THE PIERRE AUGER OBSERVATORY DESIGN REPORT

Second Edition

The Auger Collaboration 14 March 1997

Foreword to the Revised Edition

The Auger Project is a broad-based international effort to make a detailed study of cosmic rays at the highest energies. Two established air shower detector techniques – a surface array of particle detectors coupled with an air fluorescence detector – form a powerful instrument for the proposed research. The objectives of the Auger Observatory are to measure the arrival direction, energy, and mass composition of cosmic rays above 10^{19} eV.

The Auger Project had its conception in a series of workshops in Paris (1992), Adelaide (1993), Tokyo (1993), and finally at Fermilab in 1995. The Design Group for the Auger Project, hosted by Fermilab, met from January 30 through July 31, 1995. More than 140 scientists from 17 counties attended one or more of the conferences and topical workshops. The Design Group produced a Design Report in November 1995 containing a reference design and a cost estimate for the proposed Auger Observatory.

This document is a second edition of the Auger Design Report. It contains additional and enhanced discussion of many of the topics in the first edition. The additions resulted from discussions with many interested scientists from around the world as well as formal reviews of the Auger Project by distinguished panels convened at Fermilab and in Paris.

This edition of the Report is organized as follows: Chapter 1 is an Executive Summary of the Report; Chapter 2 presents the scientific motivation together with a program of observations that would illuminate the theoretical picture; Chapter 3 contains the historical background of air shower studies, current and expected results, and the role of the Auger project; Chapter 4 describes how the parameters of high energy cosmic ray air showers are measured and interpreted; Chapter 5 gives results of a detailed simulation of the Auger detector and its expected performance; Chapters 6 through 8 describe the reference design for the detectors, communication, and data acquisition system; Chapter 9 describes the survey of candidate sites. The central station is treated in Chapter 10. The organization, cost, and schedule are outlined in Chapter 11.

Some appendices follow describing detectors that are not now included in the reference design. Appendices A and B contain a description of two additional somewhat speculative measurement techniques, air Čerenkov detectors and radio pulse detectors that may, after suitable development, be low cost and valuable additions to the measurement capability of the detector. These two detector options are not included in the reference design or cost estimates.

The Auger Collaboration membership list as of January 1997, as well as a list of other individuals who have authored parts of the Design Report, participated in the workshops, or significantly contributed to this Design Report in other ways are given in Appendix C.

This Report, the library of GAP Technical Notes, and other information on the Auger Project are available via the world wide web by accessing the Astrophysics pages at Fermilab:

http://www-td-auger.fnal.gov:82.

14 March 1997

Contents

1 Executive Summary 9

2 Science 14 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 2.2 Acceleration and propagation of cosmic rays . . . . . . . . . . . . . . . . . . 17 2.2.1 Acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.2.2 Propagation and the GZK Cutoff . . . . . . . . . . . . . . . . . . . . 21 2.3 Recent theoretical work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 2.3.1 Shock acceleration in extended sources . . . . . . . . . . . . . . . . . 27 2.3.2 Association with gamma-ray bursts . . . . . . . . . . . . . . . . . . . 30 2.3.3 Exotic sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.3.4 Astrophysical Neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . 35 2.3.5 Summary Comments on Source Models . . . . . . . . . . . . . . . . . 36 2.4 Observational capabilities needed for the Auger Observatory . . . . . . . . . 37 2.4.1 Composition resolution. . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.4.2 Energy resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 2.4.3 Arrival direction resolution . . . . . . . . . . . . . . . . . . . . . . . . 40 2.4.4 Neutrino Astronomy . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 3 Observations of the Highest Energy Cosmic Rays 49 3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 3.2 Energy measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 3.2.1 Energy spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.2.2 The highest energy events . . . . . . . . . . . . . . . . . . . . . . . . 56 3.3 Direction measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 3.3.1 Anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 3.3.2 Point sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 3.3.3 Magnetic spectrometry with event pairs . . . . . . . . . . . . . . . . 64 3.4 The Immediate Future . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 3.5 The Physics and Astrophysics Potential of the Auger Project . . . . . . . . . 68

4 Air Shower Measurement Techniques 70 4.1 Properties and Development of Air Showers . . . . . . . . . . . . . . . . . . 70 4.1.1 The Electromagnetic and Muon Components . . . . . . . . . . . . . . 71 4.1.2 Spatial Structure of the Shower . . . . . . . . . . . . . . . . . . . . . 71 4.1.3 Time Structure of the Shower Front . . . . . . . . . . . . . . . . . . . 74 4.1.4 Fluctuations in Shower Development . . . . . . . . . . . . . . . . . . 75 4.2 Determination of Shower Parameters . . . . . . . . . . . . . . . . . . . . . . 76 4.2.1 The Shower Direction and Axis . . . . . . . . . . . . . . . . . . . . . 76 4.2.2 Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 4.2.3 Primary Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.2.4 New Particle Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 4.3 Surface Array Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 4.3.1 Water Čerenkov lateral distribution function . . . . . . . . . . . . . . 83 4.3.2 Event Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 4.3.3 Energy Assignment Parameter . . . . . . . . . . . . . . . . . . . . . . 86 4.4 Fluorescence Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 4.4.1 Air Fluorescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 4.4.2 Čerenkov production and scattering . . . . . . . . . . . . . . . . . . . 91 4.4.3 Detection Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 4.4.4 Finding Shower Trajectories . . . . . . . . . . . . . . . . . . . . . . . 97 4.4.5 Shower Shape and Energy . . . . . . . . . . . . . . . . . . . . . . . . 99

5 Simulated Performance of the Reference Design 102

5.1 Numerical simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 5.1.1 The MOCCA Simulation Program . . . . . . . . . . . . . . . . . . . 103 5.1.2 The SIBYLL Interaction Generator . . . . . . . . . . . . . . . . . . . 104 5.1.3 Nucleus-Nucleus Interactions . . . . . . . . . . . . . . . . . . . . . . . 106 5.1.4 Comparison to Data . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 5.1.5 Ongoing studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 5.2 Surface Detector Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 5.2.1 Detector description . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 5.2.2 Air Shower Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 5.2.3 Detector Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 5.2.4 Comparison of Simulation and Data . . . . . . . . . . . . . . . . . . . 118 5.2.5 Reconstruction of simulated events . . . . . . . . . . . . . . . . . . . 126 5.3 Hybrid Detector Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 5.3.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 5.3.2 Simulation of Fluorescence Detector Response . . . . . . . . . . . . . 134 5.3.3 Simulation of Ground Array Response . . . . . . . . . . . . . . . . . 136 5.3.4 Hybrid Geometric Reconstruction Method . . . . . . . . . . . . . . . 137 5.3.5 Energy and X_{max} Resolution . . . . . . . . . . . . . . . . . . . . . . . 140 5.3.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 5.4 Summary of Reconstruction Resolution . . . . . . . . . . . . . . . . . . . . . 144

6 Surface Detector Array Design 151 6.1 The reference design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 6.2 Detector geometry and array spacing . . . . . . . . . . . . . . . . . . . . . . 152 6.3 PMT positioning and detector uniformity . . . . . . . . . . . . . . . . . . . . 154 6.4 Mechanical realization and prototypes . . . . . . . . . . . . . . . . . . . . . 157 6.5 Water purification and stability . . . . . . . . . . . . . . . . . . . . . . . . . 160

7 Fluorescence Detector Design 163 7.1 The site layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164 7.2 The telescope design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

7.3 Alternative Designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 7.3.1 The Dual Mirror Concept . . . . . . . . . . . . . . . . . . . . . . . . 168 7.3.2 Wide angle Schmidt telescopes . . . . . . . . . . . . . . . . . . . . . . 168

8 Electronics Systems and Software 170 8.1 Station Electronics Packaging . . . . . . . . . . . . . . . . . . . . . . . . . . 170 8.2 Front End Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 8.3 Station Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 8.4 Timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 8.5 Communications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178 8.5.1 Licensing Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 8.5.2 Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 8.5.3 Performance Analysis of Frequency-Hopped Spread Spectrum. . . . . 182 8.5.4 Link Budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184 8.5.5 Network Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186 8.6 Solar Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 8.7 Data Acquisition and Archives . . . . . . . . . . . . . . . . . . . . . . . . . . 189 8.8 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 9 Site Survey 193 9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193 9.2 Site Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194 9.3 Site Visits and Relevant Data . . . . . . . . . . . . . . . . . . . . . . . . . . 194 9.4 Argentina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 9.4.1 Laguna Blanca: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 9.4.2 La Humada: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197 9.4.3 Monte Coman: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197 9.4.4 Nihuil: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198 9.4.5 Somuncura: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 9.5 South Africa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 9.5.1 Vaalputs: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

9.6 Australia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201 9.6.1 Woomera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201 9.7 Spain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 9.7.1 Tierra de Campos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203 9.8 Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204 9.8.1 El Barreal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204 9.9 United States of America . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205 9.9.1 Engle, NM: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205 9.9.2 Grand Canyon, AZ: . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206 9.9.3 Lamar, CO: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207 9.9.4 Millard, UT: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208 10 Central Station 210 10.1 Central Station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 10.1.1 The Office Building . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 10.1.2 The Dormitory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 10.1.3 The Shed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 10.2 Civil Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 11 Organization, Cost, and Schedule 213 11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 11.2 Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 11.3 Construction Cost Estimate . . . . . . . . . . . . . . . . . . . . . . . . . . . 216 11.4 Operating Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 11.4.1 Project Schedule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222 A Air Čerenkov Detection of EeV/ZeV cosmic rays with Solar Panels or PMTs 224 A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 A.2 Some Key Design Considerations . . . . . . . . . . . . . . . . . . . . . . . . 226 A.3 Air Čerenkov Detector Design and Performance . . . . . . . . . . . . . . . . 233 A.3.1 Detector Station Description . . . . . . . . . . . . . . . . . . . . . . . 233

A.3.2 Expected Performance . . . . . . . . . . . . . . . . . . . . . . . . . . 234

B Radio Pulse Detectors 242 B.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242 B.2 CASA/MIA Prototype setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 243 B.2.1 Large-event trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243 B.2.2 Monitoring of RF noise environment . . . . . . . . . . . . . . . . . . 243 B.2.3 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243 B.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244 B.2.5 Near-term plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244 B.3 Related activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 B.3.1 Status of GHz detection . . . . . . . . . . . . . . . . . . . . . . . . . 246 B.3.2 Other options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 B.4 Considerations for Auger project . . . . . . . . . . . . . . . . . . . . . . . . 246

C Auger Project Participants 248 C.1 Auger Collaboration Membership . . . . . . . . . . . . . . . . . . . . . . . . 248 C.2 Auger Project Contributors . . . . . . . . . . . . . . . . . . . . . . . . . . . 257