
A Magnetic Spectrometer Analysis Method
for Ultra High Energy Cosmic Ray Data

Benjamin James Whelan

B.Sc. (Honours), Physics

A thesis submitted to the University of Adelaide in ful�lment of the
requirements for the degree of Doctor of Philosophy.

School of Chemistry & Physics

Department of Physics

November 2011



Contents

Abstract i

Declaration ii

Acknowledgements iii

1 Introduction to Cosmic Rays and Extensive Air Showers 1

1.1 The Discovery of Cosmic Rays and Extensive Air Showers . . . . . . . . . . . . 1

1.2 Extensive Air Showers and Detection Techniques . . . . . . . . . . . . . . . . . 3

1.2.1 Formation and Morphology of Extensive Air Showers . . . . . . . . . . . 4

1.2.1.1 Heitler's Model of Electromagnetic Cascades . . . . . . . . . . 4

1.2.1.2 Hadronic Air Showers . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1.3 Atmospheric Fluorescence and �erenkov Light Production . . . 11

1.2.2 Extensive Air Shower Detection . . . . . . . . . . . . . . . . . . . . . . . 13

1.2.2.1 Ground Arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.2.2.2 Fluorescence Detection . . . . . . . . . . . . . . . . . . . . . . 16

1.2.2.3 `Hybrid' Detection . . . . . . . . . . . . . . . . . . . . . . . . 19

2 Experimental Observations of the Cosmic Ray Flux 22

2.1 The Energy Spectrum of Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . 22

2.2 Composition of Cosmic Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 Cosmic Ray Sources and Anisotropies . . . . . . . . . . . . . . . . . . . . . . . 30

2.3.1 Cosmic Ray Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.3.2 Recent Anisotropy Results at EeV Energies . . . . . . . . . . . . . . . . 33

2.4 Interpretation of Energy Spectrum, Composition and

Anisotropy Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3 Ultra High Energy Cosmic Ray Detectors 39

3.1 Previous UHECR Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1.1 Volcano Ranch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1.2 Haverah Park . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.1.3 SUGAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42



3.1.4 Yakutsk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.1.5 Fly's Eye . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.1.6 AGASA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1.7 HiRes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2 The Pierre Auger Observatory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2.1 Communications and CDAS . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.2.2 Surface Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.2.2.1 Station Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2.2.2 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2.2.3 Trigger System . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.2.2.4 Event Reconstruction and Performance . . . . . . . . . . . . . 56

3.2.3 Fluorescence Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2.3.1 Telescope Design . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2.3.2 Electronics and Triggering . . . . . . . . . . . . . . . . . . . . 59

3.2.3.3 Calibration and Atmospheric Monitoring . . . . . . . . . . . . 60

3.2.3.4 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2.4 Hybrid Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.2.5 Auger South Enhancements . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.2.5.1 AMIGA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2.5.2 HEAT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.2.5.3 AERA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.2.6 Auger North . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4 Cosmic Magnetic Fields and Cosmic Rays 70

4.1 Cosmic Rays in Magnetic Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2 Galactic Magnetic Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2.1 Measurement Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2.2 Magnetic Field Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.2.2.1 Spiral Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2.2.2 Halo Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.2.2.3 Turbulent Fields . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5 Numerical Simulations of Particle Propagation 80

5.1 Numerical Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.1.1 Cosmic Ray Back-tracking . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 Step Size and Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Calculation of the Turbulent Field . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.3.1 Choice of Minimum Turbulent Scale Size . . . . . . . . . . . . . . . . . . 86



6 Energy Ordering in UHECR Arrival Directions 92

6.1 UHECR Energy Ordering and Analyses . . . . . . . . . . . . . . . . . . . . . . 93

6.2 Introduction to the Magnetic Spectrometer Method . . . . . . . . . . . . . . . . 99

6.3 Incorporating Experimental Uncertainties Into Source

Position Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.4 Application to Cosmic Ray Data Sets . . . . . . . . . . . . . . . . . . . . . . . . 109

7 Magnetic Spectrometer Analysis of Simulated UHECR Data 112

7.1 Generation of Simulated Data Sets . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.2 Analysis of Signal Events Only . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

7.3 Analysis of Signal and Background Events . . . . . . . . . . . . . . . . . . . . . 120

7.3.1 Peak-Finding Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

7.3.2 Results of Magnetic Spectrometer Analysis . . . . . . . . . . . . . . . . 122

7.3.3 Estimation of Magnetic Fields . . . . . . . . . . . . . . . . . . . . . . . . 126

7.4 Varying Relative Source Brightness . . . . . . . . . . . . . . . . . . . . . . . . . 130

7.5 Mixed Composition Source Flux . . . . . . . . . . . . . . . . . . . . . . . . . . 133

8 Analysis of Pierre Auger Observatory Data 136

8.1 Analysis of Full Data Set . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

8.2 Analysis of Epochs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

8.3 Interpretation of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

8.4 Conclusions and Future Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . 146

References 149



Abstract

Since their discovery at the beginning of the 20th Century, cosmic rays have been the subject

of much research. However, fundamental questions, such as the origin of the most energetic

of these particles, await an answer. The unambiguous identi�cation of cosmic ray sources

is made di�cult by the de�ections that these charged particles su�er in their propagation

through cosmic magnetic �elds. This problem is compounded by the extremely low �ux of the

highest energy cosmic rays at Earth, the arrival directions of which may be expected to retain

information about their point of origin.

However, the advent of ultra high energy cosmic ray detectors possessing collecting areas of

thousands of square kilometres, such as the Pierre Auger Observatory, means that the number

of cosmic rays detected at the highest energies may be su�cient to enable directional cosmic

ray astronomy in the near future. The `magnetic spectrometer analysis', described in this

thesis, is designed for the analysis of ultra high energy cosmic ray data sets. The analysis

is designed to identify energy ordering in the arrival directions of a cosmic ray data set, and

reconstruct the source directions of such events.

A brief history of the discovery of cosmic rays is presented in Chapter 1, along with an

introduction to the physics of extensive air showers and methods of detecting them. The

current knowledge of the properties of the cosmic ray �ux at ultra high energies is reviewed in

Chapter 2, and a summary of ultra high energy cosmic ray detectors, both past and present,

is presented in Chapter 3.

The propagation of cosmic rays through magnetic �elds, and the methods of measuring

those �elds, is brie�y reviewed in Chapter 4. In addition, the Galactic magnetic �eld models

that are used for the production of simulated cosmic ray data sets are described there.

Numerical integration is employed in the generation of the simulated data sets, and the

method of doing so, as well as considerations that must be made for such simulations, is

described in Chapter 5.

The magnetic spectrometer analysis method is introduced in Chapter 6 in addition to a

discussion of related analyses found in the literature. The results of applying the magnetic

spectrometer analysis to simulated cosmic ray data sets are presented in Chapter 7.

Finally, the results of an application of the magnetic spectrometer analysis to real data

collected by the Pierre Auger Observatory are described in Chapter 8, followed by a discussion

of those results and concluding remarks.
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