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AbstratLOPESSTAR is a prototype detetor for future experiments on the observation ofradio emission of ultra high energy osmi rays. Absolutely alibrated measurements ofthe eletri �eld strength with the LOPESSTAR detetor were performed in oinidenewith the well-established air shower detetor KASCADE-Grande. The experimentalon�guration allowed a simultaneous observation of east-west and north-south polarisedomponents of the eletri �eld per antenna used.This thesis disusses in detail the in�uene of bakground soures on the detetoron�guration as well as the resulting self-trigger system. The implemented trigger sup-presses strong bakground signals from the industrial environment on the site of theForshungszentrum Karlsruhe (rejetion > 99.9%) and is the basis for a hardware self-trigger. Therefore, the system is adequate for any other detetor site.Two di�erent alibration methods are performed and ross-heked to onvert themeasured raw data into an eletri �eld strength. Both methods result in the samefrequeny dependent alibration values within their unertainties. Furthermore, theanalysis of the radio emission of ten high quality shower events results in the mostprobable sale parameter of d0 = (137 ± 18)m. The omparison of seleted events withMonte Carlo simulations on an event-by-event basis points out a good orrespondenewithin the given unertainties and on�rms the geosynhrotron model. The overallangular resolution of the arrival diretion 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 kosmisher StrahlungDas LOPESSTAR Experiment ist ein Prototyp Detektor für zukünftige Experimente zumNahweis der Radioemission aus Luftshauern der höhsten Energien. Im Vordergrundstehen dabei die Entwiklung und Optimierung eines unabhängigen Triggersystems fürRadiosignale, eine absolute Kalibration des Messaufbaues sowie ein besseres Verständnisder Korrelation zwishen Radiosignalen und rekonstruierten Shauergröÿen etablierterLuftshauerexperimente.Zu diesem Zwek wurden 10 logarithmish-periodishe Dipolantennen auf der Flähedes bewährten Luftshauerexperimentes KASCADE-Grande installiert. Jede Antennedetektiert gleihzeitig die Nord-Süd und die Ost-West polarisierte Komponente des elek-trishen Feldes in einem Frequenzbereih von 40−80MHz. Die Positionen der Antennenauf dem Gelände des Forshungszentrums Karlsruhe bilden die Punkte eines gleihseiti-gen Dreieks, welhes zur Rihtungsbestimmung durh Triangulation benutzt wird. AlleAntennen bedeken zusammen eine Flähe 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 automatish die Datenauslese aller10 Antennen, falls ein Luftshauer mit einer Energie E > 1016 eV detektiert wurde.Gleihzeitig werden die Eigenshaften der Sekundärteilhen bis zu einer Energie von
E < 1018 eV am Erdboden von KASCADE-Grande auf einer Flähe von 700 × 700m2nahgewiesen.Zusätzlih wurde ein identisher Messaufbau mit drei Antennen im Rahmen des PierreAuger Observatoriums in Argentinien installiert, um die dort vorherrshenden Unter-grunde�ekte und Umweltein�üsse zu untersuhen. Es zeigte sih, dass die typishenUntergrunde�ekte im Mittel eine Gröÿenordnung im Amplitudenspektrum geringer aus-fallen als auf dem industriell geprägten Gebiet des KASCADE-Grande Experimentes.Das Pierre Auger Observatorium bedekt eine Flähe von ungefähr 3000 km2 und bietetdamit ideale Bedingungen für ein groÿ�ähiges Antennenfeld zur kontinuierlihen De-tektion der Radioemission aus Luftshauern bei Energien über 1018 eV.Die Entwiklung und Optimierung einer Strategie zur Selbsttriggerung für Radiosig-nale wurde auf Basis von extern getriggerten Daten von KASCADE-Grande in Softwarerealisiert. In einem ersten Shritt wurden die transienten Störsignale von tehnishenAnlagen sowie kontinuierlihe Radio und TV Signale, die mit dem Messaufbau detek-tiert werden, analysiert und harakterisiert. Das entwikelte System zur Selbsttrig-gerung unterdrükt dabei durh plausibel motivierte Parameter Störsignale innerhalbeiner Polarisationsrihtung. Die akzeptierten Radiosignale aus Luftshauern und Un-tergrundsignale werden unter Ausnutzung der geometrishen Anordnung der Antennen(Koinzidenzbedingung) weiter separiert. Radiosignale aus sehr geneigten Luftshauern(Zenitwinkel θ > 60◦) sowie zivilisationsbedingte Störungen werden auf diese Weise un-terdrükt.



IVNah Anwendung des implementierten Selbsttriggers auf den ausgewählten Datensatzergibt sih eine Unterdrükung von Störsignalen von über 99,9%. Für einen Energie-bereih des Primärteilhens von 5 · 1017 eV < E < 1018 eV ergibt sih die E�zienz zuüber 90%. Die Reinheit eines Datensatzes ist de�niert als das Verhältnis der akzep-tierten Shauerereignisse zu der Anzahl aller akzeptierten Ereignisse (Shauer- undUntergrundereignisse) und ergibt sih zu 6%. Das Triggersystem zeigt eine gute Re-duktion von Untergrundereignissen sowie eine gute Akzeptanz von Shauerereignissenunter den gegebenen Messbedingungen im Rahmen von KASCADE-Grande. Mit dieserArbeit ist die Mahbarkeitsstudie des vorgestellten Selbsttriggers erbraht.Eine absolute Kalibration des Messaufbaues ist notwendig, um die Rohdaten in ADC-Werten in eine elektrishe Feldstärke zu konvertieren. Dies bildet die Grundlage fürdie Veri�kation der erzielten Resultate aus der Korrelationsanalyse. Zwei unabhängigeMethoden wurden durhgeführt, um die absolute Kalibration des LOPESSTAR Detek-tors zu veri�zieren. Zum einen wurden die harakteristishen Eigenshaften aller ver-wendeten Einzelkomponenten präzise im Labor vermessen und mathematish so kom-biniert, dass das Gesamtsystem beshrieben wird. Zum anderen wurde eine externeReferenzantenne benutzt, welhe ein wohlde�niertes Signalspektrum emittiert. Einentsprehender Vergleih 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 LuftshauerexperimentKASCADE-Grande bietet beste Voraussetzungen für Korrelationsanalysen. Es wurdenstrenge Bedingungen an die Qualität der Rekonstruktion von Shauerereignissen durhKASCADE-Grande und LOPESSTAR gestellt. Der resultierende Datensatz enthält zehnShauerereignisse für weitere Untersuhungen.Eine Parametrisierung des Radiosignals in Abhängigkeit der harakteristishen Gröÿeneines Luftshauers erlaubt ein Vergleih der Ergebnisse vershiedener Experimente.Gleihzeitig kann für Einzelereignisse mit rekonstruierter Geometrie die Energie desPrimärteilhens abgeshätzt werden. Unter Berüksihtigung beider Polarisations-rihtungen (Nord-Süd und Ost-West) wurde eine Parametrisierung der Radiosignaledurhgeführt: in Abhängigkeit vom geomagnetishen Winkel α (Winkel zwishen Erd-magnetfeld und Shauerahse), der Energie des Primärteilhens E und dem lateralenSkalenparameter d0. Aus den Untersuhungen folgt ein Skalenparameter von d0 =
(137 ± 18)m und eine lineare Beziehung zur Energie des Primärteilhens (kohärenteRadioemission).Die Grenzen der Winkelau�ösung werden durh vershiedene 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 untershiedliheMethoden. Bei der ersten Methode wird unter Annahme einer ebenen Shauerfront auhdieselbe Rihtung für Shauerahse und Radiosignal angenommen. Es wird durh Trian-gulation die Rihtung der Radiosignale bestimmt und die Di�erenz zur rekonstruiertenRihtung von KASCADE-Grande gebildet. Daraus ergibt sih eine Winkelau�ösung fürden Azimutwinkel ϕ und Zenitwinkel θ von ∆ϕ ≈ ∆θ ≈ 7◦ mit einer systematishenVershiebung von ∆ϕ ≈ 2◦ und ∆θ ≈ −1◦. Die zweite Methode nutzt künstlih erzeugteStörsignale, die Ähnlihkeit zu Radiosignalen aufweisen. Verworfene Untergrundsignale



Vmit einem Zenitwinkel θ ≈ 90◦ werden benutzt, um die Häu�gkeitsverteilung des Azimut-winkels zu untersuhen. 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 shauerähnlihen Signale während der Messdauer wederihre Position noh ihre Signalform ändern, dann erreiht man mit dem LOPESSTARDetektor mit mindestens drei und höhstens vier Antennen eine Winkelau�ösung von
∆ϕ ≈ 0.6◦.Eine weitere Untersuhung der Shauereigenshaften der gewählten zehn Shauer-ereignisse zeigt ein klares De�zit aus südliher Rihtung. Luftshauer aus dieser Rihtungweisen einen geringen geomagnetishen Winkel auf und emittieren gemäÿ dem Geosyn-hrotron Modell, ein Modell zur Beshreibung der Radioemission aus Luftshauern, nurshwahe Radiosignale.Während der zur Verfügung stehenden Messdauer wurden zwei Luftshauer von allenzehn installierten Antennen detektiert. Diese Shauer wurden ausgewählt, um dieLateralverteilung auf Basis von Einzelereignissen mit deren Monte Carlo Simulationen zuvergleihen. Es zeigt sih hierbei eine gute Übereinstimmung mit dem GeosynhrotronModell und den darauf aufbauenden Simulationen. Eine Ausnahme bilden dabei Signalennahe der Shauerahse. Jedoh wird die Stärke der Radiosignale in den vershiedenenPolarisationen qualitative rihtig reproduziert.LOPESSTAR ist ein absolut kalibrierter Detektor für Radiosignale aus kosmisherStrahlung. Das vorgestellte Triggersystem unterdrükt transiente und kontinuierliheStörsignale und akzeptiert dabei Radiosignale aus Luftshauern. Zur Zeit wird imRahmen von LOPESSTAR ein Hardwaretrigger in Betrieb genommen, welher eine aufdiese Elektronik angepasste Version des Triggersystems beinhaltet. Dieser wird zuerstauf dem Gelände des Forshungszentrums Karlsruhe und anshlieÿend 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 Luftshauern und deren Korrelationmit einer Vielzahl von Luftshauerparametern besser untersuhen zu können. Die indieser Arbeit erzielten Ergebnisse werden im geplanten Radioexperiment im Rahmendes Pierre Auger Observatoriums umgesetzt und tragen dazu bei, das GeosynhrotronModell zu veri�zieren.
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Chapter 1IntrodutionThe disovery of osmi rays is related to the balloon experiments of Vitor Hess. Hemeasured the altitude dependene of the disharge rate of eletrosopes and deteted thatthe intensity of ionising radiation rises with inreasing height at about 1000m above theground. He onluded that the origin of this radiation is not from the Earth [Hess 12℄.High energy osmi rays initiate showers of seondary partiles in the atmosphereof the Earth by interating with the nulei of air moleules. The seondary partilespropagate through the atmosphere with a veloity almost lose to the speed of light asa dis of partiles. This phenomenon of extensive air showers was �rst understood andstudied in detail by Pierre Auger and ollaborators [Auge 39℄.Many proesses are related to the generation and development of extensive air showers.In partiular, the emission proesses in the radio frequeny range of the lightest hargedpartiles are of interest for this thesis as well as the establishing of new omplementarydetetion tehniques for high energy osmi rays in astro-partile physis.Radio pulses from osmi rays were �rst experimentally disovered by Jelly and ol-laborators [Jell 65℄ and, were soon veri�ed by several experiments in the late 1960s. Inthe following years the ativities almost ompletely stopped due to di�ulties with radiointerferenes, unertainty about the interpretation of the results and the suess of otherdetetion methods (e.g. sintillator and �uoresene).The observation of radio emission of extensive air showers is performed with theLOPESSTAR experiment by using an array of ten antennas at the loation of the well-alibrated extensive air shower experiment KASCADE-Grande. This allows to performoinident investigations on the properties of the shower partiles and the radio emission.The LOPESSTAR antennas measure absolutely alibrated the north-south & east-westpolarised omponents of the eletri �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 introdution to extensive air showers and desribes the proessesof 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 introdued and disussed in hapter 4. A detailed disussion about therequirements of a self-trigger system and the resulting strategy are presented in hapter 5.Finally, the parametrisation of the eletri �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 ative �elds in astro-partile physis.Origin, aeleration, and transport of the osmi rays through interstellar and intergala-ti spae are not fully understood even 100 years after their disovery. Large detetorarrays with high duty yle and a ombination of multiple detetion tehniques areneeded to solve these open questions.This hapter gives a brief introdution to the observed energy spetrum of osmi raysand the mehanisms behind extensive air showers. Furthermore, the geosynhrotronmodel as a model of the emission of radio signals is desribed and disussed on the basisof Monte Carlo simulations.2.1 Cosmi Ray FluxCosmi rays are primarily nulei with kineti energies overing 12 orders of magnitudefrom a hundred MeV to several hundred EeV. The integrated �ux dereases stronglywith inreasing energy and spans more than 30 deades, so that numerous partiles per
cm2 · s reah the Earth at low energies, but only one partile per km2 and entury at thehighest energies.The energy spetrum of the osmi rays is almost featureless. Extending from 109 eVup to 1020 eV the spetrum follows a power law E−γ with a spetral 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 expeted in the ase of stohasti aeleration of harged partilesat astrophysial shoks as proposed by Fermi [Ferm 49℄. The Fermi mehanism worksmost e�iently in the ase of di�use shok aeleration when partiles enounter thewave front of the shok several times. In addition, it explains the aeleration duringsupernova explosions, where material of several solar masses is ejeted at a speed largerthan the speed of sound in the interstellar medium and results in a strong shok wavethat propagates radially. This aeleration mehanism ombined with the propagationproesses through the medium an qualitatively explain the whole energy range of theenergy spetrum observed on Earth.The two visible hanges of the spetral 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 astrophysis ommunity as the knee and the ankle of the spetrum in analogy tothe shape of a leg. All the spetral features might be interpreted as a hange of theaeleration mehanism at the soures, as a propagation e�et or as a hange of thehadroni interation ross setion with inreasing 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 spetrum. The energy range of the LOPES experiment and the upomingradio detetor at the Pierre Auger Observatory are indiated by the arrows.The knee might be onsidered to be an aeleration feature. The energy of the osmiray is proportional to the harge of the partile. The maximum energy that an bereahed by Fermi shok aeleration follows Emax ≈ bs ·Z ·B ·L, where bs is the shokveloity, Z is the harge of the partile, 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 aeleration possibilities for di�erent partiles. Possible aeleration sitesare supernova remnants.The knee also might be interpreted as a propagation result due to a hange in theregime of di�usion in the galati magneti �eld [Ptus 05, Cand 02℄. The KArlsruheShower Core and Array DEtetor (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 seond steepening of the spetral index observed� the seond knee [Mar 05℄. The experimental status does not allow to determinethis energy well, but the KASCADE-Grande and the other experiments will larify theharateristis of this energy range of the osmi ray �ux in the near future.The ankle is a rise of the spetral index at energies above 4 · 1018 eV. The experimentalevidene is less strong than at lower energies due to the already very low partile �ux andthe large detetion area needed. The most probable models assume that the extragalatiomponent then dominates the �ux of partiles and that the galati omponent diesout, due to missing aeleration mehanisms 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 spetrum is a ut-o� at energies above 5 · 1019 eV andwas independently predited by Greisen [Grei 66℄ and Zatsepin & Kuz'min [Zats 66℄, theso-alled GZK-e�et. The energy of these osmi rays is now high enough to interat



2.2 Extensive Air Showers 5with the Cosmi Mirowave Bakground (CMB) and they lose the main part of theirenergy due to the following interation:
γCMB + p → ∆+

1232 MeV → n+ π+ (BR 33%)
→ p+ π0 (BR 66%) (GZK-e�et)The numbers in brakets denote the approximated Branhing Ratios (BR). The γCMBphotons have a temperature of 2.7K and �ll up the universe as a uniform bakgroundradiation measured �rst by Penzias & Wilson [Penz 65℄.Aeleration and propagation of osmi rays at high energies is one of the puzzles thathave not been yet solved in astro-partile physis. Up to energies of several 109 eV theyare of solar origin, but above this energy due to the maximum aeleration power inthe Sun and the leakage of day-night variations of the measured �ux, they must haveanother soure outside of the solar system.The �rst evidene that osmi ray partiles were harged was given by east-west asym-metries aused by their de�etion in the magneti �eld of the Earth. Up to energies ofa few 1018 eV the arrival diretions are ompletely isotropi. The osmi rays of thehighest energies are a�eted by galati and extragalati magneti �elds. Only abovean energy of 1018 eV, partiles annot be on�ned by the ≈ 3µG magneti �eld of ourgalaxy anymore and traking bak these partiles might be possible. Their arrival di-retion and origin might be reonstruted depending on the intergalati magneti �eldsand the distane to the soure, due to the fat that the de�etion angle is less than 5◦for nearby astrophysial objets assuming partile energies of approximate 1019 eV.The explanation of soures of ultra high energy osmi rays has a long history. Evenbefore the soures were identi�ed, it was assumed that nearby radio galaxies, whihontain Ative Galati Nulei (AGN) were very good aelerating sites. AGN are super-massive blak holes with a mass 6 orders of magnitude larger than the solar mass. Inthe region lose to the blak hole a big amount of matter is areted and parts of itare released in the form of jets. The maximum energy that might be reahed in theseastrophysial objets is 1021 eV [Bier 87℄. The aeleration sites for the ultra high energyosmi rays an be interpreted as a beam dump: Where the jet hits an intergalati loudof matter from galaxies or the region very lose to the blak 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 ating as a(inhomogeneous) alorimeter and the inoming osmi rays as the beam partiles. Atlarge altitudes the depth of penetration of the �rst interation strongly �utuates dueto the low density of the atmosphere. The eletromagneti asade initiated in the�rst interations from the pion (π±, π0) and kaon (K±,K0) deays is important for thedetetion of the radio emission of osmi rays.Heitler developed a simple asading model for the eletromagneti omponent (e±and γ partiles) [Heit 49℄. It desribes the main harateristis by the development ofan extensive air shower and is introdued here for simpli�ation.



6 Chapter 2 High Energy Cosmi RaysThe energy of the primary partile E0 is larger than the ritial energy Ec, whihis needed to interat with the partiles in the atmosphere. The basi proesses arebremsstrahlung and pair prodution. Two partiles always result from one interationand in addition, it is assumed that both partiles are equal in energy. After a numberof interations n the total number of partiles orresponds to 2n with an energy perpartile of E0/2
n. One interation ours after a splitting length of λ = X0 ln 2, where

X0 is the radiation length for air. The maximum number of interations is proportionalto ln(E/Ec). The air shower develops and reahes its maximum at an atmospheridepth of Xmax = λ log2(E0/Ec) ∝ ln(E0) with the maximal number of partiles Nmax =
E0/Ec [Stan 04℄.Note: The eletromagneti radiation length in the air orresponds to X0 ≈ 37 g/cm2.At the atmospheri depth Xmax the shower development reahes a maximum for thenumber of partiles Nmax and afterwards the number exponentially dereases due tobremsstrahlung and ionisation loses. The longitudinal shower development an be de-sribed by the parametrisation by Gaisser-Hillas [Gais 77℄:

N(X) = Nmax · ( X − X0

Xmax − X0

)

Xmax−X0

λ

· exp

(

Xmax − X

λ

)

This parametrisation desribes the number of partiles N in dependene 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 seondary partiles form up an extensiveair shower that is desribed by three main omponents: Eletromagneti (e+, e− and γ),muoni (µ+ and µ−), and hadroni (mainly: π±, π◦, n, p, K± and K◦). Eletromagnetipartiles 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 nulei as the primary partile starts fromits hadroni omponent. The hadroni omponent onsists of the strong interatingpartiles in the air shower, fragments of nulei, single nuleons and mesons, for example.The hadroni omponent orresponds to about 1% of all the partiles arriving on theground. The �rst ollision typially produes more than �fty seondaries, whih arrymost of the energy in the early shower stage. These partiles are emitted losely tothe original partile diretion 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 produed during theshower development. Charged mesons, pions or kaons for example, derive from thehadroni omponent and have a short life time. If no interation ours during theirpropagation, then they will deay to lighter mesons or diretly 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 muh longer than the life time of thehadroni omponent and most of the muons reah the surfae of the Earth (depending onthe zenith angle and the primary energy of the osmi ray). They an lose their energyin several ways: Ionisation, bremsstrahlung, diret e± pair prodution and photonulearinterations.The eletromagneti omponent onsists of the lightest partiles in the shower(eletrons and positrons) and the photons. The total number of harged partiles isdominated by this omponent. The neutral or harged mesons, derived from the hadroniomponent, deay by 99% to photons or muons.
π0 → γγ

π± → µ± + νµThe harged pions live about 108 times longer than the neutral pions, whih might leadto a smaller ontribution to the eletromagneti omponent. The two resulting energetiphotons from the π0 deay reate eletrons (pair prodution). These eletrons generatephotons by bremsstrahlung.
γ → e+e− (pair prodution)

e± → e± + γ (bremsstrahlung)A asade of eletromagneti partiles is initiated until the energy falls below a ritialenergy Ec (Heitler model). The ritial energy for the eletromagneti omponent inthe air orresponds to Ec ≈ 80MeV. Then the energy loss due to ionisation beomesdominant and no further partiles are produed. At this stage the asade starts to dieout and the exponential derease takes e�et (parametrisation from Gaiser-Hillas).Besides the reation and loss of partiles in the longitudinal diretion, the eletromag-neti omponent su�ers Coulomb sattering. The Molière theory desribes the laterallyspread out of partiles and ontains the Molière radius Rm as a harateristi quantityof extensive air showers [Moli 47, Moli 48℄.The lateral distribution of eletrons on the observation level is desribed by the NKGfuntion [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 eletron density ρ(daxis) is alulated from the measured number of eletrons Neon the observation level and the distane to the shower axis daxis. The parameter s (orshower age) is �tted to the lateral partile distribution, measured on the ground anddesribes the lateral shape, whereas the parameters α and β are used as a normalisationfator.An estimation of the primary energy an be performed on the basis of the total partilenumber determined by the NKG funtion, whereas the primary mass an be estimatedfrom the ratio of the measured muon number to the eletron number (Nµ/Ne) [Haun 03a℄.2.3 Radio EmissionIn addition to the energy loss of partiles of the eletromagneti omponent, furtherseondary e�ets are expeted from these numerous partiles in extensive air showers.They exite nitrogen moleules in the air by ionisation and thereby lose part of theirenergy. The de-exitation of the moleules is partly emitted as �uoresene light and anbe observed with telesopes on the ground level, as done at the Pierre Auger Observatory[Blue 03, Abra 04℄.Eletromagneti radiation is emitted when harged partiles pass through an insulatorat a speed greater than the speed of light in that medium, the so-alled Cherenkovradiation. The refrative index of the air nair ≈ 1.000292 (λ = 589nm) is only slightlylarger than the one of the vauum nva = 1. This is a large bakground soure for�uoresene measurements [Nerl 05℄, but it ontributes only little to the emission in theradio frequeny range.It was Askaryan who proposed an e�et leading to radio emission in the air andespeially in dense media [Aska 62, Aska 65℄. The eletromagneti asade generates e±pairs by pair prodution. The positrons might annihilate with the eletrons of the airmoleules. Furthermore, the eletrons from the air moleules might be regenerated andmay ontribute to the eletromagneti omponent. This leads to a negative harge exessthat 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 thikness.Finally, the radio signal an be observed on the ground due to the fat that theatmosphere is radio transparent. The origin of radiation in the radio frequeny rangein the air is most likely onneted to the magneti �eld of the Earth and was suggestedas a geomagneti prodution by Hazen and ollaborators [Haze 69℄. The �rst analytialmodel that took the harge exess and the geomagneti emission mehanism into aountwas developed by Kahn & Lerhe [Kahn 66℄.2.3.1 Geosynhrotron ModelThe magneti �eld of the Earth might be approximated as a magneti dipole. All thepartiles of an extensive air shower penetrate through this magneti �eld ~B with aveloity ~v. Partiles with a harge q are de�eted due to the Lorentz fore ~F:
~F = q

(

~v× ~B)
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Figure 2.2: Positron and eletron propagate through the magneti �eld ~B of the Earthand are de�eted due to the Lorentz fore. The aelerated and harged partiles emiteletromagneti radiation (radio frequeny range) in the diretion of motion.The in�uene of the Lorentz fore ~F on the lightest harged partiles is illustrated in�g. 2.2 with a vertial diretion of motion and a magneti �eld pointing into the pitureplane.Any aelerated harged partile (harge q, mass m, energy E) ontributes to ele-tromagneti radiation due to the synhrotron radiation. The amount of radiation lossfollows −∆Esyn ∝ ( E

mc2

)4 for a omplete gyration yle of the partile in the magneti�eld. Thus, only the lightest partiles (e±) ontribute to radio emission. The e�et formuons is weaker due to their higher mass 8 orders of magnitude (mµ ≈ 207 ·me). Theeletromagneti radiation is emitted in the radio frequeny range (for air) and in forwarddiretion with an emission one proportional to the inverse Lorentz fator (∝ γ−1).This synhrotron radiation in relation to the geomagneti �eld of the Earth is alledgeosynhrotron radiation.The observation of radio emission from extensive air showers has a number of ad-vantages ompared to the established measurement tehniques, like the observation of�uoresene light or the detetion of seondary partiles on the ground.The geosynhrotron radiation is almost independent of the observing onditions, ex-ept during thunderstorms. The additional eletri �elds during thunderstorm onditionsmight aelerate or deelerate the harged partiles and radio emission is ampli�ed orattenuated [Buit 07℄.A muh higher duty yle by radio observations is possible due to day and nightmeasurements, whereas optial observations are limited by the light of the Sun or theMoon and louds. The possible duty yles 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 frequenydomain 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 frequeny domain for avertial shower with a primary energy of 1017 eV. The shown distanes orrespond todi�erent observation distanes to the shower axis by moving to the north. The steep fallo� (double logarithmi sale) levels o� numerial noise at large frequenies [Hueg 07℄.from highly inlined air showers is observed, whereas the seondary partiles have almostdied out on the ground level [Petr 07℄. Suh investigations might help to study highlyinlined air showers and air showers that are indued by high energy neutrinos.2.3.2 Monte Carlo SimulationsFalke & Gorham developed a omplete model to desribe the radio emission in theontext of the geomagneti �eld [Fal 03℄. Analytial approahes are available to desribethe shower evolution in relation to its atmospheri depth. The ombination of theseapproahes 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 inludes a hange of the sale fator lθ with respet to the showermaximum Xmax expressed as the ratio α(Xmax) = lθ(Xmax)/lθ(631 g/cm2). The sale
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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 saled for a better omparison andrepresent di�erent distanes 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 speify the shower azimuthand zenith angle, r orresponds to the observer distane from the shower entre and ϕ0orresponds to the azimuth angle of the observer. The eletri �eld strength of eq. 2.1an be approximated as linear in relation to the energy Ep of the primary partile 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 exat shower evolution of the eletrons and positrons is provided by the air showersimulation pakage CORSIKA [Hek 98℄ and plays an important role for sophistiatedMonte Carlo simulations. The lateral distribution of the partiles, the shower-to-shower�utuations, the energy ontent as well as the partile 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�erenes between the simulated data and the measured data and were able to verifythe geosynhrotron model. Suh a simulated shower event is illustrated in the frequenydomain in �g. 2.3 as well as in the time domain in �g. 2.4. These data are based onproton indued air showers with an energy of E = 1017 eV. The zenith and azimuthangles are θ = 30◦ and ϕ = 180◦ (north diretion). The shown distanes to the showeraxis result from a movement of the observer towards the north.The introdued Monte Carlo simulation based on CORSIKA might be regarded as anapproah in a mirosopi way of modelling the radio emission in extensive air showersand is being studied by Kalmykov and ollaborators as well [Kalm 06℄. A marosopi



12 Chapter 2 High Energy Cosmi Rayspoint of view, the magneti �eld of the Earth indues a net eletri urrent in the eletron-positron plasma of the eletromagneti omponent by de�eting the lightest hargedpartiles (Lorentz fore) in opposite diretions, is being investigated as well [Sho 08℄.The alulated pulses have a small negative pulse shape in this marosopi model,whih is negleted in the Monte Carlo simulations, but is now being onsidered [Hueg 08℄.Sine all the Monte Carlo studies are still under development, a experimentally veri�a-tion of the di�erent approahes has to be performed with reent and future experiments.2.3.3 Past and Reent ExperimentsThe experimental veri�ation started in the 1960s after the preditions ofAskaryan [Aska 62, Aska 65℄. The �rst disovery of radio pulses in orrelation with os-mi ray air showers at a frequeny 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 theoretial results were summarised ina detailed review by Allan [Alla 71℄.A parametrisation results from this review, whih is determined by the measurementsof the radio emission ombined with the theoretial expetations 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 partile, α the angle between the shower axisand the geomagneti �eld lines (geomagneti angle), θ is the zenith angle and daxisorresponds to the distane between the antenna and the shower axis (referene frameof the shower). The sale parameter d0 was determined at about 110m at f = 55MHzonsidering θ < 35◦.The historial experiments were limited by the existing tehnology. Measurementswith a very small bandwidth of a few MHz were performed and no digital eletronisfor data storing or su�ient trigger onepts were available. Improvements by otherdetetion tehniques (e.g. sintillator and �uoresene) had the onsequene of stoppingfurther experimental investigations on radio emission of extensive air showers.In fat, if a oinidene of several partile detetors was deteted an analogue triggertook a piture of the sreen of an osillosope. These photographs were used to analysethe observed radio emission. The reeived amount of bakground (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 ommerial TV and radiostations were turned o� [Week 01℄.The �eld of radio emission from osmi ray air showers revived with the tehnialand theoretial improvements. Sine the work of Falke & Gorham [Fal 03℄ many newexperiments have been installed to observe the geosynhrotron radiation. These exper-iments follow new approahes with digital eletronis 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 oinidene with the well-established extensive air shower experi-



2.3 Radio Emission 13ment KASCADE and KASCADE-Grande, respetively [Anto 03, Nava 04℄. The proof-of-priniple with this kind of detetion tehnique 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 funtion of the geometry of the air shower and the energy of theprimary partile 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�erenes, e.g. the resultingsale parameter d0 = (236 ± 81)m di�ers by a fator of 2, whereas the parametrisationof the geomagneti angle α follows di�erent approahes. A more detailed disussionabout 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 interferenes(e.g. TV transmitters) is neessary. LOPESSTAR, as desribed in the next hapter, is amain building blok on this path.



 



Chapter 3LOPESSTAR3.1 IntrodutionThe LOfar PrototypE Station (LOPES) is installed on the site of the ForshungszentrumKarlsruhe to reord radio emission emitted by Cosmi Rays (CRs). The measurementsare performed in oinidene 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 eletri �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 eletri �eld with at least 15 an-tennas. The LOPES30 on�guration is set up within the KASCADE-Array, whih limitsthe signal quality due to the emitted eletromagneti noise of the partile detetors.The LOPES Self Triggered Array of Radio detetors (LOPESSTAR) is the enhane-ment of LOPES30 to optimise detetion tehniques for radio emission of high energyosmi rays, in partiular to provide a self-trigger system [Gemm 06℄. In addition, it isa prototype detetor for large-sale arrays, like the Pierre Auger Observatory.Based on theory and simulations osmi ray partile produes a broadband signal inthe range of a few MHz up to over 100MHz. The LOPESSTAR experiment reords afrequeny 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 harateristisof the eletronis used. A reonstrution of the spetrum is only possible within theobserved frequeny range.This hapter desribes the detetor 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 desribed, and the developed and optimiseddigital methods for the data analysis of LOPESSTAR are presented.3.2 Detetor Layout3.2.1 Forshungszentrum KarlsruheLOPESSTAR is installed inside the area of the KASCADE-Grande experiment (see�g. 3.1) so that the radio bakground generated by the partile detetors (KASCADE-Array) is not measured. Eah marked position (red triangle) orresponds to one antennameasuring east-west and north-south polarisation. The 10 antennas are arranged in threelusters. 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 Piolo), the radio detetor LOPES30 as well as LOPESSTAR (red triangle), andthe external radio trigger onstraint (7-out-of-7-oinidene) from KASCADE-Grande(dashed blak line).identi�ation number of the nearby KASCADE-Grande station, whih is also the housingof the Data AQuisition (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-triggeronept with a baseline b of bD17 = 70m and bD30 = 65m. By evaluating the timingof signals in eah antenna a oinidene onstraint an be performed as well as a fastestimation of the arrival diretion.The name onvention for the LOPESSTAR antennas in eah luster (see table 3.1) isde�ned by their azimuth ϕ orientation in degrees (lokwise, north: ϕ = 0◦ ), exept theentred antenna (CTR) next to the DAQ system.These 10 antennas measure absolutely alibrated the north-south & east-west polarisedomponent 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 partile. It is expeted to detet lear



3.2 Detetor 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 geometrial position and their unertainty of the LOPESSTAR antennasin relation to the referene frame of KASCADE-Grande and the z oordinate in relationto sea level.radio pulses in the time domain at an energy of the primary partile of E > 1017.5 eVfor the LOPESSTAR on�guration (LPDA and eletronis) [Krom 08℄. Thus, most ofthe reorded data will show no signal of the radio emission but they are used to developmethods to redue bakground signals.Antenna PositionsThe positions of the LOPESSTAR antennas were determined with a Di�erential GlobalPosition System (DPGS) and transformed to the referene 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 referene point with the seond hand-held unit. The ommerial analysissoftware (Ashteh Solutions, version 2.6, Magellan) determined the positions of the an-tennas and their unertainties. The listed values in table 3.1 are already transformed tothe referene frame of KASCADE-Grande. The positioning unertainties are negletedin the following error propagations with respet to the obvious higher unertainties ofreonstruted 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 diretion.3.2.2 External Trigger SoureA onvenient way to start developing a self-trigger system, is the usage of a well-de�nedexternal trigger based on partile detetors. KASCADE-Grande provides suh an ex-ternal trigger soure 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 eah station within a de�ned oinidene time window, a trigger signalis sent to all 10 LPDAs. The dashed blak line in �gure 3.1 marks six of the spei�edseven KASCADE-Grande stations. An additional one is plaed in the middle of this
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Figure 3.2: Part of the antenna luster D30. The triangular struture 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 reonstrution from KASCADE-Grande.KASCADE-GrandeAn introdution to the KArlsruher Shower Core and Array DEtetor (KASCADE) isgiven in the referenes [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 loated at the Forshungszentrum Karlsruhe,
110m above sea level (49◦N, 8◦S), and onsists of the KASCADE experiment (with theField Array and the Muon Traking Detetor), the Grande array and the Piolo array(see �g. 3.1).KASCADE-Array The KASCADE-Array overs 200 × 200m2 and is omposed of 252stations with a grid spaing of 13m. In eah station, four e/γ detetors (respetivelytwo 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 vertialmuons of 230MeV in the µ detetor below the plates. The stations are organised in 16lusters of 16 stations eah (exept the four inner ones onsisting of 15), whereas theinner lusters have no µ detetors. A detailed desription of all the detetor omponents,their energy dependent thresholds and unertainties is given in [Anto 03℄.



3.2 Detetor Layout 19Grande-Array The Grande-Array detetors have been obtained by re-assembling theeletromagneti detetors of the former EAS-TOP experiment [Agli 93℄. The Grandearray onsists of 37 stations eah of 10m2 of plasti sintillators over a surfae of 700 ×
700m2. The detetors form a triangular grid with an average spaing of 137m. A partof the Grande array overlaps with the KASCADE-Array. Five 700m ables onnet eahof 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 stationseah, with 6 forming a hexagon and 1 entral station. Several trigger onstraints for eahtrigger luster are de�ned: 4-out-of-7-oinidene (4/7) and 7-out-of-7-oinidene (7/7).A mean trigger rate of f ≈ 5Hz (4/7) and f ≈ 0.05Hz (7/7) is obtained. The Grandetrigger deisions are made in the entral DAQ, where all the signal ables arrive.The e�ienies of di�erent trigger onditions have been studied by averaging overvarious simulations of the experiment [Haun 03b℄. For this purpose, air showers induedby di�erent primaries (proton and iron) and at di�erent energies as well as the experimentresponse have been simulated (the detetor and the di�erent trigger onditions). The7/7 trigger ondition reahes full e�ieny at about 1016 eV.The operating experiene of the KASCADE-Grande ollaboration has shown thatthe event reonstrution is reliable, if the 7/7 luster 13 trigger is ative. Due to thisexperiene and the lose loation to all the LOPESSTAR antennas the luster 13 triggerwas hosen as an external trigger soure.The antenna �eld D19 and D30 reeive the trigger signal via a 70m able (type RG58).The trigger signal for D17 is transmitted via an optial �bre (λ = 820nm) with respetto the distane (≈ 200m) to the Grande DAQ.Referene Frame The referene frame for the ground oordinates is loated in theentre of the KASCADE array inside the Forshungszentrum Karlsruhe (110 meter abovesea level, latitude: 49◦ north, longitude: 8◦ east). The azimuth angle ϕ is ountedlokwise (north: ϕ = 0◦) and the y-axis is rotated 15◦ lokwise with respet to thenorth [Pier 07℄. The zenith angle θ is zero for vertial inoming partiles and θ = 90◦orresponds to a horizontal arrival diretion.The listed geometrial positions of all the LOPESSTAR antennas in table 3.1 are givenin this referene frame.Shower Reonstrution from KASCADE-Grande The KASCADE ollaboration pro-vides its reonstrution results for the LOPES ollaboration to investigate orrelationsbetween the measured radio signals and the deteted shower quantities based on partilemeasurements. The reonstrution from KASCADE-Grande is alulated with KRETA(Kasade Reonstrution for ExTensive Air showers).The results from the third reonstrution level from KRETA (version V11702) areused for the present studies.3.2.3 Pierre Auger ObservatoryThe future development of the radio detetion tehnique aims at setting up an indepen-dent radio detetor in the framework of the Pierre Auger Observatory [Blue 03, Abra 04℄.The key feature of the observatory is its hybrid detetion tehnique. On the one hand



20 Chapter 3 LOPESSTARthe �uoresene light of exited nitrogen is deteted with 24 optial telesopes (FD)positioned on the boundary of a 3000 km2 array. On the other hand seondary partilesare measured on the ground with water Cherenkov tanks (SD) spaed by a distane of
1.5 km. The whole experiment is loated in the southern hemisphere in Argentina nearthe town of Malargüe (provine of Mendoza). The Pierre Auger Observatory reahes fulle�ieny at primary partiles energy of E ≈ 1018 eV and is able to observe partiles upto the highest energies above 1020 eV.Improving the radio detetion tehnique requires boundary onditions in partiularaessibility and availability of established osmi ray experiments. The KASCADE-Grande experiment is onvenient to aess, but the energy range is limited toE ≤ 1018 eVdue to the instrumented area. In ontrast, the Pierre Auger Observatory is far away,expensive to aess, but provides a higher energy threshold of 1018 eV.The onsequene is the following strategy: The prototype detetor LOPESSTAR isdeveloped, set up, and veri�ed in oinidene with KASCADE-Grande, whih is onve-nient to aess on the site of the Forshungszentrum Karlsruhe. The obtained resultsare ombined with results from other investigations of the radio tehnique to instrumentan area of about 20 km2 within the Pierre Auger Observatory.In a �rst step a detetor system simular to the one at the Forshungszentrum Karlsruhewas installed within the SD array (antenna luster D42) of the Pierre Auger Observatory.Eah of the three antennas measure the north-south & east-west polarised omponent ofthe eletri �eld strength. In a �rst data taking period, the bakground was measured toompare interferenes 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 eletroni omponents used by the reeiving partof the system up to the storage of the raw data. This setion desribes the ompleteLOPESSTAR on�guration. A more detailed disussion about the spetral harateristisof the omponents will be given when the alibration is desribed (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 eletri �eld. This antenna type �ts the require-ments of radio detetion of high energy osmi rays [Krom 08℄.The main harateristi of the LPDA is desribed by its diretion sensitivity. Forlow zenith angles θ < 60◦ the antenna gain is about 3.5 dBi, whereas for θ > 60◦ thesignal is strongly suppressed. The interferenes from surrounding buildings and mahinesompliate the detetion of radio emission from zenith angles θ > 60◦. The major part ofthe man-made bakground signals reahes the detetor horizontally and is suppressed bythe LPDA in an early stage of data proessing. The arriving diretion of radio emissionof CR partiles are randomly distributed over the sky. Radio emission of highly inlinedair showers is easy to detet due to the low attenuation of the atmosphere of the Earthin the radio frequeny range but is suppressed by the diretion sensitivity of this typeof antenna.
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Figure 3.3: Blok diagram of the signal hain for eah antenna luster. An externaltrigger signal from KASCADE-Grande is used.The LPDA has a real impedane at the signal output, whih 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 EletronisThe signal of eah hannel is raised by a fator 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 frequeny of 80MHz (type SIS3300, Struk GmbH). The digi-tised data is then transferred via an optial �bre to a VME-PCI bus interfae (typeSIS1100/3100, Struk GmbH) to a standard Personal Computer (PC). The enlosure forthe band-pass �lter, the ADC with the sampling lok, and the ommuniation boardis provided by a standard VME-Crate1. The blok diagram in �gure 3.3 illustrates thesignal hain.1Versa Module Europa



22 Chapter 3 LOPESSTAR3.3.3 Digital EletronisThe LOPESSTAR eletronis ful�ls the onstraints of sub-sampling in the seond Nyquistzone [Nyqu 02℄. The upper band-pass limit of 80MHz is twie 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) lok (type GPS167LCD-MP, Mainberg), if a trigger2 ours.The timestamp is spei�ed by the manufaturer with an auray of ∆t = 100ns andis reorded for a ombined reonstrution of the data of all the lusters and for eventorrelation with KASCADE-Grande. Raw data are stored on a entral RAID3-5 storagevia the Loal Area Network (LAN). Due to the usage of a entral data base server, aommon software interfae to read and write data in parallel and onsistently has beenreated (see �g. 3.3).3.4 Digital Data AnalysisThe raw data are reorded 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 deonvolve, alibrate and reonstrut themeasured signals. The funtionality of the analysis methods, as desribed in the follow-ing, are summarised in the software pakage 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 spetrum of the am-plitude and phase distribution and reverse.Up-Sampling The up-sampling algorithm inreases the sampling frequeny arti�iallyby a given fator. This method does not orrespond to an interpolation of the timesamples, but uses the known frequeny limits of sampling.Envelope Calulation The alulation 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 Frequeny Interferenes Radio frequeny interferenes arepresent all the time and measured by the system. Mono-frequent bakgroundsignals an be su�iently suppressed by this algorithm.Observed Time Window The amount of observed time samples orresponds to a timeperiod (sampling frequeny of 80MHz) and to a frequeny resolution of the am-2In this ase the external trigger from KASCADE-Grande is used. Additionally, any other triggersoure 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.



3.4 Digital Data Analysis 23plitude and phase spetrum. The optimal length is an important fator for thesuppression of radio frequeny interferenes.3.4.1 Fast Fourier TransformEah antenna observes a 40−80MHz band limited signal, whih is digitised by a samplingrate of 80MHz in the time domain. To analyse the harateristis of the radio emissionin the frequeny domain a Fourier transformation has to be performed. Therefore, theopen soure and optimised algorithm FFTW4 (version 3) was hosen to alulate theFast Fourier Transform (FFT) [Frig 05℄.The implementation of the FFT and the inverse FFT methods ful�l Planherel's the-orem. The theorem predits that the energy of the signal in the Fourier domain isidential to the energy in the time domain, if formula 3.1 is onserved. This is an im-portant detail for algorithms whih manipulate the signal in the frequeny domain, likebakground rejetion or alibration.
∞
∫

−∞

|f(t)|2 dt =

∞
∫

−∞

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

FFT
=⇒ H(f) = S(f) ⊗ W (f) (3.2)Various window funtions, like Hamming-, Hann- or Cosine-Window, are investigatedand their e�ets are summarised and desribed by Nuttall [Nutt 81℄. The most simplewindow funtion is a retangular funtion with w(t) = 1. Its Fourier transform is

W (f) = sin(x)
x = sin(x) and in�uenes the data strongly. The other window funtionsmentioned 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), beause the in�uene on the periodi harater 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 windowfuntion with a standard deviation of σ = 2.5 (mean value = 0). Half of the Gaussianfuntion 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 frequeny higherthan twie the highest frequeny of interest, the so-alled sub-sampling in the seond4Fastest Fourier Transform in the West
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z = 2 orresponds to doubling the sampling rate and ful�ls the well-established samplingtheorem of Shannon [Shan 98℄. The lassial way of sampling data is performed by usinga sampling frequeny twie the size of the highest frequeny of interest (160MHz in thease of LOPESSTAR).The up-sampling an be performed in the time or frequeny domain. Both methodslead to an inrease of the bandwidth and are desribed in the following.time domain Up-sampling by z orresponds to set z − 1 zero values between eah datapoint. The new data are onvoluted with a low pass �lter. The ritial frequeny

flow pass of the �lter is a funtion of z and results in flow pass = fup · z, with theupper band-pass frequeny fup.frequeny domain Eah amplitude and phase spetra ontain n
2 entries for symmetrireasons of the FFT. Up-sampling by z > 0 is realised by setting n

2 zero values inone blok 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 alulate an envelope signal: Filter I, Filter II, andHilbert method. The absolute values of the up-sampled Radio Frequent (RF) data aregiven by the solid blak line.blok are put next to fup. The inverse FFT results diretly in the up-sampleddata. The frequeny domain method is used in the following.The auray 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, additionalfrequeny omponents are onvoluted into the frequeny band of interest, manipulatethe original data and limit the total auray of this method.An example of up-sampling in the frequeny domain is illustrated in �gure 3.4. Eahsub-sampled data point overlays with one point of the up-sampled data. One an notieas well that the original trae has an in�exion point between eah sub-sampled datapoint. The dot-dashed blak line is given by the sub-sampled data points onneted bya straight line � what the human brain does obviously. On the other hand the solid redurve orresponds to up-sampled data points onneted by a straight line, as well. Onlythe up-sampled data desribe the real behaviour of the data in the time domain.3.4.3 Envelope CalulationThe reorded RF signal orresponds to the �lter response funtion of the band-pass�lter used. The geosynhrotron model predits pulses with a length of about 10−100 ns.Interferenes of the same time length or even longer are present, depending on the spei�bakground soures whih in�uene the antenna luster. Due to the fat that thesebakground signals are broadband, a rejetion an only be performed in the time domainby haraterising 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 typial methods are disussed here and illustrated in �g. 3.5.
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Figure 3.6: Amplitude distribution of the raw spetrum (dashed red line), the Cut O�method (solid blak line), and the Median method (dot-dashed red line) to suppressRadio Frequeny Interferenes (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 frequeny 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 alulating an envelope is given by using the Hilbert transforma-tion [Bra 00℄ � Hilbert method. The Hilbert transform H ours in pratie as theimaginary part sℑ(t) = H{sℜ(t)} of measured data sℜ(t). After FFT the phases aremanipulated. The negative frequeny omponents are shifted by +90◦ and the positivefrequeny omponents are shifted by −90◦. Afterwards the phase distribution is mul-tiplied by i. This has the e�et of restoring the positive frequeny omponents whileshifting the negative frequeny ones by additional +90◦, whih results in their negation.The envelope alulation 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 desribed methods is shown in �g. 3.5. It illustrates the Filter IIand the Hilbert methods desribe the RF signal well, whereas the Filter I method, withthe additional high pass �lter, modi�es the signal, as expeted. In the present studiesthe more preise and analytial de�ned Hilbert method is used to alulate 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 alulated on the basisof the samples (snr ∝ voltage).3.4.4 Suppression of Radio Frequeny InterfereneTwo main lasses of bakground signals have to be distinguished. First, there are broad-band interferenes, whih result in sharp peaks in the time domain. Rejetion andsuppression of suh transient signals need a haraterisation of the timing signal om-bined with a statistial analysis. And seond, there are mono frequent soures (e.g. radioor TV transmitters), whih show narrow peaks in the frequeny domain. These RadioFrequeny Interferenes (RFI) orrespond to a noise �oor in the time domain. One ob-viously has to manipulate the amplitude distribution and leave the phase untouhed tosuppress RFI.Two methods of suppression are disussed here and are shown in �g. 3.6 and 3.7. Astraightforward approah 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 funtionof time samples (n) used and follows m = 64 · n
1024 . The normalised spetrum is inde-pendent of hardware harateristis and is alulated 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 orreted spetrum Aor is used to divide Aorig, whih resultsin a RFI suppressed spetrum Asup. The solid grey line in �g. 3.6 illustrates the part
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Figure 3.8: In�uene of the RFI suppression (median method) on the time data. Thenoise in the time domain dereases signi�antly by this method. The searhed signal isvisible at ≈ 7.5µs in both �gures.of the spetrum after the Cut O� method (dotted red line). An inverse FFT of Asuporresponds to the RFI suppressed time data.Man-made narrow band transmitters arry modulated information in the sideband ofthe arrier frequeny. Two TV transmitters and several radio transmitters are loatedwithin the observed frequeny band, e.g. the strong TV transmitter Raihberg, as men-tioned in setion 3.4.5, with its piture 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) broadast television system is used for olour enoding. As de�nedin the PAL system, the piture information is amplitude modulated in a ∆f = 5MHzsideband of the piture arrier. The audio information (mono signal) is loated exatly
5.5MHz above the piture arrier signal and is frequeny modulated. The seond audiohannel (stereo signal) is again 242.19 kHz above the mono signal and is also frequenymodulated.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 untouhed. All themodulated information is still present in the time domain as noise. With respet tothe modulated sideband information, the whole spetrum an be replaed 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 harateristis present in theamplitude distribution. The arrier frequenies and the remaining sideband modulatedinformation are suppressed. Due to random bakground proesses, like galati noise,�utuations in the spetrum 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 alulated 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 redution 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 interferenes was appliedto the data and is marked by the dashed line (antenna luster D30). No signi�antderease 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 diretly in a frequeny resolution of δf =
∆f · f
2 ·∆t

= 40 MHz
2 ·n for the amplitude and phase distribution.The expeted radio emission signal is short-time (≈ 10−100 ns), whih means broad inthe frequeny domain. Therefore, a low resolution is su�ient. On the one hand someinterferenes are not haraterised by a broadband signal. Narrow band bakgroundsignals ould be suppressed muh better with a good frequeny resolution. On the otherhand a longer measuring time also means adding up more interferenes to the real showersignal during reording.A good balane between su�ient frequeny 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 alulated rms over the di�erenthosen window sizes whih are averaged over all the hannels of one event for antennaluster D30.Note: Only window sizes whih are supported by the ADC module were hosen.The solid line is mainly haraterised by two bumps. This feature is due to the TVtransmitter5 at 62.25MHz (piture arrier) and 67.75MHz (audio arrier) in the observedband width. The line synhronisation signal of terrestrial TV programs is emitted every5Transmitter Raihberg, 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 reording 16ksamples about 3 synhronisation bursts are expeted and also seen in the data. If nobakground suppression is performed the synhronisation burst(s) is in the data andinreases the rms by hane. By inreasing the window size, the spetral resolutioninreases, too, and the suppression of interferenes hanges. Figure 3.9 points out thatan optimal window size is ahieved by using a window length of n = 2048 = 2k samples.Every larger window size does not improve the suppression of interferenes signi�antly.Only the omputation time inreases by n log2(n), where n is the number of samples.



Chapter 4Calibration4.1 IntrodutionThe reorded data are deonvolved from the frequeny harateristis of the eletronisand depend on the diretion of the inoming signal (harateristis 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�etive bandwidth of the system. The digital methods used in this hapter (e.g. FourierTransform) are desribed in detail in se. 3.4.This hapter gives a theoretial desription of the proessed signal hain and de-sribes the proedures of two independently performed absolute alibration methods:End-to-End and Step-by-Step alibration. Furthermore, the frequeny dependene ofthe eletroni omponents used are disussed and the e�etive bandwidth is alulated.4.2 Theoretial DesriptionThe theoretial desription gives an overview of the formulae used to desribe the dete-tor alibration. Thus, harateristis of the eletromagneti �eld, the antenna, and thesignal hain have to be disussed in more detail.4.2.1 Eletromagneti FieldThe energy �ux of an eletromagneti �eld is desribed by the Poynting vetor ~S
[

W
m2

]for free spae propagation:
~S = ~E × ~H (4.1)where ~E is the eletri and ~H the auxiliary magneti �eld. The emitting radio soure isseveral hundred meters or even kilometres above the reeiving antenna, so the far-�eldapproximation for the radio frequeny range is valid. The impedane of free spae 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.
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S =

1

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

[

W
m2

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

Ptot
4πr2

(4.4)where r is the distane between emitter and reeiver.4.2.2 AntennaThe output power Pant of the reeiving antenna follows eq. 4.5.
Pant = Ae�(f, θ) ·S (4.5)The e�etive area Ae� is de�ned by the geometry of the antenna type used and dependson the frequeny 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 funtion of the frequeny 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 reeived power per polarisation varies with a cos2(ϕ) depending on the azimuthangle ϕ of the inoming signal.4.2.3 Signal ChainOn the one hand Pant is mainly haraterised by the ampli�ation and attenuation (bothare dependent on the frequeny) in the various parts of the signal hain and �nally resultsin the PADC, whih is �nally digitised (eq. 4.7).

PADC = Pant · aamp(f) · a�lter(f)

aable(f) · ains(f)
(4.7)On the other hand PADC orresponds to a voltage, due to the impedane 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 fator and Z = 50Ω is the impedane 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 (aable(f)) and the insertion loss of theLPDA (ains(f)) attenuate it. The frequeny dependene of the ampli�ation funtions

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 disussed formulae. Theenergy �ux of the eletromagneti �eld (eq. 4.3) is reeived by eah of the observedpolarisation hannels (eq. 4.5). The resulting power Pant is manipulated in the signalhain 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
· aable(f) · ains(f)

aamp(f) · a�lter(f) · aADC ·
√

Ae�(f, θ)
·ADC (4.9a)

= 2f

√

µ0π

Zc
· aable(f) · ains(f)

aamp(f) · a�lter(f) · aADC ·
√

G(f, θ)
·ADC

=
1orr(f)

· 1
√

G(f, θ)
·ADC (4.9b)

1orr(f)
= 2f

√

µ0π

Zc
· aable(f) · ains(f)

aamp(f) · a�lter(f) · aADC (4.9)Thus, the orr(f) values are the orretion values to alibrate the amplitude spetrumin a frequeny dependent way. The End-to-End and Step-by-Step alibration methodsuse di�erent aspets of the alibration equation 4.9 to onvert ADC ounts into �eldstrength [µV/m] and are disussed in the following.4.3 End-to-End CalibrationThe End-to-End alibration method measures the frequeny dependent orretion valuesfor the omplete system. A referene soure was plaed at a well-known position abovethe LPDA and the measured spetrum was orreted by taking the propagation of theemitted signal and the diretion sensitivity of the antennas into aount.4.3.1 Con�gurationThe signal hain of the alibration referene system onsists of several parts: A bionialantenna (VSQ 1000), an ampli�er (DPA 4000), and a signal generator (RSG 1000). Allthree parts are ommerial produts of the Sha�ner ompany (Augsburg) and are usedfor the amplitude alibration of LOPES30 [Hake 06, Nehl 08b℄. The bionial antenna islinearly polarised and has a nearly onstant diretivity lose to its main lobe. This fatis important sine it results only in a small loss, if the radio soure is slightly o� target.The referene soure is originally designed for the frequeny range of 300−1000MHz, butthe antenna is spei�ed and aredited for the broader frequeny range of 30−1000MHzas well. The signal generator was set to a rate of 1MHz and produes an areditedharmoni wave spetrum. The alibrated amplitude spetrum in a distane of 10m tothe soure is given by the manufaturer and is illustrated in �gure 4.1 for the observedfrequeny range.The entre of the referene soure was mounted vertially in a distane 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 adistane of 10m from the referene souregiven by the manufaturer (linear inter-polation).
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Figure 4.2: The resulting �eld strength af-ter propagation from the referene soureto the LPDA in logarithmi sale (linearinterpolation).80 data reords with a time period of ∆t = 16, 384 · 12.5 ns = 204.8µs were taken atantenna luster D30 for eah of the 8 hannels. During the measurement the alignmentof the referene soure was ensured by tightening long lines whih were �xed at the polesof the bionial antenna.4.3.2 AnalysisLPDA Diretion SensitivityOn the one hand, the eletri �eld expeted at the LPDA ∣∣
∣

~ELPDA∣∣∣ is alulated by takinginto aount the propagation of the signal from the bionial antenna to the LPDA. Freespae propagation is assumed for simpli�ation. The resulting amplitude spetrum isillustrated in �gure 4.2.On the other hand, the diretion sensitivity of the LPDA Ge�(f, θ) has to be onsideredto perform a general amplitude alibration. The diretion dependent gain Ge� of theeletri �eld plane ( ~E plane) is shown in �g. 4.3.The alibration equation 4.9 hanges under these irumstanes:
∣

∣

∣

~ELPDA∣∣∣ ·√Ge�(f, θ) =
1orr(f)

·ADC . (4.10)Determination of Corretion ValuesOnly reorded data with no ADC over�ow were analysed in the following. The frequenydependent orretion values orr(f) onvert the Fourier transformed ADC data into anabsolute amplitude alibrated spetrum and (applying inverse FFT) into absolutely al-ibrated time data, respetively. The alibrated harmoni wave spetrum of the referenesoure onsists of 1MHz spaed points. Figure 4.1 shows these points onneted by astraight line. A typial un-alibrated spetrum is presented in �g. 4.4. The inludedupper right plot shows a zoom in on the frequeny range (linear sale) of the disrete
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Figure 4.3: Diretion sensitivity of the LPDA for di�erent zenith angles θ of the eletri�eld ~E plane (data derived from [Krom 08℄).alibration signal. The small peaks are broadened, due to the limited spetral resolutionof ∆f = 40MHz
2 · 16,384 samples = 1.22 kHz.Eah orretion value orr(f) is determined by the ratio of the expeted 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 reeived �eld strength, due tothe broadening of the alibration peaks (spetral resolution). The orretion values for

flow = 40MHz and fhigh = 80MHz were not alulated in order to exlude edge e�etsof the band-pass �lter, due to the steep fall o� at the boundary frequenies.Quality Cuts on Corretion ValuesThe distribution of all the 1/orr(f) values in a frequeny range from 41 ≤ f ≤ 79shows a long tail (see �g. 4.5). This points to falsely determined orretion values. RFIsoures from mahines or man-made radio (e.g. polie radio) during the measurementare responsible for low values. The bakground signal is onstrutively overlaid with
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Figure 4.4: The un-alibrated harmoni wave spetrum (steps of 1MHz) of the refer-ene soure measured with the LPDA in logarithmi sale. The upper right spetrumis zoomed in the frequeny axis and shows the broadened peaks due to the spetralresolution.the alibration peak. Thus, the integral is overestimated and 1/orr(f) dereases. Inontrast, if the polarisation alignment between referene soure and measured hannelvaries, due to a rotation of the bionial antenna, 1/orr(f) inreases. A quality utthat rejets 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�et.The frequeny dependene of the rejeted orretion values are pitured in �g. 4.6.The distribution points out that espeially for f > 70MHz the 1/orr(f) are falsely de-termined as it appears as a bump in the �gure. The illustrated statistial error indiatesthe �utuations during the measurement. Only half of the observed frequeny peaks(f > 70MHz) of all the alibration measurements appear in �g. 4.6, the other half ofthe determined orretion values are aepted by the quality ut. Further measurementsare neessary to investigate systemati e�ets in more detail.4.3.3 ResultsThe aepted 1/orr(f) values versus frequeny are pitured in �g. 4.7. The 1/orr(f)error bars are determined by statistis, while the unertainty in frequeny is �xed to
σf = ±0.5MHz, due to the frequeny resolution of the referene spetrum. The averagestatistial unertainty of all the aepted orr(f) values is σ̄orr,stat < 1.5%. The in�u-ene of RFI and noise (bakground �utuations) is very low, with respet to the appliedquality ut.The absolute unertainties σorr ombine several error soures. The main part is givenby the aredited referene soure with a systemati error of σref,sys = 2.5 dB from the
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Figure 4.5: The 1/orr(f) distribution ofall the analysed reords with the appliedquality ut (dashed blak line).
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Figure 4.6: The rejeted 1/orr(f) val-ues with statistial error versus frequeny(σf = ±0.5MHz).manufaturer. 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 unertainty 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 overallunertainty results in σorr(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 unertainty of the referene soure. A negativeslope of the orretion values is visible, as expeted by the frequeny dependent attenu-ation of the ables used.Half of the measured orretion values are rejeted (f > 70MHz) and hint to system-ati problems of the experimental set-up. Furthermore, the resulting orretion values,illustrated in �g. 4.8, show ripples within their unertainties, whih might be related tothe proedure 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 systematie�ets in detail and will help to inrease the statistis and redue the unertainty of theorretion values.ConlusionThe End-to-End alibration method is a good instrument to alibrate the omplete sys-tem inluding environmental e�ets. With respet to the surrounding onditions (area,weather, et), the mounting of the referene soure beomes hallenging. Another refer-ene soure with muh lower systemati unertainty is needed to improve this alibrationas a stand-alone method. Furthermore, if single omponents of the signal hain are re-plaed 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�ets on the system.
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Figure 4.7: The frequeny dependeny ofthe aepted orretion values with theirstatistial error. The frequeny uner-tainty is �xed to ±0.5MHz due to theharateristis of the referene antenna.
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Figure 4.8: The resulting orretion val-ues are onneted by a straight line.The shown error band orresponds tothe absolute unertainty obtained by thismethod.4.4 Step-by-Step CalibrationThe Step-by-Step alibration method takes into aount eah omponent used and de-termines the overall orretion values orr(f). Therefore, eah part of the eletronis isharaterised by its amplitude and phase spetrum. The advantage of the LPDA is thereal 50Ω impedane at the output of the antenna. Thus, the alibration equation 4.9 isused diretly. 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

aable(f) · ains(f)
. (4.12)The equation shows that orr(f) is proportional to the ampli�ation or the attenuationspetra of the LNA, the band-pass �lter, the ables, and the insertion loss of the LPDA.The onstant fator is determined by the physial onstants (µ0 and c) and the onversiononstants (Z = 50Ω, aADC = 4096

1V ).4.4.1 Component CharateristisThe absolute gain spetra of all the omponents are shown in �gure 4.9. The hara-teristis 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 redurve.Cable AttenuationEah polarisation of the LPDA is onneted via a RG213 able of 100m length. Anadditional RG58 able of 4m length onnets the inoming RG213 able to the �lterboard within the VME rate. The frequeny dependent attenuation was taken from the
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Figure 4.9: Gain distribution of the di�erent eletroni omponents used in the signalhain of LOPESSTAR.data-sheet1. The attenuation is doumented in steps of 10MHz. A linear interpolationis performed for frequenies in between. The ombined attenuation of the RG213 andRG58 able aable is illustrated by the dot-dashed blue line in �gure 4.9. The alibrationsoftware handles eah length of the ables used separately.Insertion LossOne requirement of the antenna development was a low insertion loss and therefore, asu�ient mathing between the impedanes of the antenna and the eletronis. This isneessary to transfer all of the reeived signals into the system. Otherwise the re�etedpart of the signal is transmitted to the antenna. The re�etion oe�ient S11 desribesthe mismath between the impedanes of the antenna and the system. The insertionloss ains is diretly related to the re�etion oe�ient by ains = 1 − |S11|2 and markedby a dashed dark green line in �g. 4.9.Band-passThe system response funtion 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-dashedblak line. A ripple in the observed frequeny range is visible, orresponding to the �lterdesign. On the one hand, the �lter steepness has to be very high to suppress RFI fromadjaent transmitter bands (e.g. FM-band 88 − 108MHz). The �lter is a ombinationof high and low pass �lter with a steepness of ≈ 65 dB/otave at the barrier frequenies1manufaturer: Bedea



40 Chapter 4 Calibration(see �g. 4.9). On the other hand, the hosen �lter design has to math the required realimpedane of 50Ω. Both riteria have to be balaned and result in the ripple.Pre-Ampli�erThe Low Noise pre-Ampli�er (LNA) shows a smooth gain spetrum aamp over a largefrequeny range as shown in �g. 4.9 (dashed and triple dotted light brown line). Thisbroadband ampli�er also mathes the required 50Ω at the onnetion to the band-pass�lter. The limiting fator of suh a LNA is the noise temperature of the eletronis.The eletronis noise temperature is more than one order of magnitude lower than themean temperature of the galaxy [Krom 08℄. This is proven by the fat, that, at bestonditions, the galati noise is visible in the data as presented in se. 5.2.4.4.2 ResultsAs desribed in setion 4.3.3, the major unertainty of the alibration is related to thereferene soure used and the knowledge of the reeiving antenna. The Step-by-Stepalibration method uses the LPDA harateristis derived from model measurementsand the amplitude spetrum of the eletroni omponents measured in a laboratory.The estimated error of the gain G of the LPDA orresponds to σG,sys = 0.8 dB. Theauray 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 unertaintyof the insertion loss is not expliitly mentioned, but is onsidered in the unertainty ofthe antenna gain σG,sys.The overall sum of the orretion values determined with the Step-by-Step alibrationmethod is illustrated in �gure 4.10 with an error band indiating the absolute unertainty.A detailed disussion of the omparison of both presented alibration methods is givenin the following setion.The Step-by-Step alibration method is �exible and an independent proedure. Singleomponents ould easily be replaed or added to the signal hain. Furthermore, nooverall alibration is neessary. In addition, the antenna harateristis have to beknown preisely (neessary 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 unertainties are limited by the equipment used.The illustrated error bands orrespond to the absolute unertainty of these methods(dashed blue and solid blak line). The resulting unertainty values of the Step-by-Stepmethod are doubled for a better illustration.The large unertainty of the End-to-End alibration is dominated by the in�ueneof the referene soure used. The resulting ripples might be related to systemati orenvironmental e�ets, but that ould not be distinguished or analysed in detail due to oneperformed measurement. Further End-to-End alibration measurements are neessary toinvestigate suh e�ets in detail with high statistis. Nevertheless, the ahieved auray
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Figure 4.10: The omparison of the End-to-End and Step-by-Step alibration methods.Both methods onform to eah other within the estimated unertainties. The resultingunertainty of the orretion values of the Step-by-Step method are doubled for betteromparison.is su�ient enough to verify both methods and point out, that the performed alibrationproedures work well.Both methods almost math within the resulting unertainties. A more quantitativeway to analyse this is given by the residual. This is de�ned by the di�erene of bothorr(f) values for eah frequeny as pitured in �g. 4.10 (dashed-dotted red line). Theresulting mean of 0.029 desribes the good orrespondene of both methods. Takingthe error of ≈ 30% into aount the systemati o�set is negligible. In onlusion, theinvestigations of alibration proesses have shown that the system is well-understood,due to the same results from di�erent methods.Calibration proedures have to be performed on a regular time basis to monitor thestability and performane of a detetor. A ross-hek by operating di�erent alibra-tion methods is important. Only a ombination of di�erent approahes will help tounderstand the systematis of the proedures and the detetor.4.6 E�etive BandwidthA omparison of absolutely alibrated radio emission of osmi rays with results fromother experiments has to be performed on a omparable basis. Di�erent detetors 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�etive bandwidth ∆fe� of their system. This normalisation of the mea-
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Figure 4.11: The alulation of the e�etive 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 expetedbandwidth of the radio signal from theory.The e�etive bandwidth ∆fe� is de�ned by the following formula:

∆fe� =

∞
∫

0

grel(f) df (4.13)where grel(f) is the ampli�ation spetrum of the band-pass �lter after alibration. Fig-ure 4.11 shows the band-pass �lter harateristis (dashed blak line), normalised to thetransmission range of the band-pass �lter (40−80MHz), and additionally the orretionfor the ripple (solid red line). The e�etive bandwidth of LOPESSTAR is alulated byusing eq. 4.13 and results in ∆fe� = 42.02MHz.The in�uene of the antenna in this ontext is negligible, due to the fat that the LPDAats as a �rst order band-pass with a barrier frequeny 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 twie the highest frequeny of interest. Thebarrier frequenies of the band-pass �lter (−6 dB) were designed at 40MHz and 80MHzas shown in �gure 4.11. Therefore, the e�etive bandwidth of the �lter is about 5%larger. Frequenies beyond the barrier frequenies are onvoluted in the frequeny 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�et is almost negligible due to theestimated unertainty of the environmental e�ets on the LPDA.Future developments of band-pass �lters have to take into aount that the barrierfrequenies are equal to the LSB limit (of the ADC module used). Otherwise, parts of thefrequeny spetrum will be onvoluted into the base band and inrease the unertaintiesin the reonstrution and in the alibration.4.7 Calibration of LOPESSTARThe results from the omparison of di�erent alibration methods showed that the ele-tronis and the LPDA harateristis are understood. The data shown in units of µV
mare alulated in the following way:

• The arrival diretion (ϕ, θ) is reonstruted by using learly orrelated time pulseson the basis of single antenna lusters.
• The diretion sensitivity of the antenna is taken into aount.
• 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�etivebandwidth ∆fe� � ǫ = | ~E|
∆fe� [ µV

m ·MHz

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

√

| ~ENS|2 + | ~EEW|2 . (4.14)The applied orretion for the diretion sensitivity of the LPDA also takes into aountthe undeteted �eld strength of the vertial polarised omponent of the signal. Whereasthe unertainty of the reonstruted �eld strength inreases with inreasing zenith angle,due to large attenuation resulting from the diretion sensitivity of the antenna for highzenith angles.Note: The alibration method, due to the LPDA harateristis, is limited to zenithangles θ < 60 ◦ [Krom 08℄.The absolute unertainty of the �eld strength is estimated at σ| ~E| = 7.2%, due to theenvironmental e�ets of the LPDA of σ√G,sys = 0.4 dB and the eletronis unertaintiesof σ�lter+amp,sys = 0.2 dB (ompare with the error disussions in setion 4.4 and 4.3).



 



Chapter 5Self-Trigger5.1 IntrodutionThe 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 bakground situations for di�erent antenna lusters is given in the �rst part of thishapter. The main part is dediated to the self-trigger system and �nally, the obtainedresults from the orrelation analysis based on the reonstrution 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 desribed external trigger from KASCADE-Grande isavailable sine autumn 2006.In a �rst step an approah of an analogue eletroni self-trigger was devel-oped [Krom 08℄. The funtionality of the analogue hannel trigger is brie�y desribedby the following:
• The RF data are reti�ed and high & low pass �ltered to suppress RFI (omparewith Filter II method as desribed in se. 3.4.3).
• The envelope signals of the RF data are determined from the north-south andeast-west polarisation hannel, respetively, and are added up per antenna.
• An adjusted threshold, whih is the same for all the antennas, is ompared withthe ombined envelope signals of eah LPDA. If the signal exeeds the threshold,the analogue hannel trigger ondition is ful�lled.If the deteted pulses of all three LPDAs are aepted by this hannel trigger then theoinidene onstraint of the analogue trigger is performed by taking into aount thegeometrial 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 thereorded timestamps with the ones reorded by KASCADE-Grande showed no oini-dene.In a next step, only the logial output of the analogue trigger (true or false) wasreorded for every sample in the observed time window when an external trigger ourred.The reonstruted KASCADE-Grande events with the highest energies (E > 5 · 1017 eV)



46 Chapter 5 Self-Triggerwere used to �nd reorded shower signals ontaining a learly visible radio pulse in thetime domain (expeted 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 rejetedif the analogue trigger signal is false during the reorded time window. A bakgroundevent is aepted if the analogue trigger signal is already on before the signal of theshower is visible. In addition, a shower event might be reorded by hane. The or-ret 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 deteted strong shower events wereaepted by the analogue trigger. The aepted data of the analogue trigger were onlybakground events. The �xed trigger threshold, the bakground suppression, and theombined envelope signal are not sensitive enough to detet radio signals on the site ofthe Forshungszentrum Karlsruhe.5.1.2 Digital Self-TriggerFurther developments or improvements of the analogue trigger were stopped due to theinsu�ient bakground rejetion and shower aeptane. A new analysis of the falselyaepted bakground events (analogue trigger) pointed out several disadvantages:�xed threshold The added up envelope signals are ompared with a �xed threshold forall the LPDAs. Eah hannel (polarisation) of the LPDAs has its own bakgroundin�uene due to the di�erent distanes to the bakground soures whih resultsin an individual noise �oor in the time domain. It is not possible to balanethe threshold between su�ient bakground rejetion (high threshold) and thedetetion of radio emission of low energy partiles (low threshold).A dynami threshold is needed to ahieve a trigger rate that is moderate for theeletronis used. Therefore, the time signal for eah data hannel is monitored todetermine a dynami threshold and to take the individual bakground variationsinto aount.sum of envelope signals Most of the observed bakground events are transient signalswhih are emitted on the site of the Forshungszentrum Karlsruhe. Depending onthe arrival diretion (azimuth angle) of the bakground events only one hanneldetets the main part of the transient signal. The adding up of the envelopesignals of the two polarisation hannels inreases the bakground signal, whih isoften muh higher in amplitude than the wanted signal of the radio emission.Eah polarisation hannel has to be observed separately to rejet transient bak-ground signals per hannel.bakground suppression A simple bakground suppression is not su�ient if only thedemodulated RF signal is �ltered. A more omplex method is neessary to sup-press RFI signals (e.g. the median method of the RFI suppression as desribed inse. 3.4.4), whereas transient signals have to be haraterised and rejeted in thetime domain.



5.2 Bakground Situation 47A detailed investigation of the required onditions of the self-trigger followed. The(digital) self-trigger, as desribed in the following, is motivated by these results and thelisted disadvantages of the previous approah [Ash 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: Reorded time windows, due to any given trigger signal, are named triggeredevent. Thus, triggered events an be bakground events or shower events.5.2 Bakground SituationThe bakground onditions have to be well understood in order to rejet falsely aeptedbakground events. These onditions are not equal or onstant over time for eah LPDAand vary strongly with the detetor site. Man-made signals in the MHz frequeny rangeare onstantly present or appear frequently from soures like exhausters, passing ars,or air onditioning systems. Furthermore, insu�ient shielding of eletronis ats asan emitting eletromagneti bakground soure of frequenies in the observed spetrum(e.g. PCs or digital devies emit frequenies related to their internal bus loks).Two kinds of bakground signals have to be distinguished. On the one hand the souresare haraterised by peaks in the spetrum due to mono frequent signals (modulated ornot). In the time domain the overall noise inreases in relation to the signal strengthof these soures. On the other hand bakground soures emit broadband signals whihare haraterised by pulses in the time domain and result in an o�set in the amplitudespetrum (frequeny domain).Note: All the illustrated amplitude spetra in this hapter are alibrated data withoutRFI suppression.5.2.1 Forshungszentrum KarlsruheLong term measurements and bakground studies have been performed on the site ofthe Forshungszentrum Karlsruhe. In �gure 5.1 an averaged spetrum illustrates themono frequent soures in the observed bandwidth for the east-west polarised omponentof one antenna from luster D17. The time range of ∆t = 600 s was reorded at noonand learly shows two TV transmitters (TV: Ch2 and Ch4) and one piture arrierof the TV Ch3. Furthermore, the Industrial, Sienti� and Medial (ISM) radio band(40.66 − 40.70MHz) at the lower band limit is expliitly visible. The ISM bands2 wereinternationally reserved for the use of RF eletromagneti �elds for industrial, sienti�and medial purposes other than ommuniations.Another method to analyse and monitor the bakground is given by the dynamispetrum. Figure 5.2 shows the amplitude spetrum versus the time of one hannel ofantenna luster D30. The horizontal lines orrespond to mono frequent signals, whereasvertial lines illustrate broad band bakground signals at that time.The industrial environment on the site of the Forshungszentrum Karlsruhe de�nesmore or less the worst onditions for detetion of radio emission of high energy osmi1In this ontext the hardware is given by a Field Programmable Gate Array (FPGA).2In total 12 frequeny 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 spetrum (∆t = 600 s, LOPESSTAR luster D17,antenna 60, east-west hannel). Several mono frequent arrier signals of di�erent souresare learly visible.rays. The time dependent bakground variation limits the sensitivity of the omplete de-tetor system and the threshold of any self-trigger system. Radio pulses with a su�ientsignal-to-noise ratio (snr) are neessary to distinguish between shower signal and bak-ground signal. The neessary 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 bakground 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 bakground soures.A detetor system with 3 antennas, simular to the one on the site of the Forshungszen-trum Karlsruhe, was used for bakground studies. One of the resulting dynami spetra,shown in �g. 5.3, illustrates the sensitivity of the system to galati noise (see se. 5.2.3)due to the yle of the Earth and the hanging �eld of view (periodi time struture).Almost no mono frequent bakground soures (horizontal lines) or broadband emission(vertial lines) are reorded in the observed time. A omparison of �g. 5.2 and 5.3 pointsout that mean radio bakground on the site of the Pierre Auger Observatory is one orderof magnitude lower than on the site of the Forshungszentrum Karlsruhe (note: Di�erentsaling in the two �gures).
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Figure 5.2: The dynami spetrum in luster D30 on the site of the ForshungszentrumKarlsruhe. Horizontal lines show mono frequent signals whereas vertial urves orre-spond to broad band bakground signals. The amplitude values are oded in olour.5.2.3 Galati NoiseIf all the man-made bakground soures are negligible, the galati noise is the limitingsensitivity fator of a reeiving system. The noise temperature Tgal. varies with time dueto the observation diretion (e.g. possible view into the galati entre). The ConsultativeCommittee on International Radio (CCIR) has averaged the atmospheri, the industrialand the galati noise spetrum over long term measurements.The onnetion between the temperature of the galati noise Tgal. and the reeivedpower Pant is desribed 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 typial 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 reeived power Pant = Ae�(f, θ) ·S (eq. 4.5) has to be equal to eq. 5.1. Solving thisequation, the resulting �eld strength | ~E| beomes:
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Figure 5.3: The dynami spetrum of one polarisation of an antenna from luster D42on the site of the Pierre Auger Observatory (see �g. 5.2, note: Di�erent saling).
| ~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 aomparison with the galati noise estimation is illustrated in �g. 5.4. The dashed redline shows the estimated galati noise (with error band based on the given temperaturerange), whereas the solid blue line is a straight line �t to the reorded amplitude spe-trum. On average the observed spetrum is lower than the expeted galati 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 respet to the superposition of all the arrival diretions.On the site of the Pierre Auger Observatory the galati noise is the limiting fatorfor the sensitivity of the detetor used. Whereas on the site of the ForshungszentrumKarlsruhe the bakground emitted by the industrial environment is on average one orderof magnitude higher.The rural environment in Argentina o�ers very good onditions to detet the radioemission of high energy osmi rays. The self-trigger is developed under bad onditions(Forshungszentrum Karlsruhe). The following analysis shows that the bakground in-�uene is well understood and su�iently suppressed. The onditions provided withinthe framework of the Pierre Auger Observatory will improve these methods and will
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Figure 5.4: The omparison between the alibrated amplitude spetrum (blak line), alinear �t to the data (solid blue line) and the estimated galati noise limit (dashed redline) on the site of the Pierre Auger Observatory.additionally allow to derease the threshold of the self-trigger and to detet CRs withlower energy.5.3 Data SeletionThe development and results of the self-trigger system is based on externally triggereddata from the KASCADE-Grande experiment.A pre-seletion of data with no ADC over�ow was performed to ful�l the sub-samplingriteria. 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 reorded events with time samples marked as ADC over�ow arerejeted for this analysis.Training data were seleted to develop the self-trigger strategy. A data taking periodwith available KASCADE-Grande reonstrution and quiet bakground 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 (antennaluster D17 & D30) to verify the results. A desription 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 tehnial problems. Thetehnial on�guration of the external trigger generated randomly triggered events duringthis time whih were kept in the data set to inrease the statistis of bakground 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 eah polarisation (hannel) have to reduethe trigger rate on antenna level. A dynami threshold is ontinuously ompared withthe reorded samples to detet a threshold exeeding. Additionally, all the harateristipulse parameters are determined for the oinident onstraints desribed in the following.Seond, the more omplex onstraints on luster level have to aept oinident showerevents and to rejet bakground signals. At this stage of the trigger system, all theinformation about the determined parameters of the hannel are available. Data fromhannels that ontain numerous pulses are reheked for possible shower signals in a giventime window. The geometrial on�guration of the set-up is used for the oinideneonstraint.A blok diagram of the self-trigger system is shown in �g. 5.5 and disussed in thefollowing. The digital methods used in this setion (up-sampling, envelope alulation,and RFI suppression) are desribed in detail in se. 3.4.A typially reorded shower event of antenna luster D30 after applied RFI suppres-sion is illustrated in �g. 5.6. All the hannels show a lear detetable pulse signature.Additional noise and small transient signals are visible in the north-south polarisationof antenna 300.5.4.1 Channel ConstraintsData of eah polarisation of the antennas are ontrolled by the hannel trigger. Itshallenge is to suppress and to rejet bakground events at an early stage of data takingas well as to selet and to aept shower signals. The hannel onstraints orrespond tothe entral red retangular as shown in �g. 5.5.RFI and transient signals are the two main lasses of bakground events. Thus, theontinuous 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 frequeny resolution(∆f ≈ 40 kHz).The remaining bakground signatures (after RFI suppression) are transient signalswhih are haraterised by a broadband spetrum. The ontinuous data �ow is omparedwith a dynami threshold and is aepted if the threshold is exeeded, otherwise thehannel is rejeted. The following quality and transient uts will rejet the remainingtransient bakground signals. The determined positions in time of the deteted pulsesare needed for the following oinident onstraints.
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Figure 5.5: Blok diagram for the minimal requirements of the self-trigger system. Thethree red retangles orrespond, from top to bottom, to the geometrial on�gurationof the antenna luster, the hannel trigger, and the oinidene trigger.Dynami ThresholdA dynami threshold Tdyn has to be alulated on the basis of the ontinuous data �owover a su�ient time range. A time range that is short (several nano seonds) is sensitiveto fast bakground �utuations and might also miss the shower signal as it ours as atransient signal. A long time range of hours will be sensitive to day-night-e�ets, butannot follow strong bakground �utuations (numerous bakground pulses in a shorttime range or solar �air).In fat, the optimal time range for determining the dynami threshold is strong de-pendent on the site of the detetor (in the range of seonds). In the ase of this analysisthe externally triggered data have a de�ned time range. The reorded 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 alulated. The squareddata are proportional to the reeived power and are used to alulate the mean value
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Figure 5.6: Typial time signatures of the radio emission of a osmi ray air shower afterRFI suppression on the site of LOPESSTAR in Deember 2006 (E ≈ 8 · 1017 eV, θ ≈ 60◦,
ϕ ≈ 51◦).

S̄mean,env2,up and its unertainty σS̄mean,env2,up . Therefore, all the time samples (inludingthe pulse itself) are taken into aount, due to the fat that the time length of the pulseis muh shorter than the reorded time window. A dynami threshold Tdyn,env2,up perhannel 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 empirial fator of 4.5 is iteratively derived from these investigations.If the dynami threshold is exeeded, the data of this hannel are aepted, otherwiserejeted (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 unertainty σS̄mean,sub are determined. Anempirially de�ned threshold Tthres,sub (eq. 5.4) is applied to ount the raising edge ofthe samples exeeding this threshold to estimate the number of pulses per hannel in
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Figure 5.7: The quality uts applied to eah polarisation. The shaded part is aeptedand ontains all the shower events (one deteted pulse), whereas 80% of the bakgroundevents are rejeted.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 aount 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 alulated (snr ∝ power).An illustration of the alulated parameters of the training data is shown in �g. 5.7.A ombination of two uts is introdued to inrease the quality of the data (quality uts)and to rejet more than 80% of the bakground signals, whereas all the shower eventsare aepted. snr > 75 (5.5a)no. of pulses < 2 (5.5b)Equation 5.5a allows to aept pulses with a good signal-to-noise ratio and to rejet pulsesomparable with noise in the data. Bakground soures often emit their harateristisignal periodially over a ertain time. If several pulses are deteted in the reorded timewindow, the de�ned ut (eq. 5.5b) rejets this hannel.
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Figure 5.8: A squared envelope signal of one hannel (shower event) with the harater-isti parameters to distinguish between bakground and shower events.Transient CutsEah hannel that is aepted by the dynami threshold trigger is proessed furtherto determine the exat number of pulses and their position in time for the oinidentonstraints. Only the hannels that are aepted by the quality uts are analysed by thefollowing transient uts.The remaining pulse in the data has to be haraterised 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 disussed 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 oinidene onstraint to rejet inlinedarrival diretions. In ase of a preise reonstrution of the diretion (triangula-tion) a onstant fration 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 expetedto be short in time. The reorded detetor response funtion results from a on-volution of the original pulse with the �lter harateristis of the system. A pulseof a few nano seonds is expanded to a pulse width less than 100 ns due to the
40 − 80MHz �lter used. In ontrast, bakground soures 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 haraterise 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 twie the pulse width har-aterises well the noise in the data. The fator of two is empirially motivated. Ashower event produes a signal as shown in �g. 5.8, whereas bakground data ofteninlude multiple pulses � small pulses around one dominant pulse. The ratio ofpost pulse integralpulse integral turned out to be a good estimator to rejet 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 onentration of events in the lower right orner is visible. Theseentries orrespond to very wide time pulses, whereas the integral ratio points out thatthe deteted pulses are large. A seond peak is indiated in the upper left part of thedistribution due to the fat that some bakground signatures start with a short dominantpulse followed by broad pulses (post pulse integral, ratio > 1). The expeted 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 preiseway. Thus, the hosen ut of RF rossing gap < 300 ns in ombination with the already
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Figure 5.10: Parameters to rejet transient bakground signals. The shaded part isaepted by the transient uts (see eq. 5.6).applied quality uts makes sure that only one dominant pulse is within the reorded timewindow. The estimated amount of pulses is not unique on the basis of this parameterwithout onsidering additional quantities. In the ase of bakground soures emittingpulses very frequently the RF rossing gap parameter always results in small values anddoes not re�et the reorded multi-pulses.The disussed parameters as given in eq. 5.6 de�ne the transient uts. They areoptimised to rejet transient bakground signals and to aept 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 aepts a hannel if the dynami threshold is exeeded 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 aepted inluding all the shower events.5.4.2 Cluster ConstraintsIn most ases the man-made bakground signals are emitted and reah the detetorin parallel to the surfae of the Earth (θ > 70◦). The radio emission of CRs reahesthe Earth of all the zenith angles (0◦ ≤ θ ≤ 90◦). Taking into aount the diretionsensitivity 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 detetor oneptto redue man-made bakground at an early stage of the signal proessing.Note: The usage of an antenna type with higher sensitivity at larger zenith angles θallows to inrease the sensitivity range for more inlined shower events (θ > 60◦).In a next step the arrival diretion of the signal is determined by taking into aountthe geometry of the antenna luster. As desribed in hapter 3 eah LPDA is installedon a vertex of an equilateral triangle. This simple geometry allows a fast triangulationand an estimation of the arrival diretion (azimuth and zenith).The time di�erenes of the triggered pulses of three LPDAs are alulated and om-pared with a given oinidene time toin (oinidene trigger). Inoming signals from
θ = 0◦ (vertial) are reorded 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 diretion perpendiular to one of the sidesof the equilateral triangle. Thus, the oinidene time depends on the zenith and theazimuth angles toin(θ, ϕ).A su�ient desription of the oinidene time is given by taking into aount theheight of the triangle, whih orresponds to the shortest way to propagate through theantenna luster. In this ase the triangle is approximated as a irle and toin(θ) followsequation 5.7 for all the azimuth angles.

toin(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 retan-gular as shown in �g. 5.5.Coinidene TriggerAll the hannels observe the signals in a de�ned time window synhronously and on-tinuously. If two or more hannels in a triangle with three LPDAs (trigger ell) ful�lthe hannel trigger onditions, the event is proessed further. If one hannel is rejetedby the hannel trigger due to deteted bakground, the seond polarisation may be a-epted.Note: It is assumed that the signals are reeived simultaneously in both polarisationswhen they reah the antennas.So far, hannels with one dominant pulse of an event are aepted. An estimation ofthe arrival diretion is only possible with events ontaining one hannel of eah LPDA(triangulation within a trigger ell). The osmi ray signal is superposed by the bak-ground and hannels with multi-pulses are rejeted by the hannel trigger.The oinidene trigger alulates the mean position of the pulse (point in time)

t̄pulse of all the aepted hannels. The data from hannels whih are rejeted by thequality uts are reheked in order to �nd out whether a lear pulse in the time range of
t̄pulse ± toin(θ = 60◦) is present or not. If one of the rejeted hannels ontain a pulsein the data, this hannel is additionally aepted by the hannel trigger. The oinidentonstraint is applied to all the time positions of pulses of aepted hannels.



60 Chapter 5 Self-TriggerApplying the oinidene trigger to the training data results in only 68 out of 560aepted events. An additional ut on the reonstruted arrival diretion to rejetedevents that ful�l θ > 60◦ results in a total number of 57 aepted events inluding theexpeted shower events.5.5 Results5.5.1 Correlations with KASCADE-GrandeThe events aepted by the self-trigger are orrelated with the reonstruted showerparameters from KASCADE-Grande. In order to perform suh a orrelation the timedelay ∆t between the LOPESSTAR and KASCADE-Grande event timestamp has to beknown.The inoming trigger signal is diretly onneted 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 aount the typial delay ∆t̄STAR to transmit the trigger signal to theLOPESSTAR antenna lusters and to take the timestamp.
tevent is internally proessed by KASCADE-Grande (event building as well as mathingwith the KASCADE-Array and Piolo et.) and delayed by ∆t̄Grande. This results inthe reorded 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 oinidene time ∆toin results in:

∆toinc =tGrande − tSTAR (5.8a)
=tevent + ∆t̄Grande − (tevent + ∆t̄STAR) (5.8b)
≈∆t̄Grande (5.8)
= (819778.269 ± 0.656) µs . (5.8d)The determined unertainty of σ∆toin = 0.656µs re�ets the jitter in time of the GPSlok as well as the variation of the proessing time of KASCADE-Grande.The orrelated timestamps rejet falsely triggered events due to RFI on the triggerable or random trigger signals during tehnial problems of KASCADE-Grande andthose events whih annot be reonstruted (typially ≈ 9% of the data).training data The orrelation of the self-triggered training data with the reonstruteddata of KASCADE-Grande results in 57 aepted shower andidates from all thearrival diretions and 52 shower andidates for θ < 60◦.veri�ation data 285 events for antenna luster D17 and 779 events for D30 remainrespetively after orrelation with KASCADE-Grande and appliane of the θ < 60◦ut. The time period of the veri�ation data D30 is twie the time of the veri�ationdata D17. Thus the resulting amount of events di�er by a fator of about 2.



5.5 Results 615.5.2 Purity, E�ieny and RejetionDiretion CorrelationThe orrelated events are oinident and ontain bakground and shower events. Thearrival diretion of the radio event and the diretion delivered from KASCADE-Grandehave to orrespond within their unertainties to identify shower events orretly, whereasbakground signals ful�l these onstraints only by hane.The diretion orrelation is performed by using the uts desribed 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 reorded timestamps of KASCADE-Grande the applied diretion uts (eq. 5.9) result in well-orrelated extensive air showers(same timestamp and same arrival diretion). The purity desribes the ratio of aeptedshower events to the total number of aepted events of the self-trigger. The total numberof events an be estimated on the basis of the analysis results from KASCADE-Grandeby taking into aount the shower geometry and the geomagneti angle, respetively.training data 7 shower events out of 52 events remain after orrelation of the time-stamp and diretion with the ones of KASCADE-Grande inluding θ < 60◦. Thisorresponds to a purity of 14% for the training data.veri�ation data 285 events and 779 events are aepted by antenna luster D17 andD30 by the self-trigger inluding a ut on the zenith angle (θ < 60◦), respetively.After orrelation (timestamp and diretion) 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�erenes of the obtained purity re�et the in�uene of the individual bakgroundsoures depending on the site of the antenna luster. Emitted signals from unorrelatedor orrelated bakground soures reah the detetor horizontally from random azimuthdiretions. The hannel trigger aepts shower-like bakground signals and the oini-dene trigger aepts these signals by hane. The reonstruted arrival diretion pointsto a random azimuth and zenith angle. In fat, this is the main reason for the lowpurity results and the falsely aepted bakground events. A detetion site without theindustrial environment (e.g. Pierre Auger Observatory) and advaned trigger levels willinrease the purity.E�ienyA reliable e�ieny analysis has to be based on detailed MC simulations for a full detetorsimulation as well as MC simulations for the radio emission of high energy osmi rays.



62 Chapter 5 Self-Triggerdata set name luster no. aepted events applied onstraintstraining data D30 102,535 none (all the events)20,547 quality uts per hannel560 hannel trigger68 + oinidene 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 + oinidene 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 + oinidene trigger1,260 + θSTAR < 60◦779 + Grande: time orrelated34 + Grande: θ & ϕ orrelatedTable 5.2: Summary of the aepted events in relation to the applied trigger onstraintsof the data sets used. The deviation of the rejetion rates between the di�erent data setsare due to the environmental e�ets and seasonal in�uenes on eah antenna luster.None of the shower events are rejeted by the applied onstraints.The shower simulation methods are available, but a su�ient detetor simulation is notready. In addition, the sensitive area of the detetor array has to be determined bysimulations as well. It is very omplex to extrat the sensitive area only based on themeasured events due to the low partile �ux at these high energies. Furthermore, thee�et of the radio emission and its dependene on the geomagneti angle have to bemeasured and simulated in detail to get reliable e�ienies.The e�ieny desribes the ratio of the aepted shower events to the total numberof shower events in the data set. The KASCADE-Grande reonstrution was used todetermine the absolute number of observed shower events in eah data set. Therefore,quality uts were applied to the results of the reonstrution of KASCADE-Grande(Grande uts). Only shower events that ful�l the quality onstraints are used in thefollowing. A detailed disussion of Grande uts are presented in setion 6.2.1.The hosen Grande uts are applied to the KASCADE-Grande data and result in 25shower events (training data) whih are deteted in the partile detetors. 4 out of 25shower events are aepted by the self-trigger on the basis of the radio emission and thisorresponds to an e�ieny of 16% (5 · 1017 eV < E < 1018 eV).The 21 rejeted shower events by LOPESSTAR were analysed further to understandthe rejetion 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



5.5 Results 63bakground at this time or from the arrival diretion of the extensive air shower. If thisdiretion is almost in parallel to the geomagneti �eld then no radio emission is emitted(geomagneti angle α ≈ 0◦). Only two rejeted events showed pulse signals in more than2 hannels (di�erent antennas), but the in�uene of the bakground at this time doesnot make it possible to detet these pulses. The e�ieny results in more than 90% byonly taking into aount shower events with a su�ient signal-to-noise ratio.The results from the e�ieny of the veri�ation data are the same as for the trainingdata. The bakground onditions on the site of the Forshungszentrum Karlsruhe arebad and time dependent as desribed above. The RFI and transient signals inrease thedynami threshold all the time and the aeptane of signals from radio emission with anenergy E ≤ 5 · 1017 eV and a low geomagneti angle is not e�ient. In addition, the areaovered by the KASCADE-Grande experiment (700 × 700m2) limits the reonstrutionof primary partiles of E > 1018 eV.RejetionThe rejetion r is de�ned as unity minus the ratio of the aepted events n to the totalnumber of events m: r = 1 − n
m . The aepted events are de�ned in this ontext as thenumber of self-triggered events with no additional uts.training data The self-trigger aepted 68 out of 102,535 events, orresponding to arejetion 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 aepted, 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 aepted 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 rejetion value ompared with veri�ation data D30. The disrepany of therejetion value of the veri�ation data D17 and D30 re�ets the di�erent bakgroundonditions of the two antenna lusters on the site of the Forshungszentrum Karlsruhe.5.5.3 Trigger RatesThe trigger rate of the �rst trigger level is important for the following data redution ina multi-level trigger system.Table 5.2 summarises the aepted number of events in relation to the di�erent triggeronstraints. The remaining events of the veri�ation data D30 are about twie thenumber of aepted events of the veri�ation data D17 due to the di�erent observationtimes at the two antenna lusters. The deviation of the di�erent rejetions for the appliedtrigger uts between the three data sets re�ets the individual bakground situation oneah antenna luster.Cluster RateThere are two ways to alulate 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 selets all the extensive air showers. Additionally, it is expeted that theenergy threshold of the external trigger is muh lower than the detetion threshold of theradio emission. Thus, most of the external triggers are random RFI and transient reords.The reorded bakground events of almost 6 and 13 months, respetively, desribe wellthe environmental in�uenes 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 aepted 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 geometrial e�ets of the external triggerluster 13 from KASCADE-Grande are not taken into aount.Channel RateThe hannel trigger rate an be diretly onsidered as the external trigger rate ofKASCADE-Grande f̄hannel,ont = f̄luster 13 ≈ 50mHz.In ase of the virtual observation time the trigger rate per hannel results in
f̄hannel,virt ≈ 7.3 kHz. The hannel trigger rate re�ets the bakground onditions andan easily be dereased on the sites with lower bakground, e.g. the Pierre Auger Ob-servatory.A random oinidene trigger rate of three unorrelated trigger soures (trigger ellper antenna luster) is given by eq. 5.10.

foin,random =f3hannel · t2oin(θ) (5.10a)
= (7.3 kHz)3 · (215 ns)2 (5.10b)
≈18mHz (5.10)where toin is given by eq. 5.7 with a baseline bD30 = 65m and a zenith angle θ = 60◦.The randomly triggered events from all the diretions are negligible ompared to theluster trigger rates.Equation 5.10 is only valid for unorrelated trigger soures, e.g. independent mahines,whih emit several signals in a time window less than toin. If these signals are aeptedby the hannel trigger (transient uts) then the oinidene trigger is additionally ful-�lled. But a reonstrution of the arrival diretion results in an inlined diretion andthe triggered event is identi�ed as bakground and is rejeted.5.5.4 Threshold CharateristisThe behaviour of the dynami threshold (see eq. 5.3) for eah hannel desribes theharateristis of the self-trigger. It is sensitive to the bakground in�uene and de�nesthe energy threshold for radio detetion 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 eletri �eld strength. The solid blak line orresponds to aparaboli �t (y = urve · x2).ConversionThe dynami threshold is alulated and ompared with the squared envelope signal afterRFI suppression. A onversion fator for the threshold in the unit of squared ADC ountinto the unit of �eld strength is neessary for quantitative onlusions. The distributionof the threshold alibration is shown in �gure 5.11 where the squared envelope samplesversus the absolutely alibrated samples are given. A paraboli onnetion between thesquared envelope signal and the time samples is expeted due to the squaring of theenvelope. A paraboli �t funtion (see eq. 5.11) is applied to the data and illustrated asthe solid blak line in �g. 5.11 as well.env2 =urve · |E|2 (5.11a)urve = (1.915 ± 0.015)
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)2 (5.11b)The deviation of the urve parameter from 2 results from the manipulation of the am-plitude spetrum and the applied window funtion during Fourier transform (alibrationproesses).The urve parameter resulting from the �t (eq. 5.11) is obviously dependent on thebandwidth of LOPESSTAR. The e�etive bandwidth ∆fe� = 42.02MHz has to be takeninto aount 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 observedhannels 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.). Eahentry 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 thealulated thresholds result in Tdyn,up,D17 ≈ 80 µV

m due to the bakground in�uene.Antenna luster D17 is loated at the east edge of the Forshungszentrum Karlsruheand at this position a lower bakground is expeted (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 deteted and rejeted inthese hannels by the hannel trigger. In fat, the DAQ PC in antenna luster D17is loated 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 eletromagnetishielding.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 loated inside the area of the Forshungszen-trum Karlsruhe.The gap around 100 µV
m for both polarisations of the antenna 300 is explained bythe transient rejetion of the hannel trigger. This antenna is loated next to alarge omputing entre, and next to an exhauster for the air onditioning of thisentre giving rise to the dynami threshold.



5.5 Results 675.5.5 Conlusion and OutlookConlusionThe worst possible bakground onditions one an think of when developing a radioself-trigger system are given on the site of the Forshungszentrum Karlsruhe due to theindustrial environment. The hallenge to suppress enough bakground events and not tosaturate the eletronis is faed by the features of the self-trigger system disussed. Thesurrounding bakground signals ould be identi�ed and ould be su�iently suppressedby the self-trigger.The plausibly motivated and optimised parameters rejet RFI and transient signalson eah hannel per antenna to more than 99.9%. The hannel trigger methods are easyto extend for further parameters due to possible hanges in bakground harateristis.The aepted radio emission signals and shower like bakground signals in eah hannelare further analysed by the luster trigger. It rejets highly inlined and oinident man-made signals (θ > 60◦) and all the non-oinident events as well. The luster trigger alsotakes the rejeted hannels with multi-pulses (hannel trigger) into aount and searhesthe harateristi signal at the expeted time positions. In fat, the hosen oinidentonstraint is optimised for the layout of the antenna array and has to be adapted forlarge-sale arrays.The resulting purity (6%), e�ieny (90%) and rejetion (99.9%) show that the self-trigger system rejets RFI and transient signals per hannel and luster in a su�ientway. The industrial environment on the site of the Forshungszentrum Karlsruhe om-pliates the trigger system and inreases the rates, whereas on the site of the PierreAuger Observatory purity and e�ieny will inrease due to the lower bakground ofone order of magnitude (fator 100 in reeiving 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 eah hannel allows an easy ross-omparison with alternativeself-trigger approahes.The proof-of-priniple of a working radio self-trigger system is obtained by the dis-ussed investigations. The area overed by KASCADE-Grande limits the statistis ofshower events to an energy of E ≤ 1018 eV. The energy range of the Pierre Auger Ob-servatory as well as the muh better bakground onditions make the site in Argentinaattrative for the future of radio detetion of extensive air showers.A hardware design of the disussed method is neessary to ahieve a fast and e�ientself-trigger in a stand-alone appliation. An analogue eletroni approah is too in�exi-ble. Therefore, Field Programmable Gate Arrays (FPGAs) are seleted 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-sale arrays of radio detetors will be installed. It is neessary toequip eah single antenna with a hannel trigger inluding the RFI suppression andtransient uts. The information of the hannel triggers are transmitted to the followingoinidene trigger via wireless ommuniation. The oinidene 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 proessor (DSP) and FPGA is re-usedto implement a prototype version of the disussed 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 Forshungszentrum 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 pratiability under environmental onditions of the two sites.

3Developed at the Institute of Data Proessing and Eletronis, Forshungszentrum Karlsruhe.



Chapter 6Data Analysis6.1 IntrodutionThe radio signals measured with LOPESSTAR are absolutely alibrated and are reordedin oinidene with the KASCADE-Grande experiment. The hosen positions of theLOPESSTAR antennas per luster strongly depend on the loal environment and infras-truture of the Forshungszentrum Karlsruhe. The possibilities of LOPESSTAR, in itsprototype phase, are limited but provide a starting point for future radio detetors andpoint out the potential of the radio detetion tehniques.This hapter presents the data seletion of shower events that ful�l the applied qualityonstraints on the reonstruted data of both experiments, LOPESSTAR and KASCADE-Grande. Furthermore, the parametrisation of the �eld strength is desribed and om-pared with previous approahes. Finally, tehniques to reonstrut air showers on anevent-by-event basis are presented.6.2 Data SeletionThe applied data seletion 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 reonstrution disussed in the following.6.2.1 Quality CutsKASCADE-Grande CutsThe �nal KASCADE-Grande reonstrution results in more than 26 quantities desribinggeometry 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 reonstrution of the air shower were hosen as used in theanalysis of KASCADE-Grande.The estimated energy of the primary partile follows the well-established parametri-sation by the number of muons (Nµ), eletrons (Ne), and the zenith angle (θGrande) asgiven in eq. 6.1a [Womm 07℄. The expeted unertainty of this energy estimation is inthe range of σE

E ≈ 40%. Bakground observations on the site of the Forshungszentrum



70 Chapter 6 Data Analysisrelated to the working status of KASCADE-Grandeondition explanationIative & 1 = 1 KASCADE-Array is ativeHit7 > 8 luster 13 is ativeFlagANKA < 4 status of the nearby synhrotron soure ANKA to re-jet bakground indued eventsQuality Flag > 0 internal quality �ag is ful�lledNGrande stations > 0 number of involved ative stationsrelated to the reonstrution of KASCADE-Grandeondition explanation
Nµ > 11111 total number of muons is suessfully reonstruted
Ne > 11111 total number of eletrons is suessfully reonstruted

θGrande < 45◦ standard reonstrution is unertain (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, whih results from the �t tothe lateral distribution of the eletrons (NKG �t, seehapter 2), empiri parameter rangeTable 6.1: Overview of the Grande uts to obtain well reonstruted shower eventsfrom KASCADE-Grande. The onditions of the working status guarantee that theKASCADE-Grande experiment is in a proper working mode. In addition, the reon-strution was suessful and results in well reonstruted shower parameters if theremaining onditions are ful�lled.Karlsruhe point out that a su�ient signal-to-noise ratio for the disussed self-trigger isexpeted 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 aepted by the self-trigger onditions are orrelated by timestamp and arrivaldiretion with the events aepted by the Grande uts. The de�ned onditions of theself-trigger and the orrelation (timestamp and arrival diretion) ensure that only wellreonstruted shower events are �nally aepted.



6.2 Data Seletion 71veri�ation dataD17 D30 applied uts22 34 self-trigger + Grande: time & diretion orrelation6 14 + Grande uts3 7 + E > 1017.5 eVTable 6.2: Aepted number of events after applying the desribed uts. The resulting10 radio events orrespond to 9 shower events, reonstruted by KASCADE-Grande.One individual shower event was separately deteted in antenna luster D17 & D30.6.2.2 Event StatistisThe amount of events aepted after appliation of the quality uts are listed in table 6.2.The �rst row shows the aepted events after applying the self-trigger as well as theorrelation of the data by timestamp and arrival diretion. In the following rows theaepted 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 reonstruted quantities yield a good re-onstrution and are related to 9 extensive air showers, reonstruted by KASCADE-Grande. One of the radio events was observed in both antenna luster D17 & D30 and,therefore, ounted twie. An additional shower event was deteted by all 10 LOPESSTARantennas, but rejeted by the Grande uts due to the inlined arrival diretion. 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 partile �ux at these high energies (5 events/monthare expeted aording to the osmi ray �ux and the e�etive area of the lusters). Thedisussed analysis is limited by the event statistis, but it demonstrates the potentialand advantages of the radio detetion tehnique.Note: The radio data of antenna luster D19 are reorded for all the external triggersignals from KASCADE-Grande during the period in whih the veri�ation data weretaken.6.2.3 Distribution of the Shower CoresThe impat point or position of the shower ore on the ground in the referene frameof KASCADE-Grande is shown in �g. 6.1 (positions derived from KASCADE-Grande).The open symbols (D17: �, D30: ◦) mark the positions of the aepted events from theself-trigger inluding the orrelation (timestamp and arrival diretion) 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 expeted, are slightly shiftedtowards the external trigger (luster 13) of KASCADE-Grande.A radio signal of a osmi ray air shower is deteted in all the antennas, the so-alledgolden event, if all the introdued symbols math at one position. Due to the limitedobservation time suh golden events are only deteted twie and marked with the reddashed irle (I and II in �g. 6.1). The red dashed irle (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 eah shower ore are reonstrutedby KASCADE-Grande. Two events are reorded from all 10 LOPESSTAR antennas andare marked with a red irle (I & II) � golden events.a position of a shower ore whih was deteted by the self-trigger in all 10 LOPESSTARantennas but rejeted 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 reorded 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 reonstruted geome-try of the air shower allow an estimation of the primary energy. Therefore, all the radioevents aepted by the applied quality uts are used to parametrise the �eld strengthby taking into aount di�erent e�ets of the shower geometry and the energy of theprimary partile. The peak value of the deteted pulse in eah polarisation (| ~EEW| and
| ~ENS|) is ombined by vetorial addition | ~E| = |

√

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

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



6.3 Parametrisation of the Field Strength 736.3.1 First ApproahesThe investigated approahes in previous experiments to parametrise the measured �eldstrength [Alla 71, Hueg 05b, Horn 06, Nehl 08a℄ have several harateristis of the pri-mary partile in ommon:energy E The observed �eld strength sales linearly with the energy E of the primarypartile due to oherent radio emission.geomagneti angle α The angle between the shower axis and the geomagneti �eld isnamed geomagneti angle and is a funtion of the arrival diretion α(θ, ϕ). Inthe model of the geosynhrotron emission sin(α) haraterises the strength of theLorentz fore ~FL = e~v × ~B due to the ross produt, where |~v| ≈ c is the speed oflight and ~B is the strength of the magneti �eld of the Earth.sale parameter d0 The �eld strength dereases rapidly with inreasing distane per-pendiularly to the shower axis (referene frame of the shower). The ited measure-ments and simulations showed that an exponential funtion with a sale parameter
d0 parametrises this behaviour well. d0 and its dependeny on the energy, if any,is an important quantity to de�ne the spaing of future detetors 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 primarypartile: R = d0

cos(θ) .zenith angle θ The main dependene on the zenith angle is given by the geomagnetiangle α. The arrival diretion of the shower (θ and ϕ) and the diretion 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) dependene on the zenith angle. Theemitted radio signal is polarised in a plane perpendiularly to the Poynting vetor.And the measured �eld strength orresponds to a projetion of the eletri �eldonto the sensitive antenna plane. LOPESSTAR measures the projetion of thenorth-south & east-west polarisation due to the arrival diretion (azimuth angle),but the vertial omponent is suppressed by the antenna. The missing vertialomponent may be inluded by taking into aount the diretion sensitivity of theantenna used (alibration). Thus, a cos(θ) parametrisation may be not neessary.Furthermore, the attenuation length of an eletromagneti wave in the atmosphere(1MHz < f < 100MHz) is muh higher than the mean free path of the partilesin an extensive air shower. This is the advantage of the radio detetion tehniqueto reord radio emission on the ground, whereas the eletromagneti omponentof the shower has died out [Petr 07℄.6.3.2 Reent ApproahesOne 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,respetively [Alla 71, Horn 06℄.A general parametrisation follows eq. 6.2 and takes into aount the previous ap-proahes (only ǫEW) and is the starting equation to parametrise the total �eld strength ǫ.The funtion 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 theombined hannels and only the east-west omponent, respetively, C is a proportionalonstant, θ is the zenith angle, (Cα ± sin (α ± φα)) desribes the dependene on thegeomagneti angle α with an additional phase φα, an exponential funtion orresponds tothe lateral derease inluding the sale parameter d0, and a power law with an exponent
CE, whih has to be lose to unity (oherent signal), desribes the dependene on theenergy of the primary partile.The MethodAn iterative proedure to determine the parameters and their unertainties was per-formed by using the minuit pakage of root [Brun 97℄ (TMinuit, v5.18.00) with theinternal MIGRAD algorithm. The χ2 funtion follows eq. 6.3, in whih the index dataorresponds to the measured and alibrated data, whereas the index par orresponds tothe hosen parametrisation (eq. 6.2). The di�erene between the data and the modelwas then minimised by the minuit algorithm to �nd the best parameters desribing themeasured data.

χ2 =

(

ǫdata − ǫpar
σǫdata )2 (6.3)The unertainties of the measured signals per polarisation were estimated by tak-ing into aount the noise level in eah hannel. Therefore, the mean noise level

| ~̄Enoise,pol| and its unertainty |~̄σEnoise,pol| in the reorded time window exluding thedeteted shower pulse per hannel (polarisation) were determined based on the enve-lope signal. The in�uenes of bakground proesses and the noise level are estimated at
σnoise,pol = | ~̄Enoise,pol|+ 5 · |~̄σ ~Enoise,pol|. In addition, the unertainty of the alibration hasto be taken into aount and results in 7.4% related to the peak value.The totally estimated unertainty of the data per hannel results in σ2 = σ2noise,pol +
σ2alib,pol and additionally has to be divided by the e�etive bandwidth ∆fe�.Both polarisations per LPDA are ombined per vetorial addition ǫ =

|
√

| ~ENS|2+| ~EEW|2|
∆fe�and the unertainties are alulated 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



6.3 Parametrisation of the Field Strength 75that takes the zenith dependeny into aount (as well as the previous approahes) andanother part that neglets it.With cos(θ) dependene:The best parametrisation and its resulting parameters as well as its unertainties aregiven in eq. 6.4 for the omparison with the previous approahes. The �nal χ2 ≈ 37orresponds to a probability of about 18% by taking into aount 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 fator of (0.5 ± 0.3) with its unertainty of 60% shows that themeasured signal might be overestimated. The geomagneti angle is desribed 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 statistis. Higherevent statistis are needed to verify the previous parametrisations.Without cos(θ) dependene:The best parametrisation without the θ dependene is given in eq. 6.5. The �nal χ2 ≈ 37orresponds to a probability of about 20% by taking into aount 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) dependene on the zenith angle and hoosing a �xed α dependeneresult in the same χ2 value and an inreased probability. The hosen model desribesthe data better due to the smaller unertainties of the parameters. Any parametrisationwith more parameters did not improve the probability of the �t. Again, a higher showerstatistis is needed to optimise the parametrisation of the measured radio pulses.ResultsThe best found parametrisations are presented for the east-west polarised omponent ofthe eletri �eld. None of the previous parametrisations are onsistent with the givenstatistis. The main reasons for that is the low event statistis. The large unertain-ties in the alibration of the previous experiments might be an additional e�et. Theongoing measurements in oinidene with KASCADE-Grande will allow more detailedinvestigations with muh higher event statistis.The best parametrisation of the LOPESSTAR data shows no dependene on the zenithangle θ and parametrises the geomagneti angle by (1 + cos(α)). The sale 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 reonstrution from a well alibrated extensive air shower experiment. The�rst parametrisation takes into aount a dependene on cos(θ), whereas the seondapproah neglets it.With cos(θ) dependene:The best parametrisation and its resulting parameters as well as its unertainties aregiven in eq. 6.6. The �nal χ2 ≈ 28 orresponds to a probability of about 14% by takinginto aount 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 fator (9.1 ± 5.5) with an unertainty of 60% and the deviation fromunity of the exponent (1.71±0.02) of the energy behaviour re�et the low event statistisand the energy unertainty of the primary partiles σE

E ≈ 40%. The parametrisation ofthe geomagneti angle shows a sinus dependene due to the small phase (0.43 ± 0.15) rad.Again, the event statistis is too low to obtain signi�ant results.Without cos(θ) dependene:The best parametrisation and its resulting parameters without the θ dependene is givenin eq. 6.7. The �nal χ2 ≈ 27 orresponds to a probability of about 14% by taking intoaount the number of degree of freedom ndf = 22 due to one more �xed parameterompared 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 unertainties of the parameters are obtained by this approah. The resultingunertainty of the energy behaviour (1.6 ± 0.3) (18%) is again related to the energyunertainty of KASCADE-Grande. Higher event statistis has to verify eq. 6.7.The parametrisation of eq. 6.7 desribes 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 statistis. Theparametrisation of the measured radio pulses is an important step to understand radioemission in detail.



6.4 Shower Reonstrution 77The dependene of the geomagneti angle α might be desribed by (1− sin(α)). Bothapproahes, eq. 6.6 and 6.7, result in low unertainties of 5% and 6%, respetively. Thesale parameter d0 results in d0 = (137 ± 18)m.The event statistis 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 detetor for large-sale arrays. Thus, thisanalysis points out the possibilities of the detetor system and helps to design futuredetetors. The limiting fator of the presented parametrisation of the �eld strength is thelow event statistis due to the small area equipped on the site of the ForshungszentrumKarlsruhe and the limited time of measurement.6.4 Shower ReonstrutionThe reonstrution of shower quantities based on the reorded LOPESSTAR data areperformed on an event-by-event basis. The �rst part of this setion disusses the re-onstrution of the arrival diretion of the primary partiles and an estimation of theangular resolution of LOPESSTAR is presented. Furthermore, the distributions of theshower quantities are shown and ompared with the expetations of the geosynhrotronmodel. The last part of this setion is dediated to the golden events and the omparisonwith detailed Monte Carlo simulations for these events.The digital methods used in this setion (RFI suppression, up-sampling, and envelopealulation) are desribed in detail in se. 3.4.6.4.1 Diretion ReonstrutionSeveral methods to reonstrut the arrival diretion 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 ofinterferene to hange the diretionality of the antenna array by shifting the individualtime data per hannel by a estimated time onstant ∆tbf to maximise the oherene.An assumption of the expeted shower front has to be made and the pointing aurayinreases with inreasing number of antennas used. The method allows to use low signal-to-noise data whih show no signi�ant signal in the time domain. Furthermore, the timebase of all the time samples used have to be known very preisely in order to ahievean aurate angular resolution (this is valid for any reonstrution method of the arrivaldiretion).The three LOPESSTAR antenna lusters reord their own GPS timestamp and thesystems are synhronised not better than 100 ns (auray is given by the manufaturer),but within a luster the auray is better than 5 ns. Thus, beam-forming over all thelusters reah an angular resolution not better than the reonstrution of KASCADE-Grande of ∆θ ≈ ∆ϕ ≈ 2◦.Eah LOPESSTAR luster digitises the time samples in phase with the same 80MHzlok. In addition, all the ables have the same length and all the eletroni omponentsare idential in onstrution. Thus, the delay of the reeived signal, aused by thehardware, orresponds to a onstant delay and is idential 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 idential and onstant o�set in the time data has no e�et on thereonstrution of the arrival diretion.The approximation of a plane shower front is used as simpli�ation for the reonstru-tion of the diretion. Monte Carlo (MC) simulations and other analyses pointed outa spherial 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 fat, the assumption of a plane shower front is onlyvalid for the reonstrution of the arrival diretion based on the data of a single antennaluster as performed in this analysis. A reonstrution of a spherial 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 reonstrution of the diretion with LOPESSTAR is based on the SdPlaneFitmodule of the Pierre Auger Observatory analysis framework � Offline [Roth 05℄. Theanalytial formulae are adapted to the oordinate grid and the angle de�nition of thereferene frame of KASCADE-Grande. The timing auray of the position of the pulseis hosen to be 12.5 ns with respet 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 deteted pulse has to be robust againstbakground in�uenes and di�erent shower geometries. The rising edge of the envelopeprovides suh onditions. The �lter response funtion and espeially the rising edge aremainly dominated by the harateristis of the band-pass �lter (short rise time).The envelope signal is alulated and the position in time of the radio pulse is de-�ned by a onstant fration method (fator f = 0.5) of the rising edge. Various fators
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Figure 6.3: Di�erene of the reon-struted arrival diretions (ϕ and θ)of KASCADE-Grande and LOPESSTARand their unertainties (max method).
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Figure 6.4: Di�erene of the reonstrutedarrival diretions of KASCADE-Grandeand LOPESSTAR for the half method.
0 < f ≤ 1 were analysed to �nd an optimal and robust onstant fration fator f . In�g. 6.2 is shown the iteratively derived fator f = 0.5 (half) and � for omparison �the maximum (max) f = 1 (typial hoie).Note: Only radio pulses deteted by the self-trigger (snr > 75) are used for the reon-strution of the arrival diretion.Angular ResolutionThe angular resolution of the LOPESSTAR antenna lusters (D17 & D30) are basedon a well reonstruted data seletion. The arrival diretion of the radio events wasreonstruted twie, one with the max method and one with the half method (see�g. 6.2).The resulting arrival diretion of eah method was then subtrated from the one givenby the reonstrution of KASCADE-Grande, due to the same arrival diretion (within
0.5◦) of the seondary partiles and the radio emission [Nigl 08℄.max method Fig. 6.3 shows the di�erenes in arrival diretions (zenith angle ∆θ ver-sus azimuth angle ∆ϕ) reonstruted 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 aurate half method reonstruts the arrival diretion by takingthe time position of the pulse at half its height into aount. In �g. 6.4 thedi�erene 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 preise for the absolute reonstrution of diretion by usingthe half method. Both methods have a systemati o�set and an unertainty in the orderof the statistial error of the reonstruted diretion. The o�set and the unertainty of
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Figure 6.6: A well-known working groundin the north-west of antenna luster D17whih shows a lear exess in the bak-ground distribution.the half method is better by a fator of two than by the max method. In the following,the half method is used to reonstrut the arrival diretions.The systemati o�set and its unertainty are mainly dominated by the assumption ofa plane shower front and the low number of antennas to alulate the arrival diretionas the following setion will show. In fat, the alulation of the inoming diretionwith triangulation is a fast and e�ient way to start a more omplex and more ad-vaned reonstrution of the diretion. In the ase of using an antenna array with muhmore antennas then beam-forming should be the hoie to ahieve a high angular reso-lution [Nigl 08℄.A further method to get a physial limit of the angular resolution is disussed in thefollowing.Physial Limit of the Angular ResolutionSounding to horizontal bakground soures is possible for eah antenna luster. In thisontext the bakground soures are assumed to be loally �xed soures (e.g. industrialmahines 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 aepted 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 deteted bakground events are randomly reorded due to the external triggersignal from KASCADE-Grande.The diretion of the soure depends only on the azimuth angle, whereas the zenithangle is expeted to be horizontal (within the unertainty of the reonstrution). Theabsolute azimuth position of the soure does not have to be known preisely, but theposition of the soure has to be onstant during the time of measurement. A statisti-al analysis of the reonstruted azimuth angle results in an estimation of the angularresolution.
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Figure 6.7: The western side of antennaluster D30 whih reeives bakgroundsignals from GRID lusters and theirooling exhauster.
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Figure 6.8: Sounding of antenna lusterD30 to a nearby partile experiment witha Van de Graa� aelerator.This method may be improved, if an arti�ial transmitter with an adequate arrivaldiretion (0◦ ≤ θ < 70◦) is used instead with a distane to the antennas that ful�lsfar �eld approximation. On the one hand this allows to optimise the LPDA diretionsensitivity related to the arrival diretion (high suppression of inlined 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 bakground soures are deteted in these data.One is the KArlsruher TRItium und Neutrino experiment (KATRIN) in the south-west diretion. Fig. 6.5 illustrates this bakground soure from the point of viewof the four LPDAs (D17). Three separable soures emitting their signals. Thedeteted diretions result in a mean angular resolution of ∆ϕ ≈ 0.6◦.The angular resolution is also limited by the dimension of the transmitter soure.The area of the KATRIN experiment is loated about 150m away and over anarea of about 100 × 50m2.The other bakground soure is loated about 150m in the north-west diretion ofthe antenna luster D17 and overs a small area of about (125 × 125m2) whih isused by an outside ompany. As pitured in �g. 6.6 the mean azimuth diretionorresponds to the diretion of this area. The angular resolution results in ∆ϕ ≈
0.7◦.antenna luster D30 The western side of the luster is loated next to an institute(distane < 25m) whih provides the housing of GRID FZKA1. The ooling systemof the GRID lusters (exhausters, see �g. 6.7) is loated 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 whih o�ers online omputation or storage in a worldwide sub-network (grid).
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N S NFigure 6.10: Arrival diretion of showerevents with their reonstruted uner-tainties.in ∆ϕ < 2◦. The dimension of the bakground soure is small but the distane isvery short.A nearby partile experiment with a Van de Graa� aelerator is loated in thesouth-west diretion 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 bakground soures whih might be separated by better statistis. Thestatistis for that diretion sounding is limited, due to the fat 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 ahievable 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 unertainties). The hosen simpli�ation of the shower front results in a systematio�set of the reonstruted arrival diretion, whereas the angular resolution might re�etthe in�uene of environmental e�ets on the reeiving properties of the LPDA (satteringof the eletromagneti waves and the orresponding delayed reeiving times). In fat, ifthe real shower front of the radio emission of extensive air showers is better understoodthen the radio tehnique ould easily ahieve a more preise resolution of the arrivaldiretion ompared to partile detetors.6.4.2 Geomagneti Angle and Primary EnergyThe 10 radio events aepted 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 math of both symbols orresponds to the double-deteted 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 reonstruted by taking the position of



6.4 Shower Reonstrution 83the shower ore and the arrival diretion from KASCADE-Grande into aount, whereasthe geomagneti �eld lines point to the south with a zenith angle θ ≈ 25◦ on the site ofthe Forshungszentrum Karlsruhe2 [Maus 05℄.The radio signal in the observed polarisations depends on the geomagneti angle α asdesribed in the geosynhrotron model. In fat, most of the radio signals are observedfor α > 40◦ as a funtion of the energy of the primary partile. The data shown in�gure 6.9 might also hint to the more e�etive radio observations for higher energies ofthe primary partiles, due to the expeted linear inrease of the �eld strength with theenergy (geosynhrotron model).6.4.3 Arrival DiretionThe distribution of the arrival diretions of showers based on the LOPESSTAR andKASCADE-Grande reonstrution is shown in �g. 6.10. The arrival diretions of thedeteted events from antenna luster D17 (×) and from D30 (◦) are alulated on thebasis of the measured radio signal with the statistial unertainties from the shower plane�t. The illustrated arrival diretions from KASCADE-Grande (•) result from the reon-strution of the partile detetors with an unertainty of ± 2◦ for zenith and azimuthdiretion.No events are deteted arriving from the south due to the orientation of the geo-magneti �eld (ϕ = 180◦, θ = 25◦) whih is almost in parallel to the shower axis forthese diretions. For suh inidenes the ontribution to radio emission is small andfor low energy partiles negligible and not deteted by the self-trigger. This on�rmsthat the radio emission of osmi ray air showers is mainly dominated by a geomagnetiemission mehanism.Note: Events with θ > 45◦ are rejeted by the applied Grande uts.6.4.4 Golden EventsFig. 6.1 illustrates the distribution of the shower ores on the ground. In partiular,there are two shower events that are deteted by all 10 LOPESSTAR antennas whihare marks as golden events. The golden event with the mark II was rejeted by thereonstrution of KASCADE-Grande due to the inlined zenith angle. A summary ofthe main harateristis of the seleted golden events are given in table 6.3 and aredisussed in the following.Reonstrution of the Shower Core with RadioThe position of the shower ores are reonstruted by KASCADE-Grande. If the showerimpat point is within the area overed by the antenna arrays (D17, D19 and D30) thenthe position of the shower ore an be reonstruted on the basis of the radio data. Thebaryentre of all the measured signals (per antenna: ombined north-south & east-westsignal) is alulated (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 harateristis of the two golden events.The baryentre for the x and y oordinate in the referene frame of KASCADE-Grandefollows eq. 6.8.
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are the total measured eletri �eld strength (per antenna) and xant and yantare the orresponding oordinates of the position in the observation plane.The indiated error bars in �g. 6.11 and 6.12 orrespond to the unertainty of themeasured �eld strength as a result from the performed alibration. The unertainty ofthe absolute �eld strength have to be taken into aount for omparisons with quantitiesthat are measured by di�erent antenna luster.The �nal unertainties for the alulated baryentres result from Gaussian error prop-agation by taking into aount the error of the absolute �eld strength and the unertaintyof the antenna position (0.5m). The unertainty 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�uene when using thismethod. If the observed area is not overed with a regular struture 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 inrease the unertainty ofthe alulated baryentres.Furthermore, positions of the shower ore whih are loated 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 reonstrutionof KASCADE-Grande with the alulated baryentre gives an estimation of thesystemati unertainties 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 reorded radiosignal of 10 LOPESSTAR antennas (see �g. 6.1, dashed red irle I).
xbary,star,I =(3 ± 10)m ybary,star,I =(−327 ± 6)m

xGrande,I =(9 ± 7)m yGrande,I =(−368 ± 7)mThe large unertainty for the x oordinate orresponds to the irregular grid stru-ture of the antenna positions on the ground. The expeted position of the showerore is lose to one antenna of luster D17 and the lusters D19 and D30 are loatedalmost at the same x oordinate. Therefore, the distribution of the x oordinateshows an unovered range around −100m < x < 25m but overs a range of 350min total. The results from the x oordinates math within their unertainties forthe LOPESSTAR and KASCADE-Grande reonstrution.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 unertaintyin the range of the unertainty of KASCADE-Grande. The relative deviation ofboth reonstrutions of the y oordinate is less then 12%.golden event II The seond seleted golden event as shown in �g. 6.12 was rejeted bythe Grande uts (θ < 45◦). The reonstrution of KASCADE-Grande showed that
Nµ and Ne are determined with a large unertainty (needed for an estimation ofthe energy), but the position of the shower ore is preise.The reonstruted diretion from radio results in θstar ≈ 58◦ and ϕstar = 128◦ andthe reonstruted diretion of KASCADE-Grande results in θGrande ≈ 59◦ and
ϕ ≈ 129◦. A trustable alibration of the radio data an be performed for θ . 60◦whih 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 reorded radiosignal of 10 LOPESSTAR antennas (see �g. 6.1, dashed red irle II).
xbary,star,II =(−106 ± 5)m ybary,star,II =(−362 ± 4)m

xGrande,II =(−386 ± 7)m yGrande,II =(−392 ± 7)mThe baryentre for the x oordinate is shifted about 200m away ompared withthe result from KASCADE-Grande. The reonstruted diretion and position ofthe shower ore are well reonstruted by KASCADE-Grande for that partiularshower event. The real position of the shower ore was loated outside the areaovered by the antennas and shifted toward this area.The reonstrution of the y oordinate di�ers less then 7%.ResultsThe omparison of the alulated positions of the shower ore from LOPESSTAR andKASCADE-Grande showed that this method works reasonable as a �rst (fast) guess,whih was also shown by other experiments [Ardo 06℄.The disadvantage of this method results from the assumption that the real impatpoint of the shower ore has to be loated inside the overed area. Otherwise the methoditself will shift the position of the ore by an unknown fator inside the observed area.Furthermore, the baryentre method assumes a linear derease of the lateral distributionof the radio emission, whih is not ful�lled (see next paragraph). If the lateral distri-bution funtion is experimentally determined then this method might be improved by�tting the distribution diretly.Lateral DistributionThe two golden events were seleted to investigate the Lateral Distribution Funtion(LDF) in more detail. In this ontext the LDF is de�ned by the dependene on the
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Figure 6.13: The lateral distribution funtions (LDF) of the golden event I: Measureddata (blak dots), applied �t (red line), and MC simulations (blue squares).deteted peak height of the radio pulse versus the distane of the antennas to the showeraxis. An exponential derease of the eletromagneti emission of the shower signal byinreased distane perpendiular to the shower axis (shower oordinates) is expetedfrom 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 unertainties and an estimated in�uene of the bakground noise atthe individual time samples. The error bars for the perpendiular distane to the showeraxis (daxis) result from the error propagation of alulating daxis with the given showeraxis and an unertainty of 7m (KASCADE-Grande).The simulated shower events, presented here, are alulated with REAS2 [Hueg 07℄.The Monte Carlo (MC) radio simulation uses the partile MC simulation toolCORSIKA [Hek 98℄ for the eletron & positron distributions and determines the ra-dio emission by alulating the geosynhrotron emission from the harged partiles inthe air shower.The quantities of the reonstrution of KASCADE-Grande and a typial unertaintyof the energy of σE

E
≈ 40% is taken into aount for the radio simulations. With respetto shower-to-shower �utuations, 150 shower pro�les assuming primary protons werealulated. Out of these pro�les a typial shower event was seleted 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(blak dots). The antenna signal orresponds to the absolutely alibrated andombined signal of the north-south & east-west polarised omponent (per antenna).A �t of an exponential derease of the radio emission with inreasing distane tothe shower axis daxis results in a sale parameter d0,I = (116.6± 12.3)m (solid redurve).
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Figure 6.14: LDF for the north-south po-larised omponent (blak 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 seleted event (blak dots) as well asthe orresponding MC simulation (bluesquares) and an exponential �t (red line).Additionally, an MC simulation for a typial shower event is pitured (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 mathes the measured data within their unertainties,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-tane to the shower axis (daxis) as well as �g. 6.15 for the signal of the east-westpolarised omponent (blak dots). The applied exponential �t is pitured with thesolid red line and results in a sale parameter of d0,I,NS = (128.6 ± 94.6)m and
d0,I,ES = (115.8 ± 12.3)m, respetively.Most of the radio emission is expeted to be deteted in the east-west polarisationdue to the arrival diretion (ϕ ≈ 355◦ and θ ≈ 26◦) and the resulting geomagnetiangle 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�erenes 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 fator of 10 fromthe signals in the east-west hannel and is reprodued by the simulations. Thisresult again on�rms the geosynhrotron model.golden event II Shower event II was rejeted by the Grande uts. A detailed analysisof the full reonstrution of this event points out that the reonstruted positionand arrival diretion is trustable but the estimated energy based on the muon andeletron number might be wrong. A falsely reonstruted energy results only ina proportional fator (shift) of the simulated �eld strength, due to the fat that
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Figure 6.16: The lateral distribution funtions (LDF) of the golden event II: Measureddata (blak dots), applied �t (red line), and MC simulations (blue squares).the radio emission of the primary partile sales linearly with the primary energy
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)≈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 (blak dots). The sale parameter d0,II from the exponential �t resultsin d0,II = (985 ± 594)m. The lateral distribution for eah measured signal perpolarisation is shown in �g. 6.17 and �g. 6.18, respetively.The sale 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 reeived signal in the east-west polarisation. The large unertainties ofthe sale 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 funtion and the unertainty inreases.Additionally, a omparison with the MC simulation is illustrated (blue squares).Most of the simulated and measured data points math within their unertaintiesfor daxis > 200m. It seems that the simulation overestimates the shower signalslose to the shower axis (daxis < 120m) for the ombined signal and per polarisedomponent measured as well.The golden event II was reonstruted with a arrival diretion of ϕ ≈ 129◦ and θ ≈
60◦. Due to the reonstruted azimuth angle the main part of the shower signal isexpeted to be measured in the north-south polarised omponent and orrespondsto �g. 6.17 and �g. 6.18, respetively. The orrespondene between the measureddata and the simulations on�rms again the assumption of the geosynhrotronmodel.
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Figure 6.17: LDF for the north-south po-larised omponent (blak 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 seleted event (blak 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 Forshungszen-trum Karlsruhe de�nes possible antenna positions, whih does not allow an installationon a regular grid. An estimation of the e�etive area of the three antenna lusters ofLOPESSTAR on the basis of the distribution of deteted and well-reonstruted showerevents results in 600 × 800m2.The three LOPESSTAR antenna lusters reorded one golden event, whih 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 eah polarisation di�ers sig-ni�antly. Antenna signals lose to the shower axis are overestimated by the simulations.This e�et seems to inrease with inreasing zenith angle. The mean sale parameter d0results in d0,I = (116 ± 12)m for zenith angle < 40◦.A seond seleted golden event was aepted by the self-trigger and rejeted by theGrande uts due to the inlined arrival diretion (θ ≈ 60◦). Simulated shower signalslose to the shower axis are again overestimated ompared with the measured data. Themean sale parameter d0 results in a very large value with an unertainty of more than56%. Past investigations showed signi�antly di�erenes 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 orrespondene at lateral distanesof 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 aepted by all the quality uts applied to the reonstrutionof KASCADE-Grande and LOPESSTAR and are used for the analysis.The reonstrution of the arrival diretion in this thesis is based on the assumption ofa planar shower front. The point in time of the deteted radio pulse is determined witha onstant fration method of half the height.A hallenge is to parametrise the observed radio emission of high energy osmi rays.LOPESSTAR reords the north-south & east-west polarised omponent of the eletri�eld and thereby obtains a more preise measurement of the emitted signal omparedwith previous experiments.In a �rst step a parametrisation to verify pervious approahes was tried out withoutsuess, due to the low event statistis 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 dependene on thegeomagneti angle α as (1 − sin(α)) into aount and disregard the dependene on thezenith angle θ and result in a sale parameter d0 = (137 ± 18)m. These results have tobe proven by an analysis of the ongoing measurements of LOPESSTAR and KASCADE-Grande.LOPESSTAR ahieves an angular resolution of about ∆ϕ ≈ ∆θ ≈ 7◦ with a systematio�set of about ∆ϕ ≈ 2◦ and ∆θ ≈ −1◦ on the basis of the observed shower events. Theunertainty and the o�set are dominated by the assumption of a planar shower frontand the limited number of antennas.A seond method to estimate the angular resolution by triangulation with suh adetetor is based on rejeted and highly inlined bakground events (θ ≈ 90◦) fromloally �xed soures (e.g. mahines, working grounds). Assuming additionally that theabsolute position and the exat shape of the signal front is onstant for the time ofmeasurement, LOPESSTAR ahieves an angular resolution of ∆ϕ ≈ 0.6◦.The seleted radio events verify the expetation of the geosynhrotron model that lessshower events are expeted from an arrival diretion of the south, due to the diretionof the geomagneti �eld on the site of the Forshungszentrum Karlsruhe.A reonstrution of the position of the shower ore on the basis of the radio data ispossible by alulating the baryentre with the measured signals on the ground. Themethod is limited by the sensitive area of the detetor and will produe false positionsif the real position of the shower ore is loated outside the equipped area.Two shower events are reorded by all 10 LPDAs and are seleted for an investigationof the lateral distribution and a omparison with their Monte Carlo simulations. Theanalysis showed that the measured signals are qualitatively reprodues by the simula-tions. Signals lose to the shower axis are overestimated. A further omparison of eahsignal (north-south and east-west polarised omponent) with the simulated signal (perpolarisation) additionally veri�es the geosynhrotron model.



 



Chapter 7Summary and OutlookLOPESSTAR is a prototype detetor for future experiments inluding 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 eletri �eldin ombination with well-established partile detetors were performed.An installation of 10 logarithmi-periodi dipole antennas has been set-up on the siteof the Forshungszentrum 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 aquisition 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 bak-ground in�uenes on the system. On the site of the Pierre Auger Observatory theamplitude in the noise spetrum is one order of magnitude lower than on the site of theForshungszentrum Karlsruhe whih is dominated by an industrial harater of this area.The site of the Pierre Auger Observatory is forseen for a large-sale antenna array inorder to observe radio emission of the ultra-high energy osmi rays in the near future.The presented results are based on bakground investigations in the framework of thePierre Auger Observatory as well as on the oinident measurements of LOPESSTAR andKASCADE-Grande. The radio emission of osmi rays was observed in a frequeny rangeof 40−80MHz by logarithmi-periodi dipole antennas, whereas the KASCADE-Grandeexperiment measures the seondary partiles 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 detetor system used is absolutely alibrated and ross-heked by applying twodi�erent alibration proedures. On the one hand preise laboratory measurementsof eah omponent used in the signal hain were performed and ombined with theharateristis of the ables used to desribe the experimental on�guration (Step-by-Step method). On the other hand an external referene soure was used to emit a well-de�ned eletri �eld, whih was reeived 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 frequeny dependent alibration onstantsmath for both methods within their unertainties of about 30%. The total unertaintyof the measured �eld strength results in σ| ~E| = 7.2% for LOPESSTAR by the Step-by-Step method.The bakground onditions on the site of the Forshungszentrum Karlsruhe are dom-inated by transient signals and radio frequeny interferenes. The presented self-trigger



94 Chapter 7 Summary and Outlooksu�iently suppresses these bakground signals on eah hannel (polarisation) per an-tenna. The hosen parameters to desribe the signals are plausibly motivated and areeasy to extend. The aepted radio emission signals and shower-like bakground sig-nals in eah hannel are further analysed by a so-alled luster trigger. It rejets highlyinlined and oinident man-made signals (zenith angle θ > 60◦) and rejets all thenon-oinident events as well.The resulting purity (6%), e�ieny (90%) and rejetion (99.9%) prove that thetrigger system rejets bakground signals per hannel and luster in a su�ient way.The ahieved (false) trigger rates at the Forshungszentrum Karlsruhe will derease onthe site of the Pierre Auger Observatory due to the one order of magnitude betterbakground onditions. In addition, the power per polarisation reeived is proportionalto E2 desribed by the geosynhrotron model and the trigger e�ieny quadratiallyinreases with inreasing energy of the primary partile.The proof-of-priniple of the self-trigger system is obtained by the presented studies.The event statistis is restrited to events with an energy of E ≤ 1018 eV, due to the areaovered by KASCADE-Grande (700 × 700m2) and to the limited time of measurementfor with the atual LOPESSTAR on�guration. The observed energy range of the PierreAuger Observatory makes the site in Argentina attrative for the future (E > 1018 eV).An existing hardware with a digital signal proessor and a programmable logial hard-ware is re-used to implement a prototype version of the disussed 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 Forshungszentrum 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 pratiability under environmental onditionsof the two sites.Quality uts are applied to the reonstrution of KASCADE-Grande and LOPESSTARto selet well reonstruted shower events. Ten radio events are �nally aepted by allthe quality uts and are used for further investigations.The reeived 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 partile E, and the sale parameter
d0 was performed. The best �t results in a sale parameter of d0 = (137 ± 18)m and alinear dependene on the primary energy E.The ahieved 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 theseleted shower events. The unertainty and the o�set are dominated by the assumptionof a planar shower front.A seond independent method is used to alulate the angular resolution. The res-olution was estimated on the basis of rejeted and highly inlined bakground events(θ ≈ 90◦) from loally �xed soures (e.g. mahines, working grounds). In addition, it isassumed that the absolute position and the exat shape of the signal front are onstantfor the time of measurement. The investigations show that LOPESSTAR ahieves anangular resolution of ∆ϕ ≈ 0.6◦.The seleted shower events ful�l all the quality uts and verify the expetation of thegeosynhrotron 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 ForshungszentrumKarlsruhe.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 dependene on thedeteted peak height of the radio pulse versus the distane of the antennas to the showeraxis. The analysis showed that the measured signal is qualitatively reprodued, exeptantennas lose to the shoer axis were overestimated. Nevertheless, this investigationon�rms the geosynhrotron model. The seond shower event is highly inlined and theorrelation is not signi�ant.LOPESSTAR is an absolutely alibrated detetor to observe the radio emission of os-mi rays. The presented self-trigger system rejets transient signals as well as radiofrequeny interferenes and aepts the radio signals from extensive air showers. Thus,LOPESSTAR is an important building blok on the path to the upoming antenna arrayof a few tens of km2. This is neessary in order to understand in more detail the e�etof the radio emission of osmi rays and their orrelation with the parameters of the airshower. The presented results are used in the planned radio detetor within the frame-work of the Pierre Auger Observatory and will ontribute to verify the geosynhrotronmodel of extensive air showers at energies above 1018 eV.
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