
Contents 

1 Introduction 1 

2 Cosmic Rays 5 
2.1 Origin of  Cosmic Rays 6 
2.2 Cosmic Ray Air Showers 8 
2.3 Classical Measurement Techniques for Air Showers 10 
2.4 Radio Emission from Air Showers 11 

2.4.1 Features o f  Air Shower Induced Radio Pulses 12 
2.4.2 Emission Mechanisms 13 

References 16 

3 Radio Experiments for Air Shower Detection 19 
3.1 Overview o f  Modem Radio Experiments 19 
3.2 LOPES 23 

3.2.1 Setup of  LOPES 24 
3.2.2 LOPES Analysis Pipeline 26 

3.3 Radio Detection at the Pierre Auger Observatory 29 
3.3.1 Radio Prototype Setups 30 
3.3.2 AERA 31 
3.3.3 Offline Analysis Software 33 

References 34 

4 Time Calibration o f  LOPES 39 
4.1 Amplitude Calibration 39 
4.2 Need for a Precise Time Calibration 41 
4.3 Measurement o f  Antenna Positions 44 
4.4 Measurement o f  the Relative Delays 46 
4.5 Pulse Distortion by Dispersion 50 
4.6 Monitoring of  the Timing with a Beacon 53 
4.7 Conclusions on the Time Calibration of LOPES 57 
References 58 

x i i i  

http://d-nb.info/1025398971

http://d-nb.info/1025398971


xiv Contents 

5 A Reference Beacon for the Auger Engineering Radio Array . . . .  61 
5.1 Proof o f  Principle 62 

5.1.1 Test Measurements at the AERA Site 62 
5.1.2 Test Measurements at the BLS 65 
5.1.3 Conclusions for AERA 68 

5.2 AERA Beacon System 68 
5.2.1 Design and Installation 68 
5.2.2 Performance of  the Beacon 72 

5.3 Outlook 75 
References 76 

6 Treatment o f  Noise 77 
6.1 Noise and RFI 78 
6.2 Measurement o f  Signal and Noise with LOPES 80 
6.3 Influence of  Noise on Pulse Amplitudes 85 
6.4 Influence o f  Noise on Lateral Distributions 92 
6.5 Influence of  Noise on Pulse Arrival Time Measurements 94 
References 96 

7 Lateral Distribution 97 
7.1 Analysis Procedure 98 

7.1.1 Determination o f  the Amplitude 98 
7.1.2 Determination o f  the Lateral Distance 99 
7.1.3 Exponential Fit 100 

7.2 Event Selection 103 
7.3 Systematic Effects 105 

7.3.1 Antenna Height and Shower Inclination 106 
7.3.2 Pulse Distortion 107 
7.3.3 Frequency Band 108 
7.3.4 Up-Sampling 109 

7.4 Comparison of  LOPES Data and REAS3 Simulations 110 
7.4.1 Test of  REAS3 Simulations Against LOPES Data I l l  
7.4.2 Mass Sensitivity 115 

7.5 Conclusion 116 
References 117 

8 Pulse Arrival Time Distributions 119 
8.1 Selection: LOPES Events and REAS3 Simulations 120 
8.2 Analysis Procedure 122 

8.2.1 Pulse Arrival Time Measurement 123 
8.2.2 Fit o f  the Arrival Time Distribution 124 
8.2.3 Comparison of  Curvature Reconstruction Methods 127 

8.3 Investigation o f  the Wavefront Shape 129 
8.3.1 Spherical Wavefront 129 
8.3.2 Conical Wavefront 132 



Contents xv 

8.4 Determination of  Xmax 135 
8.4.1 Xmax Reconstruction with Curvature Method 136 
8.4.2 Xmax Reconstruction with Cone Method 138 
8.4.3 Mass Sensitivity 143 

8.5 Conclusion 144 
References 145 

9 Conclusion 147 

Appendix A: Radio Measurment at Tunka. 151 

Appendix B: Up-Sampling and Envelope 157 

Appendix C: LOPES Antenna Positions 161 

Appendix D: Example Events 163 


