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Near Moab Ut (USA)  May 2012 
Photo: J. Woeste 
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Earthrise  Dec 24 1968 Bill Anders  
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Rare! 
~1 sq mile 
per century 
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Highest Energy particles known to exist 
 
 
 
 
 
 
 
 Macroscopic amounts of energy –   
  3x1020 eV current record  
 Subatomic particles – protons, nuclei, (+ ?)   
 Unknown cosmic origin   (“Cosmic Rays”) 
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Eleven Science Questions 
for the New Century* 

Question 6: How Do Cosmic 
Accelerators Work and What 
Are They Accelerating? 

*”Connecting Quarks with the Cosmos: Eleven Science 
Questions for the New Century Committee on the Physics 
of the Universe”, National Research Council , ISBN: 0-309-
50569-0 (2003)  12 
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Challenging Accelerators 
 
to reach 1020 eV 
LHC magnetic field, 
radius ~ 107 km (Sun - Mercury) 
or 10 GT fields! 

14 



Cosmic Magnetic Fields 

Halo B? 

Extra-galactic B? 

B < nG 

γ 

weak deflection 

RL = kpc Z
-1 (E / EeV) (B / µG)-1  

 

RL = Mpc Z-1 (E / EeV) (B / nG)-1 

kpc 

 10 kpc 

strong deflection 

Milky way 

B ~ µG 

E > 1019eV 

E < 1018eV 

“Known unknown” 

1 EeV = 1018 eV 

Galactic B deflection  
<< 10o Z (40 EeV/E) 
anisotropic in sky 
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High Energy   Accelerators 
Extragalactic Galactic 

PSR J2021+3651 
0FGL J0634+1745 

Supernova  
remnants 
 

Unidentified 
γ-ray sources 

Pulsar wind  
nebulae 
 

GR Pulsars 

Stellar  
clusters 
 

Astrophysical 
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Cornell University, 1967 
The Fluorescence Technique has a colorful history 

Original Fly’s Eye 1981-93 17 



 Atmosphere Components 
 
 Molecular (Nitrogen, Oxygen,  Argon  + traces) 
  Described by Molecular Scattering 
  Density(z) from Radiosonde Balloon Data (P,T,z) 
                             Global Data Asymillation System (GDAS) 
 
 Aerosols (Haze, Dust) 
 
 Clouds 
 
 (Ozone)        Not a factor for Fluorescence 
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What is Vertical Optical Depth? 

T = e-VOD 

T = e-VOD/sinӨ 

Ө 

VAOD  - Vertical Optical Depth of Aerosol Component 
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Techniques for measuring aerosol attenuation using the Central Laser 
Facility at the Pierre. Auger Observatory ... 2013 JINST 8 P04009. 
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 Molecular 
  

Radiosonde Launches 
temperature, pressure, humidity (x,y,z,t) 

Weather Stations (1/5) 
Wind, temperature, humidity, Pressure 
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An Amazing Event: 1980-1993 Fly’s Eye Experiment 
(Dugway Proving Ground) 

November 1991: 
Event reconstructs at 

320 EeV +/- 93 EeV  ≈  50 J 
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“Flashers” 
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The 320 EeV Event Revisited 
• Still the Highest Energy “Record” 

 

Original Fly’s Eye 
 5 degree pixels 
 25 uS integration gate used 
 
 Room for extra light to be “counted” 
  - multiple scattering 
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E=0.75E0 

L. Wiencke, R. Grey 
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1990’s (AGASA ground Array) 

1996-2004  High Resolution Fly’s Eye 

27 



AGASA  (Akeno Giant Air Shower Array)  

• 100 km2 scintillators 
+ muon detectors 
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High Resolution Fly’s Eye 
1999-2004 
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High Resolution Fly’s Eye Stereo Event  E ~50 EeV 

HiRes2 HiRes1 
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• At 1999 ICRC - Preliminary results from monocular 
measurement of CR energy spectrum  ~6 super 
GZK candidates 
 

• At 2001 ICRC - HiRes reported monocular 
measurement of CR energy spectrum 

~2x statistics, but ~2 super GZK candidates 
 

What Happened? 
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1999 (Desert Aerosol Model) 

Why the Atmosphere Matters 
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Measurement of Vertical Aerosol Optical Depth 
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Atmospheric 
Monitoring 

Cerenkov 
Light 

Optics 

UV scintillation light 
(300-400nm) 

Role of the atmosphere in the Fluorescence Technique 
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1999 (Desert Aerosol Model) 

      2001 (2 x statistics  
     and Measured Atmosphere) 
 

Why the Atmosphere Matters 
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The “Goldilocks” Plot  
Plot  ΔN vs ΔR  using Data and different corrections 

39 



The “Goldilocks” Plot  
Plot  ΔN vs ΔR  using Data and different corrections 

Too Clear 

Too Hazy 

“Just Right” 
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Conclusions 

We used EeV cosmic rays to measure the atmosphere. 
 
1200 air showers over 4 years. 
 
 
 
Added confidence we were not making a large mistake in the 
atmospheric corrections for the HiRes experiment  
(1999-2004) 
 
Is this an application of EeV cosmic rays???   Yes 
 works at night, global, through out troposphere 
 
Is it a practical application? 
 seems unlikely 
 
 
 

A 
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HiRes 1 

HiRes 2 

Shower 
~30 EeV 

Installed a laser 34 km from HiRes2 Detector. 
Equivalent light production to ~20-100  EeV shower 
“GZK Test Beam” 

19km 

10km 

Laser recorded at HiRes 2 

30 EeV Shower 

Laser 

N
P

E
/2

 D
eg

 

Profiles recorded at HiRes 2 

Laser 

34km 
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P. Abreu et al. (The Pierre Auger Collaboration) 
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PDG 2011 

LHC 
(p - p) 

45 



Pattern of 
laser shots 

Sample Laser Shot 
recorded at HiRes1 

The pattern of light 
in the detector 
depends on the 
laser direction  
and 
atmospheric clarity. 
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Can we see molecular effects? 

Polarization II to Scattering Plane 

εinc 

εscat 

εinc 
εscat Polarization ┴  to Scattering Plane 

sd
d
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Ratio should be ~ cos2Θ 

From Rayleigh Scattering theory 

2
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Polarization II 
 to Scattering Plane 

Polarization ┴   
to Scattering Plane 
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M. Fukushima 
N. Sakurai 
L. Wiencke 

C-RAYS Experiment at  ICRR 49 



C-RAYS  (ICRR 6/2002) C-RAYS Experiment at  ICRR 50 
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Change the Atmosphere 
Kashiwa Air  (May 30-June 2) Pure Nitrogen 

C-RAYS Experiment at  ICRR 
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June 1 2002 

June 2 2002 

pmt1 

pmt2 

C-RAYS Experiment at  ICRR 
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arXiv:1202.1934 
[astro-ph.IM] 
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http://arxiv.org/abs/1202.1934
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Good distance for  
End-to-End calibration laser 
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Telescope Array  

3 FD stations overlooking an array of  

507 scintillator surface detectors (SD)   

complete and operational as of ~1/2008.  

Area: 680 km2 Belgium 
Japan 
Korea 
Russia  
USA 
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Pierre Auger 4 Fluorescence Detectors 
(24 telescopes total) 

1600 surface detectors 
Water-Cherenkov Tank  
1.5 km spacing 

Balloon Station 

2 Laser Facilities 
(100 EeV Optical Equivalent) 
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4 Elastic LIDARs 



1600 Cherenkov Detectors 

4 fluorescence Detectors 

Shower Footprint 
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3000 km2 Detector 

Fluorescence Detector 

Cherenkov Detector 



 Clouds 

Cloud Camera (1/4) 

LIDAR (1/4) Central Laser Facility 1/2 61 



Aerosols 

Central Laser Facility 

Phase Function Monitor 
FRAM 

XLF 

LIDAR (1/4) 
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Nev DeWitt Pierrat, Blake Knoll (CSM) 

Raman 
LIDAR 

Laser, 
Calibration 



XLF (eXtreme Laser Facility) 

XLF1 

XLF2 
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Combined System 

Pierre Auger 

66 

To better understand the bi-static LIDAR, 
we designed an experiment at the Pierre 
Auger Research and development site to 
compare the bi-static LIDAR with a 
Raman LIDAR. 

R&D Site 
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Elastic Bi-Static LIDAR Raman LIDAR 

Dynamic  range ≈ 600 Dynamic  range ≈ 10^6 
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Why Raman LIDAR? 

Elastic Raman 

2 Unknowns 
Transmission 
Scattering 

1 Unknown 
Transmission 

5 μm 

20 μm 

Electron Scanning Images 
of Aerosol Particles from 
Pierre Auger Observatory 
(M. Micheletti) 68 



Laser/ 
Raman 
LIDAR 
 

38.8 km 

8 km 

AMT: 
Detector 

Aerosol Optical Depth @ 4.5 KM Elastic Side-Scatter vs Raman LIDAR techniques 
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Pierre Auger Atmospheric Super Test Beam  - Status 

Nev DeWitt Pierrat, Blake Knoll (CSM) 

Batteries 
Thermal  
Reservoir 

Weather 
Station 

Raman 
LIDAR 

Laser, 
Calibration 

Insulation 

70 
Installed at CLF site   First Light May 24th 2013 



3-Channel LIDAR Receiver 

Light Guide 

355 nm Elastic Scattering 

386.7 nm Raman  
N2 Scattering 

407.5 nm Raman  
H20 Scattering 
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ARCADE: Atmospheric Research for Climate and 
Astroparticle Detection 

Laser LIDAR 
Telescope 

bck Raman (N2, O2)  

bck elastico 
(molecole, aerosol)  

backscattering 

LIDAR (elastic + Raman) and telescope for side-scattering measurements 
(Atmospheric Monitoring Telescope). The laser source is common. 

LASER and LIDAR Can Tilt Toward The AMT 

Laser 355 nm 

side-scattering 

AMT 

CSM 
Turin + Naples 

L. Valore, A. Tonachini, et al. 
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Looking Ahead….. 



Atmospheric monitoring and calibration ….  will result in the reduction of systematic 
uncertainties, which could be a limiting factor given the high sensitivity of CTA, and 
in an increase of the effective livetime of the telescopes.  74 



A&A 464, 235-243 (2007)  
DOI: 10.1051/0004-6361:20066381 
Primary particle acceleration above 100 TeV in the 
shell-type supernova remnant RX J1713.7-3946 with 
deep HESS observations 
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http://cdsweb.u-strasbg.fr/cgi-bin/bibobj?2007A&A...464..235A&RX+J1713.7-3946


Lawrence Wiencke 
Colorado School of Mines 
APS Meeting, April 13 2013 
Denver USA 

A pioneering mission to measure the 
highest energy cosmic rays from space 

The JEM-EUSO Project 
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Nadir (2 yrs) 
35o tilt (3 yrs)  
- 3 x area 
Eth ~ 1020 eV 

Fluorescence only 
~ 20% duty cycle 
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Exposure History 
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Optical Test Beams and Optical Cosmic Ray Detectors  

Fly’s Eye 
(1980-1993) 

High Resolution  
Fly’s Eye 

1992-2004 

Pierre Auger  
Observatory 
2003-Present 

Calibration 
Atmospheric Clarity 

Aerosol Optical Depth 
Clouds,  Diagnostics 

Aerosol Profiles, Clouds,  
Timing, Calibration …… 

2 km 13 km 27-40  km 350-400  km 

JEM-EUSO 
2017-> 

Pointing, Timing, 
Calibration tests …. 

GLS 
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How many UHECRs > 60 EeV? 

Auger w/ 3,000 km2  
 (annual exposure of 6,000 km2 sr yr) 
 ~20 events > 55 EeV/ yr 
Telescope Array w/ 700 km2  
 (annual exposure of ~ 1,400 km2 sr yr) 
 ~4.6 events > 55 EeV/ yr 
 
Earth – land ~1.5 108 km2  = 5 104 Auger 
     106 events/yr 
   - full surface ~5.1 108 km2 = 1.7 105 Auger 

 3.4 106 events/yr 

 
81 



82 

Some Concluding Remarks 
Atmospheric Monitoring has an established a history of critical contributions to UHECR 
 
Also atmospheric science results and methods are interesting (and can be published) on their 
own! 
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Some Concluding Remarks 
Atmospheric Monitoring has an established a history of critical contributions to UHECR 
 
Also atmospheric science results and methods are interesting (and can be published) on their 
own! 
 
To those working on atmospheric monitoring.. 
               Establish a quantitative connection between  
                      A) atmospheric monitoring program and  
                      B) the gamma-ray and/or cosmic-ray science 
                      and write it down.  Figure out what really matters! 
               Consider the interdisciplinary uses for your system, and how to report results 
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Some Concluding Remarks 
Atmospheric Monitoring has an established a history of critical contributions to UHECR 
 
Also atmospheric science results and methods are interesting (and can be published) on their 
own! 
 
To those working on atmospheric monitoring.. 
               Establish a quantitative connection between  
                      A) atmospheric monitoring program and  
                      B) the gamma-ray and/or cosmic-ray science 
                      and write it down.  Figure out what really matters! 
               Consider the interdisciplinary uses for your system, and how to report results 
 
 
Looking ahead: 
          Next generation instruments pose interesting atmospheric challenges 
 CTA (atmospheric precision frontier)  
                 JEM-EUSO  (atmospheric global frontier) 
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