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Abstra
tLOPESSTAR is a prototype dete
tor for future experiments on the observation ofradio emission of ultra high energy 
osmi
 rays. Absolutely 
alibrated measurements ofthe ele
tri
 �eld strength with the LOPESSTAR dete
tor were performed in 
oin
iden
ewith the well-established air shower dete
tor KASCADE-Grande. The experimental
on�guration allowed a simultaneous observation of east-west and north-south polarised
omponents of the ele
tri
 �eld per antenna used.This thesis dis
usses in detail the in�uen
e of ba
kground sour
es on the dete
tor
on�guration as well as the resulting self-trigger system. The implemented trigger sup-presses strong ba
kground signals from the industrial environment on the site of theFors
hungszentrum Karlsruhe (reje
tion > 99.9%) and is the basis for a hardware self-trigger. Therefore, the system is adequate for any other dete
tor site.Two di�erent 
alibration methods are performed and 
ross-
he
ked to 
onvert themeasured raw data into an ele
tri
 �eld strength. Both methods result in the samefrequen
y dependent 
alibration values within their un
ertainties. Furthermore, theanalysis of the radio emission of ten high quality shower events results in the mostprobable s
ale parameter of d0 = (137 ± 18)m. The 
omparison of sele
ted events withMonte Carlo simulations on an event-by-event basis points out a good 
orresponden
ewithin the given un
ertainties and 
on�rms the geosyn
hrotron model. The overallangular resolution of the arrival dire
tion results in only a few degrees. The presentedmethods and algorithms are developed for the trigger system and the analysis and arenow standard tools for the data analysis in the LOPES 
ollaboration.



 



ZusammenfassungTriggersystem für Radiosignale aus kosmis
her StrahlungDas LOPESSTAR Experiment ist ein Prototyp Detektor für zukünftige Experimente zumNa
hweis der Radioemission aus Lufts
hauern der hö
hsten Energien. Im Vordergrundstehen dabei die Entwi
klung und Optimierung eines unabhängigen Triggersystems fürRadiosignale, eine absolute Kalibration des Messaufbaues sowie ein besseres Verständnisder Korrelation zwis
hen Radiosignalen und rekonstruierten S
hauergröÿen etablierterLufts
hauerexperimente.Zu diesem Zwe
k wurden 10 logarithmis
h-periodis
he Dipolantennen auf der Flä
hedes bewährten Lufts
hauerexperimentes KASCADE-Grande installiert. Jede Antennedetektiert glei
hzeitig die Nord-Süd und die Ost-West polarisierte Komponente des elek-tris
hen Feldes in einem Frequenzberei
h von 40−80MHz. Die Positionen der Antennenauf dem Gelände des Fors
hungszentrums Karlsruhe bilden die Punkte eines glei
hseiti-gen Dreie
ks, wel
hes zur Ri
htungsbestimmung dur
h Triangulation benutzt wird. AlleAntennen bede
ken zusammen eine Flä
he von ungefähr 300 × 350m2 und sind in zweiGruppen mit vier Antennen und einer weiteren Gruppe mit zwei Antennen organisiert.Ein von KASCADE-Grande gesendetes Signal startet automatis
h die Datenauslese aller10 Antennen, falls ein Lufts
hauer mit einer Energie E > 1016 eV detektiert wurde.Glei
hzeitig werden die Eigens
haften der Sekundärteil
hen bis zu einer Energie von
E < 1018 eV am Erdboden von KASCADE-Grande auf einer Flä
he von 700 × 700m2na
hgewiesen.Zusätzli
h wurde ein identis
her Messaufbau mit drei Antennen im Rahmen des PierreAuger Observatoriums in Argentinien installiert, um die dort vorherrs
henden Unter-grunde�ekte und Umweltein�üsse zu untersu
hen. Es zeigte si
h, dass die typis
henUntergrunde�ekte im Mittel eine Gröÿenordnung im Amplitudenspektrum geringer aus-fallen als auf dem industriell geprägten Gebiet des KASCADE-Grande Experimentes.Das Pierre Auger Observatorium bede
kt eine Flä
he von ungefähr 3000 km2 und bietetdamit ideale Bedingungen für ein groÿ�ä
higes Antennenfeld zur kontinuierli
hen De-tektion der Radioemission aus Lufts
hauern bei Energien über 1018 eV.Die Entwi
klung und Optimierung einer Strategie zur Selbsttriggerung für Radiosig-nale wurde auf Basis von extern getriggerten Daten von KASCADE-Grande in Softwarerealisiert. In einem ersten S
hritt wurden die transienten Störsignale von te
hnis
henAnlagen sowie kontinuierli
he Radio und TV Signale, die mit dem Messaufbau detek-tiert werden, analysiert und 
harakterisiert. Das entwi
kelte System zur Selbsttrig-gerung unterdrü
kt dabei dur
h plausibel motivierte Parameter Störsignale innerhalbeiner Polarisationsri
htung. Die akzeptierten Radiosignale aus Lufts
hauern und Un-tergrundsignale werden unter Ausnutzung der geometris
hen Anordnung der Antennen(Koinzidenzbedingung) weiter separiert. Radiosignale aus sehr geneigten Lufts
hauern(Zenitwinkel θ > 60◦) sowie zivilisationsbedingte Störungen werden auf diese Weise un-terdrü
kt.



IVNa
h Anwendung des implementierten Selbsttriggers auf den ausgewählten Datensatzergibt si
h eine Unterdrü
kung von Störsignalen von über 99,9%. Für einen Energie-berei
h des Primärteil
hens von 5 · 1017 eV < E < 1018 eV ergibt si
h die E�zienz zuüber 90%. Die Reinheit eines Datensatzes ist de�niert als das Verhältnis der akzep-tierten S
hauerereignisse zu der Anzahl aller akzeptierten Ereignisse (S
hauer- undUntergrundereignisse) und ergibt si
h zu 6%. Das Triggersystem zeigt eine gute Re-duktion von Untergrundereignissen sowie eine gute Akzeptanz von S
hauerereignissenunter den gegebenen Messbedingungen im Rahmen von KASCADE-Grande. Mit dieserArbeit ist die Ma
hbarkeitsstudie des vorgestellten Selbsttriggers erbra
ht.Eine absolute Kalibration des Messaufbaues ist notwendig, um die Rohdaten in ADC-Werten in eine elektris
he Feldstärke zu konvertieren. Dies bildet die Grundlage fürdie Veri�kation der erzielten Resultate aus der Korrelationsanalyse. Zwei unabhängigeMethoden wurden dur
hgeführt, um die absolute Kalibration des LOPESSTAR Detek-tors zu veri�zieren. Zum einen wurden die 
harakteristis
hen Eigens
haften aller ver-wendeten Einzelkomponenten präzise im Labor vermessen und mathematis
h so kom-biniert, dass das Gesamtsystem bes
hrieben wird. Zum anderen wurde eine externeReferenzantenne benutzt, wel
he ein wohlde�niertes Signalspektrum emittiert. Einentspre
hender Verglei
h der erzielten frequenzabhängigen Kalibrationskonstanten zeigteeine sehr gute Übereinstimmung beider Methoden innerhalb ihrer Fehlergrenzen. Derresultierende Gesamtfehler auf die gemessene Feldstärke kann damit zu σ| ~E| = 7.2% fürdas LOPESSTAR Experiment angegeben werden.Die gewählte Nähe des LOPESSTAR Experimentes zum Lufts
hauerexperimentKASCADE-Grande bietet beste Voraussetzungen für Korrelationsanalysen. Es wurdenstrenge Bedingungen an die Qualität der Rekonstruktion von S
hauerereignissen dur
hKASCADE-Grande und LOPESSTAR gestellt. Der resultierende Datensatz enthält zehnS
hauerereignisse für weitere Untersu
hungen.Eine Parametrisierung des Radiosignals in Abhängigkeit der 
harakteristis
hen Gröÿeneines Lufts
hauers erlaubt ein Verglei
h der Ergebnisse vers
hiedener Experimente.Glei
hzeitig kann für Einzelereignisse mit rekonstruierter Geometrie die Energie desPrimärteil
hens abges
hätzt werden. Unter Berü
ksi
htigung beider Polarisations-ri
htungen (Nord-Süd und Ost-West) wurde eine Parametrisierung der Radiosignaledur
hgeführt: in Abhängigkeit vom geomagnetis
hen Winkel α (Winkel zwis
hen Erd-magnetfeld und S
hauera
hse), der Energie des Primärteil
hens E und dem lateralenSkalenparameter d0. Aus den Untersu
hungen folgt ein Skalenparameter von d0 =
(137 ± 18)m und eine lineare Beziehung zur Energie des Primärteil
hens (kohärenteRadioemission).Die Grenzen der Winkelau�ösung werden dur
h vers
hiedene Faktoren, wie Zeit-au�ösung oder Abstand und Anzahl der genutzten Antennen, bestimmt. Der verwen-dete Aufbau erlaubt eine Bestimmung der Winkelau�ösung auf zwei unters
hiedli
heMethoden. Bei der ersten Methode wird unter Annahme einer ebenen S
hauerfront au
hdieselbe Ri
htung für S
hauera
hse und Radiosignal angenommen. Es wird dur
h Trian-gulation die Ri
htung der Radiosignale bestimmt und die Di�erenz zur rekonstruiertenRi
htung von KASCADE-Grande gebildet. Daraus ergibt si
h eine Winkelau�ösung fürden Azimutwinkel ϕ und Zenitwinkel θ von ∆ϕ ≈ ∆θ ≈ 7◦ mit einer systematis
henVers
hiebung von ∆ϕ ≈ 2◦ und ∆θ ≈ −1◦. Die zweite Methode nutzt künstli
h erzeugteStörsignale, die Ähnli
hkeit zu Radiosignalen aufweisen. Verworfene Untergrundsignale



Vmit einem Zenitwinkel θ ≈ 90◦ werden benutzt, um die Häu�gkeitsverteilung des Azimut-winkels zu untersu
hen. Diese Methode kann dabei keine Aussage über die Winkelge-nauigkeit des Zenitwinkels geben, da dieser als konstant angenommen wird. Setzt manvoraus, dass die Quellen dieser s
hauerähnli
hen Signale während der Messdauer wederihre Position no
h ihre Signalform ändern, dann errei
ht man mit dem LOPESSTARDetektor mit mindestens drei und hö
hstens vier Antennen eine Winkelau�ösung von
∆ϕ ≈ 0.6◦.Eine weitere Untersu
hung der S
hauereigens
haften der gewählten zehn S
hauer-ereignisse zeigt ein klares De�zit aus südli
her Ri
htung. Lufts
hauer aus dieser Ri
htungweisen einen geringen geomagnetis
hen Winkel auf und emittieren gemäÿ dem Geosyn-
hrotron Modell, ein Modell zur Bes
hreibung der Radioemission aus Lufts
hauern, nurs
hwa
he Radiosignale.Während der zur Verfügung stehenden Messdauer wurden zwei Lufts
hauer von allenzehn installierten Antennen detektiert. Diese S
hauer wurden ausgewählt, um dieLateralverteilung auf Basis von Einzelereignissen mit deren Monte Carlo Simulationen zuverglei
hen. Es zeigt si
h hierbei eine gute Übereinstimmung mit dem Geosyn
hrotronModell und den darauf aufbauenden Simulationen. Eine Ausnahme bilden dabei Signalennahe der S
hauera
hse. Jedo
h wird die Stärke der Radiosignale in den vers
hiedenenPolarisationen qualitative ri
htig reproduziert.LOPESSTAR ist ein absolut kalibrierter Detektor für Radiosignale aus kosmis
herStrahlung. Das vorgestellte Triggersystem unterdrü
kt transiente und kontinuierli
heStörsignale und akzeptiert dabei Radiosignale aus Lufts
hauern. Zur Zeit wird imRahmen von LOPESSTAR ein Hardwaretrigger in Betrieb genommen, wel
her eine aufdiese Elektronik angepasste Version des Triggersystems beinhaltet. Dieser wird zuerstauf dem Gelände des Fors
hungszentrums Karlsruhe und ans
hlieÿend im Rahmen desPierre Auger Observatoriums in einer Testumgebung mit drei Antennen installiert undveri�ziert. LOPESSTAR bietet damit ideale Voraussetzungen, um dem Ziel eines Anten-nenfeldes in der Gröÿe von mehreren zehn Quadratkilometern näher zu kommen. Dies istnotwendig, um den E�ekt der Radioemission aus Lufts
hauern und deren Korrelationmit einer Vielzahl von Lufts
hauerparametern besser untersu
hen zu können. Die indieser Arbeit erzielten Ergebnisse werden im geplanten Radioexperiment im Rahmendes Pierre Auger Observatoriums umgesetzt und tragen dazu bei, das Geosyn
hrotronModell zu veri�zieren.
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Chapter 1Introdu
tionThe dis
overy of 
osmi
 rays is related to the balloon experiments of Vi
tor Hess. Hemeasured the altitude dependen
e of the dis
harge rate of ele
tros
opes and dete
ted thatthe intensity of ionising radiation rises with in
reasing height at about 1000m above theground. He 
on
luded that the origin of this radiation is not from the Earth [Hess 12℄.High energy 
osmi
 rays initiate showers of se
ondary parti
les in the atmosphereof the Earth by intera
ting with the nu
lei of air mole
ules. The se
ondary parti
lespropagate through the atmosphere with a velo
ity almost 
lose to the speed of light asa dis
 of parti
les. This phenomenon of extensive air showers was �rst understood andstudied in detail by Pierre Auger and 
ollaborators [Auge 39℄.Many pro
esses are related to the generation and development of extensive air showers.In parti
ular, the emission pro
esses in the radio frequen
y range of the lightest 
hargedparti
les are of interest for this thesis as well as the establishing of new 
omplementarydete
tion te
hniques for high energy 
osmi
 rays in astro-parti
le physi
s.Radio pulses from 
osmi
 rays were �rst experimentally dis
overed by Jelly and 
ol-laborators [Jell 65℄ and, were soon veri�ed by several experiments in the late 1960s. Inthe following years the a
tivities almost 
ompletely stopped due to di�
ulties with radiointerferen
es, un
ertainty about the interpretation of the results and the su

ess of otherdete
tion methods (e.g. s
intillator and �uores
en
e).The observation of radio emission of extensive air showers is performed with theLOPESSTAR experiment by using an array of ten antennas at the lo
ation of the well-
alibrated extensive air shower experiment KASCADE-Grande. This allows to perform
oin
ident investigations on the properties of the shower parti
les and the radio emission.The LOPESSTAR antennas measure absolutely 
alibrated the north-south & east-westpolarised 
omponents of the ele
tri
 �eld. The 
on�guration of the experiment 
om-bined with the bene�t of KASCADE-Grande gives the possibility to develop a digitalself-trigger system on the radio emission of 
osmi
 rays.Chapter 2 gives an introdu
tion to extensive air showers and des
ribes the pro
essesof radio emission and their Monte Carlo simulations. An overview of the 
on�gurationof the experiment is presented in 
hapter 3. Two independent and 
onsistent 
alibrationmethods are introdu
ed and dis
ussed in 
hapter 4. A detailed dis
ussion about therequirements of a self-trigger system and the resulting strategy are presented in 
hapter 5.Finally, the parametrisation of the ele
tri
 �eld strength and an event-by-event analysisare presented in 
hapter 6.



 



Chapter 2High Energy Cosmi
 RaysThe investigation of 
osmi
 rays is one of the most a
tive �elds in astro-parti
le physi
s.Origin, a

eleration, and transport of the 
osmi
 rays through interstellar and intergala
-ti
 spa
e are not fully understood even 100 years after their dis
overy. Large dete
torarrays with high duty 
y
le and a 
ombination of multiple dete
tion te
hniques areneeded to solve these open questions.This 
hapter gives a brief introdu
tion to the observed energy spe
trum of 
osmi
 raysand the me
hanisms behind extensive air showers. Furthermore, the geosyn
hrotronmodel as a model of the emission of radio signals is des
ribed and dis
ussed on the basisof Monte Carlo simulations.2.1 Cosmi
 Ray FluxCosmi
 rays are primarily nu
lei with kineti
 energies 
overing 12 orders of magnitudefrom a hundred MeV to several hundred EeV. The integrated �ux de
reases stronglywith in
reasing energy and spans more than 30 de
ades, so that numerous parti
les per
cm2 · s rea
h the Earth at low energies, but only one parti
le per km2 and 
entury at thehighest energies.The energy spe
trum of the 
osmi
 rays is almost featureless. Extending from 109 eVup to 1020 eV the spe
trum follows a power law E−γ with a spe
tral index of γ ≈ 2.7.In order to point out deviations from the power law fall o�, the �ux, shown in �g. 2.1,has been multiplied by E2.5.A power law fall o� is expe
ted in the 
ase of sto
hasti
 a

eleration of 
harged parti
lesat astrophysi
al sho
ks as proposed by Fermi [Ferm 49℄. The Fermi me
hanism worksmost e�
iently in the 
ase of di�use sho
k a

eleration when parti
les en
ounter thewave front of the sho
k several times. In addition, it explains the a

eleration duringsupernova explosions, where material of several solar masses is eje
ted at a speed largerthan the speed of sound in the interstellar medium and results in a strong sho
k wavethat propagates radially. This a

eleration me
hanism 
ombined with the propagationpro
esses through the medium 
an qualitatively explain the whole energy range of theenergy spe
trum observed on Earth.The two visible 
hanges of the spe
tral index, shown in �g. 2.1, one at E ≈
3 · 1015 eV [Kuli 59℄ and the other at E ≈ 4 · 1018 eV [Bird 93℄ are referred to withinthe astrophysi
s 
ommunity as the knee and the ankle of the spe
trum in analogy tothe shape of a leg. All the spe
tral features might be interpreted as a 
hange of thea

eleration me
hanism at the sour
es, as a propagation e�e
t or as a 
hange of thehadroni
 intera
tion 
ross se
tion with in
reasing energy.



4 Chapter 2 High Energy Cosmi
 Rays

Figure 2.1: The �ux of the 
osmi
 rays is multiplied by E2.5 to underline the features ofthe energy spe
trum. The energy range of the LOPES experiment and the up
omingradio dete
tor at the Pierre Auger Observatory are indi
ated by the arrows.The knee might be 
onsidered to be an a

eleration feature. The energy of the 
osmi
ray is proportional to the 
harge of the parti
le. The maximum energy that 
an berea
hed by Fermi sho
k a

eleration follows Emax ≈ bs ·Z ·B ·L, where bs is the sho
kvelo
ity, Z is the 
harge of the parti
le, B is the magneti
 �eld strength, and L 
or-responds to the Larmor radius (radius of gyration). Thus, the knee is explained as adrop of the a

eleration possibilities for di�erent parti
les. Possible a

eleration sitesare supernova remnants.The knee also might be interpreted as a propagation result due to a 
hange in theregime of di�usion in the gala
ti
 magneti
 �eld [Ptus 05, Cand 02℄. The KArlsruheShower Core and Array DEte
tor (KASCADE) experiment has shown that the 
ontri-bution to the �ux from protons fall o� earlier than from helium [Ulri 03℄.Around 1017 eV there might be a se
ond steepening of the spe
tral index observed� the se
ond knee [Mar
 05℄. The experimental status does not allow to determinethis energy well, but the KASCADE-Grande and the other experiments will 
larify the
hara
teristi
s of this energy range of the 
osmi
 ray �ux in the near future.The ankle is a rise of the spe
tral index at energies above 4 · 1018 eV. The experimentaleviden
e is less strong than at lower energies due to the already very low parti
le �ux andthe large dete
tion area needed. The most probable models assume that the extragala
ti

omponent then dominates the �ux of parti
les and that the gala
ti
 
omponent diesout, due to missing a

eleration me
hanisms in our galaxy. The position of the anklewould be the energy where the two 
omponents equally 
ontribute to the total �ux.The last feature of the energy spe
trum is a 
ut-o� at energies above 5 · 1019 eV andwas independently predi
ted by Greisen [Grei 66℄ and Zatsepin & Kuz'min [Zats 66℄, theso-
alled GZK-e�e
t. The energy of these 
osmi
 rays is now high enough to intera
t



2.2 Extensive Air Showers 5with the Cosmi
 Mi
rowave Ba
kground (CMB) and they lose the main part of theirenergy due to the following intera
tion:
γCMB + p → ∆+

1232 MeV → n+ π+ (BR 33%)
→ p+ π0 (BR 66%) (GZK-e�e
t)The numbers in bra
kets denote the approximated Bran
hing Ratios (BR). The γCMBphotons have a temperature of 2.7K and �ll up the universe as a uniform ba
kgroundradiation measured �rst by Penzias & Wilson [Penz 65℄.A

eleration and propagation of 
osmi
 rays at high energies is one of the puzzles thathave not been yet solved in astro-parti
le physi
s. Up to energies of several 109 eV theyare of solar origin, but above this energy due to the maximum a

eleration power inthe Sun and the leakage of day-night variations of the measured �ux, they must haveanother sour
e outside of the solar system.The �rst eviden
e that 
osmi
 ray parti
les were 
harged was given by east-west asym-metries 
aused by their de�e
tion in the magneti
 �eld of the Earth. Up to energies ofa few 1018 eV the arrival dire
tions are 
ompletely isotropi
. The 
osmi
 rays of thehighest energies are a�e
ted by gala
ti
 and extragala
ti
 magneti
 �elds. Only abovean energy of 1018 eV, parti
les 
annot be 
on�ned by the ≈ 3µG magneti
 �eld of ourgalaxy anymore and tra
king ba
k these parti
les might be possible. Their arrival di-re
tion and origin might be re
onstru
ted depending on the intergala
ti
 magneti
 �eldsand the distan
e to the sour
e, due to the fa
t that the de�e
tion angle is less than 5◦for nearby astrophysi
al obje
ts assuming parti
le energies of approximate 1019 eV.The explanation of sour
es of ultra high energy 
osmi
 rays has a long history. Evenbefore the sour
es were identi�ed, it was assumed that nearby radio galaxies, whi
h
ontain A
tive Gala
ti
 Nu
lei (AGN) were very good a

elerating sites. AGN are super-massive bla
k holes with a mass 6 orders of magnitude larger than the solar mass. Inthe region 
lose to the bla
k hole a big amount of matter is a

reted and parts of itare released in the form of jets. The maximum energy that might be rea
hed in theseastrophysi
al obje
ts is 1021 eV [Bier 87℄. The a

eleration sites for the ultra high energy
osmi
 rays 
an be interpreted as a beam dump: Where the jet hits an intergala
ti
 
loudof matter from galaxies or the region very 
lose to the bla
k hole or even in remnants ofthe fossil jets of old AGNs.2.2 Extensive Air ShowersIn analogy to a �xed-target experiment one 
an 
onsider the atmosphere a
ting as a(inhomogeneous) 
alorimeter and the in
oming 
osmi
 rays as the beam parti
les. Atlarge altitudes the depth of penetration of the �rst intera
tion strongly �u
tuates dueto the low density of the atmosphere. The ele
tromagneti
 
as
ade initiated in the�rst intera
tions from the pion (π±, π0) and kaon (K±,K0) de
ays is important for thedete
tion of the radio emission of 
osmi
 rays.Heitler developed a simple 
as
ading model for the ele
tromagneti
 
omponent (e±and γ parti
les) [Heit 49℄. It des
ribes the main 
hara
teristi
s by the development ofan extensive air shower and is introdu
ed here for simpli�
ation.



6 Chapter 2 High Energy Cosmi
 RaysThe energy of the primary parti
le E0 is larger than the 
riti
al energy Ec, whi
his needed to intera
t with the parti
les in the atmosphere. The basi
 pro
esses arebremsstrahlung and pair produ
tion. Two parti
les always result from one intera
tionand in addition, it is assumed that both parti
les are equal in energy. After a numberof intera
tions n the total number of parti
les 
orresponds to 2n with an energy perparti
le of E0/2
n. One intera
tion o

urs after a splitting length of λ = X0 ln 2, where

X0 is the radiation length for air. The maximum number of intera
tions is proportionalto ln(E/Ec). The air shower develops and rea
hes its maximum at an atmospheri
depth of Xmax = λ log2(E0/Ec) ∝ ln(E0) with the maximal number of parti
les Nmax =
E0/Ec [Stan 04℄.Note: The ele
tromagneti
 radiation length in the air 
orresponds to X0 ≈ 37 g/cm2.At the atmospheri
 depth Xmax the shower development rea
hes a maximum for thenumber of parti
les Nmax and afterwards the number exponentially de
reases due tobremsstrahlung and ionisation loses. The longitudinal shower development 
an be de-s
ribed by the parametrisation by Gaisser-Hillas [Gais 77℄:

N(X) = Nmax · ( X − X0

Xmax − X0

)

Xmax−X0

λ

· exp

(

Xmax − X

λ

)

This parametrisation des
ribes the number of parti
les N in dependen
e on the atmos-pheri
 depth X. The two parameters, Xmax and λ, result from a �t to the shape of theshower front.The distribution in the atmosphere of the se
ondary parti
les form up an extensiveair shower that is des
ribed by three main 
omponents: Ele
tromagneti
 (e+, e− and γ),muoni
 (µ+ and µ−), and hadroni
 (mainly: π±, π◦, n, p, K± and K◦). Ele
tromagneti
parti
les are the most numerous ones and 
arry the main part of the total energy (≈
97%). The remaining energy is shared by the other 
omponents (muoni
 part: ≈ 1.7%).Any air shower that is initiated by an atomi
 nu
lei as the primary parti
le starts fromits hadroni
 
omponent. The hadroni
 
omponent 
onsists of the strong intera
tingparti
les in the air shower, fragments of nu
lei, single nu
leons and mesons, for example.The hadroni
 
omponent 
orresponds to about 1% of all the parti
les arriving on theground. The �rst 
ollision typi
ally produ
es more than �fty se
ondaries, whi
h 
arrymost of the energy in the early shower stage. These parti
les are emitted 
losely tothe original parti
le dire
tion due to high longitudinal momentum. The lateral spreadextends only a few tens of meters around the shower axis at the observation level.The muoni
 
omponent 
onsists of all the muons that are produ
ed during theshower development. Charged mesons, pions or kaons for example, derive from thehadroni
 
omponent and have a short life time. If no intera
tion o

urs during theirpropagation, then they will de
ay to lighter mesons or dire
tly to muons.
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π± → µ± + νµK± → µ± + νµ (BR 64%)

→ π0 + π± (BR 21%)

→ 3π± (BR 5%)

→ π0 + µ± + νµ (BR 3%)

µ± → e± + νe + νµThe life time of relativisti
 muons (τ ≈ 2.2µs) is mu
h longer than the life time of thehadroni
 
omponent and most of the muons rea
h the surfa
e of the Earth (depending onthe zenith angle and the primary energy of the 
osmi
 ray). They 
an lose their energyin several ways: Ionisation, bremsstrahlung, dire
t e± pair produ
tion and photonu
learintera
tions.The ele
tromagneti
 
omponent 
onsists of the lightest parti
les in the shower(ele
trons and positrons) and the photons. The total number of 
harged parti
les isdominated by this 
omponent. The neutral or 
harged mesons, derived from the hadroni

omponent, de
ay by 99% to photons or muons.
π0 → γγ

π± → µ± + νµThe 
harged pions live about 108 times longer than the neutral pions, whi
h might leadto a smaller 
ontribution to the ele
tromagneti
 
omponent. The two resulting energeti
photons from the π0 de
ay 
reate ele
trons (pair produ
tion). These ele
trons generatephotons by bremsstrahlung.
γ → e+e− (pair produ
tion)

e± → e± + γ (bremsstrahlung)A 
as
ade of ele
tromagneti
 parti
les is initiated until the energy falls below a 
riti
alenergy Ec (Heitler model). The 
riti
al energy for the ele
tromagneti
 
omponent inthe air 
orresponds to Ec ≈ 80MeV. Then the energy loss due to ionisation be
omesdominant and no further parti
les are produ
ed. At this stage the 
as
ade starts to dieout and the exponential de
rease takes e�e
t (parametrisation from Gaiser-Hillas).Besides the 
reation and loss of parti
les in the longitudinal dire
tion, the ele
tromag-neti
 
omponent su�ers Coulomb s
attering. The Molière theory des
ribes the laterallyspread out of parti
les and 
ontains the Molière radius Rm as a 
hara
teristi
 quantityof extensive air showers [Moli 47, Moli 48℄.The lateral distribution of ele
trons on the observation level is des
ribed by the NKGfun
tion [Grei 56, Kama 58℄ (named after Nishimura, Kamata, and Greisen) and follows:
ρ(daxis) =

Ne

2π ·R2
m

·
(

daxis
Rm

)s−α

·
(

1 +
daxis
Rm

)s−β

· Γ(β − s)

Γ(s)Γ(β − α · s)



8 Chapter 2 High Energy Cosmi
 RaysThe ele
tron density ρ(daxis) is 
al
ulated from the measured number of ele
trons Neon the observation level and the distan
e to the shower axis daxis. The parameter s (orshower age) is �tted to the lateral parti
le distribution, measured on the ground anddes
ribes the lateral shape, whereas the parameters α and β are used as a normalisationfa
tor.An estimation of the primary energy 
an be performed on the basis of the total parti
lenumber determined by the NKG fun
tion, whereas the primary mass 
an be estimatedfrom the ratio of the measured muon number to the ele
tron number (Nµ/Ne) [Haun 03a℄.2.3 Radio EmissionIn addition to the energy loss of parti
les of the ele
tromagneti
 
omponent, furtherse
ondary e�e
ts are expe
ted from these numerous parti
les in extensive air showers.They ex
ite nitrogen mole
ules in the air by ionisation and thereby lose part of theirenergy. The de-ex
itation of the mole
ules is partly emitted as �uores
en
e light and 
anbe observed with teles
opes on the ground level, as done at the Pierre Auger Observatory[Blue 03, Abra 04℄.Ele
tromagneti
 radiation is emitted when 
harged parti
les pass through an insulatorat a speed greater than the speed of light in that medium, the so-
alled Cherenkovradiation. The refra
tive index of the air nair ≈ 1.000292 (λ = 589nm) is only slightlylarger than the one of the va
uum nva
 = 1. This is a large ba
kground sour
e for�uores
en
e measurements [Nerl 05℄, but it 
ontributes only little to the emission in theradio frequen
y range.It was Askaryan who proposed an e�e
t leading to radio emission in the air andespe
ially in dense media [Aska 62, Aska 65℄. The ele
tromagneti
 
as
ade generates e±pairs by pair produ
tion. The positrons might annihilate with the ele
trons of the airmole
ules. Furthermore, the ele
trons from the air mole
ules might be regenerated andmay 
ontribute to the ele
tromagneti
 
omponent. This leads to a negative 
harge ex
essthat travels faster towards the Earth than the speed of light in the air and additionallyemits Cherenkov radiation. The emission will be 
oherent for wavelengths smaller thanthe shower dis
 thi
kness.Finally, the radio signal 
an be observed on the ground due to the fa
t that theatmosphere is radio transparent. The origin of radiation in the radio frequen
y rangein the air is most likely 
onne
ted to the magneti
 �eld of the Earth and was suggestedas a geomagneti
 produ
tion by Hazen and 
ollaborators [Haze 69℄. The �rst analyti
almodel that took the 
harge ex
ess and the geomagneti
 emission me
hanism into a

ountwas developed by Kahn & Ler
he [Kahn 66℄.2.3.1 Geosyn
hrotron ModelThe magneti
 �eld of the Earth might be approximated as a magneti
 dipole. All theparti
les of an extensive air shower penetrate through this magneti
 �eld ~B with avelo
ity ~v. Parti
les with a 
harge q are de�e
ted due to the Lorentz for
e ~F:
~F = q

(

~v× ~B)
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−→B
Figure 2.2: Positron and ele
tron propagate through the magneti
 �eld ~B of the Earthand are de�e
ted due to the Lorentz for
e. The a

elerated and 
harged parti
les emitele
tromagneti
 radiation (radio frequen
y range) in the dire
tion of motion.The in�uen
e of the Lorentz for
e ~F on the lightest 
harged parti
les is illustrated in�g. 2.2 with a verti
al dire
tion of motion and a magneti
 �eld pointing into the pi
tureplane.Any a

elerated 
harged parti
le (
harge q, mass m, energy E) 
ontributes to ele
-tromagneti
 radiation due to the syn
hrotron radiation. The amount of radiation lossfollows −∆Esyn
 ∝ ( E

mc2

)4 for a 
omplete gyration 
y
le of the parti
le in the magneti
�eld. Thus, only the lightest parti
les (e±) 
ontribute to radio emission. The e�e
t formuons is weaker due to their higher mass 8 orders of magnitude (mµ ≈ 207 ·me). Theele
tromagneti
 radiation is emitted in the radio frequen
y range (for air) and in forwarddire
tion with an emission 
one proportional to the inverse Lorentz fa
tor (∝ γ−1).This syn
hrotron radiation in relation to the geomagneti
 �eld of the Earth is 
alledgeosyn
hrotron radiation.The observation of radio emission from extensive air showers has a number of ad-vantages 
ompared to the established measurement te
hniques, like the observation of�uores
en
e light or the dete
tion of se
ondary parti
les on the ground.The geosyn
hrotron radiation is almost independent of the observing 
onditions, ex-
ept during thunderstorms. The additional ele
tri
 �elds during thunderstorm 
onditionsmight a

elerate or de
elerate the 
harged parti
les and radio emission is ampli�ed orattenuated [Buit 07℄.A mu
h higher duty 
y
le by radio observations is possible due to day and nightmeasurements, whereas opti
al observations are limited by the light of the Sun or theMoon and 
louds. The possible duty 
y
les at the Pierre Auger Observatory and duringthe LOPES experiment are larger than 95%.The atmosphere of the Earth is almost transparent for radiation in the radio frequen
ydomain and the emission of extensive air showers is not attenuated. Thus, radio emission
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Figure 2.3: Monte Carlo simulated �eld strength |Eω| in the frequen
y domain for averti
al shower with a primary energy of 1017 eV. The shown distan
es 
orrespond todi�erent observation distan
es to the shower axis by moving to the north. The steep fallo� (double logarithmi
 s
ale) levels o� numeri
al noise at large frequen
ies [Hueg 07℄.from highly in
lined air showers is observed, whereas the se
ondary parti
les have almostdied out on the ground level [Petr 07℄. Su
h investigations might help to study highlyin
lined air showers and air showers that are indu
ed by high energy neutrinos.2.3.2 Monte Carlo SimulationsFal
ke & Gorham developed a 
omplete model to des
ribe the radio emission in the
ontext of the geomagneti
 �eld [Fal
 03℄. Analyti
al approa
hes are available to des
ribethe shower evolution in relation to its atmospheri
 depth. The 
ombination of theseapproa
hes with Monte Carlo simulations allows to parametrise the radio emission ofextensive air showers as given in eq. 2.1 [Hueg 05a, Hueg 05b℄.
|E(r, ϕ0, Ep,Xmax)| =fE0

(

Ep

1017 eV

)0.96

· exp

(

−200m · (α(Xmax − 1) + l(r, ϕ0)

α(Xmax) · lθ )

· exp

(

−
f

MHz − 10

47.96 · exp (−l(r, ϕ0))

) (2.1)This parametrisation in
ludes a 
hange of the s
ale fa
tor lθ with respe
t to the showermaximum Xmax expressed as the ratio α(Xmax) = lθ(Xmax)/lθ(631 g/cm2). The s
ale
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Figure 2.4: The simulated �eld strength in the time domain of the same simulated showerevent as shown in �g. 2.3. The illustrated pulses are s
aled for a better 
omparison andrepresent di�erent distan
es to the shower axis by moving to the north [Hueg 07℄.parameter l(r, ϕ) = r
√

1 − cos2(ϕ0 − ϕ) sin2 θ is the transformation from the ground-based to the shower-based 
oordinate system. Here ϕ and θ spe
ify the shower azimuthand zenith angle, r 
orresponds to the observer distan
e from the shower 
entre and ϕ0
orresponds to the azimuth angle of the observer. The ele
tri
 �eld strength of eq. 2.1
an be approximated as linear in relation to the energy Ep of the primary parti
le andfollows a power law relation with an index of κ ≈ 0.8 − 1.0 due to the position of theobserver in relation to the shower 
ore.The exa
t shower evolution of the ele
trons and positrons is provided by the air showersimulation pa
kage CORSIKA [He
k 98℄ and plays an important role for sophisti
atedMonte Carlo simulations. The lateral distribution of the parti
les, the shower-to-shower�u
tuations, the energy 
ontent as well as the parti
le 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 thedi�eren
es between the simulated data and the measured data and were able to verifythe geosyn
hrotron model. Su
h a simulated shower event is illustrated in the frequen
ydomain in �g. 2.3 as well as in the time domain in �g. 2.4. These data are based onproton indu
ed air showers with an energy of E = 1017 eV. The zenith and azimuthangles are θ = 30◦ and ϕ = 180◦ (north dire
tion). The shown distan
es to the showeraxis result from a movement of the observer towards the north.The introdu
ed Monte Carlo simulation based on CORSIKA might be regarded as anapproa
h in a mi
ros
opi
 way of modelling the radio emission in extensive air showersand is being studied by Kalmykov and 
ollaborators as well [Kalm 06℄. A ma
ros
opi
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 Rayspoint of view, the magneti
 �eld of the Earth indu
es a net ele
tri
 
urrent in the ele
tron-positron plasma of the ele
tromagneti
 
omponent by de�e
ting the lightest 
hargedparti
les (Lorentz for
e) in opposite dire
tions, is being investigated as well [S
ho 08℄.The 
al
ulated pulses have a small negative pulse shape in this ma
ros
opi
 model,whi
h is negle
ted in the Monte Carlo simulations, but is now being 
onsidered [Hueg 08℄.Sin
e all the Monte Carlo studies are still under development, a experimentally veri�
a-tion of the di�erent approa
hes has to be performed with re
ent and future experiments.2.3.3 Past and Re
ent ExperimentsThe experimental veri�
ation started in the 1960s after the predi
tions ofAskaryan [Aska 62, Aska 65℄. The �rst dis
overy of radio pulses in 
orrelation with 
os-mi
 ray air showers at a frequen
y of f = 44MHz and a bandwidth of ∆f = 2.75MHz isrelated to Jelly and 
ollaborators [Jell 65℄. In the following years emission from 2MHzup to 520MHz was found. The experimental and theoreti
al results were summarised ina detailed review by Allan [Alla 71℄.A parametrisation results from this review, whi
h is determined by the measurementsof the radio emission 
ombined with the theoreti
al expe
tations at this time as givenin eq. 2.2.
ǫf = 20 ·

(

Ep

1017 eV

)

· sin α · cos θ · exp

(

− daxis
d0(f, θ)

) [

µV

m ·MHz

] (2.2)Where Ep is the energy of the primary parti
le, α the angle between the shower axisand the geomagneti
 �eld lines (geomagneti
 angle), θ is the zenith angle and daxis
orresponds to the distan
e between the antenna and the shower axis (referen
e frameof the shower). The s
ale parameter d0 was determined at about 110m at f = 55MHz
onsidering θ < 35◦.The histori
al experiments were limited by the existing te
hnology. Measurementswith a very small bandwidth of a few MHz were performed and no digital ele
troni
sfor data storing or su�
ient trigger 
on
epts were available. Improvements by otherdete
tion te
hniques (e.g. s
intillator and �uores
en
e) had the 
onsequen
e of stoppingfurther experimental investigations on radio emission of extensive air showers.In fa
t, if a 
oin
iden
e of several parti
le dete
tors was dete
ted an analogue triggertook a pi
ture of the s
reen of an os
illos
ope. These photographs were used to analysethe observed radio emission. The re
eived amount of ba
kground (mono-frequent andtransient signals) 
ould not be suppressed by digital tools and lowered the quality ofthe data. Measurements were often only done at night when 
ommer
ial TV and radiostations were turned o� [Week 01℄.The �eld of radio emission from 
osmi
 ray air showers revived with the te
hni
aland theoreti
al improvements. Sin
e the work of Fal
ke & Gorham [Fal
 03℄ many newexperiments have been installed to observe the geosyn
hrotron radiation. These exper-iments follow new approa
hes with digital ele
troni
s state-of-the-art, for example theCODALEMA experiment [Ardo 05℄ and the LOPES experiment with its di�erent 
on-�gurations like LOPES10 [Horn 06℄, LOPES30 [Nehl 08a℄ as well as LOPESSTAR [thisthesis℄.The LOPES experiment measures the radio emission of 
osmi
 ray air showers(Ep < 1018 eV) in 
oin
iden
e with the well-established extensive air shower experi-



2.3 Radio Emission 13ment KASCADE and KASCADE-Grande, respe
tively [Anto 03, Nava 04℄. The proof-of-prin
iple with this kind of dete
tion te
hnique was shown [Fal
 05℄. A parametrisa-tion of the radio pulse height ǫest of the signal measured in the east-west polarisation(40 − 80MHz) as a fun
tion of the geometry of the air shower and the energy of theprimary parti
le Ep, simular to eq. 2.2, was investigated and is given in eq. 2.3 [Horn 06℄.
ǫest =(11 ± 1) · ((1.16 ± 0.03) − cos α) · cos θ

· exp

(

− daxis
(236 ± 81)m

)

·
(

Ep

1017 eV

)(0.95±0.04) [
µV

m ·MHz

] (2.3)A 
omparison of eq. 2.2 with eq. 2.3 points out several di�eren
es, e.g. the resultings
ale parameter d0 = (236 ± 81)m di�ers by a fa
tor of 2, whereas the parametrisationof the geomagneti
 angle α follows di�erent approa
hes. A more detailed dis
ussionabout the parametrisation of the measured �eld strength of the past experiments andthe results from the LOPESSTAR experiment is presented in the analysis 
hapter 6.So far the 
omparison of theories and experimental results are not 
omplete nor fullyunderstood. A larger antenna array with good 
alibration, re�ned analysis of the data,and su�
ient self-trigger system to suppress transient signals and radio interferen
es(e.g. TV transmitters) is ne
essary. LOPESSTAR, as des
ribed in the next 
hapter, is amain building blo
k on this path.



 



Chapter 3LOPESSTAR3.1 Introdu
tionThe LOfar PrototypE Station (LOPES) is installed on the site of the Fors
hungszentrumKarlsruhe to re
ord radio emission emitted by Cosmi
 Rays (CRs). The measurementsare performed in 
oin
iden
e with the well-established extensive air shower experimentKASCADE-Grande. In a �rst step 10 and later additional 20 short dipole antennas withan inverted V-shape (LOPES30) were installed to observe the east-west polarised 
om-ponent of the ele
tri
 �eld and are externally triggered by KASCADE-Grande [Horn 06℄.Later a rearrangement of the LOPES30 antennas was performed to be able to measurethe north-south & east-west polarised 
omponent of the ele
tri
 �eld with at least 15 an-tennas. The LOPES30 
on�guration is set up within the KASCADE-Array, whi
h limitsthe signal quality due to the emitted ele
tromagneti
 noise of the parti
le dete
tors.The LOPES Self Triggered Array of Radio dete
tors (LOPESSTAR) is the enhan
e-ment of LOPES30 to optimise dete
tion te
hniques for radio emission of high energy
osmi
 rays, in parti
ular to provide a self-trigger system [Gemm 06℄. In addition, it isa prototype dete
tor for large-s
ale arrays, like the Pierre Auger Observatory.Based on theory and simulations 
osmi
 ray parti
le produ
es a broadband signal inthe range of a few MHz up to over 100MHz. The LOPESSTAR experiment re
ords afrequen
y band from 40−80MHz with an array of 10 antennas for the north-south & east-west polarised 
omponents. The measured signals are 
onvoluted with the 
hara
teristi
sof the ele
troni
s used. A re
onstru
tion of the spe
trum is only possible within theobserved frequen
y range.This 
hapter des
ribes the dete
tor layout and 
on�guration as well as all the 
ompo-nents of the signal 
hain. Furthermore, an overview of the KASCADE-Grande experi-ment is given, the external trigger used is des
ribed, and the developed and optimiseddigital methods for the data analysis of LOPESSTAR are presented.3.2 Dete
tor Layout3.2.1 Fors
hungszentrum KarlsruheLOPESSTAR is installed inside the area of the KASCADE-Grande experiment (see�g. 3.1) so that the radio ba
kground generated by the parti
le dete
tors (KASCADE-Array) is not measured. Ea
h marked position (red triangle) 
orresponds to one antennameasuring east-west and north-south polarisation. The 10 antennas are arranged in three
lusters. Two 
lusters (D17 and D30) 
onsist of four antennas and one 
luster (D19)
onsists of two antennas. The name 
onvention of the 
lusters is simply given by the
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Figure 3.1: Layout of the 
osmi
 ray experiments KASCADE-Grande (Array, Grande,and Pi

olo), the radio dete
tor LOPES30 as well as LOPESSTAR (red triangle), andthe external radio trigger 
onstraint (7-out-of-7-
oin
iden
e) from KASCADE-Grande(dashed bla
k line).identi�
ation number of the nearby KASCADE-Grande station, whi
h is also the housingof the Data A
Quisition (DAQ) system.The antenna positions in 
luster D17 and D30 are part of a vertex of an equilateraltriangle (see �g. 3.1 & 3.2 and table 3.1). The 
hosen geometry is part of the self-trigger
on
ept with a baseline b of bD17 = 70m and bD30 = 65m. By evaluating the timingof signals in ea
h antenna a 
oin
iden
e 
onstraint 
an be performed as well as a fastestimation of the arrival dire
tion.The name 
onvention for the LOPESSTAR antennas in ea
h 
luster (see table 3.1) isde�ned by their azimuth ϕ orientation in degrees (
lo
kwise, north: ϕ = 0◦ ), ex
ept the
entred antenna (CTR) next to the DAQ system.These 10 antennas measure absolutely 
alibrated the north-south & east-west polarised
omponent of the radio emission of 
osmi
 ray air showers if an external trigger signalis given by the KASCADE-Grande experiment. The provided trigger 
orresponds to anenergy threshold of about 1016 eV of the primary parti
le. It is expe
ted to dete
t 
lear



3.2 Dete
tor Layout 17x / m ∆x/m y / m ∆y/m z / m ∆z/mD17 � CTR 43.764 0.004 -284.214 0.006 126.803 0.006D17 � 060 106.322 0.019 -248.751 0.014 126.235 0.024D17 � 120 107.956 0.036 -319.652 0.019 127.982 0.027D17 � 180 43.488 0.075 -356.203 0.065 126.878 0.076D30 � CTR -191.754 0.014 -469.506 0.017 126.826 0.018D30 � 240 -233.720 0.024 -495.219 0.019 128.327 0.020D30 � 300 -233.634 0.021 -444.444 0.019 127.604 0.022D30 � 360 -191.601 0.017 -419.977 0.019 127.218 0.018D19 � CTR -192.121 0.014 -271.226 0.023 127.298 0.024D19 � 030 -164.956 0.023 -219.832 0.024 128.010 0.035Table 3.1: The geometri
al position and their un
ertainty of the LOPESSTAR antennasin relation to the referen
e frame of KASCADE-Grande and the z 
oordinate in relationto sea level.radio pulses in the time domain at an energy of the primary parti
le of E > 1017.5 eVfor the LOPESSTAR 
on�guration (LPDA and ele
troni
s) [Krom 08℄. Thus, most ofthe re
orded data will show no signal of the radio emission but they are used to developmethods to redu
e ba
kground signals.Antenna PositionsThe positions of the LOPESSTAR antennas were determined with a Di�erential GlobalPosition System (DPGS) and transformed to the referen
e frame of KASCADE-Grande.One of the two hand-held units (type: ProMark2, Magellan) was mounted at the 21thLOPES30 antenna [Hake 06℄. The positions of the antennas were measured in relation tothis well-known referen
e point with the se
ond hand-held unit. The 
ommer
ial analysissoftware (Ashte
h Solutions, version 2.6, Magellan) determined the positions of the an-tennas and their un
ertainties. The listed values in table 3.1 are already transformed tothe referen
e frame of KASCADE-Grande. The positioning un
ertainties are negle
tedin the following error propagations with respe
t to the obvious higher un
ertainties ofre
onstru
ted quantities (e.g. position of the shower 
ore: ∆x ≈ ∆y ≈ 7m [Coss 08℄).The orientation of the measured polarisation 
omponents are aligned with the 
orre-sponding point of the 
ompass in the north-south and in the east-west dire
tion.3.2.2 External Trigger Sour
eA 
onvenient way to start developing a self-trigger system, is the usage of a well-de�nedexternal trigger based on parti
le dete
tors. KASCADE-Grande provides su
h an ex-ternal trigger sour
e in the framework of the LOPESSTAR experiment with an energythreshold of about 1016 eV. If seven KASCADE-Grande stations (
luster 13 � see below)have a trigger in ea
h station within a de�ned 
oin
iden
e time window, a trigger signalis sent to all 10 LPDAs. The dashed bla
k line in �gure 3.1 marks six of the spe
i�edseven KASCADE-Grande stations. An additional one is pla
ed in the middle of this
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Figure 3.2: Part of the antenna 
luster D30. The triangular stru
ture of the antennapositions and the north-south & east-west polarisation are 
learly visible.hexagon. A well-de�ned data set results from these measurements in 
ombination withthe results of the re
onstru
tion from KASCADE-Grande.KASCADE-GrandeAn introdu
tion to the KArlsruher Shower Core and Array DEte
tor (KASCADE) isgiven in the referen
es [Anto 03, Nava 04℄.KASCADE-Grande is an extensive air shower experiment to study 
osmi
 rays in theprimary energy range of 1016−1018 eV. It is lo
ated at the Fors
hungszentrum Karlsruhe,
110m above sea level (49◦N, 8◦S), and 
onsists of the KASCADE experiment (with theField Array and the Muon Tra
king Dete
tor), the Grande array and the Pi

olo array(see �g. 3.1).KASCADE-Array The KASCADE-Array 
overs 200 × 200m2 and is 
omposed of 252stations with a grid spa
ing of 13m. In ea
h station, four e/γ dete
tors (respe
tivelytwo in the outer stations) are positioned on a lead/iron plate (10 cm Pb and 4 cm Fe),
orresponding to 20 radiation lengths and resulting in an energy threshold for verti
almuons of 230MeV in the µ dete
tor below the plates. The stations are organised in 16
lusters of 16 stations ea
h (ex
ept the four inner ones 
onsisting of 15), whereas theinner 
lusters have no µ dete
tors. A detailed des
ription of all the dete
tor 
omponents,their energy dependent thresholds and un
ertainties is given in [Anto 03℄.



3.2 Dete
tor Layout 19Grande-Array The Grande-Array dete
tors have been obtained by re-assembling theele
tromagneti
 dete
tors of the former EAS-TOP experiment [Agli 93℄. The Grandearray 
onsists of 37 stations ea
h of 10m2 of plasti
 s
intillators over a surfa
e of 700 ×
700m2. The dete
tors form a triangular grid with an average spa
ing of 137m. A partof the Grande array overlaps with the KASCADE-Array. Five 700m 
ables 
onne
t ea
hof the stations with the 
entral DAQ of KASCADE-Grande [Pier 07℄.Grande Trigger The 37 Grande stations are organised in 18 trigger 
lusters of 7 stationsea
h, with 6 forming a hexagon and 1 
entral station. Several trigger 
onstraints for ea
htrigger 
luster are de�ned: 4-out-of-7-
oin
iden
e (4/7) and 7-out-of-7-
oin
iden
e (7/7).A mean trigger rate of f ≈ 5Hz (4/7) and f ≈ 0.05Hz (7/7) is obtained. The Grandetrigger de
isions are made in the 
entral DAQ, where all the signal 
ables arrive.The e�
ien
ies of di�erent trigger 
onditions have been studied by averaging overvarious simulations of the experiment [Haun 03b℄. For this purpose, air showers indu
edby di�erent primaries (proton and iron) and at di�erent energies as well as the experimentresponse have been simulated (the dete
tor and the di�erent trigger 
onditions). The7/7 trigger 
ondition rea
hes full e�
ien
y at about 1016 eV.The operating experien
e of the KASCADE-Grande 
ollaboration has shown thatthe event re
onstru
tion is reliable, if the 7/7 
luster 13 trigger is a
tive. Due to thisexperien
e and the 
lose lo
ation to all the LOPESSTAR antennas the 
luster 13 triggerwas 
hosen as an external trigger sour
e.The antenna �eld D19 and D30 re
eive the trigger signal via a 70m 
able (type RG58).The trigger signal for D17 is transmitted via an opti
al �bre (λ = 820nm) with respe
tto the distan
e (≈ 200m) to the Grande DAQ.Referen
e Frame The referen
e frame for the ground 
oordinates is lo
ated in the
entre of the KASCADE array inside the Fors
hungszentrum Karlsruhe (110 meter abovesea level, latitude: 49◦ north, longitude: 8◦ east). The azimuth angle ϕ is 
ounted
lo
kwise (north: ϕ = 0◦) and the y-axis is rotated 15◦ 
lo
kwise with respe
t to thenorth [Pier 07℄. The zenith angle θ is zero for verti
al in
oming parti
les and θ = 90◦
orresponds to a horizontal arrival dire
tion.The listed geometri
al positions of all the LOPESSTAR antennas in table 3.1 are givenin this referen
e frame.Shower Re
onstru
tion from KASCADE-Grande The KASCADE 
ollaboration pro-vides its re
onstru
tion results for the LOPES 
ollaboration to investigate 
orrelationsbetween the measured radio signals and the dete
ted shower quantities based on parti
lemeasurements. The re
onstru
tion from KASCADE-Grande is 
al
ulated with KRETA(Kas
ade Re
onstru
tion for ExTensive Air showers).The results from the third re
onstru
tion level from KRETA (version V11702) areused for the present studies.3.2.3 Pierre Auger ObservatoryThe future development of the radio dete
tion te
hnique aims at setting up an indepen-dent radio dete
tor in the framework of the Pierre Auger Observatory [Blue 03, Abra 04℄.The key feature of the observatory is its hybrid dete
tion te
hnique. On the one hand
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en
e light of ex
ited nitrogen is dete
ted with 24 opti
al teles
opes (FD)positioned on the boundary of a 3000 km2 array. On the other hand se
ondary parti
lesare measured on the ground with water Cherenkov tanks (SD) spa
ed by a distan
e of
1.5 km. The whole experiment is lo
ated in the southern hemisphere in Argentina nearthe town of Malargüe (provin
e of Mendoza). The Pierre Auger Observatory rea
hes fulle�
ien
y at primary parti
les energy of E ≈ 1018 eV and is able to observe parti
les upto the highest energies above 1020 eV.Improving the radio dete
tion te
hnique requires boundary 
onditions in parti
ulara

essibility and availability of established 
osmi
 ray experiments. The KASCADE-Grande experiment is 
onvenient to a

ess, but the energy range is limited toE ≤ 1018 eVdue to the instrumented area. In 
ontrast, the Pierre Auger Observatory is far away,expensive to a

ess, but provides a higher energy threshold of 1018 eV.The 
onsequen
e is the following strategy: The prototype dete
tor LOPESSTAR isdeveloped, set up, and veri�ed in 
oin
iden
e with KASCADE-Grande, whi
h is 
onve-nient to a

ess on the site of the Fors
hungszentrum Karlsruhe. The obtained resultsare 
ombined with results from other investigations of the radio te
hnique to instrumentan area of about 20 km2 within the Pierre Auger Observatory.In a �rst step a dete
tor system simular to the one at the Fors
hungszentrum Karlsruhewas installed within the SD array (antenna 
luster D42) of the Pierre Auger Observatory.Ea
h of the three antennas measure the north-south & east-west polarised 
omponent ofthe ele
tri
 �eld strength. In a �rst data taking period, the ba
kground was measured to
ompare interferen
es of the di�erent environments and the robustness of the equipmentwas tested (see 
hapter 5).3.3 Signal ChainThe signal 
hain 
onsists of all the ele
troni
 
omponents used by the re
eiving partof the system up to the storage of the raw data. This se
tion des
ribes the 
ompleteLOPESSTAR 
on�guration. A more detailed dis
ussion about the spe
tral 
hara
teristi
sof the 
omponents will be given when the 
alibration is des
ribed (see 
hapter 4).3.3.1 Logarithmi
-Periodi
 Dipole AntennaThe Logarithmi
-Periodi
 Dipole Antenna (LPDA) was 
hosen to measure one polarisa-tion (north-south or east-west) of the ele
tri
 �eld. This antenna type �ts the require-ments of radio dete
tion of high energy 
osmi
 rays [Krom 08℄.The main 
hara
teristi
 of the LPDA is des
ribed by its dire
tion sensitivity. Forlow zenith angles θ < 60◦ the antenna gain is about 3.5 dBi, whereas for θ > 60◦ thesignal is strongly suppressed. The interferen
es from surrounding buildings and ma
hines
ompli
ate the dete
tion of radio emission from zenith angles θ > 60◦. The major part ofthe man-made ba
kground signals rea
hes the dete
tor horizontally and is suppressed bythe LPDA in an early stage of data pro
essing. The arriving dire
tion of radio emissionof CR parti
les are randomly distributed over the sky. Radio emission of highly in
linedair showers is easy to dete
t due to the low attenuation of the atmosphere of the Earthin the radio frequen
y range but is suppressed by the dire
tion sensitivity of this typeof antenna.
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Figure 3.3: Blo
k diagram of the signal 
hain for ea
h antenna 
luster. An externaltrigger signal from KASCADE-Grande is used.The LPDA has a real impedan
e at the signal output, whi
h is an important detailfor an absolute 
alibration. An additional bene�t of the 
hosen geometry of the LPDAis its �rst order band-pass �lter (f ≈ 30− 90MHz), due to the length of the dipole arms(antenna geometry).Two LPDAs are 
ombined by rotating one LPDA by 90◦ and �xing both in the 
entre.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 offour LPDAs of 
luster D30 are seen in photography 3.2.3.3.2 Analogue Ele
troni
sThe signal of ea
h 
hannel is raised by a fa
tor of aLNA ≈ 22 dB by a Low Noise pre-Ampli�er (LNA). After transmission via a 100m 
able (type RG213) the signal is at-tenuated by the 
able by aRG213 ≈ −5 dB. The following 40 − 80MHz band-pass �lter(32nd order) re-ampli�es the signal by aband-pass ≈ 37 dB. The LNA and band-pass �lterare developed for the requirements of LOPESSTAR [Krom 08℄.The Radio Frequent (RF) signal is digitised by a 12 bit Analogue Digital Converter(ADC) with a sampling frequen
y of 80MHz (type SIS3300, Stru
k GmbH). The digi-tised data is then transferred via an opti
al �bre to a VME-PCI bus interfa
e (typeSIS1100/3100, Stru
k GmbH) to a standard Personal Computer (PC). The en
losure forthe band-pass �lter, the ADC with the sampling 
lo
k, and the 
ommuni
ation boardis provided by a standard VME-Crate1. The blo
k diagram in �gure 3.3 illustrates thesignal 
hain.1Versa Module Europa
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troni
sThe LOPESSTAR ele
troni
s ful�ls the 
onstraints of sub-sampling in the se
ond Nyquistzone [Nyqu 02℄. The upper band-pass limit of 80MHz is twi
e the lower band-pass limitof 40MHz. Thus, the digitisation of a 40MHz bandwidth signal with 80MHz 
ontainsthe full information of the band limited signal.The resulting sub-sampled data are stored in a 128 kB ring bu�er. The raw dataare stored within a PostGreSql data base together with a timestamp from the GlobalPosition System (GPS) 
lo
k (type GPS167LCD-MP, Mainberg), if a trigger2 o

urs.The timestamp is spe
i�ed by the manufa
turer with an a

ura
y of ∆t = 100ns andis re
orded for a 
ombined re
onstru
tion of the data of all the 
lusters and for event
orrelation with KASCADE-Grande. Raw data are stored on a 
entral RAID3-5 storagevia the Lo
al Area Network (LAN). Due to the usage of a 
entral data base server, a
ommon software interfa
e to read and write data in parallel and 
onsistently has been
reated (see �g. 3.3).3.4 Digital Data AnalysisThe raw data are re
orded in a de�ned time window of ∆t = 25.6µs. The 
ontainedtime information of the radio emission is limited by the observed bandwidth.The 
hallenge of a digital data analysis is to de
onvolve, 
alibrate and re
onstru
t themeasured signals. The fun
tionality of the analysis methods, as des
ribed in the follow-ing, are summarised in the software pa
kage star-tools and developed in the frameworkof this thesis.Methods and algorithms developed are meanwhile standard tools for the data analysisin the LOPES 
ollaboration and 
an be summarised as follows:Fast Fourier Transform The fast Fourier transform determines the spe
trum of the am-plitude and phase distribution and reverse.Up-Sampling The up-sampling algorithm in
reases the sampling frequen
y arti�
iallyby a given fa
tor. This method does not 
orrespond to an interpolation of the timesamples, but uses the known frequen
y limits of sampling.Envelope Cal
ulation The 
al
ulation of the envelope signal of radio frequent data is animportant method in the 
ontext of the self-trigger system to 
ompare the signalwith a threshold or to de�ne pulse parameters.Suppression of Radio Frequen
y Interferen
es Radio frequen
y interferen
es arepresent all the time and measured by the system. Mono-frequent ba
kgroundsignals 
an be su�
iently suppressed by this algorithm.Observed Time Window The amount of observed time samples 
orresponds to a timeperiod (sampling frequen
y of 80MHz) and to a frequen
y resolution of the am-2In this 
ase the external trigger from KASCADE-Grande is used. Additionally, any other triggersour
e might be used (e.g. signal generator).3Redundant Array of Independent Disks; Version 5: All the stored data is redundant to failure of onehard dis
, after hot-swap normal operation is resumed.
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trum. The optimal length is an important fa
tor for thesuppression of radio frequen
y interferen
es.3.4.1 Fast Fourier TransformEa
h antenna observes a 40−80MHz band limited signal, whi
h is digitised by a samplingrate of 80MHz in the time domain. To analyse the 
hara
teristi
s of the radio emissionin the frequen
y domain a Fourier transformation has to be performed. Therefore, theopen sour
e and optimised algorithm FFTW4 (version 3) was 
hosen to 
al
ulate theFast Fourier Transform (FFT) [Frig 05℄.The implementation of the FFT and the inverse FFT methods ful�l Plan
herel's the-orem. The theorem predi
ts that the energy of the signal in the Fourier domain isidenti
al to the energy in the time domain, if formula 3.1 is 
onserved. This is an im-portant detail for algorithms whi
h manipulate the signal in the frequen
y domain, likeba
kground reje
tion or 
alibration.
∞
∫

−∞

|f(t)|2 dt =

∞
∫

−∞

|F (ω)|2 dω (3.1)The 
ommon 
hallenge by applying an FFT is to redu
e the in�uen
e of the points ofdis
ontinuity, due to the FFT requirement of in�nitely long time samples. The time dataare put together periodi
ally. The points of dis
ontinuity appear by 
rossing the lastsample and the �rst one. The so-
alled leakage e�e
t results in non-zero values of cos(ωt)after its Fourier transform at frequen
ies other than ω. The solution is to multiply awell-de�ned window fun
tion w(t) by the time data s(t) to a
hieve a periodi
 fun
tion.The amplitude distribution H(f) is a 
onvolution of the transformed time data S(f)with the transformed window fun
tion W (f).
h(t) = s(t) ·w(t)

FFT
=⇒ H(f) = S(f) ⊗ W (f) (3.2)Various window fun
tions, like Hamming-, Hann- or Cosine-Window, are investigatedand their e�e
ts are summarised and des
ribed by Nuttall [Nutt 81℄. The most simplewindow fun
tion is a re
tangular fun
tion with w(t) = 1. Its Fourier transform is

W (f) = sin(x)
x = sin
(x) and in�uen
es the data strongly. The other window fun
tionsmentioned are established by working with narrow bandwidth signals and manipulateall the time samples. It is not 
onvenient to manipulate all the samples of broadbandsignals (∆fSTAR = 40 MHz), be
ause the in�uen
e on the periodi
 
hara
ter of the signalis mainly dominated by the samples at the boundaries of the time data. All the timedata used in the present studies are Fourier transformed by using a Gaussian windowfun
tion with a standard deviation of σ = 2.5 (mean value = 0). Half of the Gaussianfun
tion is multiplied by the data at the beginning and at the end, whereas the 
entralpart stays the same.3.4.2 Up-SamplingAll the information of a band limited signal is 
ontained with a sampling frequen
y higherthan twi
e the highest frequen
y of interest, the so-
alled sub-sampling in the se
ond4Fastest Fourier Transform in the West
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Figure 3.4: Raw sub-sampled data points disposed by up-sampled data (by fa
tor z = 8)in the frequen
y domain. All the data points shown are linked by a straight line.Nyquist Zone [Nyqu 02℄. But one has to preserve boundary 
onditions: The upper bandlimit has to be twi
e the lower band limit. Therefore, a sampling rate of twi
e the upperband limit is su�
ient to keep all the information of the signal. The band-pass �lter ofLOPESSTAR from 40 − 80 MHz and the ADC sampling rate of 80MHz used ful�l thesesub-sampling requirements.The advantage of sub-sampling is given by the redu
tion of the ne
essary amount ofstorage for the raw data, as well as the possibility to use ele
troni
s with low power
onsumption, due to the lower sampling frequen
y. Often, the digital data in the timedomain is approximated by linear interpolation or a histogram. But espe
ially in the 
aseof sub-sampled data an up-sampling is ne
essary by a fa
tor z = 2 to 4. Up-sampling by
z = 2 
orresponds to doubling the sampling rate and ful�ls the well-established samplingtheorem of Shannon [Shan 98℄. The 
lassi
al way of sampling data is performed by usinga sampling frequen
y twi
e the size of the highest frequen
y of interest (160MHz in the
ase of LOPESSTAR).The up-sampling 
an be performed in the time or frequen
y domain. Both methodslead to an in
rease of the bandwidth and are des
ribed in the following.time domain Up-sampling by z 
orresponds to set z − 1 zero values between ea
h datapoint. The new data are 
onvoluted with a low pass �lter. The 
riti
al frequen
y

flow pass of the �lter is a fun
tion of z and results in flow pass = fup · z, with theupper band-pass frequen
y fup.frequen
y domain Ea
h amplitude and phase spe
tra 
ontain n
2 entries for symmetri
reasons of the FFT. Up-sampling by z > 0 is realised by setting n

2 zero values inone blo
k next to lower band-pass limit flow. Additional (z − 2) · n
2 zeros in one
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Figure 3.5: Di�erent methods to 
al
ulate an envelope signal: Filter I, Filter II, andHilbert method. The absolute values of the up-sampled Radio Frequent (RF) data aregiven by the solid bla
k line.blo
k are put next to fup. The inverse FFT results dire
tly in the up-sampleddata. The frequen
y domain method is used in the following.The a

ura
y of the up-sampling is only limited by the band-pass used in the ana-logue signal 
hain. If this �lter does not ful�l the sub-sampling 
onstraints, additionalfrequen
y 
omponents are 
onvoluted into the frequen
y band of interest, manipulatethe original data and limit the total a

ura
y of this method.An example of up-sampling in the frequen
y domain is illustrated in �gure 3.4. Ea
hsub-sampled data point overlays with one point of the up-sampled data. One 
an noti
eas well that the original tra
e has an in�exion point between ea
h sub-sampled datapoint. The dot-dashed bla
k line is given by the sub-sampled data points 
onne
ted bya straight line � what the human brain does obviously. On the other hand the solid red
urve 
orresponds to up-sampled data points 
onne
ted by a straight line, as well. Onlythe up-sampled data des
ribe the real behaviour of the data in the time domain.3.4.3 Envelope Cal
ulationThe re
orded RF signal 
orresponds to the �lter response fun
tion of the band-pass�lter used. The geosyn
hrotron model predi
ts pulses with a length of about 10−100 ns.Interferen
es of the same time length or even longer are present, depending on the spe
i�
ba
kground sour
es whi
h in�uen
e the antenna 
luster. Due to the fa
t that theseba
kground signals are broadband, a reje
tion 
an only be performed in the time domainby 
hara
terising the RF data. The envelope signal is used for that parametrisation.Di�erent methods 
an be used to evaluate the envelope signal in software based onup-sampled data. Three typi
al methods are dis
ussed here and illustrated in �g. 3.5.
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Figure 3.6: Amplitude distribution of the raw spe
trum (dashed red line), the Cut O�method (solid bla
k line), and the Median method (dot-dashed red line) to suppressRadio Frequen
y Interferen
es (RFI).From the engineering point of view the RF data have to be squared and �ltered by alow pass �lter (e.g. LOPESSTAR flow = 40MHz) � Filter II method.Squaring in the time domain 
orresponds to a 
onvolution of the signal with itself inthe frequen
y domain. The demodulation of modulated 
arrier signals in the observedbandwidth 
an partly be suppressed by applying a high pass �lter of fhigh ≈ 500 kHzin addition. The appearing 
ross demodulations of the 
onvolution are not 
ompletelysuppressed � Filter I method.Another method of 
al
ulating an envelope is given by using the Hilbert transforma-tion [Bra
 00℄ � Hilbert method. The Hilbert transform H o

urs in pra
ti
e as theimaginary part sℑ(t) = H{sℜ(t)} of measured data sℜ(t). After FFT the phases aremanipulated. The negative frequen
y 
omponents are shifted by +90◦ and the positivefrequen
y 
omponents are shifted by −90◦. Afterwards the phase distribution is mul-tiplied by i. This has the e�e
t of restoring the positive frequen
y 
omponents whileshifting the negative frequen
y ones by additional +90◦, whi
h results in their negation.The envelope 
al
ulation senv(t) follows equation 3.3.
senv(t) =

√

(sℜ(t))2 · (H{sℜ(t)})2 =

√

(sℜ(t))2 · (sℑ(t))2 (3.3)A 
omparison of the des
ribed methods is shown in �g. 3.5. It illustrates the Filter IIand the Hilbert methods des
ribe the RF signal well, whereas the Filter I method, withthe additional high pass �lter, modi�es the signal, as expe
ted. In the present studiesthe more pre
ise and analyti
al de�ned Hilbert method is used to 
al
ulate an envelope.
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Figure 3.7: Comparison of the Median method (snrMedian method) with the Cut O�method (snrCut O� method). The signal-to-noise ratios (snr) are 
al
ulated on the basisof the samples (snr ∝ voltage).3.4.4 Suppression of Radio Frequen
y Interferen
eTwo main 
lasses of ba
kground signals have to be distinguished. First, there are broad-band interferen
es, whi
h result in sharp peaks in the time domain. Reje
tion andsuppression of su
h transient signals need a 
hara
terisation of the timing signal 
om-bined with a statisti
al analysis. And se
ond, there are mono frequent sour
es (e.g. radioor TV transmitters), whi
h show narrow peaks in the frequen
y domain. These RadioFrequen
y Interferen
es (RFI) 
orrespond to a noise �oor in the time domain. One ob-viously has to manipulate the amplitude distribution and leave the phase untou
hed tosuppress RFI.Two methods of suppression are dis
ussed here and are shown in �g. 3.6 and 3.7. Astraightforward approa
h is to de�ne a dynami
 threshold in the amplitude distributionand 
ut o� all the amplitudes above this threshold. The Cut O� method is based on aLOPES30 algorithm [Sing 07℄. A moving median �lter M is applied to the amplitude dis-tribution Amed(f) = M{Aorig(f)}. The length m of the sliding window of M is a fun
tionof time samples (n) used and follows m = 64 · n
1024 . The normalised spe
trum is inde-pendent of hardware 
hara
teristi
s and is 
al
ulated by Anorm(f) = Aorig(f)/Amed(f).A threshold is de�ned by using Anorm without the narrow peaks and applied to thewhole distribution. The 
orre
ted spe
trum A
or is used to divide Aorig, whi
h resultsin a RFI suppressed spe
trum Asup. The solid grey line in �g. 3.6 illustrates the part



28 Chapter 3 LOPESSTAR

sµt / 
0 5 10 15 20 25

)
-1

 m⋅
V

 
µ

| /
 (

E|

-400

-300

-200

-100

0

100

200

300

400

up-sampled time data without RFI suppression

sµt / 
0 5 10 15 20 25

)
-1

 m⋅
V

 
µ

| /
 (

E|

-400

-300

-200

-100

0

100

200

300

400

up-sampled time data with RFI suppression

Figure 3.8: In�uen
e of the RFI suppression (median method) on the time data. Thenoise in the time domain de
reases signi�
antly by this method. The sear
hed signal isvisible at ≈ 7.5µs in both �gures.of the spe
trum after the Cut O� method (dotted red line). An inverse FFT of Asup
orresponds to the RFI suppressed time data.Man-made narrow band transmitters 
arry modulated information in the sideband ofthe 
arrier frequen
y. Two TV transmitters and several radio transmitters are lo
atedwithin the observed frequen
y band, e.g. the strong TV transmitter Rai
hberg, as men-tioned in se
tion 3.4.5, with its pi
ture 
arrier at f = 62.25MHz and its audio 
arrier
f = 67.75MHz. In Germany, as well as in large parts of the world, the Phase Alter-nating Line (PAL) broad
ast television system is used for 
olour en
oding. As de�nedin the PAL system, the pi
ture information is amplitude modulated in a ∆f = 5MHzsideband of the pi
ture 
arrier. The audio information (mono signal) is lo
ated exa
tly
5.5MHz above the pi
ture 
arrier signal and is frequen
y modulated. The se
ond audio
hannel (stereo signal) is again 242.19 kHz above the mono signal and is also frequen
ymodulated.Keeping the PAL system in mind, the RFI suppression by the Cut O� method sup-presses only the 
arrier signal strength, but leaves the sideband untou
hed. All themodulated information is still present in the time domain as noise. With respe
t tothe modulated sideband information, the whole spe
trum 
an be repla
ed by the me-dian �ltered one � Median method (see dot-dashed red line in �g. 3.6, sliding window
m = 128 ·∆f = 5MHz). The median follows the system 
hara
teristi
s present in theamplitude distribution. The 
arrier frequen
ies and the remaining sideband modulatedinformation are suppressed. Due to random ba
kground pro
esses, like gala
ti
 noise,�u
tuations in the spe
trum are smoothed out by the median method.In �g. 3.7 the 
omparison of the Cut O� and Median method are shown. The signal-to-noise ratio (snr) was 
al
ulated for both methods on the same data set and basedon the samples (snr ∝ voltage). The methods are equal up to snr less than 20 and theMedian method suppresses RFI signals more signi�
antly for higher snr values. In thefollowing the RFI suppression with the Median method is used.Figure 3.8 impressively illustrates the signi�
ant redu
tion of the noise in the timedomain by applying the RFI suppression (median method) on 
alibrated and up-sampleddata.
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Figure 3.9: The solid line represents the root mean square (rms) for di�erent windowsizes of the raw time data, whereas a suppression of the radio interferen
es was appliedto the data and is marked by the dashed line (antenna 
luster D30). No signi�
antde
rease of the rms for window sizes larger than 2048 samples (optimal length).3.4.5 Observed Time WindowThe n measured time samples used 
orrespond to a time length of ∆t = n · 12.5 ns(sampling rate f = 80MHz). This results dire
tly in a frequen
y resolution of δf =
∆f · f
2 ·∆t

= 40 MHz
2 ·n for the amplitude and phase distribution.The expe
ted radio emission signal is short-time (≈ 10−100 ns), whi
h means broad inthe frequen
y domain. Therefore, a low resolution is su�
ient. On the one hand someinterferen
es are not 
hara
terised by a broadband signal. Narrow band ba
kgroundsignals 
ould be suppressed mu
h better with a good frequen
y resolution. On the otherhand a longer measuring time also means adding up more interferen
es to the real showersignal during re
ording.A good balan
e between su�
ient frequen
y resolution and a high signal-to-noise ratio(snr) has to be found. The analysis of data with nmax = 16 · 1024 = 16k samples byvarying the time length yields to an optimal resolution with a time window of ∆t =

2048 · 12.5 ns = 25.6µs. Figure 3.9 illustrates the 
al
ulated rms over the di�erent
hosen window sizes whi
h are averaged over all the 
hannels of one event for antenna
luster D30.Note: Only window sizes whi
h are supported by the ADC module were 
hosen.The solid line is mainly 
hara
terised by two bumps. This feature is due to the TVtransmitter5 at 62.25MHz (pi
ture 
arrier) and 67.75MHz (audio 
arrier) in the observedband width. The line syn
hronisation signal of terrestrial TV programs is emitted every5Transmitter Rai
hberg, mounted on top of the mountain having the same name in the SwabianMountains.
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63.943µs and is visible as an enormous burst in the time data. When re
ording 16ksamples about 3 syn
hronisation bursts are expe
ted and also seen in the data. If noba
kground suppression is performed the syn
hronisation burst(s) is in the data andin
reases the rms by 
han
e. By in
reasing the window size, the spe
tral resolutionin
reases, too, and the suppression of interferen
es 
hanges. Figure 3.9 points out thatan optimal window size is a
hieved by using a window length of n = 2048 = 2k samples.Every larger window size does not improve the suppression of interferen
es signi�
antly.Only the 
omputation time in
reases by n log2(n), where n is the number of samples.



Chapter 4Calibration4.1 Introdu
tionThe re
orded data are de
onvolved from the frequen
y 
hara
teristi
s of the ele
troni
sand depend on the dire
tion of the in
oming signal (
hara
teristi
s of the antenna).The data have to be absolutely 
alibrated for 
omparison with other experiments andwith simulations. Additionally, the resulting �eld strength has to be normalised to thee�e
tive bandwidth of the system. The digital methods used in this 
hapter (e.g. FourierTransform) are des
ribed in detail in se
. 3.4.This 
hapter gives a theoreti
al des
ription of the pro
essed signal 
hain and de-s
ribes the pro
edures of two independently performed absolute 
alibration methods:End-to-End and Step-by-Step 
alibration. Furthermore, the frequen
y dependen
e ofthe ele
troni
 
omponents used are dis
ussed and the e�e
tive bandwidth is 
al
ulated.4.2 Theoreti
al Des
riptionThe theoreti
al des
ription gives an overview of the formulae used to des
ribe the dete
-tor 
alibration. Thus, 
hara
teristi
s of the ele
tromagneti
 �eld, the antenna, and thesignal 
hain have to be dis
ussed in more detail.4.2.1 Ele
tromagneti
 FieldThe energy �ux of an ele
tromagneti
 �eld is des
ribed by the Poynting ve
tor ~S
[

W
m2

]for free spa
e propagation:
~S = ~E × ~H (4.1)where ~E is the ele
tri
 and ~H the auxiliary magneti
 �eld. The emitting radio sour
e isseveral hundred meters or even kilometres above the re
eiving antenna, so the far-�eldapproximation for the radio frequen
y range is valid. The impedan
e of free spa
e isde�ned by Z̃:

Z̃ =
| ~E|
| ~H |

=
E

H
=

√

µ0

ǫ0
= µ0 · c ≈ 120π Ω ≈ 377Ω (4.2)where E and H are the absolute values of the 
orresponding �eld and c is the speedof light. Equation 4.1 
ombined with the far-�eld approximation and eq. 4.2 results ineq. 4.3.



32 Chapter 4 Calibration
S =

1

µ0 · c
E2 (4.3)The re
eived power per area P̃

[

W
m2

] of an isotropi
 radiator (emitting power Ptot) isdes
ribed by:
P̃ =

Ptot
4πr2

(4.4)where r is the distan
e between emitter and re
eiver.4.2.2 AntennaThe output power Pant of the re
eiving antenna follows eq. 4.5.
Pant = Ae�(f, θ) ·S (4.5)The e�e
tive area Ae� is de�ned by the geometry of the antenna type used and dependson the frequen
y f as well as on the zenith angle θ

Ae� =
λ2

4π
·G(f, θ) =

c2

4πf2
·G(f, θ) . (4.6)The antenna gain G(f, θ) is a fun
tion of the frequen
y and the zenith angle. Thegain G has to be determined in units of dBi (dB in relation to the isotropi
 radiator)otherwise eq. 4.6 and 4.5 are not valid. The values for G(f, θ) have been measured orresult from antenna simulations.The re
eived power per polarisation varies with a cos2(ϕ) depending on the azimuthangle ϕ of the in
oming signal.4.2.3 Signal ChainOn the one hand Pant is mainly 
hara
terised by the ampli�
ation and attenuation (bothare dependent on the frequen
y) in the various parts of the signal 
hain and �nally resultsin the PADC, whi
h is �nally digitised (eq. 4.7).

PADC = Pant · aamp(f) · a�lter(f)

a
able(f) · ains(f)
(4.7)On the other hand PADC 
orresponds to a voltage, due to the impedan
e of the system(Z) � Ohm's law, and is digitised with a 12Bit ADC (voltage range: ± 0.5V, seeeq. 4.8).

PADC =
U2ADC

Z
=

ADC2

a2ADC(f) ·Z (4.8)Here aADC = 4096
1V is the 
onversion fa
tor and Z = 50Ω is the impedan
e of the system.In addition, PADC passes through the 
omplete system and 
orresponds to the raisedand attenuated Pant signal (see eq. 4.5 and 4.7). The LNA (aamp(f)) and band-pass �lter(a�lter(f)) amplify the signal, whereas the 
ables (a
able(f)) and the insertion loss of theLPDA (ains(f)) attenuate it. The frequen
y dependen
e of the ampli�
ation fun
tions

a(f) have been measured in the laboratory.



4.3 End-to-End Calibration 334.2.4 Calibration EquationAn overall 
alibration equation is obtained by 
ombining the dis
ussed formulae. Theenergy �ux of the ele
tromagneti
 �eld (eq. 4.3) is re
eived by ea
h of the observedpolarisation 
hannels (eq. 4.5). The resulting power Pant is manipulated in the signal
hain and digitised (eq. 4.8 and 4.7). Finally, the 
ombination of eq. 4.3 and eq. 4.5� 4.8 yields to the 
alibration equation 4.9.
∣

∣

∣

~ELPDA∣∣∣ =√ Z̃

Z
· a
able(f) · ains(f)

aamp(f) · a�lter(f) · aADC ·
√

Ae�(f, θ)
·ADC (4.9a)

= 2f

√

µ0π

Zc
· a
able(f) · ains(f)

aamp(f) · a�lter(f) · aADC ·
√

G(f, θ)
·ADC

=
1
orr(f)

· 1
√

G(f, θ)
·ADC (4.9b)

1
orr(f)
= 2f

√

µ0π

Zc
· a
able(f) · ains(f)

aamp(f) · a�lter(f) · aADC (4.9
)Thus, the 
orr(f) values are the 
orre
tion values to 
alibrate the amplitude spe
trumin a frequen
y dependent way. The End-to-End and Step-by-Step 
alibration methodsuse di�erent aspe
ts of the 
alibration equation 4.9 to 
onvert ADC 
ounts into �eldstrength [µV/m] and are dis
ussed in the following.4.3 End-to-End CalibrationThe End-to-End 
alibration method measures the frequen
y dependent 
orre
tion valuesfor the 
omplete system. A referen
e sour
e was pla
ed at a well-known position abovethe LPDA and the measured spe
trum was 
orre
ted by taking the propagation of theemitted signal and the dire
tion sensitivity of the antennas into a

ount.4.3.1 Con�gurationThe signal 
hain of the 
alibration referen
e system 
onsists of several parts: A bi
oni
alantenna (VSQ 1000), an ampli�er (DPA 4000), and a signal generator (RSG 1000). Allthree parts are 
ommer
ial produ
ts of the S
ha�ner 
ompany (Augsburg) and are usedfor the amplitude 
alibration of LOPES30 [Hake 06, Nehl 08b℄. The bi
oni
al antenna islinearly polarised and has a nearly 
onstant dire
tivity 
lose to its main lobe. This fa
tis important sin
e it results only in a small loss, if the radio sour
e is slightly o� target.The referen
e sour
e is originally designed for the frequen
y range of 300−1000MHz, butthe antenna is spe
i�ed and a

redited for the broader frequen
y range of 30−1000MHzas well. The signal generator was set to a rate of 1MHz and produ
es an a

reditedharmoni
 wave spe
trum. The 
alibrated amplitude spe
trum in a distan
e of 10m tothe sour
e is given by the manufa
turer and is illustrated in �gure 4.1 for the observedfrequen
y range.The 
entre of the referen
e sour
e was mounted verti
ally in a distan
e of r ≈ 11mabove the 
entre of the LPDA and aligned in parallel to the measured polarisation.
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Figure 4.1: The emitted �eld strength in adistan
e of 10m from the referen
e sour
egiven by the manufa
turer (linear inter-polation).
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Figure 4.2: The resulting �eld strength af-ter propagation from the referen
e sour
eto the LPDA in logarithmi
 s
ale (linearinterpolation).80 data re
ords with a time period of ∆t = 16, 384 · 12.5 ns = 204.8µs were taken atantenna 
luster D30 for ea
h of the 8 
hannels. During the measurement the alignmentof the referen
e sour
e was ensured by tightening long lines whi
h were �xed at the polesof the bi
oni
al antenna.4.3.2 AnalysisLPDA Dire
tion SensitivityOn the one hand, the ele
tri
 �eld expe
ted at the LPDA ∣∣
∣

~ELPDA∣∣∣ is 
al
ulated by takinginto a

ount the propagation of the signal from the bi
oni
al antenna to the LPDA. Freespa
e propagation is assumed for simpli�
ation. The resulting amplitude spe
trum isillustrated in �gure 4.2.On the other hand, the dire
tion sensitivity of the LPDA Ge�(f, θ) has to be 
onsideredto perform a general amplitude 
alibration. The dire
tion dependent gain Ge� of theele
tri
 �eld plane ( ~E plane) is shown in �g. 4.3.The 
alibration equation 4.9 
hanges under these 
ir
umstan
es:
∣

∣

∣

~ELPDA∣∣∣ ·√Ge�(f, θ) =
1
orr(f)

·ADC . (4.10)Determination of Corre
tion ValuesOnly re
orded data with no ADC over�ow were analysed in the following. The frequen
ydependent 
orre
tion values 
orr(f) 
onvert the Fourier transformed ADC data into anabsolute amplitude 
alibrated spe
trum and (applying inverse FFT) into absolutely 
al-ibrated time data, respe
tively. The 
alibrated harmoni
 wave spe
trum of the referen
esour
e 
onsists of 1MHz spa
ed points. Figure 4.1 shows these points 
onne
ted by astraight line. A typi
al un-
alibrated spe
trum is presented in �g. 4.4. The in
ludedupper right plot shows a zoom in on the frequen
y range (linear s
ale) of the dis
rete
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Figure 4.3: Dire
tion sensitivity of the LPDA for di�erent zenith angles θ of the ele
tri
�eld ~E plane (data derived from [Krom 08℄).
alibration signal. The small peaks are broadened, due to the limited spe
tral resolutionof ∆f = 40MHz
2 · 16,384 samples = 1.22 kHz.Ea
h 
orre
tion value 
orr(f) is determined by the ratio of the expe
ted signal Sexp(f)to the measured signal Smes(f) in units of [ µV

m ·MHz

] as given in eq. 4.11.
orr(f) =
Smes(f)

Sexp(f)
=

FFT{ADC}
∣

∣

∣

~ELPDA∣∣∣ ·√Ge�(f, θ)
(4.11)Additionally, an integral of the peak is 
orrelated to the re
eived �eld strength, due tothe broadening of the 
alibration peaks (spe
tral resolution). The 
orre
tion values for

flow = 40MHz and fhigh = 80MHz were not 
al
ulated in order to ex
lude edge e�e
tsof the band-pass �lter, due to the steep fall o� at the boundary frequen
ies.Quality Cuts on Corre
tion ValuesThe distribution of all the 1/
orr(f) values in a frequen
y range from 41 ≤ f ≤ 79shows a long tail (see �g. 4.5). This points to falsely determined 
orre
tion values. RFIsour
es from ma
hines or man-made radio (e.g. poli
e radio) during the measurementare responsible for low values. The ba
kground signal is 
onstru
tively overlaid with
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Figure 4.4: The un-
alibrated harmoni
 wave spe
trum (steps of 1MHz) of the refer-en
e sour
e measured with the LPDA in logarithmi
 s
ale. The upper right spe
trumis zoomed in the frequen
y axis and shows the broadened peaks due to the spe
tralresolution.the 
alibration peak. Thus, the integral is overestimated and 1/
orr(f) de
reases. In
ontrast, if the polarisation alignment between referen
e sour
e and measured 
hannelvaries, due to a rotation of the bi
oni
al antenna, 1/
orr(f) in
reases. A quality 
utthat reje
ts all the values that ful�l 1/
orr(f) > 2.5 is applied to the data (dashed linein �g. 4.5) to suppress this e�e
t.The frequen
y dependen
e of the reje
ted 
orre
tion values are pi
tured in �g. 4.6.The distribution points out that espe
ially for f > 70MHz the 1/
orr(f) are falsely de-termined as it appears as a bump in the �gure. The illustrated statisti
al error indi
atesthe �u
tuations during the measurement. Only half of the observed frequen
y peaks(f > 70MHz) of all the 
alibration measurements appear in �g. 4.6, the other half ofthe determined 
orre
tion values are a

epted by the quality 
ut. Further measurementsare ne
essary to investigate systemati
 e�e
ts in more detail.4.3.3 ResultsThe a

epted 1/
orr(f) values versus frequen
y are pi
tured in �g. 4.7. The 1/
orr(f)error bars are determined by statisti
s, while the un
ertainty in frequen
y is �xed to
σf = ±0.5MHz, due to the frequen
y resolution of the referen
e spe
trum. The averagestatisti
al un
ertainty of all the a

epted 
orr(f) values is σ̄
orr,stat < 1.5%. The in�u-en
e of RFI and noise (ba
kground �u
tuations) is very low, with respe
t to the appliedquality 
ut.The absolute un
ertainties σ
orr 
ombine several error sour
es. The main part is givenby the a

redited referen
e sour
e with a systemati
 error of σref,sys = 2.5 dB from the



4.3 End-to-End Calibration 37
Entries  8697
Mean    1.759
RMS    0.8664

1 / corr
0 1 2 3 4 5 6

#

0

100

200

300

400

500

Entries  8697
Mean    1.759
RMS    0.8664

Figure 4.5: The 1/
orr(f) distribution ofall the analysed re
ords with the appliedquality 
ut (dashed bla
k line).
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Figure 4.6: The reje
ted 1/
orr(f) val-ues with statisti
al error versus frequen
y(σf = ±0.5MHz).manufa
turer. In addition, the systemati
 error σG,sys of the antenna gain G(f, θ) wasestimated at σG,sys = 0.8 dB, as well as the un
ertainty of the amplitude distribution(band-pass �lter and LNA) σ�lter+amp,sys = 0.2 dB [Krom 08℄. The 
ontribution of thesquare root of G (see eq. 4.10) results in a σ√G,sys = 0.4 dB. Therefore, the overallun
ertainty results in σ
orr(f) = 44.4% for the End-to-End 
alibration method.The 
orr(f) distribution with an overall error band is shown in �gure 4.8. The spe
-trum is 
learly dominated by the large un
ertainty of the referen
e sour
e. A negativeslope of the 
orre
tion values is visible, as expe
ted by the frequen
y dependent attenu-ation of the 
ables used.Half of the measured 
orre
tion values are reje
ted (f > 70MHz) and hint to system-ati
 problems of the experimental set-up. Furthermore, the resulting 
orre
tion values,illustrated in �g. 4.8, show ripples within their un
ertainties, whi
h might be related tothe pro
edure and its 
on�guration. The presented analysis of the End-to-End 
alibra-tion method is based on only one measurement. Calibration measurements have to berepeated on a regular time base to investigate seasonal, environmental, and systemati
e�e
ts in detail and will help to in
rease the statisti
s and redu
e the un
ertainty of the
orre
tion values.Con
lusionThe End-to-End 
alibration method is a good instrument to 
alibrate the 
omplete sys-tem in
luding environmental e�e
ts. With respe
t to the surrounding 
onditions (area,weather, et
), the mounting of the referen
e sour
e be
omes 
hallenging. Another refer-en
e sour
e with mu
h lower systemati
 un
ertainty is needed to improve this 
alibrationas a stand-alone method. Furthermore, if single 
omponents of the signal 
hain are re-pla
ed by spares or upgraded modules, the 
omplete system has to be 
alibrated again.The End-to-End 
alibration is a su�
ient tool to 
ontrol and to estimate the absoluteenvironmental e�e
ts on the system.
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Figure 4.7: The frequen
y dependen
y ofthe a

epted 
orre
tion values with theirstatisti
al error. The frequen
y un
er-tainty is �xed to ±0.5MHz due to the
hara
teristi
s of the referen
e antenna.
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Figure 4.8: The resulting 
orre
tion val-ues are 
onne
ted by a straight line.The shown error band 
orresponds tothe absolute un
ertainty obtained by thismethod.4.4 Step-by-Step CalibrationThe Step-by-Step 
alibration method takes into a

ount ea
h 
omponent used and de-termines the overall 
orre
tion values 
orr(f). Therefore, ea
h part of the ele
troni
s is
hara
terised by its amplitude and phase spe
trum. The advantage of the LPDA is thereal 50Ω impedan
e at the output of the antenna. Thus, the 
alibration equation 4.9 isused dire
tly. The 
orr(f) values are de�ned by equation 4.9
 and result in the following:
orr(f) =
1

2f
·
√

Zc

µ0π
· aamp(f) · a�lter(f) · aADC

a
able(f) · ains(f)
. (4.12)The equation shows that 
orr(f) is proportional to the ampli�
ation or the attenuationspe
tra of the LNA, the band-pass �lter, the 
ables, and the insertion loss of the LPDA.The 
onstant fa
tor is determined by the physi
al 
onstants (µ0 and c) and the 
onversion
onstants (Z = 50Ω, aADC = 4096

1V ).4.4.1 Component Chara
teristi
sThe absolute gain spe
tra of all the 
omponents are shown in �gure 4.9. The 
hara
-teristi
s of the LPDA, the band-pass �lter and the pre-ampli�er have been determinedin a laboratory measurement [Krom 08℄. Positive values 
orrespond to ampli�
ation,whereas negative values attenuate the signal. The overall sum is shown by the solid red
urve.Cable AttenuationEa
h polarisation of the LPDA is 
onne
ted via a RG213 
able of 100m length. Anadditional RG58 
able of 4m length 
onne
ts the in
oming RG213 
able to the �lterboard within the VME 
rate. The frequen
y dependent attenuation was taken from the
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Figure 4.9: Gain distribution of the di�erent ele
troni
 
omponents used in the signal
hain of LOPESSTAR.data-sheet1. The attenuation is do
umented in steps of 10MHz. A linear interpolationis performed for frequen
ies in between. The 
ombined attenuation of the RG213 andRG58 
able a
able is illustrated by the dot-dashed blue line in �gure 4.9. The 
alibrationsoftware handles ea
h length of the 
ables used separately.Insertion LossOne requirement of the antenna development was a low insertion loss and therefore, asu�
ient mat
hing between the impedan
es of the antenna and the ele
troni
s. This isne
essary to transfer all of the re
eived signals into the system. Otherwise the re�e
tedpart of the signal is transmitted to the antenna. The re�e
tion 
oe�
ient S11 des
ribesthe mismat
h between the impedan
es of the antenna and the system. The insertionloss ains is dire
tly related to the re�e
tion 
oe�
ient by ains = 1 − |S11|2 and markedby a dashed dark green line in �g. 4.9.Band-passThe system response fun
tion is mainly dominated by the applied 40−80MHz band-pass�lter. The gain of the �lter a�lter is shown in �g. 4.9 and marked with the long-dashedbla
k line. A ripple in the observed frequen
y range is visible, 
orresponding to the �lterdesign. On the one hand, the �lter steepness has to be very high to suppress RFI fromadja
ent transmitter bands (e.g. FM-band 88 − 108MHz). The �lter is a 
ombinationof high and low pass �lter with a steepness of ≈ 65 dB/o
tave at the barrier frequen
ies1manufa
turer: Bedea



40 Chapter 4 Calibration(see �g. 4.9). On the other hand, the 
hosen �lter design has to mat
h the required realimpedan
e of 50Ω. Both 
riteria have to be balan
ed and result in the ripple.Pre-Ampli�erThe Low Noise pre-Ampli�er (LNA) shows a smooth gain spe
trum aamp over a largefrequen
y range as shown in �g. 4.9 (dashed and triple dotted light brown line). Thisbroadband ampli�er also mat
hes the required 50Ω at the 
onne
tion to the band-pass�lter. The limiting fa
tor of su
h a LNA is the noise temperature of the ele
troni
s.The ele
troni
s noise temperature is more than one order of magnitude lower than themean temperature of the galaxy [Krom 08℄. This is proven by the fa
t, that, at best
onditions, the gala
ti
 noise is visible in the data as presented in se
. 5.2.4.4.2 ResultsAs des
ribed in se
tion 4.3.3, the major un
ertainty of the 
alibration is related to thereferen
e sour
e used and the knowledge of the re
eiving antenna. The Step-by-Step
alibration method uses the LPDA 
hara
teristi
s derived from model measurementsand the amplitude spe
trum of the ele
troni
 
omponents measured in a laboratory.The estimated error of the gain G of the LPDA 
orresponds to σG,sys = 0.8 dB. Thea

ura
y of the 
orr(f) determination is limited by the equipment used for measuringthe 
omponents in the Step-by-Step 
alibration. The error of the 
ombined measurementof band-pass �lter and LNA was estimated at σ�lter+amp,sys = 0.2 dB. The un
ertaintyof the insertion loss is not expli
itly mentioned, but is 
onsidered in the un
ertainty ofthe antenna gain σG,sys.The overall sum of the 
orre
tion values determined with the Step-by-Step 
alibrationmethod is illustrated in �gure 4.10 with an error band indi
ating the absolute un
ertainty.A detailed dis
ussion of the 
omparison of both presented 
alibration methods is givenin the following se
tion.The Step-by-Step 
alibration method is �exible and an independent pro
edure. Single
omponents 
ould easily be repla
ed or added to the signal 
hain. Furthermore, nooverall 
alibration is ne
essary. In addition, the antenna 
hara
teristi
s have to beknown pre
isely (ne
essary for both methods) and might be obtained by simulations orlaboratory measurements.4.5 Comparison and ResultsThe 
omparison between the determined 
orr(f) values of both 
alibration methods isshown in �gure 4.10. The Step-by-Step un
ertainties are limited by the equipment used.The illustrated error bands 
orrespond to the absolute un
ertainty of these methods(dashed blue and solid bla
k line). The resulting un
ertainty values of the Step-by-Stepmethod are doubled for a better illustration.The large un
ertainty of the End-to-End 
alibration is dominated by the in�uen
eof the referen
e sour
e used. The resulting ripples might be related to systemati
 orenvironmental e�e
ts, but that 
ould not be distinguished or analysed in detail due to oneperformed measurement. Further End-to-End 
alibration measurements are ne
essary toinvestigate su
h e�e
ts in detail with high statisti
s. Nevertheless, the a
hieved a

ura
y
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Figure 4.10: The 
omparison of the End-to-End and Step-by-Step 
alibration methods.Both methods 
onform to ea
h other within the estimated un
ertainties. The resultingun
ertainty of the 
orre
tion values of the Step-by-Step method are doubled for better
omparison.is su�
ient enough to verify both methods and point out, that the performed 
alibrationpro
edures work well.Both methods almost mat
h within the resulting un
ertainties. A more quantitativeway to analyse this is given by the residual. This is de�ned by the di�eren
e of both
orr(f) values for ea
h frequen
y as pi
tured in �g. 4.10 (dashed-dotted red line). Theresulting mean of 0.029 des
ribes the good 
orresponden
e of both methods. Takingthe error of ≈ 30% into a

ount the systemati
 o�set is negligible. In 
on
lusion, theinvestigations of 
alibration pro
esses have shown that the system is well-understood,due to the same results from di�erent methods.Calibration pro
edures have to be performed on a regular time basis to monitor thestability and performan
e of a dete
tor. A 
ross-
he
k by operating di�erent 
alibra-tion methods is important. Only a 
ombination of di�erent approa
hes will help tounderstand the systemati
s of the pro
edures and the dete
tor.4.6 E�e
tive BandwidthA 
omparison of absolutely 
alibrated radio emission of 
osmi
 rays with results fromother experiments has to be performed on a 
omparable basis. Di�erent dete
tors mea-sure di�erent bandwidths. The �rst experiments on that �eld measured a bandwidthof ∆fexp = 2.45MHz [Jell 65℄. The measured and 
alibrated �eld strength values weredivided by the e�e
tive bandwidth ∆fe� of their system. This normalisation of the mea-
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Figure 4.11: The 
al
ulation of the e�e
tive bandwidth of LOPESSTAR. The relative gain
grel. is related to the normalised gain to the tranmission range of the band-pass �lter.sured signal is valid as long as ∆fexp ≪ ∆ftheo is ful�lled, where ∆ftheo is the expe
tedbandwidth of the radio signal from theory.The e�e
tive bandwidth ∆fe� is de�ned by the following formula:

∆fe� =

∞
∫

0

grel(f) df (4.13)where grel(f) is the ampli�
ation spe
trum of the band-pass �lter after 
alibration. Fig-ure 4.11 shows the band-pass �lter 
hara
teristi
s (dashed bla
k line), normalised to thetransmission range of the band-pass �lter (40−80MHz), and additionally the 
orre
tionfor the ripple (solid red line). The e�e
tive bandwidth of LOPESSTAR is 
al
ulated byusing eq. 4.13 and results in ∆fe� = 42.02MHz.The in�uen
e of the antenna in this 
ontext is negligible, due to the fa
t that the LPDAa
ts as a �rst order band-pass with a barrier frequen
y of 30 − 90MHz [Krom 08℄. Themean gain of the band-pass �lter of about 37 dB dominates the system.The integration limits are given by the Least Signi�
ant Bit (LSB2). The ADC useddigitises a voltage range of ±0.5V with a resolution of 12Bit. The LSB limit translatedto dB results in grel,LSB = −20 · log10

(

212
)

= −72.2 dB (solid grey line in �g. 4.11).Sub-sampling requires a sampling rate twi
e the highest frequen
y of interest. Thebarrier frequen
ies of the band-pass �lter (−6 dB) were designed at 40MHz and 80MHzas shown in �gure 4.11. Therefore, the e�e
tive bandwidth of the �lter is about 5%larger. Frequen
ies beyond the barrier frequen
ies are 
onvoluted in the frequen
y range2A voltage signal lower than 1LSB =
1 V

12Bit =
1 V

4096
= 244 µV 
orresponds to 1ADC 
ount and is storedin the least bit.



4.7 Calibration of LOPESSTAR 43of interest (red shaded area in �g. 4.11). This 5% e�e
t is almost negligible due to theestimated un
ertainty of the environmental e�e
ts on the LPDA.Future developments of band-pass �lters have to take into a

ount that the barrierfrequen
ies are equal to the LSB limit (of the ADC module used). Otherwise, parts of thefrequen
y spe
trum will be 
onvoluted into the base band and in
rease the un
ertaintiesin the re
onstru
tion and in the 
alibration.4.7 Calibration of LOPESSTARThe results from the 
omparison of di�erent 
alibration methods showed that the ele
-troni
s and the LPDA 
hara
teristi
s are understood. The data shown in units of µV
mare 
al
ulated in the following way:

• The arrival dire
tion (ϕ, θ) is re
onstru
ted by using 
learly 
orrelated time pulseson the basis of single antenna 
lusters.
• The dire
tion sensitivity of the antenna is taken into a

ount.
• The determined 
orr(f) values (Step-by-Step method) are applied.
• The inverse Fourier transform results in the absolutely 
alibrated signal in theobserved bandwidth per 
hannel (polarisation) � | ~ENS| and | ~EEW|

[

µV
m

]

• The normalised signal is de�ned by dividing the 
alibrated signal by the e�e
tivebandwidth ∆fe� � ǫ = | ~E|
∆fe� [ µV

m ·MHz

]The total �eld strength 
orresponds to the ve
torial addition of the absolutely 
ali-brated signals of the north-south & east-west polarised 
omponents of the ele
tri
 �eldand is de�ned by:
| ~E| =

√

| ~ENS|2 + | ~EEW|2 . (4.14)The applied 
orre
tion for the dire
tion sensitivity of the LPDA also takes into a

ountthe undete
ted �eld strength of the verti
al polarised 
omponent of the signal. Whereasthe un
ertainty of the re
onstru
ted �eld strength in
reases with in
reasing zenith angle,due to large attenuation resulting from the dire
tion sensitivity of the antenna for highzenith angles.Note: The 
alibration method, due to the LPDA 
hara
teristi
s, is limited to zenithangles θ < 60 ◦ [Krom 08℄.The absolute un
ertainty of the �eld strength is estimated at σ| ~E| = 7.2%, due to theenvironmental e�e
ts of the LPDA of σ√G,sys = 0.4 dB and the ele
troni
s un
ertaintiesof σ�lter+amp,sys = 0.2 dB (
ompare with the error dis
ussions in se
tion 4.4 and 4.3).



 



Chapter 5Self-Trigger5.1 Introdu
tionThe main 
hallenge of the LOPESSTAR experiment is to provide an independent self-trigger system for the radio emission of high energy 
osmi
 rays. A short overview ofthe ba
kground situations for di�erent antenna 
lusters is given in the �rst part of this
hapter. The main part is dedi
ated to the self-trigger system and �nally, the obtainedresults from the 
orrelation analysis based on the re
onstru
tion of KASCADE-Grandeare presented.5.1.1 Analogue Self-TriggerThe LOPESSTAR antenna 
lusters were installed over a time period of 18 months (sum-mer 2005 � winter 2006). The des
ribed external trigger from KASCADE-Grande isavailable sin
e autumn 2006.In a �rst step an approa
h of an analogue ele
troni
 self-trigger was devel-oped [Krom 08℄. The fun
tionality of the analogue 
hannel trigger is brie�y des
ribedby the following:
• The RF data are re
ti�ed and high & low pass �ltered to suppress RFI (
omparewith Filter II method as des
ribed in se
. 3.4.3).
• The envelope signals of the RF data are determined from the north-south andeast-west polarisation 
hannel, respe
tively, and are added up per antenna.
• An adjusted threshold, whi
h is the same for all the antennas, is 
ompared withthe 
ombined envelope signals of ea
h LPDA. If the signal ex
eeds the threshold,the analogue 
hannel trigger 
ondition is ful�lled.If the dete
ted pulses of all three LPDAs are a

epted by this 
hannel trigger then the
oin
iden
e 
onstraint of the analogue trigger is performed by taking into a

ount thegeometri
al 
on�guration (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 o�ine 
omparison of there
orded timestamps with the ones re
orded by KASCADE-Grande showed no 
oin
i-den
e.In a next step, only the logi
al output of the analogue trigger (true or false) wasre
orded for every sample in the observed time window when an external trigger o

urred.The re
onstru
ted KASCADE-Grande events with the highest energies (E > 5 · 1017 eV)



46 Chapter 5 Self-Triggerwere used to �nd re
orded shower signals 
ontaining a 
learly visible radio pulse in thetime domain (expe
ted are about 5 events during one month of data taking).The shower events found were investigated in detail in order to study the behaviourof the analogue trigger during the observed time window. A shower event is reje
tedif the analogue trigger signal is false during the re
orded time window. A ba
kgroundevent is a

epted if the analogue trigger signal is already on before the signal of theshower is visible. In addition, a shower event might be re
orded by 
han
e. The 
or-re
t analogue trigger signal (true) 
orresponds to a trigger signal that is delayed andobviously 
orrelated with the external trigger signal as well as with the observed timesignal. The investigations showed that none of the 5 dete
ted strong shower events werea

epted by the analogue trigger. The a

epted data of the analogue trigger were onlyba
kground events. The �xed trigger threshold, the ba
kground suppression, and the
ombined envelope signal are not sensitive enough to dete
t radio signals on the site ofthe Fors
hungszentrum Karlsruhe.5.1.2 Digital Self-TriggerFurther developments or improvements of the analogue trigger were stopped due to theinsu�
ient ba
kground reje
tion and shower a

eptan
e. A new analysis of the falselya

epted ba
kground events (analogue trigger) pointed out several disadvantages:�xed threshold The added up envelope signals are 
ompared with a �xed threshold forall the LPDAs. Ea
h 
hannel (polarisation) of the LPDAs has its own ba
kgroundin�uen
e due to the di�erent distan
es to the ba
kground sour
es whi
h resultsin an individual noise �oor in the time domain. It is not possible to balan
ethe threshold between su�
ient ba
kground reje
tion (high threshold) and thedete
tion of radio emission of low energy parti
les (low threshold).A dynami
 threshold is needed to a
hieve a trigger rate that is moderate for theele
troni
s used. Therefore, the time signal for ea
h data 
hannel is monitored todetermine a dynami
 threshold and to take the individual ba
kground variationsinto a

ount.sum of envelope signals Most of the observed ba
kground events are transient signalswhi
h are emitted on the site of the Fors
hungszentrum Karlsruhe. Depending onthe arrival dire
tion (azimuth angle) of the ba
kground events only one 
hanneldete
ts the main part of the transient signal. The adding up of the envelopesignals of the two polarisation 
hannels in
reases the ba
kground signal, whi
h isoften mu
h higher in amplitude than the wanted signal of the radio emission.Ea
h polarisation 
hannel has to be observed separately to reje
t transient ba
k-ground signals per 
hannel.ba
kground suppression A simple ba
kground suppression is not su�
ient if only thedemodulated RF signal is �ltered. A more 
omplex method is ne
essary to sup-press RFI signals (e.g. the median method of the RFI suppression as des
ribed inse
. 3.4.4), whereas transient signals have to be 
hara
terised and reje
ted in thetime domain.



5.2 Ba
kground Situation 47A detailed investigation of the required 
onditions of the self-trigger followed. The(digital) self-trigger, as des
ribed in the following, is motivated by these results and thelisted disadvantages of the previous approa
h [As
h 07℄. Externally triggered data areused to develop and to optimise self-trigger 
onditions in software to implement it laterin a hardware1 based self-trigger system.Note: Re
orded time windows, due to any given trigger signal, are named triggeredevent. Thus, triggered events 
an be ba
kground events or shower events.5.2 Ba
kground SituationThe ba
kground 
onditions have to be well understood in order to reje
t falsely a

eptedba
kground events. These 
onditions are not equal or 
onstant over time for ea
h LPDAand vary strongly with the dete
tor site. Man-made signals in the MHz frequen
y rangeare 
onstantly present or appear frequently from sour
es like exhausters, passing 
ars,or air 
onditioning systems. Furthermore, insu�
ient shielding of ele
troni
s a
ts asan emitting ele
tromagneti
 ba
kground sour
e of frequen
ies in the observed spe
trum(e.g. PCs or digital devi
es emit frequen
ies related to their internal bus 
lo
ks).Two kinds of ba
kground signals have to be distinguished. On the one hand the sour
esare 
hara
terised by peaks in the spe
trum due to mono frequent signals (modulated ornot). In the time domain the overall noise in
reases in relation to the signal strengthof these sour
es. On the other hand ba
kground sour
es emit broadband signals whi
hare 
hara
terised by pulses in the time domain and result in an o�set in the amplitudespe
trum (frequen
y domain).Note: All the illustrated amplitude spe
tra in this 
hapter are 
alibrated data withoutRFI suppression.5.2.1 Fors
hungszentrum KarlsruheLong term measurements and ba
kground studies have been performed on the site ofthe Fors
hungszentrum Karlsruhe. In �gure 5.1 an averaged spe
trum illustrates themono frequent sour
es in the observed bandwidth for the east-west polarised 
omponentof one antenna from 
luster D17. The time range of ∆t = 600 s was re
orded at noonand 
learly shows two TV transmitters (TV: Ch2 and Ch4) and one pi
ture 
arrierof the TV Ch3. Furthermore, the Industrial, S
ienti�
 and Medi
al (ISM) radio band(40.66 − 40.70MHz) at the lower band limit is expli
itly visible. The ISM bands2 wereinternationally reserved for the use of RF ele
tromagneti
 �elds for industrial, s
ienti�
and medi
al purposes other than 
ommuni
ations.Another method to analyse and monitor the ba
kground is given by the dynami
spe
trum. Figure 5.2 shows the amplitude spe
trum versus the time of one 
hannel ofantenna 
luster D30. The horizontal lines 
orrespond to mono frequent signals, whereasverti
al lines illustrate broad band ba
kground signals at that time.The industrial environment on the site of the Fors
hungszentrum Karlsruhe de�nesmore or less the worst 
onditions for dete
tion of radio emission of high energy 
osmi
1In this 
ontext the hardware is given by a Field Programmable Gate Array (FPGA).2In total 12 frequen
y bands were de�ned, spread from the lower MHz up to several GHz (e.g. Bluetoothand IEEE 802.11 (WLAN)).
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Figure 5.1: An averaged amplitude spe
trum (∆t = 600 s, LOPESSTAR 
luster D17,antenna 60, east-west 
hannel). Several mono frequent 
arrier signals of di�erent sour
esare 
learly visible.rays. The time dependent ba
kground variation limits the sensitivity of the 
omplete de-te
tor system and the threshold of any self-trigger system. Radio pulses with a su�
ientsignal-to-noise ratio (snr) are ne
essary to distinguish between shower signal and ba
k-ground signal. The ne
essary shower energy was estimated at E > 5 · 1017 eV [Krom 08℄and 
orresponds well to the results from the self-trigger and from the analysis 
hapterof these investigations.5.2.2 Pierre Auger ObservatoryThe reverse ba
kground situation is given on the site of the Pierre Auger Observatory.The rural region in the southern Argentinian pampa o�ers a very quiet radio environ-ment. The nearest industrial 
omplexes are several tens of kilometres away and only thenearby roads with lorries and 
ars or power lines are 
onsidered as ba
kground sour
es.A dete
tor system with 3 antennas, simular to the one on the site of the Fors
hungszen-trum Karlsruhe, was used for ba
kground studies. One of the resulting dynami
 spe
tra,shown in �g. 5.3, illustrates the sensitivity of the system to gala
ti
 noise (see se
. 5.2.3)due to the 
y
le of the Earth and the 
hanging �eld of view (periodi
 time stru
ture).Almost no mono frequent ba
kground sour
es (horizontal lines) or broadband emission(verti
al lines) are re
orded in the observed time. A 
omparison of �g. 5.2 and 5.3 pointsout that mean radio ba
kground on the site of the Pierre Auger Observatory is one orderof magnitude lower than on the site of the Fors
hungszentrum Karlsruhe (note: Di�erents
aling in the two �gures).
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Figure 5.2: The dynami
 spe
trum in 
luster D30 on the site of the Fors
hungszentrumKarlsruhe. Horizontal lines show mono frequent signals whereas verti
al 
urves 
orre-spond to broad band ba
kground signals. The amplitude values are 
oded in 
olour.5.2.3 Gala
ti
 NoiseIf all the man-made ba
kground sour
es are negligible, the gala
ti
 noise is the limitingsensitivity fa
tor of a re
eiving system. The noise temperature Tgal. varies with time dueto the observation dire
tion (e.g. possible view into the gala
ti
 
entre). The ConsultativeCommittee on International Radio (CCIR) has averaged the atmospheri
, the industrialand the gala
ti
 noise spe
trum over long term measurements.The 
onne
tion between the temperature of the gala
ti
 noise Tgal. and the re
eivedpower Pant is des
ribed by:
Pant = 4 · kB ·Tgal. ·∆f (5.1)where kb is the Boltzmann 
onstant and ∆f = 40MHz is the bandwidth of the system.Equation 5.1 and typi
al noise temperatures are taken from [Roth 02℄ and listed in thefollowing.

10MHz Tgal. = (0.2 . . . 2) · 106 K
100MHz Tgal. = (0.6 . . . 6) · 103 K

1000MHz Tgal. = (3 . . . 7)KThe re
eived power Pant = Ae�(f, θ) ·S (eq. 4.5) has to be equal to eq. 5.1. Solving thisequation, the resulting �eld strength | ~E| be
omes:
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Figure 5.3: The dynami
 spe
trum of one polarisation of an antenna from 
luster D42on the site of the Pierre Auger Observatory (see �g. 5.2, note: Di�erent s
aling).
| ~E(f)| =

√

4 · kB ·µ0 · c ·∆f

Ae�(f, θ)
·
√

Tgal.(f)

| ~E(f)| =

√

16π · kB ·µ0 · f2 ·∆f

c ·G(f, θ)
·
√

Tgal.(f) (5.2)A randomly triggered time window on the site of the Pierre Auger Observatory and a
omparison with the gala
ti
 noise estimation is illustrated in �g. 5.4. The dashed redline shows the estimated gala
ti
 noise (with error band based on the given temperaturerange), whereas the solid blue line is a straight line �t to the re
orded amplitude spe
-trum. On average the observed spe
trum is lower than the expe
ted gala
ti
 noise dueto the orientation of the �eld of view of the antenna at the time of measurement. Theamplitude variation over time is shown in �g. 5.3.Note: For the antenna gain G(f, θ) a mean gain of Ḡ(f, θ = 30 ◦) = 4dBi ≈ 2.51 wasassumed with respe
t to the superposition of all the arrival dire
tions.On the site of the Pierre Auger Observatory the gala
ti
 noise is the limiting fa
torfor the sensitivity of the dete
tor used. Whereas on the site of the Fors
hungszentrumKarlsruhe the ba
kground emitted by the industrial environment is on average one orderof magnitude higher.The rural environment in Argentina o�ers very good 
onditions to dete
t the radioemission of high energy 
osmi
 rays. The self-trigger is developed under bad 
onditions(Fors
hungszentrum Karlsruhe). The following analysis shows that the ba
kground in-�uen
e is well understood and su�
iently suppressed. The 
onditions provided withinthe framework of the Pierre Auger Observatory will improve these methods and will



5.3 Data Sele
tion 51

 f / MHz 
40 45 50 55 60 65 70 75 80

) 
-1

 M
H

z
⋅ 

-1
 m⋅

V
 

µ
| /

 (
E|

-210

-110

1

CCIR norm

linear fit

Figure 5.4: The 
omparison between the 
alibrated amplitude spe
trum (bla
k line), alinear �t to the data (solid blue line) and the estimated gala
ti
 noise limit (dashed redline) on the site of the Pierre Auger Observatory.additionally allow to de
rease the threshold of the self-trigger and to dete
t CRs withlower energy.5.3 Data Sele
tionThe development and results of the self-trigger system is based on externally triggereddata from the KASCADE-Grande experiment.A pre-sele
tion of data with no ADC over�ow was performed to ful�l the sub-sampling
riteria. Signals larger than the dynami
 range of the ADC module overload the analoguedigital 
onverter and an additional �ag in the data is set. An up-sampling of these rawdata is not possible and re
orded events with time samples marked as ADC over�ow arereje
ted for this analysis.Training data were sele
ted to develop the self-trigger strategy. A data taking periodwith available KASCADE-Grande re
onstru
tion and quiet ba
kground 
onditions dueto Christmas and New Year (holiday season: 2006 � 2007) were 
hosen. Afterwards, theresulting optimised self-trigger methods were applied to the veri�
ation data (antenna
luster D17 & D30) to verify the results. A des
ription of the 
hosen data is summarisedin table 5.1.During the time period of the veri�
ation data D17 & D30 the KASCADE-Grandetrigger had a total o�ine time of about one month due to te
hni
al problems. Thete
hni
al 
on�guration of the external trigger generated randomly triggered events duringthis time whi
h were kept in the data set to in
rease the statisti
s of ba
kground events.



52 Chapter 5 Self-Triggername of the data set 
luster no. run no. period eventstraining data D30 21 � 049 2006-12-12 � 2007-01-07 102,535veri�
ation data D17 D17 12 � 185 2007-08-02 � 2008-01-21 787,203veri�
ation data D30 D30 21 � 454 2006-12-12 � 2008-01-21 1,598,543Table 5.1: The 
hosen data to develop (training data) and to verify (veri�
ation dataD17 & D30) the self-trigger system.5.4 Trigger StrategyThe self-trigger strategy is organised in a multi-level trigger system 
onsisting of twomain parts. First, the trigger 
onstraints for ea
h polarisation (
hannel) have to redu
ethe trigger rate on antenna level. A dynami
 threshold is 
ontinuously 
ompared withthe re
orded samples to dete
t a threshold ex
eeding. Additionally, all the 
hara
teristi
pulse parameters are determined for the 
oin
ident 
onstraints des
ribed in the following.Se
ond, the more 
omplex 
onstraints on 
luster level have to a

ept 
oin
ident showerevents and to reje
t ba
kground signals. At this stage of the trigger system, all theinformation about the determined parameters of the 
hannel are available. Data from
hannels that 
ontain numerous pulses are re
he
ked for possible shower signals in a giventime window. The geometri
al 
on�guration of the set-up is used for the 
oin
iden
e
onstraint.A blo
k diagram of the self-trigger system is shown in �g. 5.5 and dis
ussed in thefollowing. The digital methods used in this se
tion (up-sampling, envelope 
al
ulation,and RFI suppression) are des
ribed in detail in se
. 3.4.A typi
ally re
orded shower event of antenna 
luster D30 after applied RFI suppres-sion is illustrated in �g. 5.6. All the 
hannels show a 
lear dete
table pulse signature.Additional noise and small transient signals are visible in the north-south polarisationof antenna 300.5.4.1 Channel ConstraintsData of ea
h polarisation of the antennas are 
ontrolled by the 
hannel trigger. Its
hallenge is to suppress and to reje
t ba
kground events at an early stage of data takingas well as to sele
t and to a

ept shower signals. The 
hannel 
onstraints 
orrespond tothe 
entral red re
tangular as shown in �g. 5.5.RFI and transient signals are the two main 
lasses of ba
kground events. Thus, the
ontinuous sub-sampled data �ow per 
hannel has to be split into time windows of
∆t = 25.6µs to apply the RFI suppression method with su�
ient frequen
y resolution(∆f ≈ 40 kHz).The remaining ba
kground signatures (after RFI suppression) are transient signalswhi
h are 
hara
terised by a broadband spe
trum. The 
ontinuous data �ow is 
omparedwith a dynami
 threshold and is a

epted if the threshold is ex
eeded, otherwise the
hannel is reje
ted. The following quality and transient 
uts will reje
t the remainingtransient ba
kground signals. The determined positions in time of the dete
ted pulsesare needed for the following 
oin
ident 
onstraints.



5.4 Trigger Strategy 53

Figure 5.5: Blo
k diagram for the minimal requirements of the self-trigger system. Thethree red re
tangles 
orrespond, from top to bottom, to the geometri
al 
on�gurationof the antenna 
luster, the 
hannel trigger, and the 
oin
iden
e trigger.Dynami
 ThresholdA dynami
 threshold Tdyn has to be 
al
ulated on the basis of the 
ontinuous data �owover a su�
ient time range. A time range that is short (several nano se
onds) is sensitiveto fast ba
kground �u
tuations and might also miss the shower signal as it o

urs as atransient signal. A long time range of hours will be sensitive to day-night-e�e
ts, but
annot follow strong ba
kground �u
tuations (numerous ba
kground pulses in a shorttime range or solar �air).In fa
t, the optimal time range for determining the dynami
 threshold is strong de-pendent on the site of the dete
tor (in the range of se
onds). In the 
ase of this analysisthe externally triggered data have a de�ned time range. The re
orded time windows donot 
orrespond to a 
ontinuous data �ow and the dynami
 threshold is determined onthe basis of the 
omplete time window (∆t = 25.6µs).After RFI suppression the sub-sampled data per 
hannel ssub(t) are up-sampled sup(t)and the squared envelope signal (Hilbert method) senv2,up(t) is 
al
ulated. The squareddata are proportional to the re
eived power and are used to 
al
ulate the mean value
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Figure 5.6: Typi
al time signatures of the radio emission of a 
osmi
 ray air shower afterRFI suppression on the site of LOPESSTAR in De
ember 2006 (E ≈ 8 · 1017 eV, θ ≈ 60◦,
ϕ ≈ 51◦).

S̄mean,env2,up and its un
ertainty σS̄mean,env2,up . Therefore, all the time samples (in
ludingthe pulse itself) are taken into a

ount, due to the fa
t that the time length of the pulseis mu
h shorter than the re
orded time window. A dynami
 threshold Tdyn,env2,up per
hannel is de�ned by eq. 5.3 and 
ompared with senv2,up(t).
Tdyn,env2,up = Smean,env2,up + 4.5 · σS̄mean,env2,up (5.3)The empiri
al fa
tor of 4.5 is iteratively derived from these investigations.If the dynami
 threshold is ex
eeded, the data of this 
hannel are a

epted, otherwisereje
ted (dynami
 threshold trigger).Quality CutsA very rough estimation of the data quality is performed by using the sub-sampleddata after RFI suppression. The 
hannel data ssub(t) are squared and a sliding windowover six neighboured time samples is performed to smooth the data. The peak value

Ŝpeak,sub, the mean value S̄mean,sub and its un
ertainty σS̄mean,sub are determined. Anempiri
ally de�ned threshold Tthres,sub (eq. 5.4) is applied to 
ount the raising edge ofthe samples ex
eeding this threshold to estimate the number of pulses per 
hannel in
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Figure 5.7: The quality 
uts applied to ea
h polarisation. The shaded part is a

eptedand 
ontains all the shower events (one dete
ted pulse), whereas 80% of the ba
kgroundevents are reje
ted.that time window.Note: The threshold Tthres,sub has to be smaller than Tdyn,env2,up to 
ount all the pulses.
Tthres,sub = S̄mean,sub + 2 · σS̄mean,sub +

(

Ŝpeak,sub − (S̄mean,sub + 2 · σS̄mean,sub))
4.0

(5.4)On the one hand equation 5.4 takes into a

ount the noise due to an o�set determined by
S̄mean,sub and σS̄mean,sub and on the other hand an additional o�set depending on Ŝpeak,subis 
onsidered to 
ount dominant peaks and not small noisy peaks.Furthermore, the signal-to-noise ratio (snr) of the squared peak value and the meanvalue of the 
omplete time data is 
al
ulated (snr ∝ power).An illustration of the 
al
ulated parameters of the training data is shown in �g. 5.7.A 
ombination of two 
uts is introdu
ed to in
rease the quality of the data (quality 
uts)and to reje
t more than 80% of the ba
kground signals, whereas all the shower eventsare a

epted. snr > 75 (5.5a)no. of pulses < 2 (5.5b)Equation 5.5a allows to a

ept pulses with a good signal-to-noise ratio and to reje
t pulses
omparable with noise in the data. Ba
kground sour
es often emit their 
hara
teristi
signal periodi
ally over a 
ertain time. If several pulses are dete
ted in the re
orded timewindow, the de�ned 
ut (eq. 5.5b) reje
ts this 
hannel.
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Figure 5.8: A squared envelope signal of one 
hannel (shower event) with the 
hara
ter-isti
 parameters to distinguish between ba
kground and shower events.Transient CutsEa
h 
hannel that is a

epted by the dynami
 threshold trigger is pro
essed furtherto determine the exa
t number of pulses and their position in time for the 
oin
ident
onstraints. Only the 
hannels that are a

epted by the quality 
uts are analysed by thefollowing transient 
uts.The remaining pulse in the data has to be 
hara
terised by parameters to distinguishbetween transient signals and radio pulses from high energy 
osmi
 rays. Various pulseparameters were analysed, but only the most adequate ones are dis
ussed here and areillustrated in �g. 5.8 and �g. 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 
oin
iden
e 
onstraint to reje
t in
linedarrival dire
tions. In 
ase of a pre
ise re
onstru
tion of the dire
tion (triangula-tion) a 
onstant fra
tion method (f = 0.5) is used. A 
omparison of both methodsis presented in the analysis 
hapter 6.pulse width The time length of a pulse is de�ned as the width at one third of the max-imum of the peak value. Radio pulses from 
osmi
 ray air showers are expe
tedto be short in time. The re
orded dete
tor response fun
tion results from a 
on-volution of the original pulse with the �lter 
hara
teristi
s of the system. A pulseof a few nano se
onds is expanded to a pulse width less than 100 ns due to the
40 − 80MHz �lter used. In 
ontrast, ba
kground sour
es often 
onsist of longerpulses repeated frequently.
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Figure 5.9: De�nition of the RF 
rossing gap parameter. Only the maximal time ∆tmaxbetween the 
rossing 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 pulsewidth is an additional parameter to 
hara
terise the signal. The 
ombination ofthe pulse integral with the pulse width makes a separation between high and �atpulses possible.post pulse integral An integral of the post pulse time over twi
e the pulse width 
har-a
terises well the noise in the data. The fa
tor of two is empiri
ally motivated. Ashower event produ
es a signal as shown in �g. 5.8, whereas ba
kground data oftenin
lude multiple pulses � small pulses around one dominant pulse. The ratio ofpost pulse integralpulse integral turned out to be a good estimator to reje
t noisy 
hannels.RF 
rossing gap A threshold TRF 
ross to determine this parameter is de�ned by thesquare root of the dynami
 threshold (TRF 
ross =
√

Tdyn,env2,up) and is 
omparedto the up-sampled RF samples. The longest time period between the 
rossing oftwo raising edges de�nes the time value of the RF 
rossing gap as illustrated in�g. 5.9.The integral ratio post pulse integralpulse integral versus pulse width is shown in �g. 5.10 for thetraining data. A 
on
entration of events in the lower right 
orner is visible. Theseentries 
orrespond to very wide time pulses, whereas the integral ratio points out thatthe dete
ted pulses are large. A se
ond peak is indi
ated in the upper left part of thedistribution due to the fa
t that some ba
kground signatures start with a short dominantpulse followed by broad pulses (post pulse integral, ratio > 1). The expe
ted radio signallies in the intermediate zone 
orresponding to the green �oor shown in �gure 5.10.The parameter RF 
rossing gap additionally 
ontrols the number of pulses in a pre
iseway. Thus, the 
hosen 
ut of RF 
rossing gap < 300 ns in 
ombination with the already
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Figure 5.10: Parameters to reje
t transient ba
kground signals. The shaded part isa

epted by the transient 
uts (see eq. 5.6).applied quality 
uts makes sure that only one dominant pulse is within the re
orded timewindow. The estimated amount of pulses is not unique on the basis of this parameterwithout 
onsidering additional quantities. In the 
ase of ba
kground sour
es emittingpulses very frequently the RF 
rossing gap parameter always results in small values anddoes not re�e
t the re
orded multi-pulses.The dis
ussed parameters as given in eq. 5.6 de�ne the transient 
uts. They areoptimised to reje
t transient ba
kground signals and to a

ept shower events.pulse width < 125 ns (5.6a)post pulse int egralpulse integral < 1 (5.6b)RF 
rossing gap < 300 ns (5.6
)The 
hannel trigger a

epts a 
hannel if the dynami
 threshold is ex
eeded as well asthe quality and the transient 
uts are ful�lled. After applying the 
hannel trigger to thetraining data 560 out of 102,535 events are a

epted in
luding all the shower events.5.4.2 Cluster ConstraintsIn most 
ases the man-made ba
kground signals are emitted and rea
h the dete
torin parallel to the surfa
e of the Earth (θ > 70◦). The radio emission of CRs rea
hesthe Earth of all the zenith angles (0◦ ≤ θ ≤ 90◦). Taking into a

ount the dire
tionsensitivity of the LPDA only events with a zenith range θ < 60◦ are meaningful for



5.4 Trigger Strategy 59further analysis. The suppressed signals with θ > 60◦ are part of the dete
tor 
on
eptto redu
e man-made ba
kground at an early stage of the signal pro
essing.Note: The usage of an antenna type with higher sensitivity at larger zenith angles θallows to in
rease the sensitivity range for more in
lined shower events (θ > 60◦).In a next step the arrival dire
tion of the signal is determined by taking into a

ountthe geometry of the antenna 
luster. As des
ribed in 
hapter 3 ea
h LPDA is installedon a vertex of an equilateral triangle. This simple geometry allows a fast triangulationand an estimation of the arrival dire
tion (azimuth and zenith).The time di�eren
es of the triggered pulses of three LPDAs are 
al
ulated and 
om-pared with a given 
oin
iden
e time t
oin
 (
oin
iden
e trigger). In
oming signals from
θ = 0◦ (verti
al) are re
orded simultaneously in all the 
hannels. Signals with a largerzenith angle need more time to propagate through the antenna 
luster. The maximalpropagation time 
orresponds to the arrival dire
tion perpendi
ular to one of the sidesof the equilateral triangle. Thus, the 
oin
iden
e time depends on the zenith and theazimuth angles t
oin
(θ, ϕ).A su�
ient des
ription of the 
oin
iden
e time is given by taking into a

ount theheight of the triangle, whi
h 
orresponds to the shortest way to propagate through theantenna 
luster. In this 
ase the triangle is approximated as a 
ir
le and t
oin
(θ) followsequation 5.7 for all the azimuth angles.

t
oin
(θ) =

√

b2 − b2

4

c
· sin(θ) (5.7)where θ is the zenith angle, b is the 
luster baseline, and c is the speed of light. Due tothe limited sensitivity of the LPDA only zenith angles less than 60◦ are used.The 
luster 
onstraints of the self-trigger system 
orrespond to the lower red re
tan-gular as shown in �g. 5.5.Coin
iden
e TriggerAll the 
hannels observe the signals in a de�ned time window syn
hronously and 
on-tinuously. If two or more 
hannels in a triangle with three LPDAs (trigger 
ell) ful�lthe 
hannel trigger 
onditions, the event is pro
essed further. If one 
hannel is reje
tedby the 
hannel trigger due to dete
ted ba
kground, the se
ond polarisation may be a
-
epted.Note: It is assumed that the signals are re
eived simultaneously in both polarisationswhen they rea
h the antennas.So far, 
hannels with one dominant pulse of an event are a

epted. An estimation ofthe arrival dire
tion is only possible with events 
ontaining one 
hannel of ea
h LPDA(triangulation within a trigger 
ell). The 
osmi
 ray signal is superposed by the ba
k-ground and 
hannels with multi-pulses are reje
ted by the 
hannel trigger.The 
oin
iden
e trigger 
al
ulates the mean position of the pulse (point in time)

t̄pulse of all the a

epted 
hannels. The data from 
hannels whi
h are reje
ted by thequality 
uts are re
he
ked in order to �nd out whether a 
lear pulse in the time range of
t̄pulse ± t
oin
(θ = 60◦) is present or not. If one of the reje
ted 
hannels 
ontain a pulsein the data, this 
hannel is additionally a

epted by the 
hannel trigger. The 
oin
ident
onstraint is applied to all the time positions of pulses of a

epted 
hannels.



60 Chapter 5 Self-TriggerApplying the 
oin
iden
e trigger to the training data results in only 68 out of 560a

epted events. An additional 
ut on the re
onstru
ted arrival dire
tion to reje
tedevents that ful�l θ > 60◦ results in a total number of 57 a

epted events in
luding theexpe
ted shower events.5.5 Results5.5.1 Correlations with KASCADE-GrandeThe events a

epted by the self-trigger are 
orrelated with the re
onstru
ted showerparameters from KASCADE-Grande. In order to perform su
h a 
orrelation the timedelay ∆t between the LOPESSTAR and KASCADE-Grande event timestamp has to beknown.The in
oming trigger signal is dire
tly 
onne
ted to the hardware trigger of 
luster 13inside the KASCADE-Grande DAQ. The position in time of this trigger 
orresponds tothe true timestamp tevent of the air shower. tSTAR results in tSTAR = tevent + ∆t̄STAR,by taking into a

ount the typi
al delay ∆t̄STAR to transmit the trigger signal to theLOPESSTAR antenna 
lusters and to take the timestamp.
tevent is internally pro
essed by KASCADE-Grande (event building as well as mat
hingwith the KASCADE-Array and Pi

olo et
.) and delayed by ∆t̄Grande. This results inthe re
orded timestamp of KASCADE-Grande tGrande = tevent + ∆t̄Grande.These studies showed that the delays of di�erent LOPESSTAR 
lusters are approxi-mately equal (∆t̄STAR ≈ ∆tD17 ≈ ∆tD19 ≈ ∆tD30). In addition, ∆t̄Grande ≫ ∆t̄STARand ∆t̄STAR is negligible. The measured 
oin
iden
e time ∆t
oin
 results in:

∆t
oinc =tGrande − tSTAR (5.8a)
=tevent + ∆t̄Grande − (tevent + ∆t̄STAR) (5.8b)
≈∆t̄Grande (5.8
)
= (819778.269 ± 0.656) µs . (5.8d)The determined un
ertainty of σ∆t
oin
 = 0.656µs re�e
ts the jitter in time of the GPS
lo
k as well as the variation of the pro
essing time of KASCADE-Grande.The 
orrelated timestamps reje
t falsely triggered events due to RFI on the trigger
able or random trigger signals during te
hni
al problems of KASCADE-Grande andthose events whi
h 
annot be re
onstru
ted (typi
ally ≈ 9% of the data).training data The 
orrelation of the self-triggered training data with the re
onstru
teddata of KASCADE-Grande results in 57 a

epted shower 
andidates from all thearrival dire
tions and 52 shower 
andidates for θ < 60◦.veri�
ation data 285 events for antenna 
luster D17 and 779 events for D30 remainrespe
tively after 
orrelation with KASCADE-Grande and applian
e of the θ < 60◦
ut. The time period of the veri�
ation data D30 is twi
e the time of the veri�
ationdata D17. Thus the resulting amount of events di�er by a fa
tor of about 2.



5.5 Results 615.5.2 Purity, E�
ien
y and Reje
tionDire
tion CorrelationThe 
orrelated events are 
oin
ident and 
ontain ba
kground and shower events. Thearrival dire
tion of the radio event and the dire
tion delivered from KASCADE-Grandehave to 
orrespond within their un
ertainties to identify shower events 
orre
tly, whereasba
kground signals ful�l these 
onstraints only by 
han
e.The dire
tion 
orrelation is performed by using the 
uts des
ribed in eq. 5.9 withLOPESSTAR zenith angle θSTAR and azimuth angle ϕSTAR as well as the KASCADE-Grande zenith angle θGrande and azimuth angle ϕGrande .
θSTAR < 60◦ (5.9a)

θSTAR − 2 · σθSTAR < θGrande < θSTAR + 2 · σθSTAR (5.9b)
ϕSTAR − 2 · σϕSTAR < ϕGrande < ϕSTAR + 2 · σϕSTAR (5.9
)PurityAfter 
orrelation of the self-triggered events with the re
orded timestamps of KASCADE-Grande the applied dire
tion 
uts (eq. 5.9) result in well-
orrelated extensive air showers(same timestamp and same arrival dire
tion). The purity des
ribes the ratio of a

eptedshower events to the total number of a

epted events of the self-trigger. The total numberof events 
an be estimated on the basis of the analysis results from KASCADE-Grandeby taking into a

ount the shower geometry and the geomagneti
 angle, respe
tively.training data 7 shower events out of 52 events remain after 
orrelation of the time-stamp and dire
tion with the ones of KASCADE-Grande in
luding θ < 60◦. This
orresponds to a purity of 14% for the training data.veri�
ation data 285 events and 779 events are a

epted by antenna 
luster D17 andD30 by the self-trigger in
luding a 
ut on the zenith angle (θ < 60◦), respe
tively.After 
orrelation (timestamp and dire
tion) 22 events (D17) and 34 events (D30)are identi�ed as radio emission of 
osmi
 rays. The purity results in 7% (D17) and5% (D30) for the veri�
ation data.The di�eren
es of the obtained purity re�e
t the in�uen
e of the individual ba
kgroundsour
es depending on the site of the antenna 
luster. Emitted signals from un
orrelatedor 
orrelated ba
kground sour
es rea
h the dete
tor horizontally from random azimuthdire
tions. The 
hannel trigger a

epts shower-like ba
kground signals and the 
oin
i-den
e trigger a

epts these signals by 
han
e. The re
onstru
ted arrival dire
tion pointsto a random azimuth and zenith angle. In fa
t, this is the main reason for the lowpurity results and the falsely a

epted ba
kground events. A dete
tion site without theindustrial environment (e.g. Pierre Auger Observatory) and advan
ed trigger levels willin
rease the purity.E�
ien
yA reliable e�
ien
y analysis has to be based on detailed MC simulations for a full dete
torsimulation as well as MC simulations for the radio emission of high energy 
osmi
 rays.
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luster no. a

epted events applied 
onstraintstraining data D30 102,535 none (all the events)20,547 quality 
uts per 
hannel560 
hannel trigger68 + 
oin
iden
e trigger57 + θSTAR < 60◦52 + Grande: time 
orrelated7 + Grande: θ & ϕ 
orrelatedveri�
ation data D17 D17 787,203 none (all the events)2,209 
hannel trigger1,226 + 
oin
iden
e trigger499 + θSTAR < 60◦285 + Grande: time 
orrelated22 + Grande: θ & ϕ 
orrelatedveri�
ation data D30 D30 1,598,543 none (all the events)33,452 
hannel trigger1,676 + 
oin
iden
e trigger1,260 + θSTAR < 60◦779 + Grande: time 
orrelated34 + Grande: θ & ϕ 
orrelatedTable 5.2: Summary of the a

epted events in relation to the applied trigger 
onstraintsof the data sets used. The deviation of the reje
tion rates between the di�erent data setsare due to the environmental e�e
ts and seasonal in�uen
es on ea
h antenna 
luster.None of the shower events are reje
ted by the applied 
onstraints.The shower simulation methods are available, but a su�
ient dete
tor simulation is notready. In addition, the sensitive area of the dete
tor array has to be determined bysimulations as well. It is very 
omplex to extra
t the sensitive area only based on themeasured events due to the low parti
le �ux at these high energies. Furthermore, thee�e
t of the radio emission and its dependen
e on the geomagneti
 angle have to bemeasured and simulated in detail to get reliable e�
ien
ies.The e�
ien
y des
ribes the ratio of the a

epted shower events to the total numberof shower events in the data set. The KASCADE-Grande re
onstru
tion was used todetermine the absolute number of observed shower events in ea
h data set. Therefore,quality 
uts were applied to the results of the re
onstru
tion of KASCADE-Grande(Grande 
uts). Only shower events that ful�l the quality 
onstraints are used in thefollowing. A detailed dis
ussion of Grande 
uts are presented in se
tion 6.2.1.The 
hosen Grande 
uts are applied to the KASCADE-Grande data and result in 25shower events (training data) whi
h are dete
ted in the parti
le dete
tors. 4 out of 25shower events are a

epted by the self-trigger on the basis of the radio emission and this
orresponds to an e�
ien
y of 16% (5 · 1017 eV < E < 1018 eV).The 21 reje
ted shower events by LOPESSTAR were analysed further to understandthe reje
tion of the self-trigger system in more detail. It turned out that most of theshower events showed no radio signal in the time domain. This results from large RFI
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kground at this time or from the arrival dire
tion of the extensive air shower. If thisdire
tion is almost in parallel to the geomagneti
 �eld then no radio emission is emitted(geomagneti
 angle α ≈ 0◦). Only two reje
ted events showed pulse signals in more than2 
hannels (di�erent antennas), but the in�uen
e of the ba
kground at this time doesnot make it possible to dete
t these pulses. The e�
ien
y results in more than 90% byonly taking into a

ount shower events with a su�
ient signal-to-noise ratio.The results from the e�
ien
y of the veri�
ation data are the same as for the trainingdata. The ba
kground 
onditions on the site of the Fors
hungszentrum Karlsruhe arebad and time dependent as des
ribed above. The RFI and transient signals in
rease thedynami
 threshold all the time and the a

eptan
e of signals from radio emission with anenergy E ≤ 5 · 1017 eV and a low geomagneti
 angle is not e�
ient. In addition, the area
overed by the KASCADE-Grande experiment (700 × 700m2) limits the re
onstru
tionof primary parti
les of E > 1018 eV.Reje
tionThe reje
tion r is de�ned as unity minus the ratio of the a

epted events n to the totalnumber of events m: r = 1 − n
m . The a

epted events are de�ned in this 
ontext as thenumber of self-triggered events with no additional 
uts.training data The self-trigger a

epted 68 out of 102,535 events, 
orresponding to areje
tion of r = 99.93%.veri�
ation data The veri�
ation data of antenna 
luster D17 
onsist of 787,203 events.After applying the self-trigger 1,226 events are a

epted, 
orresponding to a reje
-tion of r = 99.79%. Antenna 
luster D30 has 1,598,543 events in the veri�
ationdata and 1,676 events are a

epted from the self-trigger, 
orresponding to a reje
-tion of r = 99.92%.The self-trigger method is not over-optimised on the training data due to the almostequal reje
tion value 
ompared with veri�
ation data D30. The dis
repan
y of thereje
tion value of the veri�
ation data D17 and D30 re�e
ts the di�erent ba
kground
onditions of the two antenna 
lusters on the site of the Fors
hungszentrum Karlsruhe.5.5.3 Trigger RatesThe trigger rate of the �rst trigger level is important for the following data redu
tion ina multi-level trigger system.Table 5.2 summarises the a

epted number of events in relation to the di�erent trigger
onstraints. The remaining events of the veri�
ation data D30 are about twi
e thenumber of a

epted events of the veri�
ation data D17 due to the di�erent observationtimes at the two antenna 
lusters. The deviation of the di�erent reje
tions for the appliedtrigger 
uts between the three data sets re�e
ts the individual ba
kground situation onea
h antenna 
luster.Cluster RateThere are two ways to 
al
ulate a mean trigger rate per antenna 
luster on externallytriggered data.



64 Chapter 5 Self-TriggerOne is to analyse the 
omplete time period of the veri�
ation data and to assume thatthe given trigger sele
ts all the extensive air showers. Additionally, it is expe
ted that theenergy threshold of the external trigger is mu
h lower than the dete
tion threshold of theradio emission. Thus, most of the external triggers are random RFI and transient re
ords.The re
orded ba
kground events of almost 6 and 13 months, respe
tively, des
ribe wellthe environmental in�uen
es on the antenna 
lusters D17 and D30. Applying the self-trigger 
onditions to this data 
orresponds to work a 
ontinuous data �ow. In this 
asethe mean trigger rate results in f̄D17,
ont ≈ 98µHz (D17) and f̄D30,
ont ≈ 78µHz (D30)for the veri�
ation data.The other way to determine the mean trigger rate of the self-trigger is to 
ombinethe n externally triggered time windows ∆t = 25.6µs with a virtual observation time
tvirt = n ·∆t. After applying the self-trigger to the 
ombined veri�
ation data the triggerrate results in f̄D17,virt ≈ 60Hz (D17) and f̄D30,virt ≈ 40Hz (D30), whereas the rates arede�ned by the ratio of a

epted events to tvirt.The real trigger rates per 
luster will lie in between these two results and have tobe measured on the �eld. In addition, the geometri
al e�e
ts of the external trigger
luster 13 from KASCADE-Grande are not taken into a

ount.Channel RateThe 
hannel trigger rate 
an be dire
tly 
onsidered as the external trigger rate ofKASCADE-Grande f̄
hannel,
ont = f̄
luster 13 ≈ 50mHz.In 
ase of the virtual observation time the trigger rate per 
hannel results in
f̄
hannel,virt ≈ 7.3 kHz. The 
hannel trigger rate re�e
ts the ba
kground 
onditions and
an easily be de
reased on the sites with lower ba
kground, e.g. the Pierre Auger Ob-servatory.A random 
oin
iden
e trigger rate of three un
orrelated trigger sour
es (trigger 
ellper antenna 
luster) is given by eq. 5.10.

f
oin
,random =f3
hannel · t2
oin
(θ) (5.10a)
= (7.3 kHz)3 · (215 ns)2 (5.10b)
≈18mHz (5.10
)where t
oin
 is given by eq. 5.7 with a baseline bD30 = 65m and a zenith angle θ = 60◦.The randomly triggered events from all the dire
tions are negligible 
ompared to the
luster trigger rates.Equation 5.10 is only valid for un
orrelated trigger sour
es, e.g. independent ma
hines,whi
h emit several signals in a time window less than t
oin
. If these signals are a

eptedby the 
hannel trigger (transient 
uts) then the 
oin
iden
e trigger is additionally ful-�lled. But a re
onstru
tion of the arrival dire
tion results in an in
lined dire
tion andthe triggered event is identi�ed as ba
kground and is reje
ted.5.5.4 Threshold Chara
teristi
sThe behaviour of the dynami
 threshold (see eq. 5.3) for ea
h 
hannel des
ribes the
hara
teristi
s of the self-trigger. It is sensitive to the ba
kground in�uen
e and de�nesthe energy threshold for radio dete
tion of extensive air showers.
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Figure 5.11: Calibration 
urve to 
onvert the threshold of the 
hannel trigger in unitsof ADC 
ounts into an ele
tri
 �eld strength. The solid bla
k line 
orresponds to aparaboli
 �t (y = 
urve · x2).ConversionThe dynami
 threshold is 
al
ulated and 
ompared with the squared envelope signal afterRFI suppression. A 
onversion fa
tor for the threshold in the unit of squared ADC 
ountinto the unit of �eld strength is ne
essary for quantitative 
on
lusions. The distributionof the threshold 
alibration is shown in �gure 5.11 where the squared envelope samplesversus the absolutely 
alibrated samples are given. A paraboli
 
onne
tion between thesquared envelope signal and the time samples is expe
ted due to the squaring of theenvelope. A paraboli
 �t fun
tion (see eq. 5.11) is applied to the data and illustrated asthe solid bla
k line in �g. 5.11 as well.env2 =
urve · |E|2 (5.11a)
urve = (1.915 ± 0.015)

(ADC
µV
m

)2 (5.11b)The deviation of the 
urve parameter from 2 results from the manipulation of the am-plitude spe
trum and the applied window fun
tion during Fourier transform (
alibrationpro
esses).The 
urve parameter resulting from the �t (eq. 5.11) is obviously dependent on thebandwidth of LOPESSTAR. The e�e
tive bandwidth ∆fe� = 42.02MHz has to be takeninto a

ount to normalise the dynami
 threshold and to 
ompare the dynami
 thresholdwith other experiments.
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Figure 5.12: The distribution of the 
alibrated dynami
 threshold versus the observed
hannels in antenna 
luster D17 (left �g.) and D30 (right �g.).Distribution of Dynami
 ThresholdsThe distribution of the 
alibrated dynami
 threshold is illustrated for all the 
hannelsin �g. 5.12 for antenna 
luster D17 (left hand �g.) and D30 (right hand �g.). Ea
hentry 
orresponds to a positive 
hannel trigger 
ondition of the veri�
ation data. Thethreshold 
alibration was performed by using eq. 5.11 without normalisation.Antenna Cluster D17 The distribution of the left hand �g. 5.12 shows that most of the
al
ulated thresholds result in Tdyn,up,D17 ≈ 80 µV

m due to the ba
kground in�uen
e.Antenna 
luster D17 is lo
ated at the east edge of the Fors
hungszentrum Karlsruheand at this position a lower ba
kground is expe
ted (
ompare with right hand �g.(D30)).The threshold behaviour for the CTR antenna di�ers from the rest due to lessentries in this 
olumn. More transient signals have been dete
ted and reje
ted inthese 
hannels by the 
hannel trigger. In fa
t, the DAQ PC in antenna 
luster D17is lo
ated in the nearby KASCADE-Grande station 17 next to the CTR antenna.In the earlier days of LOPESSTAR this antenna 
luster was the �rst experimentalsite with an old type of PC (DAQ 
omputer) equipped with poor ele
tromagneti
shielding.Antenna Cluster D30 Antenna 
luster D30 has a di�erent distribution of the 
ali-brated dynami
 threshold (right hand �g. 5.12). The mean threshold results in
Tdyn,up,D30 ≈ 100 µV

m , whereas the EW 
hannels of CTR and 300 antenna show aspread to larger values. The 
luster is lo
ated inside the area of the Fors
hungszen-trum Karlsruhe.The gap around 100 µV
m for both polarisations of the antenna 300 is explained bythe transient reje
tion of the 
hannel trigger. This antenna is lo
ated next to alarge 
omputing 
entre, and next to an exhauster for the air 
onditioning of this
entre giving rise to the dynami
 threshold.



5.5 Results 675.5.5 Con
lusion and OutlookCon
lusionThe worst possible ba
kground 
onditions one 
an think of when developing a radioself-trigger system are given on the site of the Fors
hungszentrum Karlsruhe due to theindustrial environment. The 
hallenge to suppress enough ba
kground events and not tosaturate the ele
troni
s is fa
ed by the features of the self-trigger system dis
ussed. Thesurrounding ba
kground signals 
ould be identi�ed and 
ould be su�
iently suppressedby the self-trigger.The plausibly motivated and optimised parameters reje
t RFI and transient signalson ea
h 
hannel per antenna to more than 99.9%. The 
hannel trigger methods are easyto extend for further parameters due to possible 
hanges in ba
kground 
hara
teristi
s.The a

epted radio emission signals and shower like ba
kground signals in ea
h 
hannelare further analysed by the 
luster trigger. It reje
ts highly in
lined and 
oin
ident man-made signals (θ > 60◦) and all the non-
oin
ident events as well. The 
luster trigger alsotakes the reje
ted 
hannels with multi-pulses (
hannel trigger) into a

ount and sear
hesthe 
hara
teristi
 signal at the expe
ted time positions. In fa
t, the 
hosen 
oin
ident
onstraint is optimised for the layout of the antenna array and has to be adapted forlarge-s
ale arrays.The resulting purity (6%), e�
ien
y (90%) and reje
tion (99.9%) show that the self-trigger system reje
ts RFI and transient signals per 
hannel and 
luster in a su�
ientway. The industrial environment on the site of the Fors
hungszentrum Karlsruhe 
om-pli
ates the trigger system and in
reases the rates, whereas on the site of the PierreAuger Observatory purity and e�
ien
y will in
rease due to the lower ba
kground ofone order of magnitude (fa
tor 100 in re
eiving power).The 
alibration and normalisation of the dynami
 threshold makes a 
omparison withdi�erent sites and experimental installations 
onvenient and transparent. In addition, thethreshold monitoring of ea
h 
hannel allows an easy 
ross-
omparison with alternativeself-trigger approa
hes.The proof-of-prin
iple of a working radio self-trigger system is obtained by the dis-
ussed investigations. The area 
overed by KASCADE-Grande limits the statisti
s ofshower events to an energy of E ≤ 1018 eV. The energy range of the Pierre Auger Ob-servatory as well as the mu
h better ba
kground 
onditions make the site in Argentinaattra
tive for the future of radio dete
tion of extensive air showers.A hardware design of the dis
ussed method is ne
essary to a
hieve a fast and e�
ientself-trigger in a stand-alone appli
ation. An analogue ele
troni
 approa
h is too in�exi-ble. Therefore, Field Programmable Gate Arrays (FPGAs) are sele
ted for the hardwareof the self-trigger. The presented self-trigger strategy 
an be transferred in a simple wayto an FPGA algorithm.OutlookIn the future large-s
ale arrays of radio dete
tors will be installed. It is ne
essary toequip ea
h single antenna with a 
hannel trigger in
luding the RFI suppression andtransient 
uts. The information of the 
hannel triggers are transmitted to the following
oin
iden
e trigger via wireless 
ommuni
ation. The 
oin
iden
e 
onstraints are basedon all the information of the 
hannel triggers and the geometry of the array.



68 Chapter 5 Self-TriggerAn existing hardware3 with a digital signal pro
essor (DSP) and FPGA is re-usedto implement a prototype version of the dis
ussed self-trigger methods. The optimisedimplementation of the trigger algorithms are in progress and �rst veri�
ation measure-ments are planned on the site of the Fors
hungszentrum Karlsruhe for autumn 2008. Ina next step a measurement 
ampaign on the site of the Pierre Auger Observatory withthree LPDAs is planned for winter 2008. The FPGA based prototype self-trigger has toprove the experimental pra
ti
ability under environmental 
onditions of the two sites.

3Developed at the Institute of Data Pro
essing and Ele
troni
s, Fors
hungszentrum Karlsruhe.



Chapter 6Data Analysis6.1 Introdu
tionThe radio signals measured with LOPESSTAR are absolutely 
alibrated and are re
ordedin 
oin
iden
e with the KASCADE-Grande experiment. The 
hosen positions of theLOPESSTAR antennas per 
luster strongly depend on the lo
al environment and infras-tru
ture of the Fors
hungszentrum Karlsruhe. The possibilities of LOPESSTAR, in itsprototype phase, are limited but provide a starting point for future radio dete
tors andpoint out the potential of the radio dete
tion te
hniques.This 
hapter presents the data sele
tion of shower events that ful�l the applied quality
onstraints on the re
onstru
ted data of both experiments, LOPESSTAR and KASCADE-Grande. Furthermore, the parametrisation of the �eld strength is des
ribed and 
om-pared with previous approa
hes. Finally, te
hniques to re
onstru
t air showers on anevent-by-event basis are presented.6.2 Data Sele
tionThe applied data sele
tion is based on the veri�
ation data (D17 & D30, see table 5.1).Additional quality 
uts on KASCADE-Grande and LOPESSTAR are 
hosen to optimisethe re
onstru
tion dis
ussed in the following.6.2.1 Quality CutsKASCADE-Grande CutsThe �nal KASCADE-Grande re
onstru
tion results in more than 26 quantities des
ribinggeometry and properties of the individual air shower as well as the working 
onditionof the experiment. Standard quality 
uts, listed in table 6.1 (Grande 
uts), to ensurea high quality and a well re
onstru
tion of the air shower were 
hosen as used in theanalysis of KASCADE-Grande.The estimated energy of the primary parti
le follows the well-established parametri-sation by the number of muons (Nµ), ele
trons (Ne), and the zenith angle (θGrande) asgiven in eq. 6.1a [Womm 07℄. The expe
ted un
ertainty of this energy estimation is inthe range of σE

E ≈ 40%. Ba
kground observations on the site of the Fors
hungszentrum



70 Chapter 6 Data Analysisrelated to the working status of KASCADE-Grande
ondition explanationIa
tive & 1 = 1 KASCADE-Array is a
tiveHit7 > 8 
luster 13 is a
tiveFlagANKA < 4 status of the nearby syn
hrotron sour
e ANKA to re-je
t ba
kground indu
ed eventsQuality Flag > 0 internal quality �ag is ful�lledNGrande stations > 0 number of involved a
tive stationsrelated to the re
onstru
tion of KASCADE-Grande
ondition explanation
Nµ > 11111 total number of muons is su

essfully re
onstru
ted
Ne > 11111 total number of ele
trons is su

essfully re
onstru
ted

θGrande < 45◦ standard re
onstru
tion is un
ertain (for θ > 45◦)
−600m < xGrande < 100m position of the shower 
ore lies in the �eld ofKASCADE-Grande (x 
oordinate)
−600m < yGrande < 100m same for the y 
oordinate

1.4 > AgeGrande > 0.4 
ut on the shower age, whi
h results from the �t tothe lateral distribution of the ele
trons (NKG �t, see
hapter 2), empiri
 parameter rangeTable 6.1: Overview of the Grande 
uts to obtain well re
onstru
ted shower eventsfrom KASCADE-Grande. The 
onditions of the working status guarantee that theKASCADE-Grande experiment is in a proper working mode. In addition, the re
on-stru
tion was su

essful and results in well re
onstru
ted shower parameters if theremaining 
onditions are ful�lled.Karlsruhe point out that a su�
ient signal-to-noise ratio for the dis
ussed self-trigger isexpe
ted from 
osmi
 ray events with E > 1017.5 eV (energy 
ut, see eq. 6.1b).
log10(E) =0.319 · log10(Ne) + 0.709 · log10(Nµ)

+
1.236

cos(θGrande) + 0.238 [log10(GeV)] (6.1a)
E >108.5 GeV = 1017.5 eV (6.1b)LOPESSTAR CutsThe events a

epted by the self-trigger 
onditions are 
orrelated by timestamp and arrivaldire
tion with the events a

epted by the Grande 
uts. The de�ned 
onditions of theself-trigger and the 
orrelation (timestamp and arrival dire
tion) ensure that only wellre
onstru
ted shower events are �nally a

epted.



6.2 Data Sele
tion 71veri�
ation dataD17 D30 applied 
uts22 34 self-trigger + Grande: time & dire
tion 
orrelation6 14 + Grande 
uts3 7 + E > 1017.5 eVTable 6.2: A

epted number of events after applying the des
ribed 
uts. The resulting10 radio events 
orrespond to 9 shower events, re
onstru
ted by KASCADE-Grande.One individual shower event was separately dete
ted in antenna 
luster D17 & D30.6.2.2 Event Statisti
sThe amount of events a

epted after appli
ation of the quality 
uts are listed in table 6.2.The �rst row shows the a

epted events after applying the self-trigger as well as the
orrelation of the data by timestamp and arrival dire
tion. In the following rows thea

epted events of the KASCADE-Grande quality 
uts (Grande 
uts) as well as theenergy 
ut (E > 1017.5 eV) are given.The remaining 10 radio events with their re
onstru
ted quantities yield a good re-
onstru
tion and are related to 9 extensive air showers, re
onstru
ted by KASCADE-Grande. One of the radio events was observed in both antenna 
luster D17 & D30 and,therefore, 
ounted twi
e. An additional shower event was dete
ted by all 10 LOPESSTARantennas, but reje
ted by the Grande 
uts due to the in
lined arrival dire
tion. Never-theless, this shower event is used later for a 
omparison with MC simulations.The number of events is limited by the size of the instrumented area and the shortobservation time as well as the low parti
le �ux at these high energies (5 events/monthare expe
ted a

ording to the 
osmi
 ray �ux and the e�e
tive area of the 
lusters). Thedis
ussed analysis is limited by the event statisti
s, but it demonstrates the potentialand advantages of the radio dete
tion te
hnique.Note: The radio data of antenna 
luster D19 are re
orded for all the external triggersignals from KASCADE-Grande during the period in whi
h the veri�
ation data weretaken.6.2.3 Distribution of the Shower CoresThe impa
t point or position of the shower 
ore on the ground in the referen
e frameof KASCADE-Grande is shown in �g. 6.1 (positions derived from KASCADE-Grande).The open symbols (D17: �, D30: ◦) mark the positions of the a

epted events from theself-trigger in
luding the 
orrelation (timestamp and arrival dire
tion) with KASCADE-Grande, whereas the other symbols (D17: +, D19: •, D30: ×) mark the 
ore positions ofthe remaining events after the Grande 
uts. The illustrated positions of the shower 
oreare spread homogeneously over the equipped area and, as expe
ted, are slightly shiftedtowards the external trigger (
luster 13) of KASCADE-Grande.A radio signal of a 
osmi
 ray air shower is dete
ted in all the antennas, the so-
alledgolden event, if all the introdu
ed symbols mat
h at one position. Due to the limitedobservation time su
h golden events are only dete
ted twi
e and marked with the reddashed 
ir
le (I and II in �g. 6.1). The red dashed 
ir
le (II) on the left hand side marks
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Figure 6.1: Distribution of the shower 
ores for di�erent quality 
uts and separated by theLOPESSTAR antenna 
lusters. The 
oordinates of ea
h shower 
ore are re
onstru
tedby KASCADE-Grande. Two events are re
orded from all 10 LOPESSTAR antennas andare marked with a red 
ir
le (I & II) � golden events.a position of a shower 
ore whi
h was dete
ted by the self-trigger in all 10 LOPESSTARantennas but reje
ted by a quality 
ut on the zenith angle (Grande 
uts).Note: Position II is not marked with • due to the Grande 
uts, but the raw data ofantenna 
luster D19 are re
orded anyhow.6.3 Parametrisation of the Field StrengthA parametrisation of the observed radio pulse allows a systemati
 
omparison with otherexperiments. The determined parameters in 
ombination with the re
onstru
ted geome-try of the air shower allow an estimation of the primary energy. Therefore, all the radioevents a

epted by the applied quality 
uts are used to parametrise the �eld strengthby taking into a

ount di�erent e�e
ts of the shower geometry and the energy of theprimary parti
le. The peak value of the dete
ted pulse in ea
h polarisation (| ~EEW| and
| ~ENS|) is 
ombined by ve
torial addition | ~E| = |

√

| ~ENS|2 + | ~EEW|2| and divided by thee�e
tive bandwidth ∆fe� = 42.02MHz. The resulting quantity ǫ in [ µV
m ·MHz

], ǫNS and
ǫEW, respe
tively, is 
orrelated to the observed radio pulse and is used in the presentanalysis.



6.3 Parametrisation of the Field Strength 736.3.1 First Approa
hesThe investigated approa
hes in previous experiments to parametrise the measured �eldstrength [Alla 71, Hueg 05b, Horn 06, Nehl 08a℄ have several 
hara
teristi
s of the pri-mary parti
le in 
ommon:energy E The observed �eld strength s
ales linearly with the energy E of the primaryparti
le due to 
oherent radio emission.geomagneti
 angle α The angle between the shower axis and the geomagneti
 �eld isnamed geomagneti
 angle and is a fun
tion of the arrival dire
tion α(θ, ϕ). Inthe model of the geosyn
hrotron emission sin(α) 
hara
terises the strength of theLorentz for
e ~FL = e~v × ~B due to the 
ross produ
t, where |~v| ≈ c is the speed oflight and ~B is the strength of the magneti
 �eld of the Earth.s
ale parameter d0 The �eld strength de
reases rapidly with in
reasing distan
e per-pendi
ularly to the shower axis (referen
e frame of the shower). The 
ited measure-ments and simulations showed that an exponential fun
tion with a s
ale parameter
d0 parametrises this behaviour well. d0 and its dependen
y on the energy, if any,is an important quantity to de�ne the spa
ing of future dete
tors to observe radioemission. The lateral spread parameter R of the radio emission in the 
oordinatesystem on the observation level is related to d0 by the zenith angle of the primaryparti
le: R = d0

cos(θ) .zenith angle θ The main dependen
e on the zenith angle is given by the geomagneti
angle α. The arrival dire
tion of the shower (θ and ϕ) and the dire
tion of themagenti
 �eld lines have to be known in order to determine α. In addition, thezenith angle determines the footprint of the shower on the observation level.The previous parametrisations used a cos(θ) dependen
e on the zenith angle. Theemitted radio signal is polarised in a plane perpendi
ularly to the Poynting ve
tor.And the measured �eld strength 
orresponds to a proje
tion of the ele
tri
 �eldonto the sensitive antenna plane. LOPESSTAR measures the proje
tion of thenorth-south & east-west polarisation due to the arrival dire
tion (azimuth angle),but the verti
al 
omponent is suppressed by the antenna. The missing verti
al
omponent may be in
luded by taking into a

ount the dire
tion sensitivity of theantenna used (
alibration). Thus, a cos(θ) parametrisation may be not ne
essary.Furthermore, the attenuation length of an ele
tromagneti
 wave in the atmosphere(1MHz < f < 100MHz) is mu
h higher than the mean free path of the parti
lesin an extensive air shower. This is the advantage of the radio dete
tion te
hniqueto re
ord radio emission on the ground, whereas the ele
tromagneti
 
omponentof the shower has died out [Petr 07℄.6.3.2 Re
ent Approa
hesOne of the advantages of LOPESSTAR is the observation of the north-south & east-west 
omponent of the polarisation at one position at the same time. The dual-polarisedmeasurements are used for the parametrisation of the total �eld strength and additionally



74 Chapter 6 Data Analysisallow to verify the parametrisations of previous studies as given in eq. 2.2 and eq. 2.3,respe
tively [Alla 71, Horn 06℄.A general parametrisation follows eq. 6.2 and takes into a

ount the previous ap-proa
hes (only ǫEW) and is the starting equation to parametrise the total �eld strength ǫ.The fun
tion has to be adapted to the data to �nd the best solution.
ǫtot or EW = C · cos(θ) · (Cα ± sin (α ± φα))

· exp

(

−daxis
d0

)

·
(

E

GeV

)CE
[

µV

m ·MHz

] (6.2)Where ǫtot and ǫEW are the parameters 
orrelated to the measured radio peak of the
ombined 
hannels and only the east-west 
omponent, respe
tively, C is a proportional
onstant, θ is the zenith angle, (Cα ± sin (α ± φα)) des
ribes the dependen
e on thegeomagneti
 angle α with an additional phase φα, an exponential fun
tion 
orresponds tothe lateral de
rease in
luding the s
ale parameter d0, and a power law with an exponent
CE, whi
h has to be 
lose to unity (
oherent signal), des
ribes the dependen
e on theenergy of the primary parti
le.The MethodAn iterative pro
edure to determine the parameters and their un
ertainties was per-formed by using the minuit pa
kage of root [Brun 97℄ (TMinuit, v5.18.00) with theinternal MIGRAD algorithm. The χ2 fun
tion follows eq. 6.3, in whi
h the index data
orresponds to the measured and 
alibrated data, whereas the index par 
orresponds tothe 
hosen parametrisation (eq. 6.2). The di�eren
e between the data and the modelwas then minimised by the minuit algorithm to �nd the best parameters des
ribing themeasured data.

χ2 =

(

ǫdata − ǫpar
σǫdata )2 (6.3)The un
ertainties of the measured signals per polarisation were estimated by tak-ing into a

ount the noise level in ea
h 
hannel. Therefore, the mean noise level

| ~̄Enoise,pol| and its un
ertainty |~̄σEnoise,pol| in the re
orded time window ex
luding thedete
ted shower pulse per 
hannel (polarisation) were determined based on the enve-lope signal. The in�uen
es of ba
kground pro
esses and the noise level are estimated at
σnoise,pol = | ~̄Enoise,pol|+ 5 · |~̄σ ~Enoise,pol|. In addition, the un
ertainty of the 
alibration hasto be taken into a

ount and results in 7.4% related to the peak value.The totally estimated un
ertainty of the data per 
hannel results in σ2 = σ2noise,pol +
σ2
alib,pol and additionally has to be divided by the e�e
tive bandwidth ∆fe�.Both polarisations per LPDA are 
ombined per ve
torial addition ǫ =

|
√

| ~ENS|2+| ~EEW|2|
∆fe�and the un
ertainties are 
al
ulated by Gaussian error propagation.6.3.3 Signals of the East-West Polarised ComponentA 
omparison with the previous experiments is performed on the basis of the east-westpolarised 
omponent measured by LOPESSTAR. This study is separated into one part
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y into a

ount (as well as the previous approa
hes) andanother part that negle
ts it.With cos(θ) dependen
e:The best parametrisation and its resulting parameters as well as its un
ertainties aregiven in eq. 6.4 for the 
omparison with the previous approa
hes. The �nal χ2 ≈ 37
orresponds to a probability of about 18% by taking into a

ount the number of degreeof freedom ndf = 30.
ǫEW = (0.5 ± 0.3) · cos(θ) · ((7.1 ± 3.6) − sin (α))

· exp

(

− daxis
(122 ± 12)m

)

·
(

E

GeV

)1.24±0.01 [
µV

m ·MHz

] (6.4)The 
onstant fa
tor of (0.5 ± 0.3) with its un
ertainty of 60% shows that themeasured signal might be overestimated. The geomagneti
 angle is des
ribed by
((7.1 ± 3.6) − sin (α)). A parametrisation, like for the LOPES30 data [Horn 06,Nehl 08a℄, that depends on (1−cos(α)) is not 
onsistent with the given statisti
s. Higherevent statisti
s are needed to verify the previous parametrisations.Without cos(θ) dependen
e:The best parametrisation without the θ dependen
e is given in eq. 6.5. The �nal χ2 ≈ 37
orresponds to a probability of about 20% by taking into a

ount the number of degreeof freedom ndf = 31.

ǫEW = (2.2 ± 0.3) · (1 + cos (α))

· exp

(

− daxis
(120 ± 12)m

)

·
(

E

GeV

)1.15±0.04 [
µV

m ·MHz

] (6.5)Assuming no cos(θ) dependen
e on the zenith angle and 
hoosing a �xed α dependen
eresult in the same χ2 value and an in
reased probability. The 
hosen model des
ribesthe data better due to the smaller un
ertainties of the parameters. Any parametrisationwith more parameters did not improve the probability of the �t. Again, a higher showerstatisti
s is needed to optimise the parametrisation of the measured radio pulses.ResultsThe best found parametrisations are presented for the east-west polarised 
omponent ofthe ele
tri
 �eld. None of the previous parametrisations are 
onsistent with the givenstatisti
s. The main reasons for that is the low event statisti
s. The large un
ertain-ties in the 
alibration of the previous experiments might be an additional e�e
t. Theongoing measurements in 
oin
iden
e with KASCADE-Grande will allow more detailedinvestigations with mu
h higher event statisti
s.The best parametrisation of the LOPESSTAR data shows no dependen
e on the zenithangle θ and parametrises the geomagneti
 angle by (1 + cos(α)). The s
ale parameter
d0 results in d0,EW = (121 ± 12)m for the parametrisation of the east-west polarisedsignals.



76 Chapter 6 Data Analysis6.3.4 Signals of the North-South & East-West Polarised ComponentThe quantity ǫ is related to the radio pulse and used to parametrise the measuredsignals. For the �rst time dual-polarised measurements 
an be parametrised with thehelp of the re
onstru
tion from a well 
alibrated extensive air shower experiment. The�rst parametrisation takes into a

ount a dependen
e on cos(θ), whereas the se
ondapproa
h negle
ts it.With cos(θ) dependen
e:The best parametrisation and its resulting parameters as well as its un
ertainties aregiven in eq. 6.6. The �nal χ2 ≈ 28 
orresponds to a probability of about 14% by takinginto a

ount the number of degree of freedom ndf = 21.
ǫ = (9.1 ± 5.5) · cos(θ) · ((1.1 ± 0.05) − sin (α + (0.43 ± 0.15)))

· exp

(

− daxis
(137 ± 16)m

)

·
(

E

GeV

)1.71±0.02 [
µV

m ·MHz

] (6.6)The 
onstant fa
tor (9.1 ± 5.5) with an un
ertainty of 60% and the deviation fromunity of the exponent (1.71±0.02) of the energy behaviour re�e
t the low event statisti
sand the energy un
ertainty of the primary parti
les σE

E ≈ 40%. The parametrisation ofthe geomagneti
 angle shows a sinus dependen
e due to the small phase (0.43 ± 0.15) rad.Again, the event statisti
s is too low to obtain signi�
ant results.Without cos(θ) dependen
e:The best parametrisation and its resulting parameters without the θ dependen
e is givenin eq. 6.7. The �nal χ2 ≈ 27 
orresponds to a probability of about 14% by taking intoa

ount the number of degree of freedom ndf = 22 due to one more �xed parameter
ompared to eq. 6.6.
ǫ = (4.4 ± 1.3) · ((1.08 ± 0.07) − sin (α))

· exp

(

− daxis
(138 ± 20)m

)

·
(

E

GeV

)1.6±0.3 [
µV

m ·MHz

] (6.7)Small un
ertainties of the parameters are obtained by this approa
h. The resultingun
ertainty of the energy behaviour (1.6 ± 0.3) (18%) is again related to the energyun
ertainty of KASCADE-Grande. Higher event statisti
s has to verify eq. 6.7.The parametrisation of eq. 6.7 des
ribes best the observed radio emission of extensiveair showers with LOPESSTAR.6.3.5 ResultsThe 
orrelations of the dual-polarised measurements of LOPESSTAR with the well 
ali-brated results from KASCADE-Grande are limited due to the low event statisti
s. Theparametrisation of the measured radio pulses is an important step to understand radioemission in detail.



6.4 Shower Re
onstru
tion 77The dependen
e of the geomagneti
 angle α might be des
ribed by (1− sin(α)). Bothapproa
hes, eq. 6.6 and 6.7, result in low un
ertainties of 5% and 6%, respe
tively. Thes
ale parameter d0 results in d0 = (137 ± 18)m.The event statisti
s does not allow to verify previous parametrisations of the radioemission based on signals of the east-west polarised 
omponents of the radio pulses.LOPESSTAR has to be seen as a prototype dete
tor for large-s
ale arrays. Thus, thisanalysis points out the possibilities of the dete
tor system and helps to design futuredete
tors. The limiting fa
tor of the presented parametrisation of the �eld strength is thelow event statisti
s due to the small area equipped on the site of the Fors
hungszentrumKarlsruhe and the limited time of measurement.6.4 Shower Re
onstru
tionThe re
onstru
tion of shower quantities based on the re
orded LOPESSTAR data areperformed on an event-by-event basis. The �rst part of this se
tion dis
usses the re-
onstru
tion of the arrival dire
tion of the primary parti
les and an estimation of theangular resolution of LOPESSTAR is presented. Furthermore, the distributions of theshower quantities are shown and 
ompared with the expe
tations of the geosyn
hrotronmodel. The last part of this se
tion is dedi
ated to the golden events and the 
omparisonwith detailed Monte Carlo simulations for these events.The digital methods used in this se
tion (RFI suppression, up-sampling, and envelope
al
ulation) are des
ribed in detail in se
. 3.4.6.4.1 Dire
tion Re
onstru
tionSeveral methods to re
onstru
t the arrival dire
tion on the basis of radio data are pos-sible.Beam-forming is a 
ommon method of radio astronomy and is also available in theanalysis framework of LOPES30 [Baeh 08, Rohl 04℄. Beam-forming takes advantage ofinterferen
e to 
hange the dire
tionality of the antenna array by shifting the individualtime data per 
hannel by a estimated time 
onstant ∆tbf to maximise the 
oheren
e.An assumption of the expe
ted shower front has to be made and the pointing a

ura
yin
reases with in
reasing number of antennas used. The method allows to use low signal-to-noise data whi
h show no signi�
ant signal in the time domain. Furthermore, the timebase of all the time samples used have to be known very pre
isely in order to a
hievean a

urate angular resolution (this is valid for any re
onstru
tion method of the arrivaldire
tion).The three LOPESSTAR antenna 
lusters re
ord their own GPS timestamp and thesystems are syn
hronised not better than 100 ns (a

ura
y is given by the manufa
turer),but within a 
luster the a

ura
y is better than 5 ns. Thus, beam-forming over all the
lusters rea
h an angular resolution not better than the re
onstru
tion of KASCADE-Grande of ∆θ ≈ ∆ϕ ≈ 2◦.Ea
h LOPESSTAR 
luster digitises the time samples in phase with the same 80MHz
lo
k. In addition, all the 
ables have the same length and all the ele
troni
 
omponentsare identi
al in 
onstru
tion. Thus, the delay of the re
eived signal, 
aused by thehardware, 
orresponds to a 
onstant delay and is identi
al for all the 
hannels in all the
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Figure 6.2: Two 
onstraints to de�ne the time position of the pulse: Rising edge at halfthe height (half) or at full height (max).antenna 
lusters. An identi
al and 
onstant o�set in the time data has no e�e
t on there
onstru
tion of the arrival dire
tion.The approximation of a plane shower front is used as simpli�
ation for the re
onstru
-tion of the dire
tion. Monte Carlo (MC) simulations and other analyses pointed outa spheri
al 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 
lusters
bD17 = 70m and bD30 = 65m. In fa
t, the assumption of a plane shower front is onlyvalid for the re
onstru
tion of the arrival dire
tion based on the data of a single antenna
luster as performed in this analysis. A re
onstru
tion of a spheri
al shower front withonly four points on the ground is not satisfying. The simpli�
ation of the arrival dire
-tion due to a plane shower front might also be seen as a starting point for further andmore 
omplex algorithms (e.g. with a larger antenna array).The re
onstru
tion of the dire
tion with LOPESSTAR is based on the SdPlaneFitmodule of the Pierre Auger Observatory analysis framework � Offline [Roth 05℄. Theanalyti
al formulae are adapted to the 
oordinate grid and the angle de�nition of thereferen
e frame of KASCADE-Grande. The timing a

ura
y of the position of the pulseis 
hosen to be 12.5 ns with respe
t to the approximation of the plane shower front andthe parametrisation of the RF signal.Position in Time of the Radio PulseThe de�nition of the position in time of the dete
ted pulse has to be robust againstba
kground in�uen
es and di�erent shower geometries. The rising edge of the envelopeprovides su
h 
onditions. The �lter response fun
tion and espe
ially the rising edge aremainly dominated by the 
hara
teristi
s of the band-pass �lter (short rise time).The envelope signal is 
al
ulated and the position in time of the radio pulse is de-�ned by a 
onstant fra
tion method (fa
tor f = 0.5) of the rising edge. Various fa
tors
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Figure 6.4: Di�eren
e of the re
onstru
tedarrival dire
tions of KASCADE-Grandeand LOPESSTAR for the half method.
0 < f ≤ 1 were analysed to �nd an optimal and robust 
onstant fra
tion fa
tor f . In�g. 6.2 is shown the iteratively derived fa
tor f = 0.5 (half) and � for 
omparison �the maximum (max) f = 1 (typi
al 
hoi
e).Note: Only radio pulses dete
ted by the self-trigger (snr > 75) are used for the re
on-stru
tion of the arrival dire
tion.Angular ResolutionThe angular resolution of the LOPESSTAR antenna 
lusters (D17 & D30) are basedon a well re
onstru
ted data sele
tion. The arrival dire
tion of the radio events wasre
onstru
ted twi
e, on
e with the max method and on
e with the half method (see�g. 6.2).The resulting arrival dire
tion of ea
h method was then subtra
ted from the one givenby the re
onstru
tion of KASCADE-Grande, due to the same arrival dire
tion (within
0.5◦) of the se
ondary parti
les and the radio emission [Nigl 08℄.max method Fig. 6.3 shows the di�eren
es in arrival dire
tions (zenith angle ∆θ ver-sus azimuth angle ∆ϕ) re
onstru
ted by KASCADE-Grande and LOPESSTAR.The angular resolution results in ∆ϕ̄max = (5.05 ± 12.82) ◦ and ∆θ̄max =

(−3.37 ± 10.30) ◦ for the max method.half method The more a

urate half method re
onstru
ts the arrival dire
tion by takingthe time position of the pulse at half its height into a

ount. In �g. 6.4 thedi�eren
e of ∆θ versus ∆ϕ is illustrated. The angular resolution results in ∆ϕ̄half =
(2.04 ± 6.96) ◦ and ∆θ̄half = (−1.13 ± 6.38) ◦ for the half method.The 
omparison between the max method and the half method points out that theangular resolution is more pre
ise for the absolute re
onstru
tion of dire
tion by usingthe half method. Both methods have a systemati
 o�set and an un
ertainty in the orderof the statisti
al error of the re
onstru
ted dire
tion. The o�set and the un
ertainty of
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tsba
kground events from the KATRIN ex-periment lo
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Figure 6.6: A well-known working groundin the north-west of antenna 
luster D17whi
h shows a 
lear ex
ess in the ba
k-ground distribution.the half method is better by a fa
tor of two than by the max method. In the following,the half method is used to re
onstru
t the arrival dire
tions.The systemati
 o�set and its un
ertainty are mainly dominated by the assumption ofa plane shower front and the low number of antennas to 
al
ulate the arrival dire
tionas the following se
tion will show. In fa
t, the 
al
ulation of the in
oming dire
tionwith triangulation is a fast and e�
ient way to start a more 
omplex and more ad-van
ed re
onstru
tion of the dire
tion. In the 
ase of using an antenna array with mu
hmore antennas then beam-forming should be the 
hoi
e to a
hieve a high angular reso-lution [Nigl 08℄.A further method to get a physi
al limit of the angular resolution is dis
ussed in thefollowing.Physi
al Limit of the Angular ResolutionSounding to horizontal ba
kground sour
es is possible for ea
h antenna 
luster. In this
ontext the ba
kground sour
es are assumed to be lo
ally �xed sour
es (e.g. industrialma
hines or working grounds) for the measurement period. The analysis is based on theexternally triggered veri�
ation data without applied Grande 
uts, as listed in table 5.1.The a

epted events by the self-trigger with a zenith angle θ > 70◦ are investigatedfurther. The LOPESSTAR antenna 
lusters D17 and D30 are investigated separately.Note: The dete
ted ba
kground events are randomly re
orded due to the external triggersignal from KASCADE-Grande.The dire
tion of the sour
e depends only on the azimuth angle, whereas the zenithangle is expe
ted to be horizontal (within the un
ertainty of the re
onstru
tion). Theabsolute azimuth position of the sour
e does not have to be known pre
isely, but theposition of the sour
e has to be 
onstant during the time of measurement. A statisti-
al analysis of the re
onstru
ted azimuth angle results in an estimation of the angularresolution.
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Figure 6.7: The western side of antenna
luster D30 whi
h re
eives ba
kgroundsignals from GRID 
lusters and their
ooling exhauster.
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Figure 6.8: Sounding of antenna 
lusterD30 to a nearby parti
le experiment witha Van de Graa� a

elerator.This method may be improved, if an arti�
ial transmitter with an adequate arrivaldire
tion (0◦ ≤ θ < 70◦) is used instead with a distan
e to the antennas that ful�lsfar �eld approximation. On the one hand this allows to optimise the LPDA dire
tionsensitivity related to the arrival dire
tion (high suppression of in
lined signals). On theother hand the emitted arti�
ial signal is well understood and the 
urvature of the signalfront is well de�ned.antenna 
luster D17 Two dominant ba
kground sour
es are dete
ted in these data.One is the KArlsruher TRItium und Neutrino experiment (KATRIN) in the south-west dire
tion. Fig. 6.5 illustrates this ba
kground sour
e from the point of viewof the four LPDAs (D17). Three separable sour
es emitting their signals. Thedete
ted dire
tions result in a mean angular resolution of ∆ϕ ≈ 0.6◦.The angular resolution is also limited by the dimension of the transmitter sour
e.The area of the KATRIN experiment is lo
ated about 150m away and 
over anarea of about 100 × 50m2.The other ba
kground sour
e is lo
ated about 150m in the north-west dire
tion ofthe antenna 
luster D17 and 
overs a small area of about (125 × 125m2) whi
h isused by an outside 
ompany. As pi
tured in �g. 6.6 the mean azimuth dire
tion
orresponds to the dire
tion of this area. The angular resolution results in ∆ϕ ≈
0.7◦.antenna 
luster D30 The western side of the 
luster is lo
ated next to an institute(distan
e < 25m) whi
h provides the housing of GRID FZKA1. The 
ooling systemof the GRID 
lusters (exhausters, see �g. 6.7) is lo
ated next to the building andis also visible in �g. 3.2 on the upper left hand side. The angular resolution ofthe two main peaks 
orresponds to ∆ϕ < 1◦ and the exhauster sounding results1Computer 
luster whi
h o�ers online 
omputation or storage in a worldwide sub-network (grid).
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N S NFigure 6.10: Arrival dire
tion of showerevents with their re
onstru
ted un
er-tainties.in ∆ϕ < 2◦. The dimension of the ba
kground sour
e is small but the distan
e isvery short.A nearby parti
le experiment with a Van de Graa� a

elerator is lo
ated in thesouth-west dire
tion of the 
luster (about 100m). The angular resolution is shownin �g. 6.8 and results in ∆ϕ ≈ 2.3◦. The shape of this distribution points tomultiple ba
kground sour
es whi
h might be separated by better statisti
s. Thestatisti
s for that dire
tion sounding is limited, due to the fa
t that this experimentwas shut down during the measurement period of the veri�
ation data used.ResultsThe 
omparison of both antenna 
lusters shows that an angular resolution of ∆ϕ ≈ 0.6◦is a
hievable by using triangulation with signals of three or four antennas. This methoddoes not allow to determine the angular resolution of the zenith angle (θ ≈ 90◦ withinthe un
ertainties). The 
hosen simpli�
ation of the shower front results in a systemati
o�set of the re
onstru
ted arrival dire
tion, whereas the angular resolution might re�e
tthe in�uen
e of environmental e�e
ts on the re
eiving properties of the LPDA (s
atteringof the ele
tromagneti
 waves and the 
orresponding delayed re
eiving times). In fa
t, ifthe real shower front of the radio emission of extensive air showers is better understoodthen the radio te
hnique 
ould easily a
hieve a more pre
ise resolution of the arrivaldire
tion 
ompared to parti
le dete
tors.6.4.2 Geomagneti
 Angle and Primary EnergyThe 10 radio events a

epted by the applied quality 
uts show a distribution of theenergy and the geomagneti
 angle as illustrated in �g. 6.9 for the antenna 
lusters D17(×) and D30 (◦). The mat
h of both symbols 
orresponds to the double-dete
ted showerevent in antenna 
luster D17 & D30.The geomagneti
 angle α is de�ned as the angle between the magneti
 �eld of theEarth and the shower axis. The shower axis is re
onstru
ted by taking the position of



6.4 Shower Re
onstru
tion 83the shower 
ore and the arrival dire
tion from KASCADE-Grande into a

ount, whereasthe geomagneti
 �eld lines point to the south with a zenith angle θ ≈ 25◦ on the site ofthe Fors
hungszentrum Karlsruhe2 [Maus 05℄.The radio signal in the observed polarisations depends on the geomagneti
 angle α asdes
ribed in the geosyn
hrotron model. In fa
t, most of the radio signals are observedfor α > 40◦ as a fun
tion of the energy of the primary parti
le. The data shown in�gure 6.9 might also hint to the more e�e
tive radio observations for higher energies ofthe primary parti
les, due to the expe
ted linear in
rease of the �eld strength with theenergy (geosyn
hrotron model).6.4.3 Arrival Dire
tionThe distribution of the arrival dire
tions of showers based on the LOPESSTAR andKASCADE-Grande re
onstru
tion is shown in �g. 6.10. The arrival dire
tions of thedete
ted events from antenna 
luster D17 (×) and from D30 (◦) are 
al
ulated on thebasis of the measured radio signal with the statisti
al un
ertainties from the shower plane�t. The illustrated arrival dire
tions from KASCADE-Grande (•) result from the re
on-stru
tion of the parti
le dete
tors with an un
ertainty of ± 2◦ for zenith and azimuthdire
tion.No events are dete
ted arriving from the south due to the orientation of the geo-magneti
 �eld (ϕ = 180◦, θ = 25◦) whi
h is almost in parallel to the shower axis forthese dire
tions. For su
h in
iden
es the 
ontribution to radio emission is small andfor low energy parti
les negligible and not dete
ted by the self-trigger. This 
on�rmsthat the radio emission of 
osmi
 ray air showers is mainly dominated by a geomagneti
emission me
hanism.Note: Events with θ > 45◦ are reje
ted by the applied Grande 
uts.6.4.4 Golden EventsFig. 6.1 illustrates the distribution of the shower 
ores on the ground. In parti
ular,there are two shower events that are dete
ted by all 10 LOPESSTAR antennas whi
hare marks as golden events. The golden event with the mark II was reje
ted by there
onstru
tion of KASCADE-Grande due to the in
lined zenith angle. A summary ofthe main 
hara
teristi
s of the sele
ted golden events are given in table 6.3 and aredis
ussed in the following.Re
onstru
tion of the Shower Core with RadioThe position of the shower 
ores are re
onstru
ted by KASCADE-Grande. If the showerimpa
t point is within the area 
overed by the antenna arrays (D17, D19 and D30) thenthe position of the shower 
ore 
an be re
onstru
ted on the basis of the radio data. Thebary
entre of all the measured signals (per antenna: 
ombined north-south & east-westsignal) is 
al
ulated (see �g. 6.11 and 6.12).For simpli�
ation, it is assumed that the lateral distribution behaves linearly. Theresulting position of the shower 
ore 
an be taken as a starting value for further methods.2On the site of the Pierre Auger Observatory the magneti
 �eld lines pointing to the south with azenith angle θ ≈ 55
◦



84 Chapter 6 Data Analysisgolden event I golden event IIenergy log10(E/GeV) ≈ 8.98 ≈ 9.44azimuth angle ϕSTAR,D17/degree 348 ± 5 129 ± 2
ϕSTAR,D30/degree 340 ± 10 126 ± 3

ϕ̄STAR/degree 345 ± 6 128 ± 2
ϕGrande/degree 355 ± 2 129 ± 2zenith angle θSTAR,D17/degree 27 ± 3 53 ± 5
θSTAR,D30/degree 21 ± 6 64 ± 10

θ̄STAR/degree 25 ± 3 57 ± 6
θGrande/degree 26 ± 2 59 ± 2shower 
ore xSTAR/m 3 ± 10 −106 ± 5
xGrande/m 8 ± 7 −386 ± 7
ySTAR/m −327 ± 6 −362 ± 4
yGrande/m −368 ± 7 −392 ± 7geomagneti
 angle α/degree ≈ 51 ≈ 46Table 6.3: Main 
hara
teristi
s of the two golden events.The bary
entre for the x and y 
oordinate in the referen
e frame of KASCADE-Grandefollows eq. 6.8.
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(6.8)where ∣∣
∣

~E
∣

∣

∣
are the total measured ele
tri
 �eld strength (per antenna) and xant and yantare the 
orresponding 
oordinates of the position in the observation plane.The indi
ated error bars in �g. 6.11 and 6.12 
orrespond to the un
ertainty of themeasured �eld strength as a result from the performed 
alibration. The un
ertainty ofthe absolute �eld strength have to be taken into a

ount for 
omparisons with quantitiesthat are measured by di�erent antenna 
luster.The �nal un
ertainties for the 
al
ulated bary
entres result from Gaussian error prop-agation by taking into a

ount the error of the absolute �eld strength and the un
ertaintyof the antenna position (0.5m). The un
ertainty of the shower 
ore from KASCADE-Grande is �xed at 7m for the x and y 
oordinate.The antenna density of the 
overed area has an important in�uen
e when using thismethod. If the observed area is not 
overed with a regular stru
ture then the distri-butions of the �eld strength versus the ground position of the antennas is not �lledhomogeneously. The missing points on the ground mainly in
rease the un
ertainty ofthe 
al
ulated bary
entres.Furthermore, positions of the shower 
ore whi
h are lo
ated outside the 
overed areaare shifted inside the antenna array by this method.golden event I A 
omparison of the position of the 
ore derived from the re
onstru
tionof KASCADE-Grande with the 
al
ulated bary
entre gives an estimation of thesystemati
 un
ertainties of this method (see �g. 6.11).
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Figure 6.11: Determined position of the shower 
ore on the basis of the re
orded radiosignal of 10 LOPESSTAR antennas (see �g. 6.1, dashed red 
ir
le I).
xbary,star,I =(3 ± 10)m ybary,star,I =(−327 ± 6)m

xGrande,I =(9 ± 7)m yGrande,I =(−368 ± 7)mThe large un
ertainty for the x 
oordinate 
orresponds to the irregular grid stru
-ture of the antenna positions on the ground. The expe
ted position of the shower
ore is 
lose to one antenna of 
luster D17 and the 
lusters D19 and D30 are lo
atedalmost at the same x 
oordinate. Therefore, the distribution of the x 
oordinateshows an un
overed range around −100m < x < 25m but 
overs a range of 350min total. The results from the x 
oordinates mat
h within their un
ertainties forthe LOPESSTAR and KASCADE-Grande re
onstru
tion.The distribution of the y 
oordinate 
overs a range of almost 300m with the 10LOPESSTAR antennas. The resulting position of the shower 
ore has an un
ertaintyin the range of the un
ertainty of KASCADE-Grande. The relative deviation ofboth re
onstru
tions of the y 
oordinate is less then 12%.golden event II The se
ond sele
ted golden event as shown in �g. 6.12 was reje
ted bythe Grande 
uts (θ < 45◦). The re
onstru
tion of KASCADE-Grande showed that
Nµ and Ne are determined with a large un
ertainty (needed for an estimation ofthe energy), but the position of the shower 
ore is pre
ise.The re
onstru
ted dire
tion from radio results in θstar ≈ 58◦ and ϕstar = 128◦ andthe re
onstru
ted dire
tion of KASCADE-Grande results in θGrande ≈ 59◦ and
ϕ ≈ 129◦. A trustable 
alibration of the radio data 
an be performed for θ . 60◦whi
h is ful�lled for that shower event.
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Figure 6.12: Determined position of the shower 
ore on the basis of the re
orded radiosignal of 10 LOPESSTAR antennas (see �g. 6.1, dashed red 
ir
le II).
xbary,star,II =(−106 ± 5)m ybary,star,II =(−362 ± 4)m

xGrande,II =(−386 ± 7)m yGrande,II =(−392 ± 7)mThe bary
entre for the x 
oordinate is shifted about 200m away 
ompared withthe result from KASCADE-Grande. The re
onstru
ted dire
tion and position ofthe shower 
ore are well re
onstru
ted by KASCADE-Grande for that parti
ularshower event. The real position of the shower 
ore was lo
ated outside the area
overed by the antennas and shifted toward this area.The re
onstru
tion of the y 
oordinate di�ers less then 7%.ResultsThe 
omparison of the 
al
ulated positions of the shower 
ore from LOPESSTAR andKASCADE-Grande showed that this method works reasonable as a �rst (fast) guess,whi
h was also shown by other experiments [Ardo 06℄.The disadvantage of this method results from the assumption that the real impa
tpoint of the shower 
ore has to be lo
ated inside the 
overed area. Otherwise the methoditself will shift the position of the 
ore by an unknown fa
tor inside the observed area.Furthermore, the bary
entre method assumes a linear de
rease of the lateral distributionof the radio emission, whi
h is not ful�lled (see next paragraph). If the lateral distri-bution fun
tion is experimentally determined then this method might be improved by�tting the distribution dire
tly.Lateral DistributionThe two golden events were sele
ted to investigate the Lateral Distribution Fun
tion(LDF) in more detail. In this 
ontext the LDF is de�ned by the dependen
e on the
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Figure 6.13: The lateral distribution fun
tions (LDF) of the golden event I: Measureddata (bla
k dots), applied �t (red line), and MC simulations (blue squares).dete
ted peak height of the radio pulse versus the distan
e of the antennas to the showeraxis. An exponential de
rease of the ele
tromagneti
 emission of the shower signal byin
reased distan
e perpendi
ular to the shower axis (shower 
oordinates) is expe
tedfrom theory as well as from other experimental results [Nehl 08a, Hueg 05b℄.The illustrated error bars (�g. 6.13 � 6.18) for the �eld strength result from the sumof the 
alibration un
ertainties and an estimated in�uen
e of the ba
kground noise atthe individual time samples. The error bars for the perpendi
ular distan
e to the showeraxis (daxis) result from the error propagation of 
al
ulating daxis with the given showeraxis and an un
ertainty of 7m (KASCADE-Grande).The simulated shower events, presented here, are 
al
ulated with REAS2 [Hueg 07℄.The Monte Carlo (MC) radio simulation uses the parti
le MC simulation toolCORSIKA [He
k 98℄ for the ele
tron & positron distributions and determines the ra-dio emission by 
al
ulating the geosyn
hrotron emission from the 
harged parti
les inthe air shower.The quantities of the re
onstru
tion of KASCADE-Grande and a typi
al un
ertaintyof the energy of σE

E
≈ 40% is taken into a

ount for the radio simulations. With respe
tto shower-to-shower �u
tuations, 150 shower pro�les assuming primary protons were
al
ulated. Out of these pro�les a typi
al shower event was sele
ted for the 
omparisonswith the golden events [Hueg 08℄.golden event I The lateral distribution of the golden event I is illustrated in �g. 6.13(bla
k dots). The antenna signal 
orresponds to the absolutely 
alibrated and
ombined signal of the north-south & east-west polarised 
omponent (per antenna).A �t of an exponential de
rease of the radio emission with in
reasing distan
e tothe shower axis daxis results in a s
ale parameter d0,I = (116.6± 12.3)m (solid red
urve).
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Figure 6.14: LDF for the north-south po-larised 
omponent (bla
k dots) with anMC shower simulation (blue squares) andan exponential �t to the data (red line).
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Figure 6.15: East-west polarisation: LDFfor a sele
ted event (bla
k dots) as well asthe 
orresponding MC simulation (bluesquares) and an exponential �t (red line).Additionally, an MC simulation for a typi
al shower event is pi
tured (bluesquares). In the range 
lose to the shower axis (daxis < 100m) the simulationseems to overestimate the measured signal. The simulation within the range of
100m < daxis < 210m mat
hes the measured data within their un
ertainties,whereas the simulation signi�
antly di�ers for daxis > 210m.Fig. 6.14 shows the signal of the north-south polarised 
omponent versus the dis-tan
e to the shower axis (daxis) as well as �g. 6.15 for the signal of the east-westpolarised 
omponent (bla
k dots). The applied exponential �t is pi
tured with thesolid red line and results in a s
ale parameter of d0,I,NS = (128.6 ± 94.6)m and
d0,I,ES = (115.8 ± 12.3)m, respe
tively.Most of the radio emission is expe
ted to be dete
ted in the east-west polarisationdue to the arrival dire
tion (ϕ ≈ 355◦ and θ ≈ 26◦) and the resulting geomagneti
angle α ≈ 46◦. The data and simulations illustrated for the north-south polar-isation (see �g. 6.14) and the east-west polarisation (see �g. 6.15) 
on�rm thisassumption.The di�eren
es between the data and the simulations (east-west) behave very sim-ilarly as the 
ombined signal of both polarisations, due to the dominant signal inthis 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 
hannel di�ers by a fa
tor of 10 fromthe signals in the east-west 
hannel and is reprodu
ed by the simulations. Thisresult again 
on�rms the geosyn
hrotron model.golden event II Shower event II was reje
ted by the Grande 
uts. A detailed analysisof the full re
onstru
tion of this event points out that the re
onstru
ted positionand arrival dire
tion is trustable but the estimated energy based on the muon andele
tron number might be wrong. A falsely re
onstru
ted energy results only ina proportional fa
tor (shift) of the simulated �eld strength, due to the fa
t that
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Figure 6.16: The lateral distribution fun
tions (LDF) of the golden event II: Measureddata (bla
k dots), applied �t (red line), and MC simulations (blue squares).the radio emission of the primary parti
le s
ales linearly with the primary energy
(

| ~E| ∝
(

E
1017 eV

)≈1 parametrisation of the radio emission, see eq. 2.1).Note: No shift to the simulated �eld strength was applied for the 
omparison ofthe measured and simulated data for any golden event.The lateral distribution of the 
ombined polarisation signals are illustrated in�g. 6.16 (bla
k dots). The s
ale parameter d0,II from the exponential �t resultsin d0,II = (985 ± 594)m. The lateral distribution for ea
h measured signal perpolarisation is shown in �g. 6.17 and �g. 6.18, respe
tively.The s
ale parameters per polarisation result in d0,II,NS = (912 ± 534)m and
d0,II,EW ≈ (4600±4 · 104)m. The results of the �t from d0,II,EW are misleading dueto the low re
eived signal in the east-west polarisation. The large un
ertainties ofthe s
ale parameter of all three �ts are due to the positions of the antennas in rela-tion to the position of the shower 
ore. The �t is applied to data that 
orrespondto the tail of the exponential fun
tion and the un
ertainty in
reases.Additionally, a 
omparison with the MC simulation is illustrated (blue squares).Most of the simulated and measured data points mat
h within their un
ertaintiesfor daxis > 200m. It seems that the simulation overestimates the shower signals
lose to the shower axis (daxis < 120m) for the 
ombined signal and per polarised
omponent measured as well.The golden event II was re
onstru
ted with a arrival dire
tion of ϕ ≈ 129◦ and θ ≈
60◦. Due to the re
onstru
ted azimuth angle the main part of the shower signal isexpe
ted to be measured in the north-south polarised 
omponent and 
orrespondsto �g. 6.17 and �g. 6.18, respe
tively. The 
orresponden
e between the measureddata and the simulations 
on�rms again the assumption of the geosyn
hrotronmodel.
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Figure 6.17: LDF for the north-south po-larised 
omponent (bla
k dots) with anMC shower simulation (blue squares) andan exponential �t to the data (red line)
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Figure 6.18: East-west polarisation: LDFfor a sele
ted event (bla
k dots) as well asthe 
orresponding MC simulation (bluesquares) and an exponential �t (red line).ResultsAn area of about 300×350m2 is 
overed by the LOPESSTAR antenna 
lusters to investi-gate lateral distributions. The industrial environment on the site of the Fors
hungszen-trum Karlsruhe de�nes possible antenna positions, whi
h does not allow an installationon a regular grid. An estimation of the e�e
tive area of the three antenna 
lusters ofLOPESSTAR on the basis of the distribution of dete
ted and well-re
onstru
ted showerevents results in 600 × 800m2.The three LOPESSTAR antenna 
lusters re
orded one golden event, whi
h was a
-
epted by the self-trigger as well as by the Grande 
uts. The 
omparison of simulationswith measured signals of the total �eld strength as well as of ea
h polarisation di�ers sig-ni�
antly. Antenna signals 
lose to the shower axis are overestimated by the simulations.This e�e
t seems to in
rease with in
reasing zenith angle. The mean s
ale parameter d0results in d0,I = (116 ± 12)m for zenith angle < 40◦.A se
ond sele
ted golden event was a

epted by the self-trigger and reje
ted by theGrande 
uts due to the in
lined arrival dire
tion (θ ≈ 60◦). Simulated shower signals
lose to the shower axis are again overestimated 
ompared with the measured data. Themean s
ale parameter d0 results in a very large value with an un
ertainty of more than56%. Past investigations showed signi�
antly di�eren
es between measured signals andsimulated signals with REAS2 [Nehl 08a℄.More shower events with observed signals in the north-south & east-west polarisationare needed to improve the veri�
ation of the MC simulations. The 
omparison of themeasured signals with the simulation results in a good 
orresponden
e at lateral distan
esof about 50m to 350m and helps to improve the understanding of the radio emission ofextensive air showers.



6.5 Results 916.5 ResultsTen radio events are �nally a

epted by all the quality 
uts applied to the re
onstru
tionof KASCADE-Grande and LOPESSTAR and are used for the analysis.The re
onstru
tion of the arrival dire
tion in this thesis is based on the assumption ofa planar shower front. The point in time of the dete
ted radio pulse is determined witha 
onstant fra
tion method of half the height.A 
hallenge is to parametrise the observed radio emission of high energy 
osmi
 rays.LOPESSTAR re
ords the north-south & east-west polarised 
omponent of the ele
tri
�eld and thereby obtains a more pre
ise measurement of the emitted signal 
omparedwith previous experiments.In a �rst step a parametrisation to verify pervious approa
hes was tried out withoutsu

ess, due to the low event statisti
s and limited measurement period.In a next step the measured total �eld strength with the 
ombined polarised signalswas parametrised. The best parametrisation and its �t take the dependen
e on thegeomagneti
 angle α as (1 − sin(α)) into a

ount and disregard the dependen
e on thezenith angle θ and result in a s
ale parameter d0 = (137 ± 18)m. These results have tobe proven by an analysis of the ongoing measurements of LOPESSTAR and KASCADE-Grande.LOPESSTAR a
hieves an angular resolution of about ∆ϕ ≈ ∆θ ≈ 7◦ with a systemati
o�set of about ∆ϕ ≈ 2◦ and ∆θ ≈ −1◦ on the basis of the observed shower events. Theun
ertainty and the o�set are dominated by the assumption of a planar shower frontand the limited number of antennas.A se
ond method to estimate the angular resolution by triangulation with su
h adete
tor is based on reje
ted and highly in
lined ba
kground events (θ ≈ 90◦) fromlo
ally �xed sour
es (e.g. ma
hines, working grounds). Assuming additionally that theabsolute position and the exa
t shape of the signal front is 
onstant for the time ofmeasurement, LOPESSTAR a
hieves an angular resolution of ∆ϕ ≈ 0.6◦.The sele
ted radio events verify the expe
tation of the geosyn
hrotron model that lessshower events are expe
ted from an arrival dire
tion of the south, due to the dire
tionof the geomagneti
 �eld on the site of the Fors
hungszentrum Karlsruhe.A re
onstru
tion of the position of the shower 
ore on the basis of the radio data ispossible by 
al
ulating the bary
entre with the measured signals on the ground. Themethod is limited by the sensitive area of the dete
tor and will produ
e false positionsif the real position of the shower 
ore is lo
ated outside the equipped area.Two shower events are re
orded by all 10 LPDAs and are sele
ted for an investigationof the lateral distribution and a 
omparison with their Monte Carlo simulations. Theanalysis showed that the measured signals are qualitatively reprodu
es by the simula-tions. Signals 
lose to the shower axis are overestimated. A further 
omparison of ea
hsignal (north-south and east-west polarised 
omponent) with the simulated signal (perpolarisation) additionally veri�es the geosyn
hrotron model.



 



Chapter 7Summary and OutlookLOPESSTAR is a prototype dete
tor for future experiments in
luding a trigger system onthe observation of radio emission of ultra-high energy 
osmi
 rays. Absolutely 
alibratedmeasurements of the north-south & east-west polarised 
omponents of the ele
tri
 �eldin 
ombination with well-established parti
le dete
tors were performed.An installation of 10 logarithmi
-periodi
 dipole antennas has been set-up on the siteof the Fors
hungszentrum Karlsruhe in Germany and inside the area of the KASCADE-Grande experiment to observe the north-south and east-west polarisation in parallel. Anexternal trigger signal starts the data a
quisition of LOPESSTAR for 
osmi
 rays withan energy of E > 1016 eV.Furthermore, three additional antennas were installed on the site of the Pierre AugerObservatory in Argentina to investigate the environmental 
onditions and the ba
k-ground in�uen
es on the system. On the site of the Pierre Auger Observatory theamplitude in the noise spe
trum is one order of magnitude lower than on the site of theFors
hungszentrum Karlsruhe whi
h is dominated by an industrial 
hara
ter of this area.The site of the Pierre Auger Observatory is forseen for a large-s
ale antenna array inorder to observe radio emission of the ultra-high energy 
osmi
 rays in the near future.The presented results are based on ba
kground investigations in the framework of thePierre Auger Observatory as well as on the 
oin
ident measurements of LOPESSTAR andKASCADE-Grande. The radio emission of 
osmi
 rays was observed in a frequen
y rangeof 40−80MHz by logarithmi
-periodi
 dipole antennas, whereas the KASCADE-Grandeexperiment measures the se
ondary parti
les of extensive air showers. The developedmethods and algorithms in the 
ontext of the 
alibration, the trigger system, and thedata analysis are now standard tools for the analysis of radio pulses in air shower (e.g.in the LOPES 
ollaboration) and 
an be transferred to future experiments.The dete
tor system used is absolutely 
alibrated and 
ross-
he
ked by applying twodi�erent 
alibration pro
edures. On the one hand pre
ise laboratory measurementsof ea
h 
omponent used in the signal 
hain were performed and 
ombined with the
hara
teristi
s of the 
ables used to des
ribe the experimental 
on�guration (Step-by-Step method). On the other hand an external referen
e sour
e was used to emit a well-de�ned ele
tri
 �eld, whi
h was re
eived by the LOPESSTAR antennas, manipulated bythe 
omplete signal 
hain, and �nally stored on hard dis
 (End-to-End method).A detailed 
omparison showed that the frequen
y dependent 
alibration 
onstantsmat
h for both methods within their un
ertainties of about 30%. The total un
ertaintyof the measured �eld strength results in σ| ~E| = 7.2% for LOPESSTAR by the Step-by-Step method.The ba
kground 
onditions on the site of the Fors
hungszentrum Karlsruhe are dom-inated by transient signals and radio frequen
y interferen
es. The presented self-trigger
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iently suppresses these ba
kground signals on ea
h 
hannel (polarisation) per an-tenna. The 
hosen parameters to des
ribe the signals are plausibly motivated and areeasy to extend. The a

epted radio emission signals and shower-like ba
kground sig-nals in ea
h 
hannel are further analysed by a so-
alled 
luster trigger. It reje
ts highlyin
lined and 
oin
ident man-made signals (zenith angle θ > 60◦) and reje
ts all thenon-
oin
ident events as well.The resulting purity (6%), e�
ien
y (90%) and reje
tion (99.9%) prove that thetrigger system reje
ts ba
kground signals per 
hannel and 
luster in a su�
ient way.The a
hieved (false) trigger rates at the Fors
hungszentrum Karlsruhe will de
rease onthe site of the Pierre Auger Observatory due to the one order of magnitude betterba
kground 
onditions. In addition, the power per polarisation re
eived is proportionalto E2 des
ribed by the geosyn
hrotron model and the trigger e�
ien
y quadrati
allyin
reases with in
reasing energy of the primary parti
le.The proof-of-prin
iple of the self-trigger system is obtained by the presented studies.The event statisti
s is restri
ted to events with an energy of E ≤ 1018 eV, due to the area
overed by KASCADE-Grande (700 × 700m2) and to the limited time of measurementfor with the a
tual LOPESSTAR 
on�guration. The observed energy range of the PierreAuger Observatory makes the site in Argentina attra
tive for the future (E > 1018 eV).An existing hardware with a digital signal pro
essor and a programmable logi
al hard-ware is re-used to implement a prototype version of the dis
ussed self-trigger system. Theoptimised implementation of the trigger algorithms are in progress and �rst measure-ments to verify the strategy are planned on the site of the Fors
hungszentrum Karlsruhefor 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 prototypeself-trigger has to prove the experimental pra
ti
ability under environmental 
onditionsof the two sites.Quality 
uts are applied to the re
onstru
tion of KASCADE-Grande and LOPESSTARto sele
t well re
onstru
ted shower events. Ten radio events are �nally a

epted by allthe quality 
uts and are used for further investigations.The re
eived radio pulse is 
orrelated to the 
ombined peak values of the north-south& east-west polarised 
omponent. A parametrisation of the radio emission depending onthe geomagneti
 angle α, the energy of the primary parti
le E, and the s
ale parameter
d0 was performed. The best �t results in a s
ale parameter of d0 = (137 ± 18)m and alinear dependen
e on the primary energy E.The a
hieved angular resolution of the azimuth angle ϕ and the zenith angle θ resultsin ∆ϕ ≈ ∆θ ≈ 7◦ with a systemati
 o�set of ∆ϕ ≈ 2◦ and ∆θ ≈ −1◦ on the basis of thesele
ted shower events. The un
ertainty and the o�set are dominated by the assumptionof a planar shower front.A se
ond independent method is used to 
al
ulate the angular resolution. The res-olution was estimated on the basis of reje
ted and highly in
lined ba
kground events(θ ≈ 90◦) from lo
ally �xed sour
es (e.g. ma
hines, working grounds). In addition, it isassumed that the absolute position and the exa
t shape of the signal front are 
onstantfor the time of measurement. The investigations show that LOPESSTAR a
hieves anangular resolution of ∆ϕ ≈ 0.6◦.The sele
ted shower events ful�l all the quality 
uts and verify the expe
tation of thegeosyn
hrotron model that less shower events are observed from southern arrival dire
-



95tions, due to the orientation of the geomagneti
 �eld on the site of the Fors
hungszentrumKarlsruhe.Two events are observed from all 10 LOPESSTAR antennas and are used to investigatethe lateral distribution on an event-by-event basis and for a detailed 
omparison withMonte Carlo simulations. The lateral distribution is de�ned by the dependen
e on thedete
ted peak height of the radio pulse versus the distan
e of the antennas to the showeraxis. The analysis showed that the measured signal is qualitatively reprodu
ed, ex
eptantennas 
lose to the shoer axis were overestimated. Nevertheless, this investigation
on�rms the geosyn
hrotron model. The se
ond shower event is highly in
lined and the
orrelation is not signi�
ant.LOPESSTAR is an absolutely 
alibrated dete
tor to observe the radio emission of 
os-mi
 rays. The presented self-trigger system reje
ts transient signals as well as radiofrequen
y interferen
es and a

epts the radio signals from extensive air showers. Thus,LOPESSTAR is an important building blo
k on the path to the up
oming antenna arrayof a few tens of km2. This is ne
essary in order to understand in more detail the e�e
tof the radio emission of 
osmi
 rays and their 
orrelation with the parameters of the airshower. The presented results are used in the planned radio dete
tor within the frame-work of the Pierre Auger Observatory and will 
ontribute to verify the geosyn
hrotronmodel of extensive air showers at energies above 1018 eV.
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