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Imaging Atmospheric Cherenkov Telescopes

An introduction into ground-based gamma-ray astronomy
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VHE Astronomy - Crab Nebula

VHE
>50 GeV
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VHE Astronomy - Crab Nebula

VHE
>50 GeV

Crab Nebula among the 
strongest sources:

>1 TeV:  7 photon/m2/y 
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VHE astronomy:

energy, direction, particle type

Gamma-
Photon

Particle shower

Cherenkov 
Light

Cherenkov light 
from air showers:
weak, short (~ns), 
blue flash of light

Earth

Atmosphere
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Photon absorption - Energy loss of electrons/positrons

radiation length:
mean distance over which a high-energy electron losses all but 1/e of its energy by Bremsstrahlung

7/9 of mean free path for pair production by high-energy photon

in air: X0 = 37.15 g/cm2

electron energy
en

er
gy

 lo
ss
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Extensive Air Showers: Heitler model

electron energy drops < 84 MeV: ionization 
losses dominate; end of cascade

EC= E0/128

Stanev 2010
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Longitudinal distributions
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15.7 MeV electrons passing 
through two thin gold foils

Multiple Coulomb Scattering

projected scatter angle: distribution with Gaussian width:

p, βc, and z are the momentum, velocity, and charge 
number of the incident particle, and x/X0 is the thickness 

of the scattering medium in radiation lengths

detailed description:
Molière theory
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Lateral distribution
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Lateral distribution



emitted when velocity v of charged particle exceeds local speed of light:

nv/c = nß > 1

(n = local refractive index)

light is emitted along a cone with half opening angle θ:

cos θ = 1 / (ßn)

number of Cherenkov photons per path length x:
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Cherenkov Radiation

Pavel Alekseyevich 
Cherenkov

(Nobel price1958)
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Density - refractive Index
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Density - refractive Index
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charged
particle

150 m

~1.3 deg at sea level

θ

Cherenkov radiation: emission angle

light is emitted along a cone with half opening angle θ:

cos θ = 1 / (ßn)
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charged
particle

150 m

θ

Cherenkov radiation: emission angle

light is emitted along a cone with half opening angle θ:

cos θ = 1 / (ßn)

Cherenkov photon 
impact point 
on the ground
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Lateral distribution of Cherenkov photons on the ground

typical mirror area: 100 m2
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Lateral distribution of Cherenkov photons on the ground

light pool ~130 m

typical mirror area: 100 m2
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Lateral distribution of Cherenkov photons on the ground

light pool ~130 m

energy

typical mirror area: 100 m2
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Particle lateral distributions



Gernot Maier  |  Imaging Atmospheric Cherenkov Telescopes |  Jun 2011 

KASCADE air shower array

VERITAS
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Cherenkov photon arrival times
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Shower fluctuations

randomly selected showers with 80 GeV primary photon energy
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Shower fluctuations

number of Cherenkov photons 
per shower fluctuates by a 
factor of 1.1-2
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Shower fluctuations

number of Cherenkov photons 
per shower fluctuates by a 
factor of 1.1-2



Gernot Maier  |  Imaging Atmospheric Cherenkov Telescopes |  Jun 2011 

Geomagnetic Field
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fluorescence,
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! detectors

 ~1 m  thick

composition of part.
at ground level
(after 25 X0, 11 int)

! 80 % photons
! 18 % electrons
! 1.7 % muons
! 0.3 % hadrons
! 106 secondary part.
 from 1015 eV proton

~ 20km height

c
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γ-ray protonCherenkov photons on ground

γ-ray

proton

Proton vs Gamma-ray showers
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Atmosphere - Pressure profile variations
a.

u.
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Atmosphere

K. Bernlöhr (2000)
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MODTRAN, K.Bernlöhr (2000)

site dependent: use MODTRAN to calculate exact values

Atmospheric extinction
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MODTRAN & K.Bernlöhr (2000)

Atmospheric extinction
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Cherenkov radiation: wavelength distribution

1/λ2  
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Telescopes
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first TeV gamma-ray observatory in the US

T.Weekes astro-ph/0811.1197



Gernot Maier  |  Imaging Atmospheric Cherenkov Telescopes |  Jun 2011 

completed in 1968
upgrade with 
imaging camera 
proposed 1977
first detection 
(Crab Nebula) 
1986
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VERITAS

MAGIC

H.E.S.S.

TACTIC
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Davies-Cotton f/1.0-1.4 optics

12 m diameter reflector 
(110 m2 mirror area)
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shower

shower 
maximum at
8-10 km 
altitude

al
ti

tu
de

focal plane

mirror

Imaging Atmospheric Cherenkov Telescopes
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shower

shower 
maximum at
8-10 km 
altitude

al
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focal plane

mirror

Image in the focal
plane

Imaging Atmospheric Cherenkov Telescopes



• 499  PMTs (Photonis XP 2970/02)

• 0.15o pixel separation, 3.5o field of view

• light concentrator

• 500 MSample/s flash ADC (2 ns)

• 8 bit dynamic range (dual range)

• typical data rate 6 Mbyte/s per telescope

• dead time for typical array rate of 300 Hz is 
8-10%
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Camera, electronics and data acquisition

FADC SAMPLES

48 ns

3.5o FOV
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atmospheric 
extinction
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atmospheric 
extinction

mirror reflectivity
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atmospheric 
extinction

mirror reflectivity
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Background....

(for a mid-size CTA telescope)
H

.P
ro

ko
ph

Level 1 (Pixel) Trigger:
Constant fraction discriminators with 
rate feedback
 (typical threshold at 50 mV or ~4-5 
photoelectrons)

Level 2 (Pattern) Trigger:
Recognize patterns of trigger pixel in 
the camera 
(default is three adjacent pixels in a 
time window of 6 ns) 

Level 3 (Array) Trigger:
Telescope coincidence trigger 
(i.e. in a time window of ~100 ns)
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Tracking

V
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Delay from burst T0 to the beginning of VERITAS observations

slew speed in the order of 1 (VERITAS) - 5 (MAGIC) deg/s  
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Field of View

Vela Supernova Remnant

ROSAT

3.5 deg

GRB 091123
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Visibility

useful tool: http://tevcat.uchicago.edu/ 
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Observational Constrains

VERITAS 2010

MonsoonM
oo

n
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Sky Coverage - 1 day

typical field of view: 3.5 - 5 deg
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Sky Coverage - 1 day

typical field of view: 3.5 - 5 deg
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Sky Coverage - 1 week

typical field of view: 3.5 - 5 deg
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Sky Coverage - 1 month

typical field of view: 3.5 - 5 deg
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Sky Coverage - 1 year

typical field of view: 3.5 - 5 deg
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Sky Coverage - 1 year

typical field of view: 3.5 - 5 deg

large parts of the sky unexplored at energies >100 GeV
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IACT Analysis
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IACT Analysis
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(each frame 2 ns long)

Gamma-ray Events - Monte Carlo Simulations



X

Image 
Telescope 2

Image 
Telescope 1 Image 

Telescope 3

Image 
Telescope 3

typical reconstruction 
accuracy: 0.10 (per event)
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γ-ray

cosmic ray
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background suppression

angular resolution single most important 
factor for background suppression 

(for point sources only)
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Background Models
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Angular Resolution

X

Image 
Telescope 2

Image 
Telescope 1 Image 

Telescope 3

Image 
Telescope 3

Limitations

lateral spread of shower 
(multiple scattering)

gamma-ray collection efficiency

geomagnetic field

number of telescopes

array geometry

optical point spread function

pixel size
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Angular Resolution and Geomagnetic Field
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Energy Resolution

Limitations

shower-to-shower fluctuations
(height of emission maximum)

Poisson statistics

background noise (NSB)

shower core reconstruction
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Systematic Error in Energy Reconstruction

Albert et al (MAGIC) 2008

typical systematic uncertainty on flux: 15-20%
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Effective Areas 

zenith angle
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energy threshold



n0 > RγT

TRγ√
TηCRRCRΩ

> σ
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Detectability of a source

criteria for detectability of a source during an exposure time T

a minimum number n0 (5...10) of gamma rays must be detected:

the gamma-ray signal must be significant above the 
fluctuations in the background

efficiency of 
analysis cuts

background 
detection rate

solid 
angle

significance
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Li & Ma significances

Likelihood ratio method after Li & Ma (1983): 



Gernot Maier  |  Imaging Atmospheric Cherenkov Telescopes |  Jun 2011 

Sensitivity
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Next-generation instruments
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Sensitivity Improvements

Low energies
limitation: photon 
collection
large telescopes with >20 
m diameter
energy threshold: some 
10 GeV

Midsize telescopes
limitation: gamma/hadron 
separation
telescopes with ~12 m 
diameter
energy range:
100 GeV - 10 TeV

High-energy 
section
limitation: effective area
telescopes with ~4-6 m 
diameter
energy range:
> 5 TeV
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Sensitivity Improvements

Low energies
limitation: photon 
collection
large telescopes with >20 
m diameter
energy threshold: some 
10 GeV

Midsize telescopes
limitation: gamma/hadron 
separation
telescopes with ~12 m 
diameter
energy range:
100 GeV - 10 TeV

High-energy 
section
limitation: effective area
telescopes with ~4-6 m 
diameter
energy range:
> 5 TeV
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Schwarzschild- 
Couder Optics
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