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& gamma‐ray 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(introducPon) 



DETECTABLE  RADIO SIGNAL? 



EAS RADIO DETECTION: 

SYNCHROTRON RADIATION 



 From Cyclotron to Synchrotron radiaPon 

•  F = e (v⊥ B) = γ m v⊥2 / rg              modules & IvI = v⊥   
•  rg = γ m v⊥ / e B =  v⊥  / ωg 

•   ωg = e B / γ m  
•  Τ =2 π γ m / e B 

•  If φ’ isotropic in rest‐frame φ in lab: 
•  sin (φ) = [sin (φ’) / (1+βcos(φ’)] / γ
               => beamed inside cone opening  α ~ / γ
•  Δtobs = (T α / 2 π) (1‐v/c) =          [(1‐v/c) Doppler term]  
         = 2 π γ m / (e B) 1/ γ / (2 π) (1/2γ2) 

      νsync ~  1/Δtobs ~  (e B/m) . γ2           





•  νsync ~  1/Δtobs ~  (e B/m) . γ2 

•  νsynccorr = (3 e B/ 4 π m) . γ2   

   (3 x 1.6 10‐19  x 0.3 10‐4 / 4 π x 9 10‐31) 10+4  ~ 10 GHz 

  Ee ~ 50 MeV 

       
•  λ > delectron disk ~ (1‐10 m) 

•  ν = c / λ < c / 3 [m] = 3.108 / 3 = 108 s‐1 

•  ν  < 100 MHz 

coherence 





• First discovery: Jelley et al. (1965), 
Jodrell Bank at 44 MHz.  

• Theory papers by Kahn & Lerche (1968) 
and Colgate (1967) 
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• First discovery: Jelley et al. (1965), 
Jodrell Bank at 44 MHz.  

• Theory papers by Kahn & Lerche (1968) 
and Colgate (1967) 

• coherence if λrad < thickness of shower 
disk (some 10 MHz) 

• e+e– separation in geomagnetic field? 
• or geosynchrotron radiation? (Gorham/Falcke) 

A 1017 eV airshower produces a 1 GJy radio flare in 25 
ns (40 MHz bandwidth)! 

(The brightest radio source, the sun has 1MJy.) 

Allan formula (1971) from his review: 

εv = 20
Ep

1017 eV






sinα ⋅ cosθ ⋅ exp −

R
R0 (v,θ)







µV

m ⋅MHz







εν: field strength; α: angle to B-field; θ: zenith angle;�
R distance from core; R0=110 m at 55 MHz



Goal: Answer long standing question:
Are EAS observable by their radio signals ? (30-80 MHz)
 observe EAS at their maximum, 24 hrs a day! 

KASCADE-Grande used as a reference and trigger 

10 antennae in field, 
triggered by KASCADE 
(now 30 antennae) 



Beam‐forming 



•  energy ≈ 1017 eV 
•  EAS core inside antennas 
•  Θ = 25.5o,  Φ = 42.5o 

•  8 antennas were working 
   and show signals 
•  signal is coherent  

raw power  
spectra 

+ inter- 
ference 

+ beam 
forming 

event in KASCADE 



Measured EAS; 
Falcke et al. Nature 435 (2005) 

Radio Maps  
ager beam forming 

Radio signal vs muon number 

Similar iniPaPve: 
Codalema; Ardouin et al. 

Log (Energy) 



Synchrotron? 

E‐W  N‐S 

BuiPnk et al. (LOPES coll.) A&A 467(2007)385 

Isar et al. (LOPES coll.) ICRC(2007) Merida 





Moreover.. work in progress: 

•  Inclined events (…neutrinos) 
•  Depth of maximum 

•  Thunderstorm idenPficaPon 

•  Angular resoluPon 
•  Energy threshold 
•  Ultra High Energies (…Auger) 
•  Auto‐trigger 



HIGH ENERGY NEUTRINO (C.L.) 
P
R
O
G
E
N
I
T
O
R



Neutrino detectors 

•  Small cross secPon: 

around TeV, than ~ E 0.4 

Relevant νµ + N  N + X + µ



And large background: 









Scale of the array grid 

       l 
               Cherenkov photons                 
              d 

                     muon 
    θ       
         l /sin θ  

Npe ~ Nph . (l /sin θ) . l/(2 π d cos θ) . εq  > 1  

d < Nph . (l /sin θ) . l/(2 π  cos θ) . εq    

   ~ 160 302 0.2 / π ∼ 100 m    scale of array (no absorpPon)                       

PMT photocatode 













                  THE NEMO PROJECT  THE NEMO PROJECT 













AMANDA/ICECUBE 

40/70 STRINGS DEPLOYED 







An up‐going  
neutrino induced 

muon  
in IceCube 

T. Gaisser 





OpPcal properPes 







Neutrino detecPon require low 
background (e.g. deep 

underground/underwater arrays). 
At sea level it can be realized by 

“looking” in very inclined 
direcPons, i.e. selecPng very 
inclined events (~ 90 degrees). 

How select neutrino candidates? 

AUGER 





‘young’ showers  
• Wide Pme distribuPon 
• Strong curvature 
• Steep lateral distribuPon 

‘old’ showers 
• Narrow Pme distribuPon 
• Weak curvature 
• Flat lateral distribuPon 

Only a neutrino can induce a young horizontal shower ! 

ν

~ 5 µs  ~ 0.2 µs 



array 

τ lepton 

d= 50 [km] E 18  



τ lepton 

d= 50 [m] E 15  





A typical shower iniPated by a 100 PeV  
neutrino creates a total number of charged  
parPcles at shower maximum of ~ 2 107.  
The net charge is thus ~ 4 106 e 
Since the radiated power for Cherenkov 
emission grows quadraPcally with the  
charge of the emiwer, the coherent power  
in the cm‐to‐m wavelength regime is  
~10 13 Pmes greater than the  
single‐charge emission. 
(Gorham et al Phys. Rev. Lew.) 

















SLAC T486 RESULTS 

•   The showers were produced by 
28.5 GeV electrons in 10‐11 s 

 bunches of typically 109 parPcles. 

The total composite energy of 
3 . 1019 eV, with a total of ~  

2 . 1010 el. at max dev.  



AcousPc detecPon 



• High energy neutrinos interact with matter  (1% probability in 1 km of water at 1020eV ). 

• Energy is shared between a quark ad a lepton; on the average 80% to the lepton and 20% to 
the hadronic shower (≈ Joule for 1020eV neutrinos) . 

• The hadronic shower is confined  (typically a 2 cm. Radiux x 20 m length cylinder) and 
produces detectable pressure waves. 

•  the acoustic front has a typical  disk  shape('pancake'), the pressure wave is bipolar, ≈ 50 
µs period, amplitude ≅ mPa or higher depending on the initial energy and distance 

• The signal propagates for several km (attenuation lenght of 1km at 20 kHz) 

→ 
 at high energies ( ≥ 1018eV) the acoustic  detection may be an alternative  to 

Cerenkov light detection (attenuation lenght ≅ 50 m) 

Why acoustic detection ? 





ACOUSTIC ATTENUATION 



Hydrophone Calibration at ITEP 
ITEP & ROMA (University)  

Water tank 
50.8 cm × 52.3 cm × 94.5 cm  

proton beam 
100 and 200 MeV 

hydrophone 



ACOUSTIC TEST ON P‐BEAM 



Scheme of the acousPc experiment 

H4 (19 m) 

ScinPllator detectors (EAS trigger) 

50 m 

H3 (14 m) 

 H2 (9 m) 

 H1 (4 m) 
B3 (4 m) 

B6 (4 m) 

B4 (4 m) 

lake Baikal 

hydrophones (name and depth shown) 

G7 (9 m) G8 (9 m) 

March, 23 – April, 4 2003 

50 m 30 m 



An example of detected sound (hydrophones H1‐H4,G7,G8) 

A
rb
itr
ar
y 
un

its
 

energy deposiPon in water E = 3.2 E+17ev, distance 0.32m (compared to the model of G.A.Askarian ) 

? 



Neutrino detectors 

•  Cherenkov in ice/water  1013 – 1015 eV 
– Towards km3 

•  Horizontal showers 
•  Radio inclined showers /  geo‐synchrotron 
•  Radio Askaryan / Cherenkov 

– Ice/space, ice/ground, moon, salt…. 

•  AcousPc 
•  ………   



GAMMA RAY PRIMARIES 

DIRECT     (E γ < 50 GeV) 

     & 

GROUND BASED (E γ > 50 GeV) 



EGRET 
EnergePc Gamma‐Ray Experiment Telescope 



EGRET 
EnergePc Gamma‐Ray Experiment Telescope 

γ

e+ e‐ 

e.m. cascade 

I γ / I cr ~ 10 ‐4 



       EGRET 

EffecPve detecPon area = f(E) 

60 MeV 

200 MeV 

1 GeV 

Point‐spread funcPon 

(angular resoluPon) 

1° 

100 
MeV 

10 
GeV 



High energy region (30 MeV‐100 GeV) 

  γ‐ray conversion into e+e‐ pair 
  Tracker 
    ConverPng material + 
    detecPon planes 
→ direcPon measurement 

  Calorimeter 
→ energy measurement 

  AnPcoincidence dome 
→ remove charged parPcles  The GLAST Large Area Telescope 

(launched in 2008) 



High energy region (30 MeV‐100 GeV) 

  γ‐ray conversion into e+e‐ pair 
  Tracker 
    ConverPng material 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detecPon 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→ direcPon 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→ energy measurement 

  AnPcoincidence dome 
→ remove charged parPcles  The GLAST Large Area Telescope 

(launched in 2008) 



Old and new detectors 
Instrument EGRET AGILE GLAST 

Energy range 2 MeV-30 GeV 30 MeV-50 GeV 10 MeV-300 GeV 

Field of view 0.20 sterad. 2 sterad. 2.4 sterad. 

Angular 
resolution 

1.5°  
@ 1  GeV 0.6° 

0.12° @ 10 GeV 
4° @ 100 MeV 

Source 
location 5' to 10 '  

30 '  
 @300 MeV 

0.4 '  

ΔE/E 10 % 100 % 10 % 

Dead time 0.1 s < 100 µs < 100 µs 



γ‐ray astronomy above 100 GeV: 
Cherenkov light technique 

  Very low fluxes:  
    e.g. Crab nebula: flux( E > 1 TeV ) = 2 × 10‐11 cm‐2 s‐1 

     Large effecPve detecPon areas (>30 000 m2) needed  
     → Back to the ground 

  Use the atmosphere as a  
     huge calorimeter and  
     detect γ‐ray‐induced  
     atmospheric showers 
     through Cherenkov light:  

Light pool on the ground: 300 m diameter 



Atmospheric Cherenkov techniques 
  Only working by clear moonless nights 
   → Duty cycle ≈ 10 % or less 
  DetecPon area ≈ size of the Cherenkov light pool on 
the ground 
• Cherenkov angle ≈ 1° at  ground level 
• Light pool diameter ≈ 300 m at 2000 m a.s.l. 

  Very brief flash of Cherenkov light (a few 
nanoseconds) → need fast photodetectors 

  Eof(r)Aqe > kV B Ω Δt A qe    Eoth~kV B Ω Δt / A qe 
     need large light collectors 



Numerically: 

•  Eof(r) A qe > k V B Ω Δt A qe 
•  A > k2 B Ω Δt / (qe Eo2f(r) 2) 
•  B = 1012   ph m‐2s‐1sr‐1  
•  Ω = π θ2   ~   10‐3  sr    (1 degree) 
•  Δt = 10‐8 s 
•  qe = 0.2 
•  K = 3 
•  Eof(0) ~ 1 ph m‐2   @ 100 GeV 
•  A (100 GeV ) > 10 1012  10‐3 10‐8 / 0.2   m2  ~ 500 m2  

•   => R ~ 10 m 
             



VERITAS 
CANGAROO III 

MAGIC 

HESS I 



Present imaging atmospheric telescopes 

Experiment Number of 
telescopes 

Reflector 
diameter (m) Site 

CANGAROO 
III 4 10 Australia 

HESS I 4 12 Namibia 

MAGIC 1 17 Canaries 

VERITAS 4 12 Arizona 



A gamma‐ray 
induced 
electromagnePc 
shower 

A proton‐induced 
hadronic shower 

Small 
transverse 
momenta 

(Almost) no 
muons 

EssenPally 

e+ e‐ and 
secondary γ‐
rays 

Larger tranverse 
momenta 

Presence of muons 
from meson 
decays 

(in red on the 
figure) 

On average 

rotaPonal symmetry 

=> HIGH ANGULAR RESOLUTION  => SMALL FIELD OF VIEW => TRACKING DETECTORS 



Imaging telescopes: the cameras 

Experiment Number of 
pixels Pixel size  Field of 

view Ø 

CANGAROO III 552 0.115° 3° 

HESS I 960 0.16° 5° 

MAGIC 396+180 0.08°-0.12° 4° 

VERITAS 499 0.15° 3.5° 



Goodbye! 



High‐definiPon cameras 
(H.E.S.S.) 

  960 phototubes … 
  … equipped with 
   light collectors 
   (Winston cones). 
  Trigger electronics 
    within the camera 
    (overlapping sectors; 
    majority logic). 
  Readout from  
    analogue memories  
    (1 GHz sampling) within the camera. 
   Analogue signal integrated over 12 ns → ADC 



Stereoscopic analysis (e.g. HEGRA, H.E.S.S.) 
  Direct measurement of the γ‐ray origin in the field of 
view (important for extended sources) 

  Direct measurement of the impact on the ground 
(important for energy measurement) 



Stereoscopic analysis (e.g. HEGRA, H.E.S.S.) 

  Showers viewed by several telescopes 
  Considerable hadronic  
    rejecPon (> 1000) 
    Use constraint of 
    rotaPonal symmetry 

 Much bewer angular  
    resoluPon 
  Bewer energy  
    resoluPon 



H.E.S.S. angular resoluPon 
Angular radius around the source containing 68% of 
reconstructed origins vs. energy and zenith angle ζ 

ζ=60° 

ζ=46° 

ζ=0° 

With cutoff on 
angular distance 
from the centre of 
the field of view 


