepted from the self-trigger, corresponding to a rejec-
tion of 7 = 99.92 %.

The self-trigger method is not over-optimised on the training data due to the almost
equal rejection value compared with verification data D30. The discrepancy of the
rejection value of the verification data D17 and D30 reflects the different background
conditions of the two antenna clusters on the site of the Forschungszentrum Karlsruhe.

5.56.3 Trigger Rates

The trigger rate of the first trigger level is important for the following data reduction in
a multi-level trigger system.

Table 5.2 summarises the accepted number of events in relation to the different trigger
constraints. The remaining events of the verification data D30 are about twice the
number of accepted events of the verification data D17 due to the different observation
times at the two antenna clusters. The deviation of the different rejections for the applied
trigger cuts between the three data sets reflects the individual background situation on
each antenna cluster.

Cluster Rate

There are two ways to calculate a mean trigger rate per antenna cluster on externally
triggered data.
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One is to analyse the complete time period of the verification data and to assume that
the given trigger selects all the extensive air showers. Additionally, it is expected that the
energy threshold of the external trigger is much lower than the detection threshold of the
radio emission. Thus, most of the external triggers are random RFI and transient records.
The recorded background events of almost 6 and 13 months, respectively, describe well
the environmental influences on the antenna clusters D17 and D30. Applying the self-
trigger conditions to this data corresponds to work a continuous data flow. In this case
the mean trigger rate results in fpi7.cont &~ 98 uHz (D17) and fpso,cont ~ 78 uHz (D30)
for the verification data.

The other way to determine the mean trigger rate of the self-trigger is to combine
the n externally triggered time windows At = 25.6 us with a virtual observation time
tvirt = n - At. After applying the self-trigger to the combined verification data the trigger
rate results in fDn,virt ~ 60Hz (D17) and fD3U’Virt ~ 40 Hz (D30), whereas the rates are
defined by the ratio of accepted events to tyirt-

The real trigger rates per cluster will lie in between these two results and have to
be measured on the field. In addition, the geometrical effects of the external trigger
cluster 13 from KASCADE-Grande are not taken into account.

Channel Rate

The channel trigger rate can be directly considered as the external trigger rate of
KASCADE-Grande fchannel,cont = feluster 13 = 50mHz.

In case of the virtual observation time the trigger rate per channel results in
fchannel,virt ~ 7.3kHz. The channel trigger rate reflects the background conditions and
can easily be decreased on the sites with lower background, e.g. the Pierre Auger Ob-
servatory.

A random coincidence trigger rate of three uncorrelated trigger sources (trigger cell
per antenna cluster) is given by eq. 5.10.

fcoinc,random :fc?’hannel : t?:oinc(e) (5.10&)
= (7.3kHz)? - (215ns)? (5.10b)
~18mHz (5.10c)

where feoine 18 given by eq. 5.7 with a baseline bp3g = 65 m and a zenith angle 8 = 60°.
The randomly triggered events from all the directions are negligible compared to the
cluster trigger rates.

Equation 5.10 is only valid for uncorrelated trigger sources, e.g. independent machines,
which emit several signals in a time window less than tcginc. If these signals are accepted
by the channel trigger (transient cuts) then the coincidence trigger is additionally ful-
filled. But a reconstruction of the arrival direction results in an inclined direction and
the triggered event is identified as background and is rejected.

5.5.4 Threshold Characteristics

The behaviour of the dynamic threshold (see eq. 5.3) for each channel describes the
characteristics of the self-trigger. It is sensitive to the background influence and defines
the energy threshold for radio detection of extensive air showers.
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Figure 5.11: Calibration curve to convert the threshold of the channel trigger in units
of ADC counts into an electric field strength. The solid black line corresponds to a
parabolic fit (y = curve - z%).

Conversion

The dynamic threshold is calculated and compared with the squared envelope signal after
RFT suppression. A conversion factor for the threshold in the unit of squared ADC count
into the unit of field strength is necessary for quantitative conclusions. The distribution
of the threshold calibration is shown in figure 5.11 where the squared envelope samples
versus the absolutely calibrated samples are given. A parabolic connection between the
squared envelope signal and the time samples is expected due to the squaring of the
envelope. A parabolic fit function (see eq. 5.11) is applied to the data and illustrated as
the solid black line in fig. 5.11 as well.

env? =curve - |E|? (5.11a)
2
AD
curve = (1.915 + 0.015) (%) (5.11b)

The deviation of the curve parameter from 2 results from the manipulation of the am-
plitude spectrum and the applied window function during Fourier transform (calibration
processes).

The curve parameter resulting from the fit (eq. 5.11) is obviously dependent on the
bandwidth of LOPESSTAR, The effective bandwidth A fog = 42.02 MHz has to be taken
into account to normalise the dynamic threshold and to compare the dynamic threshold
with other experiments.
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Figure 5.12: The distribution of the calibrated dynamic threshold versus the observed
channels in antenna cluster D17 (left fig.) and D30 (right fig.).

Distribution of Dynamic Thresholds

The distribution of the calibrated dynamic threshold is illustrated for all the channels
in fig. 5.12 for antenna cluster D17 (left hand fig.) and D30 (right hand fig.). Each
entry corresponds to a positive channel trigger condition of the verification data. The
threshold calibration was performed by using eq. 5.11 without normalisation.

Antenna Cluster D17 The distribution of the left hand fig. 5.12 shows that most of the

calculated thresholds result in Ty up,p17 =~ 80 % due to the background influence.
Antenna cluster D17 is located at the east edge of the Forschungszentrum Karlsruhe
and at this position a lower background is expected (compare with right hand fig.
(D30)).

The threshold behaviour for the CTR antenna differs from the rest due to less
entries in this column. More transient signals have been detected and rejected in
these channels by the channel trigger. In fact, the DAQ PC in antenna cluster D17
is located in the nearby KASCADE-Grande station 17 next to the CTR antenna.
In the earlier days of LOPESSTAR this antenna cluster was the first experimental
site with an old type of PC (DAQ computer) equipped with poor electromagnetic
shielding.

Antenna Cluster D30 Antenna cluster D30 has a different distribution of the cali-

brated dynamic threshold (right hand fig. 5.12). The mean threshold results in
Tdyn,up,n30 ~ 100 ”HV, whereas the EW channels of CTR and 300 antenna show a
spread to larger values. The cluster is located inside the area of the Forschungszen-
trum Karlsruhe.

The gap around 100 %\/ for both polarisations of the antenna 300 is explained by
the transient rejection of the channel trigger. This antenna is located next to a
large computing centre, and next to an exhauster for the air conditioning of this
centre giving rise to the dynamic threshold.

entries
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5.5.5 Conclusion and Outlook
Conclusion

The worst possible background conditions one can think of when developing a radio
self-trigger system are given on the site of the Forschungszentrum Karlsruhe due to the
industrial environment. The challenge to suppress enough background events and not to
saturate the electronics is faced by the features of the self-trigger system discussed. The
surrounding background signals could be identified and could be sufficiently suppressed
by the self-trigger.

The plausibly motivated and optimised parameters reject RFI and transient signals
on each channel per antenna to more than 99.9 %. The channel trigger methods are easy
to extend for further parameters due to possible changes in background characteristics.

The accepted radio emission signals and shower like background signals in each channel
are further analysed by the cluster trigger. It rejects highly inclined and coincident man-
made signals (# > 60°) and all the non-coincident events as well. The cluster trigger also
takes the rejected channels with multi-pulses (channel trigger) into account and searches
the characteristic signal at the expected time positions. In fact, the chosen coincident
constraint is optimised for the layout of the antenna array and has to be adapted for
large-scale arrays.

The resulting purity (6 %), efficiency (90 %) and rejection (99.9 %) show that the self-
trigger system rejects RFI and transient signals per channel and cluster in a sufficient
way. The industrial environment on the site of the Forschungszentrum Karlsruhe com-
plicates the trigger system and increases the rates, whereas on the site of the Pierre
Auger Observatory purity and efficiency will increase due to the lower background of
one order of magnitude (factor 100 in receiving power).

The calibration and normalisation of the dynamic threshold makes a comparison with
different sites and experimental installations convenient and transparent. In addition, the
threshold monitoring of each channel allows an easy cross-comparison with alternative
self-trigger approaches.

The proof-of-principle of a working radio self-trigger system is obtained by the dis-
cussed investigations. The area covered by KASCADE-Grande limits the statistics of
shower events to an energy of E2 < 10'®eV. The energy range of the Pierre Auger Ob-
servatory as well as the much better background conditions make the site in Argentina
attractive for the future of radio detection of extensive air showers.

A hardware design of the discussed method is necessary to achieve a fast and efficient
self-trigger in a stand-alone application. An analogue electronic approach is too inflexi-
ble. Therefore, Field Programmable Gate Arrays (FPGAs) are selected for the hardware
of the self-trigger. The presented self-trigger strategy can be transferred in a simple way
to an FPGA algorithm.

Outlook

In the future large-scale arrays of radio detectors will be installed. It is necessary to
equip each single antenna with a channel trigger including the RFI suppression and
transient cuts. The information of the channel triggers are transmitted to the following
coincidence trigger via wireless communication. The coincidence constraints are based
on all the information of the channel triggers and the geometry of the array.
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An existing hardware® with a digital signal processor (DSP) and FPGA is re-used
to implement a prototype version of the discussed self-trigger methods. The optimised
implementation of the trigger algorithms are in progress and first verification measure-
ments are planned on the site of the Forschungszentrum Karlsruhe for autumn 2008. In
a next step a measurement campaign on the site of the Pierre Auger Observatory with
three LPDAs is planned for winter 2008. The FPGA based prototype self-trigger has to
prove the experimental practicability under environmental conditions of the two sites.

®Developed at the Institute of Data Processing and Electronics, Forschungszentrum Karlsruhe.



Chapter 6

Data Analysis

6.1 Introduction

The radio signals measured with LOPESSTAR are absolutely calibrated and are recorded
in coincidence with the KASCADE-Grande experiment. The chosen positions of the
LOPESSTAR antennas per cluster strongly depend on the local environment and infras-
tructure of the Forschungszentrum Karlsruhe. The possibilities of LOPESSTAR in its
prototype phase, are limited but provide a starting point for future radio detectors and
point out the potential of the radio detection techniques.

This chapter presents the data selection of shower events that fulfil the applied quality
constraints on the reconstructed data of both experiments, LOPESSTAR and KASCADE-
Grande. Furthermore, the parametrisation of the field strength is described and com-
pared with previous approaches. Finally, techniques to reconstruct air showers on an
event-by-event basis are presented.

6.2 Data Selection

The applied data selection is based on the verification data (D17 & D30, see table 5.1).
Additional quality cuts on KASCADE-Grande and LOPESSTAR are chosen to optimise
the reconstruction discussed in the following.

6.2.1 Quality Cuts
KASCADE-Grande Cuts

The final KASCADE-Grande reconstruction results in more than 26 quantities describing
geometry and properties of the individual air shower as well as the working condition
of the experiment. Standard quality cuts, listed in table 6.1 (Grande cuts), to ensure
a high quality and a well reconstruction of the air shower were chosen as used in the
analysis of KASCADE-Grande.

The estimated energy of the primary particle follows the well-established parametri-
sation by the number of muons (N,), electrons (N,), and the zenith angle (fgrande) as
given in eq. 6.1a [Womm 07|. The expected uncertainty of this energy estimation is in
the range of 2% ~ 40 %. Background observations on the site of the Forschungszentrum
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related to the

working status of KASCADE-Grande

condition explanation
Loctive &1 =1 KASCADE-Array is active
Hit7 > 8 cluster 13 is active

FlagANKA < 4

Quality Flag > 0
NGrande stations > 0

related to the

status of the nearby synchrotron source ANKA to re-
ject background induced events

internal quality flag is fulfilled

number of involved active stations

reconstruction of KASCADE-Grande

condition explanation
N, > 11111 total number of muons is successfully reconstructed
N, > 11111 total number of electrons is successfully reconstructed

HGrande < 45°
—600m < zgrande < 100m

—600m < yGrande < 100m
1.4 > Agegrange > 0.4

standard reconstruction is uncertain (for 6 > 45°)
position of the shower core lies in the field of
KASCADE-Grande (x coordinate)

same for the y coordinate

cut on the shower age, which results from the fit to

the lateral distribution of the electrons (NKG fit, see
chapter 2), empiric parameter range

Table 6.1: Overview of the Grande cuts to obtain well reconstructed shower events
from KASCADE-Grande. The conditions of the working status guarantee that the
KASCADE-Grande experiment is in a proper working mode. In addition, the recon-
struction was successful and results in well reconstructed shower parameters if the
remaining conditions are fulfilled.

Karlsruhe point out that a sufficient signal-to-noise ratio for the discussed self-trigger is
expected from cosmic ray events with £ > 10'7° eV (energy cut, see eq. 6.1b).

1.236
—— +0.238 [log;o(GeV 6.1a
COS(GGrande) [ glO( )] ( )

E >10%° GeV = 1079 eV (6.1b)

LOPESSTAR Cyts

The events accepted by the self-trigger conditions are correlated by timestamp and arrival
direction with the events accepted by the Grande cuts. The defined conditions of the
self-trigger and the correlation (timestamp and arrival direction) ensure that only well
reconstructed shower events are finally accepted.
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verification data
D17 | D30 applied cuts

22 34 self-trigger + Grande: time & direction correlation
6 14 + Grande cuts
3 7 + E>107%eV

Table 6.2: Accepted number of events after applying the described cuts. The resulting
10 radio events correspond to 9 shower events, reconstructed by KASCADE-Grande.
One individual shower event was separately detected in antenna cluster D17 & D30.

6.2.2 Event Statistics

The amount of events accepted after application of the quality cuts are listed in table 6.2.
The first row shows the accepted events after applying the self-trigger as well as the
correlation of the data by timestamp and arrival direction. In the following rows the
accepted events of the KASCADE-Grande quality cuts (Grande cuts) as well as the
energy cut (E > 10175 eV) are given.

The remaining 10 radio events with their reconstructed quantities yield a good re-
construction and are related to 9 extensive air showers, reconstructed by KASCADE-
Grande. One of the radio events was observed in both antenna cluster D17 & D30 and,
therefore, counted twice. An additional shower event was detected by all 10 LOPESSTAR
antennas, but rejected by the Grande cuts due to the inclined arrival direction. Never-
theless, this shower event is used later for a comparison with MC simulations.

The number of events is limited by the size of the instrumented area and the short
observation time as well as the low particle flux at these high energies (5 events/month
are expected according to the cosmic ray flux and the effective area of the clusters). The
discussed analysis is limited by the event statistics, but it demonstrates the potential
and advantages of the radio detection technique.

Note: The radio data of antenna cluster D19 are recorded for all the external trigger
signals from KASCADE-Grande during the period in which the verification data were
taken.

6.2.3 Distribution of the Shower Cores

The impact point or position of the shower core on the ground in the reference frame
of KASCADE-Grande is shown in fig. 6.1 (positions derived from KASCADE-Grande).
The open symbols (D17: [, D30: o) mark the positions of the accepted events from the
self-trigger including the correlation (timestamp and arrival direction) with KASCADE-
Grande, whereas the other symbols (D17: 4+, D19: e, D30: x) mark the core positions of
the remaining events after the Grande cuts. The illustrated positions of the shower core
are spread homogeneously over the equipped area and, as expected, are slightly shifted
towards the external trigger (cluster 13) of KASCADE-Grande.

A radio signal of a cosmic ray air shower is detected in all the antennas, the so-called
golden event, if all the introduced symbols match at one position. Due to the limited
observation time such golden events are only detected twice and marked with the red
dashed circle (I and ITin fig. 6.1). The red dashed circle (IT) on the left hand side marks
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shower core distribution on ground
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Figure 6.1: Distribution of the shower cores for different quality cuts and separated by the
LOPESSTAR antenna clusters. The coordinates of each shower core are reconstructed
by KASCADE-Grande. Two events are recorded from all 10 LOPESSTR antennas and
are marked with a red circle (I & II) — golden events.

a position of a shower core which was detected by the self-trigger in all 10 LOPESSTAR
antennas but rejected by a quality cut on the zenith angle (Grande cuts).

Note: Position II is not marked with e due to the Grande cuts, but the raw data of
antenna cluster D19 are recorded anyhow.

6.3 Parametrisation of the Field Strength

A parametrisation of the observed radio pulse allows a systematic comparison with other
experiments. The determined parameters in combination with the reconstructed geome-
try of the air shower allow an estimation of the primary energy. Therefore, all the radio
events accepted by the applied quality cuts are used to parametrise the field strength
by taking into account different effects of the shower geometry and the energy of the
primary particle. The peak value of the detected pulse in each polarisation (\EEW] and

|Exg|) is combined by vectorial addition |E| = |\/|ENS|2 + |Egw|?| and divided by the
effective bandwidth A feg = 42.02 MHz. The resulting quantity € in [ . }, ens and

m* MHz
erw, respectively, is correlated to the observed radio pulse and is used in the present
analysis.
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6.3.1 First Approaches

The investigated approaches in previous experiments to parametrise the measured field
strength [Alla 71, Hueg 05b, Horn 06, Nehl 08a| have several characteristics of the pri-
mary particle in common:

energy E The observed field strength scales linearly with the energy E of the primary
particle due to coherent radio emission.

geomagnetic angle o The angle between the shower axis and the geomagnetic field is
named geomagnetic angle and is a function of the arrival direction «(6,¢). In
the model of the geosynchrotron emission sin(«) characterises the strength of the
Lorentz force Fy, = e x B due to the cross product, where || ~ ¢ is the speed of
light and B is the strength of the magnetic field of the Earth.

scale parameter dy The field strength decreases rapidly with increasing distance per-
pendicularly to the shower axis (reference frame of the shower). The cited measure-
ments and simulations showed that an exponential function with a scale parameter
dp parametrises this behaviour well. dy and its dependency on the energy, if any,
is an important quantity to define the spacing of future detectors to observe radio
emission. The lateral spread parameter R of the radio emission in the coordinate
system on the observation level is related to dy by the zenith angle of the primary
particle: R = Co‘iﬁ.

zenith angle # The main dependence on the zenith angle is given by the geomagnetic
angle . The arrival direction of the shower (# and ¢) and the direction of the
magentic field lines have to be known in order to determine «. In addition, the
zenith angle determines the footprint of the shower on the observation level.

The previous parametrisations used a cos(f) dependence on the zenith angle. The
emitted radio signal is polarised in a plane perpendicularly to the Poynting vector.
And the measured field strength corresponds to a projection of the electric field
onto the sensitive antenna plane. LOPESSTAR measures the projection of the
north-south & east-west polarisation due to the arrival direction (azimuth angle),
but the vertical component is suppressed by the antenna. The missing vertical
component may be included by taking into account the direction sensitivity of the
antenna used (calibration). Thus, a cos(f) parametrisation may be not necessary.

Furthermore, the attenuation length of an electromagnetic wave in the atmosphere
(IMHz < f < 100 MHz) is much higher than the mean free path of the particles
in an extensive air shower. This is the advantage of the radio detection technique
to record radio emission on the ground, whereas the electromagnetic component
of the shower has died out [Petr 07].

6.3.2 Recent Approaches

One of the advantages of LOPESSTAR s the observation of the north-south & east-
west component of the polarisation at one position at the same time. The dual-polarised
measurements are used for the parametrisation of the total field strength and additionally
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allow to verify the parametrisations of previous studies as given in eq. 2.2 and eq. 2.3,
respectively [Alla 71, Horn 06].

A general parametrisation follows eq. 6.2 and takes into account the previous ap-
proaches (only egw) and is the starting equation to parametrise the total field strength e.
The function has to be adapted to the data to find the best solution.

€tot or EW = C'+ cos(0) - (Cy £ sin (o £ ¢y))

daxis E e HV
PP <_ do > . <GeV> [m-MHZ} (6.2)

Where €o; and egw are the parameters correlated to the measured radio peak of the
combined channels and only the east-west component, respectively, C' is a proportional
constant, @ is the zenith angle, (C, £ sin(a & ¢o)) describes the dependence on the
geomagnetic angle a with an additional phase ¢, an exponential function corresponds to
the lateral decrease including the scale parameter dy, and a power law with an exponent
Cg, which has to be close to unity (coherent signal), describes the dependence on the
energy of the primary particle.

The Method

An iterative procedure to determine the parameters and their uncertainties was per-
formed by using the minuit package of root [Brun 97] (TMinuit, v5.18.00) with the
internal MIGRAD algorithm. The x? function follows eq. 6.3, in which the index data
corresponds to the measured and calibrated data, whereas the index par corresponds to
the chosen parametrisation (eq. 6.2). The difference between the data and the model
was then minimised by the minuit algorithm to find the best parameters describing the

measured data.
€ —€ 2
Xz _ ( data par) (6.3)

Oegata
The uncertainties of the measured signals per polarisation were estimated by tak-
ing into account the noise level in each channel. Therefore, the mean noise level
|E_fnoise,p01| and its uncertainty |0::Enoise,pol| in the recorded time window excluding the
detected shower pulse per channel (polarisation) were determined based on the enve-
lope signal. The influences of background processes and the noise level are estimated at
Tnoise,pol = |E_fnoise,p01| +5- |5’E |. In addition, the uncertainty of the calibration has
to be taken into account and results in 7.4 % related to the peak value.
The totally estimated uncertainty of the data per channel results in o

Ugalib,pol and additionally has to be divided by the effective bandwidth A feg.

V| Ens|?+| Epw|?|
AfeFf

noise,pol

2 _ 2
- Unoise,pol +

Both polarisations per LPDA are combined per vectorial addition € = |
and the uncertainties are calculated by Gaussian error propagation.

6.3.3 Signals of the East-West Polarised Component

A comparison with the previous experiments is performed on the basis of the east-west
polarised component measured by LOPESSTAR  This study is separated into one part
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that takes the zenith dependency into account (as well as the previous approaches) and
another part that neglects it.

With cos(f) dependence:

The best parametrisation and its resulting parameters as well as its uncertainties are
given in eq. 6.4 for the comparison with the previous approaches. The final x? ~ 37
corresponds to a probability of about 18 % by taking into account the number of degree
of freedom ndf = 30.

egw = (0.5 £0.3) - cos() - ((7.1 £3.6) — sin («))

daxis B 1.2440.01 LLV
cexp | —————— | - —_— (6.4)
(122 +12)m GeV m - MHz

The constant factor of (0.5+0.3) with its uncertainty of 60% shows that the
measured signal might be overestimated. The geomagnetic angle is described by
((7.1+3.6) —sin («)). A parametrisation, like for the LOPES30 data [Horn 06,
Nehl 08al, that depends on (1—cos(«)) is not consistent with the given statistics. Higher
event statistics are needed to verify the previous parametrisations.

Without cos(f) dependence:

The best parametrisation without the 6 dependence is given in eq. 6.5. The final y? ~ 37
corresponds to a probability of about 20 % by taking into account the number of degree
of freedom ndf = 31.

eew =(2.2£0.3) - (1 + cos(«))

doie g\ 115004 Y
cexp |~ | == —_— (6.5)
(120+£12) m GeV m - MHz

Assuming no cos(6) dependence on the zenith angle and choosing a fixed o dependence
result in the same x? value and an increased probability. The chosen model describes
the data better due to the smaller uncertainties of the parameters. Any parametrisation
with more parameters did not improve the probability of the fit. Again, a higher shower
statistics is needed to optimise the parametrisation of the measured radio pulses.

Results

The best found parametrisations are presented for the east-west polarised component of
the electric field. None of the previous parametrisations are consistent with the given
statistics. The main reasons for that is the low event statistics. The large uncertain-
ties in the calibration of the previous experiments might be an additional effect. The
ongoing measurements in coincidence with KASCADE-Grande will allow more detailed
investigations with much higher event statistics.

The best parametrisation of the LOPESSTAR data shows no dependence on the zenith
angle § and parametrises the geomagnetic angle by (1 + cos(«)). The scale parameter
do results in dppw = (121 & 12) m for the parametrisation of the east-west polarised
signals.
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6.3.4 Signals of the North-South & East-West Polarised Component

The quantity e is related to the radio pulse and used to parametrise the measured
signals. For the first time dual-polarised measurements can be parametrised with the
help of the reconstruction from a well calibrated extensive air shower experiment. The
first parametrisation takes into account a dependence on cos(f), whereas the second
approach neglects it.

With cos(f) dependence:

The best parametrisation and its resulting parameters as well as its uncertainties are
given in eq. 6.6. The final y? ~ 28 corresponds to a probability of about 14 % by taking
into account the number of degree of freedom ndf = 21.

€=(9.1£55) - cos(6) - ((1.1 +0.05) — sin (o + (0.43 £ 0.15)))

o B\ L71£0.02 v
~exp | — : —_— (6.6)
(137 £ 16) m GeV m - MHz

The constant factor (9.1 £5.5) with an uncertainty of 60 % and the deviation from
unity of the exponent (1.71+£0.02) of the energy behaviour reflect the low event statistics
and the energy uncertainty of the primary particles %% = 40 %. The parametrisation of
the geomagnetic angle shows a sinus dependence due to the small phase (0.43 £ 0.15) rad.
Again, the event statistics is too low to obtain significant results.

Without cos(f) dependence:

The best parametrisation and its resulting parameters without the 6 dependence is given
in eq. 6.7. The final x? ~ 27 corresponds to a probability of about 14 % by taking into
account the number of degree of freedom ndf = 22 due to one more fixed parameter
compared to eq. 6.6.

e=(44+1.3) - ((1.08 £0.07) —sin (a))

cexp | - | - — (6.7)
(138 £20) m GeV m - MHz

Small uncertainties of the parameters are obtained by this approach. The resulting
uncertainty of the energy behaviour (1.6 £ 0.3) (18 %) is again related to the energy
uncertainty of KASCADE-Grande. Higher event statistics has to verify eq. 6.7.

The parametrisation of eq. 6.7 describes best the observed radio emission of extensive
air showers with LOPESSTAR,

6.3.5 Results

The correlations of the dual-polarised measurements of LOPESSTAR with the well cali-
brated results from KASCADE-Grande are limited due to the low event statistics. The
parametrisation of the measured radio pulses is an important step to understand radio
emission in detail.
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The dependence of the geomagnetic angle o might be described by (1 —sin(«)). Both
approaches, eq. 6.6 and 6.7, result in low uncertainties of 5% and 6 %, respectively. The
scale parameter dj results in dp = (137 £ 18) m.

The event statistics does not allow to verify previous parametrisations of the radio
emission based on signals of the east-west polarised components of the radio pulses.

LOPESSTAR has to be seen as a prototype detector for large-scale arrays. Thus, this
analysis points out the possibilities of the detector system and helps to design future
detectors. The limiting factor of the presented parametrisation of the field strength is the
low event statistics due to the small area equipped on the site of the Forschungszentrum
Karlsruhe and the limited time of measurement.

6.4 Shower Reconstruction

The reconstruction of shower quantities based on the recorded LOPESSTAR data are
performed on an event-by-event basis. The first part of this section discusses the re-
construction of the arrival direction of the primary particles and an estimation of the
angular resolution of LOPESSTAR ig presented. Furthermore, the distributions of the
shower quantities are shown and compared with the expectations of the geosynchrotron
model. The last part of this section is dedicated to the golden events and the comparison
with detailed Monte Carlo simulations for these events.

The digital methods used in this section (RFT suppression, up-sampling, and envelope
calculation) are described in detail in sec. 3.4.

6.4.1 Direction Reconstruction

Several methods to reconstruct the arrival direction on the basis of radio data are pos-
sible.

Beam-forming is a common method of radio astronomy and is also available in the
analysis framework of LOPES30 [Baeh 08, Rohl 04]. Beam-forming takes advantage of
interference to change the directionality of the antenna array by shifting the individual
time data per channel by a estimated time constant Aty to maximise the coherence.
An assumption of the expected shower front has to be made and the pointing accuracy
increases with increasing number of antennas used. The method allows to use low signal-
to-noise data which show no significant signal in the time domain. Furthermore, the time
base of all the time samples used have to be known very precisely in order to achieve
an accurate angular resolution (this is valid for any reconstruction method of the arrival
direction).

The three LOPESSTAR antenna clusters record their own GPS timestamp and the
systems are synchronised not better than 100 ns (accuracy is given by the manufacturer),
but within a cluster the accuracy is better than 5ns. Thus, beam-forming over all the
clusters reach an angular resolution not better than the reconstruction of KASCADE-
Grande of A ~ Ap =~ 2°.

Each LOPESSTAR cluster digitises the time samples in phase with the same 80 MHz
clock. In addition, all the cables have the same length and all the electronic components
are identical in construction. Thus, the delay of the received signal, caused by the
hardware, corresponds to a constant delay and is identical for all the channels in all the
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Figure 6.2: Two constraints to define the time position of the pulse: Rising edge at half
the height (half) or at full height (max).

antenna clusters. An identical and constant offset in the time data has no effect on the
reconstruction of the arrival direction.

The approximation of a plane shower front is used as simplification for the reconstruc-
tion of the direction. Monte Carlo (MC) simulations and other analyses pointed out
a spherical shower front with a radius of several kilometres [Hueg 05b, Nigl 08]. How-
ever, the assumption is a good approximation due to the short baseline b in the clusters
bpi7 = 70m and bp3g = 65m. In fact, the assumption of a plane shower front is only
valid for the reconstruction of the arrival direction based on the data of a single antenna
cluster as performed in this analysis. A reconstruction of a spherical shower front with
only four points on the ground is not satisfying. The simplification of the arrival direc-
tion due to a plane shower front might also be seen as a starting point for further and
more complex algorithms (e.g. with a larger antenna array).

The reconstruction of the direction with LOPESSTAR is based on the SdPlaneFit
module of the Pierre Auger Observatory analysis framework — Offline [Roth 05]. The
analytical formulae are adapted to the coordinate grid and the angle definition of the
reference frame of KASCADE-Grande. The timing accuracy of the position of the pulse
is chosen to be 12.5ns with respect to the approximation of the plane shower front and
the parametrisation of the RF signal.

Position in Time of the Radio Pulse

The definition of the position in time of the detected pulse has to be robust against
background influences and different shower geometries. The rising edge of the envelope
provides such conditions. The filter response function and especially the rising edge are
mainly dominated by the characteristics of the band-pass filter (short rise time).

The envelope signal is calculated and the position in time of the radio pulse is de-
fined by a constant fraction method (factor f = 0.5) of the rising edge. Various factors
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Figure 6.3: Difference of the recon- Figure 6.4: Difference of the reconstructed
structed arrival directions (¢ and #)  arrival directions of KASCADE-Grande

of KASCADE-Grande and LOPESSTAR  and LOPESSTAR for the half method.
and their uncertainties (max method).

0 < f <1 were analysed to find an optimal and robust constant fraction factor f. In
fig. 6.2 is shown the iteratively derived factor f = 0.5 (half) and — for comparison —
the maximum (max) f = 1 (typical choice).

Note: Only radio pulses detected by the self-trigger (snr > 75) are used for the recon-
struction of the arrival direction.

Angular Resolution

The angular resolution of the LOPESSTAR antenna clusters (D17 & D30) are based
on a well reconstructed data selection. The arrival direction of the radio events was
reconstructed twice, once with the max method and once with the half method (see
fig. 6.2).

The resulting arrival direction of each method was then subtracted from the one given
by the reconstruction of KASCADE-Grande, due to the same arrival direction (within
0.5°) of the secondary particles and the radio emission [Nigl 08|.

max method Fig. 6.3 shows the differences in arrival directions (zenith angle A# ver-
sus azimuth angle Ag) reconstructed by KASCADE-Grande and LOPESSTAR,
The angular resolution results in A@max = (5.05+£12.82)° and Afpax =
(—3.37 4+ 10.30) ° for the max method.

half method The more accurate half method reconstructs the arrival direction by taking
the time position of the pulse at half its height into account. In fig. 6.4 the
difference of Af versus Ay is illustrated. The angular resolution results in A@par =
(2.04 £ 6.96) ° and Abhar = (—1.13 £ 6.38) ° for the half method.

The comparison between the max method and the half method points out that the
angular resolution is more precise for the absolute reconstruction of direction by using
the half method. Both methods have a systematic offset and an uncertainty in the order
of the statistical error of the reconstructed direction. The offset and the uncertainty of
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Figure 6.5: Antenna cluster D17 detects Figure 6.6: A well-known working ground
background events from the KATRIN ex- in the north-west of antenna cluster D17
periment located in the south-east. which shows a clear excess in the back-

ground distribution.

the half method is better by a factor of two than by the max method. In the following,
the half method is used to reconstruct the arrival directions.

The systematic offset and its uncertainty are mainly dominated by the assumption of
a plane shower front and the low number of antennas to calculate the arrival direction
as the following section will show. In fact, the calculation of the incoming direction
with triangulation is a fast and efficient way to start a more complex and more ad-
vanced reconstruction of the direction. In the case of using an antenna array with much
more antennas then beam-forming should be the choice to achieve a high angular reso-
lution [Nigl 08].

A further method to get a physical limit of the angular resolution is discussed in the
following.

Physical Limit of the Angular Resolution

Sounding to horizontal background sources is possible for each antenna cluster. In this
context the background sources are assumed to be locally fixed sources (e.g. industrial
machines or working grounds) for the measurement period. The analysis is based on the
externally triggered verification data without applied Grande cuts, as listed in table 5.1.
The accepted events by the self-trigger with a zenith angle 6 > 70° are investigated
further. The LOPESSTAR antenna clusters D17 and D30 are investigated separately.
Note: The detected background events are randomly recorded due to the external trigger
signal from KASCADE-Grande.

The direction of the source depends only on the azimuth angle, whereas the zenith
angle is expected to be horizontal (within the uncertainty of the reconstruction). The
absolute azimuth position of the source does not have to be known precisely, but the
position of the source has to be constant during the time of measurement. A statisti-
cal analysis of the reconstructed azimuth angle results in an estimation of the angular
resolution.
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Figure 6.7: The western side of antenna  Figure 6.8: Sounding of antenna cluster
cluster D30 which receives background D30 to a nearby particle experiment with
signals from GRID clusters and their a Van de Graaff accelerator.
cooling exhauster.

This method may be improved, if an artificial transmitter with an adequate arrival
direction (0° < 6 < 70°) is used instead with a distance to the antennas that fulfils
far field approximation. On the one hand this allows to optimise the LPDA direction
sensitivity related to the arrival direction (high suppression of inclined signals). On the
other hand the emitted artificial signal is well understood and the curvature of the signal
front is well defined.

antenna cluster D17 Two dominant background sources are detected in these data.

One is the KArlsruher TRItium und Neutrino experiment (KATRIN) in the south-
west direction. Fig. 6.5 illustrates this background source from the point of view
of the four LPDAs (D17). Three separable sources emitting their signals. The
detected directions result in a mean angular resolution of Ay ~ 0.6°.

The angular resolution is also limited by the dimension of the transmitter source.
The area of the KATRIN experiment is located about 150 m away and cover an
area of about 100 x 50m?2.

The other background source is located about 150 m in the north-west direction of
the antenna cluster D17 and covers a small area of about (125 x 125 m?) which is
used by an outside company. As pictured in fig. 6.6 the mean azimuth direction
corresponds to the direction of this area. The angular resolution results in Ap =
0.7°.

antenna cluster D30 The western side of the cluster is located next to an institute
(distance < 25 m) which provides the housing of GRID FZKA!. The cooling system
of the GRID clusters (exhausters, see fig. 6.7) is located next to the building and
is also visible in fig. 3.2 on the upper left hand side. The angular resolution of
the two main peaks corresponds to Ay < 1° and the exhauster sounding results

!Computer cluster which offers online computation or storage in a worldwide sub-network (grid).
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in Ap < 2°. The dimension of the background source is small but the distance is
very short.

A nearby particle experiment with a Van de Graaff accelerator is located in the
south-west direction of the cluster (about 100m). The angular resolution is shown
in fig. 6.8 and results in Ap = 2.3°. The shape of this distribution points to
multiple background sources which might be separated by better statistics. The
statistics for that direction sounding is limited, due to the fact that this experiment
was shut down during the measurement period of the verification data used.

Results

The comparison of both antenna clusters shows that an angular resolution of Ay = 0.6°
is achievable by using triangulation with signals of three or four antennas. This method
does not allow to determine the angular resolution of the zenith angle (6§ ~ 90° within
the uncertainties). The chosen simplification of the shower front results in a systematic
offset of the reconstructed arrival direction, whereas the angular resolution might reflect
the influence of environmental effects on the receiving properties of the LPDA (scattering
of the electromagnetic waves and the corresponding delayed receiving times). In fact, if
the real shower front of the radio emission of extensive air showers is better understood
then the radio technique could easily achieve a more precise resolution of the arrival
direction compared to particle detectors.

6.4.2 Geomagnetic Angle and Primary Energy

The 10 radio events accepted by the applied quality cuts show a distribution of the
energy and the geomagnetic angle as illustrated in fig. 6.9 for the antenna clusters D17
(x) and D30 (o). The match of both symbols corresponds to the double-detected shower
event in antenna cluster D17 & D30.

The geomagnetic angle « is defined as the angle between the magnetic field of the
Earth and the shower axis. The shower axis is reconstructed by taking the position of
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the shower core and the arrival direction from KASCADE-Grande into account, whereas
the geomagnetic field lines point to the south with a zenith angle 6§ ~ 25° on the site of
the Forschungszentrum Karlsruhe? [Maus 05].

The radio signal in the observed polarisations depends on the geomagnetic angle « as
described in the geosynchrotron model. In fact, most of the radio signals are observed
for a > 40° as a function of the energy of the primary particle. The data shown in
figure 6.9 might also hint to the more effective radio observations for higher energies of
the primary particles, due to the expected linear increase of the field strength with the
energy (geosynchrotron model).

6.4.3 Arrival Direction

The distribution of the arrival directions of showers based on the LOPESSTAR and
KASCADE-Grande reconstruction is shown in fig. 6.10. The arrival directions of the
detected events from antenna cluster D17 (x) and from D30 (o) are calculated on the
basis of the measured radio signal with the statistical uncertainties from the shower plane
fit. The illustrated arrival directions from KASCADE-Grande (o) result from the recon-
struction of the particle detectors with an uncertainty of 4+2° for zenith and azimuth
direction.

No events are detected arriving from the south due to the orientation of the geo-
magnetic field (¢ = 180°,0 = 25°) which is almost in parallel to the shower axis for
these directions. For such incidences the contribution to radio emission is small and
for low energy particles negligible and not detected by the self-trigger. This confirms
that the radio emission of cosmic ray air showers is mainly dominated by a geomagnetic
emission mechanism.

Note: Events with 6 > 45° are rejected by the applied Grande cuts.

6.4.4 Golden Events

Fig. 6.1 illustrates the distribution of the shower cores on the ground. In particular,
there are two shower events that are detected by all 10 LOPESSTAR antennas which
are marks as golden events. The golden event with the mark II was rejected by the
reconstruction of KASCADE-Grande due to the inclined zenith angle. A summary of
the main characteristics of the selected golden events are given in table 6.3 and are
discussed in the following.

Reconstruction of the Shower Core with Radio

The position of the shower cores are reconstructed by KASCADE-Grande. If the shower
impact point is within the area covered by the antenna arrays (D17, D19 and D30) then
the position of the shower core can be reconstructed on the basis of the radio data. The
barycentre of all the measured signals (per antenna: combined north-south & east-west
signal) is calculated (see fig. 6.11 and 6.12).

For simplification, it is assumed that the lateral distribution behaves linearly. The
resulting position of the shower core can be taken as a starting value for further methods.

20On the site of the Pierre Auger Observatory the magnetic field lines pointing to the south with a
zenith angle 6 ~ 55°
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golden event I | golden event II
energy log;(E/GeV) ~ 8.98 ~ 9.44
Psrar.pir/degree 348 £5 129 + 2
. Psrar.pao/ degree 340 £ 10 126 £ 3
azimuth angle 2" "% e 345+ 6 128 + 2
Peranae/ degree 355 £ 2 129 + 2
Osrar.pir/degree 27+3 53+5
: 0 /degree 21+6 64 £ 10
th 1 /STAR,D30
ZenIth ange Osrar/degree 25+ 3 57 +£6
0 ionae/degree 26 + 2 59 4+ 2
Tgpar /M 3+10 —106 + 5
T range/ T 8+7 —386+7
shower core = —327 46 —362 + 4
Yerrande /T —368 =7 —-392+7
geomagnetic angle «/degree ~ 51 ~ 46

Table 6.3: Main characteristics of the two golden events.

The barycentre for the x and y coordinate in the reference frame of KASCADE-Grande
follows eq. 6.8.
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(6.8)

Thary = -
Ej

where ‘E‘ are the total measured electric field strength (per antenna) and zans and yant

are the corresponding coordinates of the position in the observation plane.

The indicated error bars in fig. 6.11 and 6.12 correspond to the uncertainty of the
measured field strength as a result from the performed calibration. The uncertainty of
the absolute field strength have to be taken into account for comparisons with quantities
that are measured by different antenna cluster.

The final uncertainties for the calculated barycentres result from Gaussian error prop-
agation by taking into account the error of the absolute field strength and the uncertainty
of the antenna position (0.5m). The uncertainty of the shower core from KASCADE-
Grande is fixed at 7m for the x and y coordinate.

The antenna density of the covered area has an important influence when using this
method. If the observed area is not covered with a regular structure then the distri-
butions of the field strength versus the ground position of the antennas is not filled
homogeneously. The missing points on the ground mainly increase the uncertainty of
the calculated barycentres.

Furthermore, positions of the shower core which are located outside the covered area
are shifted inside the antenna array by this method.

golden event T A comparison of the position of the core derived from the reconstruction
of KASCADE-Grande with the calculated barycentre gives an estimation of the
systematic uncertainties of this method (see fig. 6.11).
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Figure 6.11: Determined position of the shower core on the basis of the recorded radio
signal of 10 LOPESSTAR antennas (see fig. 6.1, dashed red circle T).
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The large uncertainty for the x coordinate corresponds to the irregular grid struc-
ture of the antenna positions on the ground. The expected position of the shower
core is close to one antenna of cluster D17 and the clusters D19 and D30 are located
almost at the same x coordinate. Therefore, the distribution of the x coordinate
shows an uncovered range around —100m < z < 25m but covers a range of 350 m
in total. The results from the x coordinates match within their uncertainties for
the LOPESSTAR and KASCADE-Grande reconstruction.

The distribution of the y coordinate covers a range of almost 300 m with the 10
LOPESSTAR antennas. The resulting position of the shower core has an uncertainty
in the range of the uncertainty of KASCADE-Grande. The relative deviation of
both reconstructions of the y coordinate is less then 12 %.

golden event IT The second selected golden event as shown in fig. 6.12 was rejected by
the Grande cuts (6 < 45°). The reconstruction of KASCADE-Grande showed that
N, and N, are determined with a large uncertainty (needed for an estimation of
the energy), but the position of the shower core is precise.

The reconstructed direction from radio results in Ogiar = 58° and gy = 128° and
the reconstructed direction of KASCADE-Grande results in Ogrande ~ 59° and
p ~ 129°. A trustable calibration of the radio data can be performed for 6 < 60°
which is fulfilled for that shower event.
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Figure 6.12: Determined position of the shower core on the basis of the recorded radio
signal of 10 LOPESSTAR antennas (see fig. 6.1, dashed red circle IT).
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The barycentre for the x coordinate is shifted about 200m away compared with
the result from KASCADE-Grande. The reconstructed direction and position of
the shower core are well reconstructed by KASCADE-Grande for that particular
shower event. The real position of the shower core was located outside the area
covered by the antennas and shifted toward this area.

The reconstruction of the y coordinate differs less then 7 %.

Results

The comparison of the calculated positions of the shower core from LOPESSTAR and

KASCADE-Grande showed that this method works reasonable as a first (fast) guess,
which was also shown by other experiments [Ardo 06].

The disadvantage of this method results from the assumption that the real impact
point of the shower core has to be located inside the covered area. Otherwise the method
itself will shift the position of the core by an unknown factor inside the observed area.
Furthermore, the barycentre method assumes a linear decrease of the lateral distribution
of the radio emission, which is not fulfilled (see next paragraph). If the lateral distri-
bution function is experimentally determined then this method might be improved by
fitting the distribution directly.

Lateral Distribution

The two golden events were selected to investigate the Lateral Distribution Function
(LDF) in more detail. In this context the LDF is defined by the dependence on the
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Figure 6.13: The lateral distribution functions (LDF) of the golden event I: Measured
data (black dots), applied fit (red line), and MC simulations (blue squares).

detected peak height of the radio pulse versus the distance of the antennas to the shower
axis. An exponential decrease of the electromagnetic emission of the shower signal by
increased distance perpendicular to the shower axis (shower coordinates) is expected
from theory as well as from other experimental results [Nehl 08a, Hueg 05b].

The illustrated error bars (fig. 6.13 — 6.18) for the field strength result from the sum
of the calibration uncertainties and an estimated influence of the background noise at
the individual time samples. The error bars for the perpendicular distance to the shower
axis (daxis) result from the error propagation of calculating dayis with the given shower
axis and an uncertainty of 7m (KASCADE-Grande).

The simulated shower events, presented here, are calculated with REAS2 [Hueg 07].
The Monte Carlo (MC) radio simulation uses the particle MC simulation tool
CORSIKA [Heck 98] for the electron & positron distributions and determines the ra-
dio emission by calculating the geosynchrotron emission from the charged particles in
the air shower.

The quantities of the reconstruction of KASCADE-Grande and a typical uncertainty
of the energy of Z& ~ 40 % is taken into account for the radio simulations. With respect
to shower-to-shower fluctuations, 150 shower profiles assuming primary protons were
calculated. Out of these profiles a typical shower event was selected for the comparisons
with the golden events [Hueg 08|.

golden event I The lateral distribution of the golden event I is illustrated in fig. 6.13
(black dots). The antenna signal corresponds to the absolutely calibrated and
combined signal of the north-south & east-west polarised component (per antenna).
A fit of an exponential decrease of the radio emission with increasing distance to
the shower axis dayis results in a scale parameter dpy = (116.6 +12.3) m (solid red
curve).



88 Chapter 6 Data Analysis
X2/ ndf 1.467/8 golden event | X2/ ndf 487818
r const 240+ 291.9 100 const 2170+ 350.2
[ d, 125+ 138.2 E do 110.6+ 14.67
10 ® data r [i] ® data
E fit: [Eysl = const [exp (-dy, /d, ) r fit: [Eqyl = const (exp (-d,,i,/ dg
r O MC simulations [ O MC simulations
. 10°E [F —~ sl
3 E E 1000
T 107 =T
tw E LTy L
[ 10%
10 £
ke L PRI RN ) | ISP IR ) B b |
50 100 150 200 250 300 300
dax\s /'m dax\s I'm

Figure 6.14: LDF for the north-south po-
larised component (black dots) with an
MC shower simulation (blue squares) and
an exponential fit to the data (red line).

Figure 6.15: East-west polarisation: LDF
for a selected event (black dots) as well as
the corresponding MC simulation (blue
squares) and an exponential fit (red line).

Additionally, an MC simulation for a typical shower event is pictured (blue
squares). In the range close to the shower axis (daxis < 100m) the simulation
seems to overestimate the measured signal. The simulation within the range of
100m < daxis < 210m matches the measured data within their uncertainties,
whereas the simulation significantly differs for daxis > 210 m.

Fig. 6.14 shows the signal of the north-south polarised component versus the dis-
tance to the shower axis (daxis) as well as fig. 6.15 for the signal of the east-west
polarised component (black dots). The applied exponential fit is pictured with the
solid red line and results in a scale parameter of dprns = (128.6 £ 94.6) m and
do1ps = (115.8 £ 12.3) m, respectively.

Most of the radio emission is expected to be detected in the east-west polarisation
due to the arrival direction (¢ & 355° and 6 ~ 26°) and the resulting geomagnetic
angle o ~ 46°. The data and simulations illustrated for the north-south polar-
isation (see fig. 6.14) and the east-west polarisation (see fig. 6.15) confirm this
assumption.

The differences between the data and the simulations (east-west) behave very sim-
ilarly as the combined signal of both polarisations, due to the dominant signal in
this polarisation, whereas the distribution of the signal in the north-south polari-
sation is very low for the measured and simulated antenna positions. Furthermore,
the radio pulses measured in the north-south channel differs by a factor of 10 from
the signals in the east-west channel and is reproduced by the simulations. This
result again confirms the geosynchrotron model.

golden event IT Shower event IT was rejected by the Grande cuts. A detailed analysis

of the full reconstruction of this event points out that the reconstructed position
and arrival direction is trustable but the estimated energy based on the muon and
electron number might be wrong. A falsely reconstructed energy results only in
a proportional factor (shift) of the simulated field strength, due to the fact that
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Figure 6.16: The lateral distribution functions (LDF) of the golden event II: Measured
data (black dots), applied fit (red line), and MC simulations (blue squares).

the radio emission of the primary particle scales linearly with the primary energy

(|E_f| o (ﬁ)z1 parametrisation of the radio emission, see eq. 2.1).
Note: No shift to the simulated field strength was applied for the comparison of

the measured and simulated data for any golden event.

The lateral distribution of the combined polarisation signals are illustrated in
fig. 6.16 (black dots). The scale parameter dpyr from the exponential fit results
in doir = (985 £ 594)m. The lateral distribution for each measured signal per
polarisation is shown in fig. 6.17 and fig. 6.18, respectively.

The scale parameters per polarisation result in dpnns = (912 £ 534)m and
dom,pw ~ (46004 - 10*) m. The results of the fit from do1,Ew are misleading due
to the low received signal in the east-west polarisation. The large uncertainties of
the scale parameter of all three fits are due to the positions of the antennas in rela-
tion to the position of the shower core. The fit is applied to data that correspond
to the tail of the exponential function and the uncertainty increases.

Additionally, a comparison with the MC simulation is illustrated (blue squares).
Most of the simulated and measured data points match within their uncertainties
for daxis > 200m. It seems that the simulation overestimates the shower signals
close to the shower axis (daxis < 120m) for the combined signal and per polarised
component measured as well.

The golden event II was reconstructed with a arrival direction of ¢ =~ 129° and 6 ~
60°. Due to the reconstructed azimuth angle the main part of the shower signal is
expected to be measured in the north-south polarised component and corresponds
to fig. 6.17 and fig. 6.18, respectively. The correspondence between the measured
data and the simulations confirms again the assumption of the geosynchrotron
model.
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Figure 6.17: LDF for the north-south po- Figure 6.18: East-west polarisation: LDF
larised component (black dots) with an  for a selected event (black dots) as well as
MC shower simulation (blue squares) and the corresponding MC simulation (blue
an exponential fit to the data (red line) squares) and an exponential fit (red line).

Results

An area of about 300 x 350 m? is covered by the LOPESSTAR antenna clusters to investi-
gate lateral distributions. The industrial environment on the site of the Forschungszen-
trum Karlsruhe defines possible antenna positions, which does not allow an installation
on a regular grid. An estimation of the effective area of the three antenna clusters of
LOPESSTAR on the basis of the distribution of detected and well-reconstructed shower
events results in 600 x 800 m?.

The three LOPESSTAR antenna clusters recorded one golden event, which was ac-
cepted by the self-trigger as well as by the Grande cuts. The comparison of simulations
with measured signals of the total field strength as well as of each polarisation differs sig-
nificantly. Antenna signals close to the shower axis are overestimated by the simulations.
This effect seems to increase with increasing zenith angle. The mean scale parameter dg
results in do1 = (116 + 12) m for zenith angle < 40°.

A second selected golden event was accepted by the self-trigger and rejected by the
Grande cuts due to the inclined arrival direction (# ~ 60°). Simulated shower signals
close to the shower axis are again overestimated compared with the measured data. The
mean scale parameter dy results in a very large value with an uncertainty of more than
56 %. Past investigations showed significantly differences between measured signals and
simulated signals with REAS2 [Nehl 08a.

More shower events with observed signals in the north-south & east-west polarisation
are needed to improve the verification of the MC simulations. The comparison of the
measured signals with the simulation results in a good correspondence at lateral distances
of about 50m to 350 m and helps to improve the understanding of the radio emission of
extensive air showers.
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6.5 Results

Ten radio events are finally accepted by all the quality cuts applied to the reconstruction
of KASCADE-Grande and LOPESSTAR and are used for the analysis.

The reconstruction of the arrival direction in this thesis is based on the assumption of
a planar shower front. The point in time of the detected radio pulse is determined with
a constant fraction method of half the height.

A challenge is to parametrise the observed radio emission of high energy cosmic rays.
LOPESSTAR records the north-south & east-west polarised component of the electric
field and thereby obtains a more precise measurement of the emitted signal compared
with previous experiments.

In a first step a parametrisation to verify pervious approaches was tried out without
success, due to the low event statistics and limited measurement period.

In a next step the measured total field strength with the combined polarised signals
was parametrised. The best parametrisation and its fit take the dependence on the
geomagnetic angle a as (1 — sin(«)) into account and disregard the dependence on the
zenith angle 6 and result in a scale parameter dy = (137 4 18) m. These results have to
be proven by an analysis of the ongoing measurements of LOPESSTAR and KASCADE-
Grande.

LOPESSTAR achieves an angular resolution of about Ap ~ Af ~ 7° with a systematic
offset of about Ap ~ 2° and Af =~ —1° on the basis of the observed shower events. The
uncertainty and the offset are dominated by the assumption of a planar shower front
and the limited number of antennas.

A second method to estimate the angular resolution by triangulation with such a
detector is based on rejected and highly inclined background events (# ~ 90°) from
locally fixed sources (e.g. machines, working grounds). Assuming additionally that the
absolute position and the exact shape of the signal front is constant for the time of
measurement, LOPESSTAR achieves an angular resolution of Ay = 0.6°.

The selected radio events verify the expectation of the geosynchrotron model that less
shower events are expected from an arrival direction of the south, due to the direction
of the geomagnetic field on the site of the Forschungszentrum Karlsruhe.

A reconstruction of the position of the shower core on the basis of the radio data is
possible by calculating the barycentre with the measured signals on the ground. The
method is limited by the sensitive area of the detector and will produce false positions
if the real position of the shower core is located outside the equipped area.

Two shower events are recorded by all 10 LPDAs and are selected for an investigation
of the lateral distribution and a comparison with their Monte Carlo simulations. The
analysis showed that the measured signals are qualitatively reproduces by the simula-
tions. Signals close to the shower axis are overestimated. A further comparison of each
signal (north-south and east-west polarised component) with the simulated signal (per
polarisation) additionally verifies the geosynchrotron model.






Chapter 7
Summary and Outlook

LOPESSTAR is a prototype detector for future experiments including a trigger system on
the observation of radio emission of ultra-high energy cosmic rays. Absolutely calibrated
measurements of the north-south & east-west polarised components of the electric field
in combination with well-established particle detectors were performed.

An installation of 10 logarithmic-periodic dipole antennas has been set-up on the site
of the Forschungszentrum Karlsruhe in Germany and inside the area of the KASCADE-
Grande experiment to observe the north-south and east-west polarisation in parallel. An
external trigger signal starts the data acquisition of LOPESSTAR for cosmic rays with
an energy of £ > 106 eV.

Furthermore, three additional antennas were installed on the site of the Pierre Auger
Observatory in Argentina to investigate the environmental conditions and the back-
ground influences on the system. On the site of the Pierre Auger Observatory the
amplitude in the noise spectrum is one order of magnitude lower than on the site of the
Forschungszentrum Karlsruhe which is dominated by an industrial character of this area.
The site of the Pierre Auger Observatory is forseen for a large-scale antenna array in
order to observe radio emission of the ultra-high energy cosmic rays in the near future.

The presented results are based on background investigations in the framework of the
Pierre Auger Observatory as well as on the coincident measurements of LOPESSTAR and
KASCADE-Grande. The radio emission of cosmic rays was observed in a frequency range
of 40—80 MHz by logarithmic-periodic dipole antennas, whereas the KASCADE-Grande
experiment measures the secondary particles of extensive air showers. The developed
methods and algorithms in the context of the calibration, the trigger system, and the
data analysis are now standard tools for the analysis of radio pulses in air shower (e.g.
in the LOPES collaboration) and can be transferred to future experiments.

The detector system used is absolutely calibrated and cross-checked by applying two
different calibration procedures. On the one hand precise laboratory measurements
of each component used in the signal chain were performed and combined with the
characteristics of the cables used to describe the experimental configuration (Step-by-
Step method). On the other hand an external reference source was used to emit a well-
defined electric field, which was received by the LOPESSTAR antennas, manipulated by
the complete signal chain, and finally stored on hard disc (End-to-End method).

A detailed comparison showed that the frequency dependent calibration constants
match for both methods within their uncertainties of about 30 %. The total uncertainty
of the measured field strength results in O\F = 7.2% for LOPESSTAR by the Step-by-
Step method.

The background conditions on the site of the Forschungszentrum Karlsruhe are dom-
inated by transient signals and radio frequency interferences. The presented self-trigger
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sufficiently suppresses these background signals on each channel (polarisation) per an-
tenna. The chosen parameters to describe the signals are plausibly motivated and are
easy to extend. The accepted radio emission signals and shower-like background sig-
nals in each channel are further analysed by a so-called cluster trigger. It rejects highly
inclined and coincident man-made signals (zenith angle # > 60°) and rejects all the
non-coincident events as well.

The resulting purity (6 %), efficiency (90 %) and rejection (99.9%) prove that the
trigger system rejects background signals per channel and cluster in a sufficient way.
The achieved (false) trigger rates at the Forschungszentrum Karlsruhe will decrease on
the site of the Pierre Auger Observatory due to the one order of magnitude better
background conditions. In addition, the power per polarisation received is proportional
to E? described by the geosynchrotron model and the trigger efficiency quadratically
increases with increasing energy of the primary particle.

The proof-of-principle of the self-trigger system is obtained by the presented studies.
The event statistics is restricted to events with an energy of E < 10'® eV, due to the area
covered by KASCADE-Grande (700 x 700m?) and to the limited time of measurement
for with the actual LOPESSTAR configuration. The observed energy range of the Pierre
Auger Observatory makes the site in Argentina attractive for the future (E > 10'8eV).

An existing hardware with a digital signal processor and a programmable logical hard-
ware is re-used to implement a prototype version of the discussed self-trigger system. The
optimised implementation of the trigger algorithms are in progress and first measure-
ments to verify the strategy are planned on the site of the Forschungszentrum Karlsruhe
for autumn 2008. In a next step measurements on the site of the Pierre Auger Obser-
vatory with three antennas are planned for late 2008. The hardware based prototype
self-trigger has to prove the experimental practicability under environmental conditions
of the two sites.

Quality cuts are applied to the reconstruction of KASCADE-Grande and LOPESSTAR
to select well reconstructed shower events. Ten radio events are finally accepted by all
the quality cuts and are used for further investigations.

The received radio pulse is correlated to the combined peak values of the north-south
& east-west polarised component. A parametrisation of the radio emission depending on
the geomagnetic angle «, the energy of the primary particle F/, and the scale parameter
dop was performed. The best fit results in a scale parameter of dy = (137 + 18) m and a
linear dependence on the primary energy E.

The achieved angular resolution of the azimuth angle ¢ and the zenith angle 0 results
in Ap ~ Af ~ 7° with a systematic offset of Ap ~ 2° and Af ~ —1° on the basis of the
selected shower events. The uncertainty and the offset are dominated by the assumption
of a planar shower front.

A second independent method is used to calculate the angular resolution. The res-
olution was estimated on the basis of rejected and highly inclined background events
(60 ~ 90°) from locally fixed sources (e.g. machines, working grounds). In addition, it is
assumed that the absolute position and the exact shape of the signal front are constant
for the time of measurement. The investigations show that LOPESSTAR achieves an
angular resolution of Ay =~ 0.6°.

The selected shower events fulfil all the quality cuts and verify the expectation of the
geosynchrotron model that less shower events are observed from southern arrival direc-
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tions, due to the orientation of the geomagnetic field on the site of the Forschungszentrum
Karlsruhe.

Two events are observed from all 10 LOPESSTAR antennas and are used to investigate
the lateral distribution on an event-by-event basis and for a detailed comparison with
Monte Carlo simulations. The lateral distribution is defined by the dependence on the
detected peak height of the radio pulse versus the distance of the antennas to the shower
axis. The analysis showed that the measured signal is qualitatively reproduced, except
antennas close to the shoer axis were overestimated. Nevertheless, this investigation
confirms the geosynchrotron model. The second shower event is highly inclined and the
correlation is not significant.

LOPESSTAR is an absolutely calibrated detector to observe the radio emission of cos-
mic rays. The presented self-trigger system rejects transient signals as well as radio
frequency interferences and accepts the radio signals from extensive air showers. Thus,
LOPESSTAR is an important building block on the path to the upcoming antenna array
of a few tens of km?. This is necessary in order to understand in more detail the effect
of the radio emission of cosmic rays and their correlation with the parameters of the air
shower. The presented results are used in the planned radio detector within the frame-
work of the Pierre Auger Observatory and will contribute to verify the geosynchrotron
model of extensive air showers at energies above 108 eV.
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