
Radboud Universiteit Nijmegen

Afdeling Sterrenkunde

Jörg R. Hörandel

Astroparticle Physics – 2014/15
Werkcollege 7 – 05.11.2014

Problem 20 Electron-to-muon ratio in air showers
Extensive air showers are initiated by interactions of high-energy cosmic rays with
atomic nuclei in the atmosphere. Discuss qualitatively the difference between air
showers induced by protons and by iron nuclei with the same total energy.

Which particle interacts (on average) higher up in the atmosphere? Hint: the cross
section of a nucleus with mass number A is σA ∝ A2/3.

Which particle (proton or iron nucleus) yields on average secondary particles with
a larger mean energy? How does this influence the decay of (unstable) secondary
particles?

Consider the decay of pions into muons. Which primary particle (proton or iron
nucleus) yields more muons in the atmosphere? Hint: the considerations related to
Problem 19 are important.

Consider energy conservation, i.e. assume the total energy of an air shower is the
sum of the energy in the electromagnetic and the muonic component. A useful
quantity to characterize an air shower is the ratio of the number of electrons to the
number of muons in the shower e/µ-ratio. Which primary particle (proton or iron
nucleus) yields the larger e/µ-ratio?

Problem 21 Cherenkov detector
Particles are registered with a Cherenkov detector in an air shower experiment. The
detector is filled with water (index of refraction n = 1.33). The particles move at
the speed β = v/c through the medium. Show that the angle Θ between the particle
trajectory and the radiation direction of the Cherenkov radiation is given as

cosΘ =
1

βn

Calculate Θ for relativistic particles.

Calculate the minimum energy of protons, muons, and electrons to radiate Cherenkov
radiation (Cherenkov threshold).

see reverse side!



For Problem 22 and 23: use the attached background material to make yourself familiar
with the Heitler model of air showers.

Problem 22 Electromagnetic cascades
High-energy electrons and photons impinging on matter initiate electromagnetic
cascades.

Discuss the development for an incoming electron and a photon.

Assume a simple Heitler model for electromagnetic cascades and calculate the mean
particle energy in the nth shower generation.

The maximum number of particles is reached when the mean particle energy equals
the critical energy. Calculate the depth of the shower maximum.

Calculate the number of electrons at shower maximum and the depth of the shower
maximum of an electromagnetic cascade in air for an initial energy of Eγ = 10 TeV
and 10 PeV, respectively. (in air: X0 = 36.66 g/cm2, Ee

c = 85 MeV)

Problem 23 Hadronic showers - Heitler model
A Heitler-type model can be adopted to describe the development of hadronic show-
ers in the atmosphere.

Calculate the number of electrons and muons at shower maximum for a primary
particle with energy E and mass number A.

Calculate the depth of the shower maximum for a particle with energy E and mass
number A.

How do the observed quantities (electron-to-muon ratio and shower maximum) de-
pend on the mass of the shower-inducing particle?

The solutions will be discussed during the tutorial on 05.11.2014 at 8:30 in
HG03.054.
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