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Detectors for UHECRs
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Surface detectors
array of detectors at one atmospheric level


✓ total area chosen depending on the primary 
energy, and thus on the rate to be studied:                                                                  
~105 m2 for the knee region  (e.g. EASTOP)                          
3000 km2 for the UHE region (e.g.Auger)


✓ separation between modules matching the 
footprint of the shower at the observation level:                                                           
~tens of m (knee region),                                                             
~ hundreds to km (UHE region)


✓ active area << total area :                                                           
~3 10-3 (EASTOP), ~5 10-6 (Auger)


observables

✓ signals  (number of charged 

particles) in the modules : EM, 
muonic, hadronic components


✓ time of arrival of the particles



4

PAMIR (G.Zatsepin, 1946)


✓ 3860 m asl, USSR

✓ array of Geiger-Muller counters + ionization 

and cloud chambers

✓ energies up to the knee

AGASSIZ (B.Rossi, MIT, 1956)


✓ array of 15 plastic scintillators (1 m2 
each) with PMTs


✓ energies up and above the knee


✓ density sampling ->core

✓ fast timing -> arrival direction

From small arrays…
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Volcano Ranch (New Mexico, 1957-63)


✓ array of 19 plastic scintillators (3.3 m2 each) 
~8.1 km2 

✓  first detection  of an event with E ~ 1020 eV

Haverah Park (UK, 1967-87)


✓ array of 200 water Cherenkov tanks over an 
area ~ 12 km2


✓mutual distances from 150 m to 2 km :

         4 events with E ~ 1020 eV

…to giant experiments



AGASA  (Japan, 1990-2004)


✓ array of 111 scintillator stations (2.2 m2 each)    
+ 27 muon detectors


✓  over an area ~ 100 km2

✓mutual distances ~1 km 

✓ ~10 events with E > 1020 eV

Yakutsk      (Siberia, 1969-95)


✓ surface and undergound detectors over an 
area ~ 18 km2  

✓mutual distance from 100 to 500 m

SUGAR    (Australia, 1968-79)


✓ array of 56 pairs of scintillators buried 1.7 m 
underground over an area ~ 60 km2


✓mutual distances ~1.6 km, too big

…to giant experiments



7

mirrors collect the total light emitted along the shower track 
visible in the field of view and focus it onto a multi-pixel 
(multi-PMT) camera

several mirrors can be combined for a larger FOV


✓ fast and sensitive electronics

✓ clear, moonless nights:  ~10% duty cycle

✓mandatory monitoring of atmospheric conditions: 

Rayleigh (molecular) and Mie (aerosol) scattering

Fluorescence detectors

three contributions


✓ the particles of an EAS excite nitrogen molecules in the atmosphere, which subsequently radiate 
UV fluorescence light isotropically 


✓ charged shower particles travel faster than the speed of light in air, leading to the emission of 
direct Cherenkov light.


✓ due to the charged particles scattering, scattered Cherenkov light is also present. 




8

Fluorescence detectors
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Fluorescence detectors
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Atmospheric monitoring

Molecular attenuation:

elastic (Rayleigh) or inelastic (Raman) 
Very little dependence on molecular density variations

Aerosols attenuation:

Smoke (landfires) 
dust 
sand (windborn) 

Most variable term contributing to transmission 
Need for extensive monitoring with different instrumentation

Clouds
false profiles (holes/bumps) can be induced by absorption 
of light in clouds or side-scattering of Cherenkov beam
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Atmospheric monitoring at Auger
Weather stations

Central Laser Facility + Raman Lidar

FRAM

Elastic Lidars

IR Cloud Cameras

Balloon 
Lauch 
Station
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Fly’s Eye (Utah, 1981-93)


✓ first array: 67 modules each with a spherical 
mirror (1.6 m diameter) + 12-14 PMTs, 5x50 sky 
region


✓ second array: 36 modules at 3.4 km from the 
other

Cornell (USA, 1964-67)


✓ triangle of stations at 11, 16, 12 km

✓ in 1965, imaging system with mosaic 

segments

✓ too bad atmosphere

✓ too small lenses

INS-Tokyo (Japan, 1968)


✓ Fresnel lens 1.6 m diameter + 27 PMTs 
in the focal plane


✓ first fluorescence light  from EAS> 5 
1018 eV 

✓ technical problem with lenses

The old ones…

largest event ever ! 
3.2 1020 eV 
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…more recent ones…

HiRes (Utah, 1994-2004)


✓HR-I: 21 mirrors, 3600 in azimuth, 
3-170 in elevation


✓HR-II: 42 mirrors, 3600 in azimuth, 
3-330 in elevation


✓ can see showers up to ~ 40 km


HiRes-II



Loma Amarilla

Coihueco

Los Morados

Los Leones
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The hybrid approach: Pierre Auger Observatory

 1661 Water-Cherenkov stations:     SD1500 : 1600, 1.5 km grid;   SD750: 61, 750 m grid
  4 Fluorescence Sites:     24 telescopes, 1-300 FoV   + 3 High Elevation Telescopes, 30-600 FoV

3000 km2

  Engineering arrays: 153 Radio antennas (AERA); 24 Underground Muon Detectors (UMD)



Loma Amarilla

Coihueco

Los Morados

Los Leones
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The hybrid approach: Pierre Auger Observatory

 1661 Water-Cherenkov stations:     SD1500 : 1600, 1.5 km grid;   SD750: 61, 750 m grid
  4 Fluorescence Sites:     24 telescopes, 1-300 FoV   + 3 High Elevation Telescopes, 30-600 FoV

3000 km2

  Engineering arrays: 153 Radio antennas (AERA); 24 Underground Muon Detectors (UMD)



Middle Drum

Long Ridge
Black Rock Mesa
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The hybrid approach: Telescope Array

 507 plastic scintillator detectors:     1.2 km grid, 3000 km2

  3 Fluorescence Sites:     38 telescopes, 3-310 FoV (MD: refurbished FD from HiRes, LR,BR: new FDs]

700 km2
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UHECR detectors

Pierre Auger 
Observatory 
[35.20S, 69.20W]

Telescope 
Array 

[39.20N, 112.50W]
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Fluorescence detectors

Auger TA

48 FD in 3 stations 

Mirrors: 
14 5.2 m2 mirrors in site Middle Drum  
12 6.8 m2 mirrors in sites Black Rock Mesa 
and Long Ridge 
256 pixels/camera 
+ 10  high elevation mirrors in TALE

24 FD in 4 station 
+3 high elevation mirrors in HEAT 

10 m2 mirror 
440-pixel camera 
UV filter  
Corrector lenses
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Radio antennas - AERA at Auger

E (30-80 MHz) =15.8MeV@1018 eV  
inclined air showers can be detected by a 
sparse antenna grid (> 1 km mutual 
distance)

~150 antennas  

~17 km2  

30-80 MHz 
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Direct muon detection
61 muon detectors shielded by 2.3 m of soil  
Each detector: 30 m2  - 23.4 km2  instrumented 

750 m spacing 

Direct measure of muons 
Full efficiency study of the lower energy region 
(transition) 
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…very unusual labs !



...unusual UHE Labs !

The Pierre Auger 
Observatory
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The hybrid approach

Lateral distribution 
(particle densities wrt 

shower core 
distance)

Longitudinal profile (energy 
release along shower path in 

atmosphere)

Arrival time 
distribution in 
each SD tank
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Auger Public Data Release

https://opendata.auger.org/

DOI:10.5281/zenodo.4487613
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Example : an Auger SD event
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Example : an Auger multi-hybrid (4 FD) event
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Example 4: an Auger multi-hybrid event



Example 4: an Auger multi-hybrid event



Mass Energy

Anisotropy

OBSERVABLES

Source 
identification

[modified from arXiv:2205.05845]

Shower 
physics

UHECRs (E>1017 eV) connections
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The exposure
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The Auger energy spectrum

40

Auger Coll., Phys.Rev.D102 (2020) 062005
Auger Coll., Eur. Phys. J. C 81 (2021) 966
V.Novotny, PoS(ICRC2021) 324
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Comparison Auger/TA

good agreement in the common declination 
band (-150<δ<24.80) within systematics up to 
~30 EeV

further energy dependent rescaling +10% per 
decade needed to restore agreement at the 
UHE - studies ongoing

PAO+TA working group, ICRC2021

Main differences Auger/TA 
•if Einv(Auger) is used in TA  :    ETA x 1.07
• if FY(Auger) is used in TA  :     ETA x 0.86
•+ differences in the method of correlating the SD 

observable with E: constant intensity cut in Auger, look-up 
tables based on QGSJetII-03(proton) for TA
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Comparison Auger/TA
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1- Setting the stage 
• sources

• acceleration

• propagation from sources to 

Earth

• extensive air showers


2- Techniques 
• surface, fluorescence, radio   

detectors

• from old to modern Observatories 

• the experimental observables

• the energy spectrum


3- What have we learnt? 
• anisotropy of UHECRs

• mass composition

• multi-messengers

• the future of the field
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Backup slides
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The angular resolution

It depends on 
• the multiplicity of the triggering stations 
• the precision on the arrival times  
• the model to fit the shower front 

Better than 10 for ≥ 6 stations
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Energy resolution

Systematic uncertainties 
on the energy scale
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Xmax resolution

Systematic 
uncertainties on Xmax
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Example : an Auger vertical SD event
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Example : an Auger inclined SD event


