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What we want to measure.

• For each event. 

• identification (probability that it is a gamma ray) 
• energy 
• direction 
• time 
• (do not measure photon polarisation) 

 

• (obviously we want to measure as many events with best possible precision) 
• (replace "gamma ray" by the particle of interest)
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Fluxes and spectra.
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.. in general: 
• low fluxes (10-10 photons/cm2/s) 
• spectra with power-law like shape 
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Ajello et al (2017); arxiv:1702.00664

Flux above 10 GeV

Fermi LAT observations 2008-2017

Fermi LAT 
~1 m2 of effective area
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Emission and Propagation  
(outside of atmosphere)

Air shower 
development

Detector (optics, 
trigger, signal 

shaping, digitisation) 

Cherenkov light 
propagation, 

scattering, absorption

Background

Air showers are complicated: use Monte Carlo simulations.
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Optical imaging. 
Photodetectors. 
Triggers. 
Readout.



Atmosphere. 
Nature's calorimeter.
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Atmosphere.

• composition: 78% N2, 21% O2, 0.9% Ar. 
• density (isothermal approximation): 
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scale height: 

• (for air shower simulations: need to be better than isothermal approximation) 

• actual matter traversed by air shower: slant depth / thickness 



Atmosphere.
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Atmosphere.
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Atmosphere.
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Entries  1000
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Entries  1000
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Thickness vs zenith angle.
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~1/cosΘ (for flat earth)

Anchordoqui et al.  2004



Flat earth.
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~4% difference in thickness at 80 deg for curved atmosphere

Bernlöhr 2000



Air showers. 
Primary Gamma.

2.1. AIR SHOWERS

Fig. 2.1: a) Schematic view of the development of the two di↵erent types of air showers:
electromagnetic (left) and hadronic (right) [Otte (2007)].
b) Monte-Carlo simulations of extensive air showers show the longitudinal developments
of a cascade initiated by a single 100 GeV photon and a single 100 GeV proton. Red
tracks are used to indicate electrons, positrons and gamma rays. [Schmidt (2005)]7

Pair Production

Bremsstrahlung



Bremsstrahlung.
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Pair production.



Energy losses of photons.
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Particle Physics Review

Pair production



Energy losses electrons.
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Particle Physics Review

Bremsstrahlung

Ionisation losses



Radiation length.

| IACT Detection Principles | Gernot Maier 17

characteristic amount of matter traversed by 
electrons/positrons or photons 

mean distances over which a 
high-energy electron reduces its 

energy by a factor 1/e

7/9th of the mean free path for 
pair production for a high-energy 

photon

From fit to data (Dahl):

mixtures: 

wj: fraction by weight

<latexit sha1_base64="dWI7uMohch8SAZg2cX856FHds2I=">AAACGHicbVC7TgJBFJ3FF+ILtbSZSEwsDOziA2OF2lhiIo8EVjI7DDBh9pGZuway2c+w8VdsLDTGls6/cYAtFDzJJCfnnJs79ziB4ApM89tILS2vrK6l1zMbm1vbO9ndvZryQ0lZlfrClw2HKCa4x6rAQbBGIBlxHcHqzuB24tefmFTc9x5gFDDbJT2PdzkloKV2ttACNoTomsurGLdOcKMdmZqQIJD+EJ+WtDRL9ArUjR+L7WzOzJtT4EViJSSHElTa2XGr49PQZR5QQZRqWmYAdkQkcCpYnGmFigWEDkiPNTX1iMuUHU0Pi/GRVjq460v9PMBT9fdERFylRq6jky6Bvpr3JuJ/XjOE7qUdcS8IgXl0tqgbCgw+nrSEO1wyCmKkCaGS679i2ieSUNBdZnQJ1vzJi6RWzFsX+fP7s1z5JqkjjQ7QITpGFiqhMrpDFVRFFD2jV/SOPowX4834NL5m0ZSRzOyjPzDGP7xjnvg=</latexit>

Air:X0 ⇡ 37 g/cm2

Scale variable frequently used:



Radiation vs ionisation losses - Critical energy.
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Air:Ec ⇡ 85MeV
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dE/dX = �↵(E)� E/X0



Heitler model.
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(introduced by Carlson & Oppenheimer 1937)

Simplification: 

• one "electron-photon" particle 
• initial energy E 
• any interaction leads to two new 

particles of energy E/2 
• characteristic splitting length  X0 
• critical energy EC



Heitler model.
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(introduced by Carlson & Oppenheimer 1937) Shower development stops at 

<latexit sha1_base64="OE7+cY/Vjh+kKbx1d5sQM8yY9Aw=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclaT42ghFKbisYB/QxjCZTtqhk0mYmSgl5lPcuFDErV/izr9x2mahrQcuHM65l3vv8WNGpbLtb2NpeWV1bb2wUdzc2t7ZNUt7LRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7o+uJ334gQtKI36lxTNwQDTgNKEZKS55Z6gUC4bSepdV7nl3WPeyZZbtiT2EtEicnZcjR8MyvXj/CSUi4wgxJ2XXsWLkpEopiRrJiL5EkRniEBqSrKUchkW46PT2zjrTSt4JI6OLKmqq/J1IUSjkOfd0ZIjWU895E/M/rJiq4cFPK40QRjmeLgoRZKrImOVh9KghWbKwJwoLqWy08RDoLpdMq6hCc+ZcXSatacc4qp7cn5dpVHkcBDuAQjsGBc6jBDTSgCRge4Rle4c14Ml6Md+Nj1rpk5DP78AfG5w/wt5PO</latexit>

E

2n
= Ec

Maximum number of particles

<latexit sha1_base64="ULn2Vn0JjSKzrKynPFTJ++v4MN4=">AAACHXicbZDLSgMxFIYz9VbrrerSTbAortqZUi8boSgFV1LBXqAzDpk004ZmMkOSEcvQF3Hjq7hxoYgLN+LbmLaz0NYfAl/+cw7J+b2IUalM89vILCwuLa9kV3Nr6xubW/ntnaYMY4FJA4csFG0PScIoJw1FFSPtSBAUeIy0vMHluN66J0LSkN+qYUScAPU49SlGSltuvnLtJgF6GMHDc1i+49C2p5TYLOy5ZVgr1Vw8gqlfgyWo726+YBbNieA8WCkUQKq6m/+0uyGOA8IVZkjKjmVGykmQUBQzMsrZsSQRwgPUIx2NHAVEOslkuxE80E4X+qHQhys4cX9PJCiQchh4ujNAqi9na2Pzv1onVv6Zk1AexYpwPH3IjxlUIRxHBbtUEKzYUAPCguq/QtxHAmGlA83pEKzZleehWS5aJ8Xjm0qhepHGkQV7YB8cAQucgiq4AnXQABg8gmfwCt6MJ+PFeDc+pq0ZI53ZBX9kfP0A40+dbA==</latexit>

Nmax = 2n

= 2log2 E/Ec

= E/Ec

Shower maximum at

<latexit sha1_base64="vVwVAFyNVZCNhvdrQctAfMVRmns=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRLxtSyWgssKtg00IUymk3boJBNmJmIJ+QM3/oobF4q4devOv3HaZqGtBwYO59zLnXOChFGpLOvbKC0tr6yuldcrG5tb2zvm7l5H8lRg0sacceEESBJGY9JWVDHiJIKgKGCkG4waE797T4SkPL5T44R4ERrENKQYKS355rHjZxF6yKGbCJ4oDh3fgi7jA+iGAuGsmWdNv5H7ZtWqWVPARWIXpAoKtHzzy+1znEYkVpghKXu2lSgvQ0JRzEhecVNJEoRHaEB6msYoItLLpnlyeKSVPgy50C9WcKr+3shQJOU4CvRkhNRQznsT8T+vl6rwystonKSKxHh2KEwZ1Lkn5cA+FQQrNtYEYUH1XyEeIt2D0hVWdAn2fORF0jmt2Re189uzav26qKMMDsAhOAE2uAR1cANaoA0weATP4BW8GU/Gi/FufMxGS0axsw/+wPj8AV1BnD8=</latexit>

Xmax / X0 log
E

EC



Heitler model.
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(introduced by Carlson & Oppenheimer 1937) Shower development stops at 
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Heitler model.
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(introduced by Carlson & Oppenheimer 1937)
Simplification: 

• one "electron-photon" particle 
• initial energy E 
• any interaction leads to two new 

particles of energy E/2 
• characteristic splitting length  X0 
• critical energy EC

Why is it a simplification?

Surprisingly good: 

• Xmax predictions quite good 
• e/ɣ assumed to be 2, in reality 

closer to 1/6



Heitler model.
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(introduced by Carlson & Oppenheimer 1937)
Simplification: 

• one "electron-photon" particle 
• initial energy E 
• any interaction leads to two new 

particles of energy E/2 
• characteristic splitting length  X0 
• critical energy EC

Why is it a simplification?

Lipari 2018

N
(t)
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Heitler model. Simplifications.

• particle interactions are stochastic processes 
• atmosphere is complicated (e.g., density profile) 
• analytical solutions insufficient -> Monte Carlo Methods 

| IACT Detection Principles | Gernot Maier

Simplification (what is wrong): 

• one "electron-photon" particle 
• initial energy E 
• any interaction leads to two new 

particles of energy E/2 
• characteristic splitting length  X0 
• critical energy EC



Any interaction leads to two new particles with E/2?
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Longitudinal development.

| IACT Detection Principles | Gernot Maier 25

de Naurois 2009



Electron longitudinal development.
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Non-EM particles in gamma-ray showers.
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Air showers. 
Primary Hadrons.

Why do we care?
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Hadronic showers.

| IACT Detection Principles | Gernot Maier

• different secondaries, transverse momentum, resonances, 
QCD color flows, string fragmentation, jet production, 
pomerons, parton densities, ... this is complicated... 

• absolute necessity of good models (LHC!). 
• QGSJet, Epos, Sibyl, FLUKA, URQMD, ... 

• basic picture from simplified model: 
• produce pions, muons, e-/e+, ɣ's

Energy flow. 

J.Knapp 2017 



Pions - decay vs interaction.
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Slide from Ralph Engel (2008)



Heitler Matthews Model.
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Simplification: 

• neutral pions decay immediately 
(initiate electromagnetic 
shower) 

• charged pions interact and 
initiate secondary cascade 

• cascade stops of E = Edecay 
• each charged pions produces 

one muon during decays 
• muons don't interact

Can get some basic predictions, e.g.

~ 70% (at energies relevant for CTA)

Matthews 2005

from Cazon 2018



Superposition model.
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Many more muons compared to protons: He: 3.5x; Fe 37x



Gamma vs protons.
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J.Knapp 2017



Proton shower.
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muon decay

pion decay 
(into muons)2nd interaction

3rd interaction

J.Knapp 2017
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Irreducible background from hadronic showers?
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Irreducible background from hadronic showers?
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Single Pion Dominated Events.
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Dan Parsons 
(see also Maier & Knapp 2007)



Air showers. 
Primary Electrons.

2.1. AIR SHOWERS

Fig. 2.1: a) Schematic view of the development of the two di↵erent types of air showers:
electromagnetic (left) and hadronic (right) [Otte (2007)].
b) Monte-Carlo simulations of extensive air showers show the longitudinal developments
of a cascade initiated by a single 100 GeV photon and a single 100 GeV proton. Red
tracks are used to indicate electrons, positrons and gamma rays. [Schmidt (2005)]7

Pair Production

Bremsstrahlung



Air showers. 
Lateral extension.
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Lateral extension of electromagnetic showers.

| IACT Detection Principles | Gernot Maier

determined by multiple Coulomb scattering 
(and not opening angle of pair production / Bremsstrahlung)

Scatter angle distribution not Gaussian (as expected by central limit theorem) 
single scattering important, as cross section falls off too slowly with  

Molière's Theory for multiple scatter. 
For air showers: Kamata & Nishimura (1959) and Greisen (1956) 
Implementation in air shower codes non-trivial (check EGS manual on multiple scatter)

Note: different lateral distributions for each particle type (electrons, photons, ...)



Multiple Scattering
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Hanson et al 1951



Molière's theory and the issue in academic publishing
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Cherenkov light.
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Cherenkov Light.

• polarisation of dielectric medium by 
charged particle 

• constructive interference when 
particle is faster than the emitted 
radiation (c/n) 

• emission in a cone with respect to 
the particle direction

| IACT Detection Principles | Gernot Maier

Cherenkov condition: 
<latexit sha1_base64="XBfHWWiqq16ykGCuuIVNj1anAMc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvXiMYB6YLGF20psMmZ1dZmaFsOQvvHhQxKt/482/cZLsQaMFDUVVN91dQSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSzvzThBP6IDyUPOqLHSg+wGaCi5Il6vXHGr7gzkL/FyUoEc9V75s9uPWRqhNExQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyWNUPvZ7OIJObJKn4SxsiUNmak/JzIaaT2OAtsZUTPUi95U/M/rpCa89DMuk9SgZPNFYSqIicn0fdLnCpkRY0soU9zeStiQKsqMDalkQ/AWX/5LmidV77x6dndaqV3ncRThAA7hGDy4gBrcQh0awEDCE7zAq6OdZ+fNeZ+3Fpx8Zh9+wfn4Bjyhj/0=</latexit>

n� > 1



Cherenkov.
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You can get a Nobel prize 
for your PhD...



Cherenkov emission.
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Cherenkov condition: 

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

number of Cherenkov photons per path length x:

<latexit sha1_base64="AJrCT5uRSPjfN/KajG0HwAXnLTg=">AAACB3icbVDLSsNAFL2pr1pfUZeCDBbBVUnE10YounFZoS9oSplMJ+3QySTMTIQSsnPjr7hxoYhbf8Gdf+O0zUJbD1w4nHMv997jx5wp7TjfVmFpeWV1rbhe2tjc2t6xd/eaKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vJHtxO/9UClYpGo63FMuyEeCBYwgrWRevahRyKFvPqQaoyukRdITFI3S4XnGyXr2WWn4kyBFombkzLkqPXsL68fkSSkQhOOleq4Tqy7KZaaEU6zkpcoGmMywgPaMVTgkKpuOv0jQ8dG6aMgkqaERlP190SKQ6XGoW86Q6yHat6biP95nUQHV92UiTjRVJDZoiDhSEdoEgrqM0mJ5mNDMJHM3IrIEJsotImuZEJw519eJM3TintROb8/K1dv8jiKcABHcAIuXEIV7qAGDSDwCM/wCm/Wk/VivVsfs9aClc/swx9Ynz87mJjw</latexit>

cos⇥ =
1

n�

<latexit sha1_base64="XBfHWWiqq16ykGCuuIVNj1anAMc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvXiMYB6YLGF20psMmZ1dZmaFsOQvvHhQxKt/482/cZLsQaMFDUVVN91dQSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSzvzThBP6IDyUPOqLHSg+wGaCi5Il6vXHGr7gzkL/FyUoEc9V75s9uPWRqhNExQrTuemxg/o8pwJnBS6qYaE8pGdIAdSyWNUPvZ7OIJObJKn4SxsiUNmak/JzIaaT2OAtsZUTPUi95U/M/rpCa89DMuk9SgZPNFYSqIicn0fdLnCpkRY0soU9zeStiQKsqMDalkQ/AWX/5LmidV77x6dndaqV3ncRThAA7hGDy4gBrcQh0awEDCE7zAq6OdZ+fNeZ+3Fpx8Zh9+wfn4Bjyhj/0=</latexit>

n� > 1

<latexit sha1_base64="hvKYahr24SJzkTFnN70int9S3LQ="></latexit>
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What you absolutely need 
to know.
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� = v/c  n = refractive index  z = charge

 ƛ= wavelength
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↵ = 1/137
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⇥c ⇡
p
2(n� 1) radiansgood approximation:



Index of refraction.
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refractive index in air scales with density:

(additional dependency on pressure, temperature, water vapour content)



Cherenkov angle vs electron energy
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Grieder 2010.

Thresholds for Cherenkov emission: 
Electrons: 20 MeV at sea level / 35 MeV at 10 km 
Muons: 4.5 GeV at sea level / 8 GeV at 10 km



Cherenkov emission in the Atmosphere
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refractive index in air scales with density
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~1.3 deg at sea level



Cherenkov emission in the Atmosphere
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refractive index in air scales with density
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Cherenkov emission in the Atmosphere
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refractive index in air scales with density
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(single charge moving through atmosphere)



Cherenkov emission in the Atmosphere
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refractive index in air scales with density
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(single charge moving through atmosphere)



Lateral distributions.
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Cherenkov photon  
densities on ground

10 GeV

500 GeV

Cherenkov light from air showers: 
weak (~10 ph/m2), short (~ns),  
blue (300-550nm) flash of light



Lateral distributions.
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Cherenkov photon  
densities on ground

10 GeV

500 GeV

Cherenkov light from air showers: 
weak (~10 ph/m2), short (~ns),  
blue (300-550nm) flash of light



Lateral distributions
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KASCADE air shower array

VERITAS

100 m distance

13 m distance



Lateral distributions
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KASCADE air shower array

VERITAS

100 m distance

13 m distance



Lateral distributions vs shower development.
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de Naurois 2009
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| IACT Detection Principles | Gernot Maier 55randomly selected showers with 500 GeV primary proton energy



Cherenkov photon arrival time.
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Proton vs Gamma-ray showers
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γ-ray protonCherenkov photons on ground

γ-ray

proton

57



Imaging Technique - Air Showers
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kole

Cherenkov light



Stereoscopy.
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Seasonal changes - density vs height.
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Example from Tucson, Arizona (1995-2010)

Changes shower development and refractive index.



Refractive index only (same density profile).
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Different atmospheric profiles.
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at 2200 m
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Propagation of Cherenkov light.

• molecular absorption bands 
 

• molecular (Rayleigh) scattering 
 

• aerosol (Mie) scattering & absorption 
 

• current simulations: scattered == absorbed 

• clouds not covered here.

| IACT Detection Principles | Gernot Maier



Atmospheric extinction.
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MODTRAN, K.Bernlöhr (2000)



Atmospheric Extinction.
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Cherenkov spectrum after extinction.
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Scattered == absorbed?
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100 TeV, vertical proton shower.



Refraction.
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Snell's law:
https://britastro.org/2019/atmospheric-refraction

Starlight up to 
2 arcmin

Cherenkov light 
is blue

Cherenkov light is emitted in the atmosphere

Thesis I. Braun (2007)
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Geomagnetic field.
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https://www.ncei.noaa.gov/products/world-magnetic-model

Field intensity (F) 
Horizontal component (H) 
Vertical component (Z) 
Declination (D) 
Inclination (H)



Geomagnetic field.
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from K.Bernlöhr



Magnetic field normal to shower direction.
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CTA South

CTA North



Geomagnetic field - impact on image reconstruction.
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Geomagnetic field - impact on sensitivity.
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(using analysis techniques ignoring the impact of the geomag. field on 
the shower development)



Geomagnetic field - 10 y change in declination.
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Summary - Cherenkov photons on the ground.
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first TeV gamma-ray observatory in the US

First detectors
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T.Weekes astro-ph/0811.1197



Backgrounds.
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Fluorescence.

• fluorescence emission from de-
excitation of N2 states (290-430 nm) 

• less efficient light emission 
for 1 GeV electron near ground: 30 photons 
from Cherenkov light vs 4 photons from 
fluorescence light (per m track length) 

• longer time profile: microseconds vs 
10s of nanoseconds

| IACT Detection Principles | Gernot Maier Keilhauer et al 2005

Morcuende et al 2005



Fluorescence.

| IACT Detection Principles | Gernot Maier 80Morcuende et al 2005

Max 5% of 
recorded 
signal



Night sky background.
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Impact of high night-sky-background light levels.
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Muons.
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K.Bernlöhr



Direct Cherenkov Light (not a background).
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Direct Cherenkov Light (not a background).
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Simulations. 

CORSIKA. 
sim_telarray. 

(others packages exist)



CORSIKA
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ICRC 1990.
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https://www.iap.kit.edu/corsika/

https://www.iap.kit.edu/corsika/



CORSIKA
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J.Knapp 2017



Cherenkov emission in the simulations.
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Large number of Cherenkov photons emitted.  
(100 TeV shower with typically 100 billion photons.

(ignoring generally wavelength dependence of 
refractive index)



Cherenkov emission in the simulations.
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Step size in CORSIKA



Bunches.
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Not all emitted Cherenkov photons will 
lead to a detection. 
Emit in bunches 

(non integer)

K.Bernlöhr



Detector level.
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sim_telarray manual



Telescopes.



Telescope Optics.
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• imaging quality - optical point-spread function 
• (non)isochronism 
• costs



Ray tracing and optical PSF.
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Optical point-spread function.
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Optimal f for each 
mirror panel

Same f for each 
mirror panel

Same f for each 
mirror panel

realistic alignmentideal alignmentideal alignment

VERITAS optics - Fegan (2006)

HESS 2 (K. Bernlöhr 2006)



Time spread - mirror design
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K.Bernlöhr  
(internal note 2009)
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Parabolic vs Davis Cotton vs Intermediate design

• optical point-spread function: 
• Davis-Cotton with smaller radial PSF than parabolic 

(especially with increased off-axis angles) 
• transverse direction PSF very similar 

• timing 
• parabolic mirror essentially isochronous 
• 12-m Davis Cotton: top-hat time distribution of 3.6 ns 

(1.05 ns rms) 

• CTA MSTs are following an intermediate design using a dish 
between Davis-Cotton and parabolic 
• almost DC-like PSF with a time spread of 0.41 ns rms
| IACT Detection Principles | Gernot Maier



Mirror reflectivity.
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Light concentrators.
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Camera Window.
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LST



Cameras.
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K.Bernlöhr



Telescopes and Camera types
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LST MST-FlashCam MST-NectarCam

SST

FOV 4.5 deg 
1855 PMTs 
hexagonal layout 
GHz sampling

FOV >7 deg 
1764 PMTs 
hexagonal layout 
250 MHz sampling

FOV >7 deg 
1855 PMTs 
hexagonal layout 
GHz sampling

FOV >9 deg 
2048 SiPMs 
squared layout 
GHz sampling
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FOV >8 deg 
11328 PMTs 
squared layout 
GHz sampling

MST-SCT



Quantum and photodetector efficiencies.
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Efficiencies.
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Trigger and readout - oversimplified.
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Single photo electron response.
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(same as left - zoomed!)



Telescopes and Camera types
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VERITAS Events
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Typical readout rate: 350 Hz 
Signal rate from a strong source 0.3 Hz



VERITAS Events
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