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Problem 22 Stochastic acceleration
Relativistic protons are accelerated at a shock front. At each crossing of the shock
the particles gain ξ = 20% energy. The probability to again cross the shock is
P = 80%.
Derive the form of the energy spectrum an calculate the spectral index γ.

Problem 23 Second order Fermi acceleration
Particles are accelerated at magnetic clouds with a speed V = 10−4 c. Calculate
the time needed to accelerate particles form an energy of 100 MeV to 1 PeV. The
diffusion coefficient of cosmic rays in the Galaxy is D = 1028 cm2/s.

Compare this time to the confinement time of cosmic rays in the Galaxy.

Consider the first interaction of a cosmic ray particle with a cloud. Calculate the en-
ergy gain in the first interaction and compare it to the energy loss through ionization
in the interstellar medium. Assume ρ = 1 H/cm3 and dE/dx = 2 MeV/(g/cm2).

Hint: the mean free path between two clouds can be estimated from D.

Problem 24 First order Fermi acceleration
Assume particles are accelerated at the strong shocks of Tycho’s supernova. The
shell has an expansion speed of about 4600 km/s. How many crossings of the shock
front are needed for a particle to be accelerated from 100 MeV to 1 PeV.

Assume, it takes 30 000 years to accelerate the particle. Estimate the thickness of
the diffusion region around the shock in which the particles propagate during the
acceleration process.

Compare the thickness of this region to the radius of the shock (r = 1.15 kpc).

Problem 25 Hillas diagram
The Hillas condition describes the relation between the size and the magnetic field
strength of a cosmic accelerator. It can be used to estimate the capability of astro-
physical objects to accelerate particles to a certain energy.

In astrophysical units the Hillas condition is

BµG · Lpc >
2 · E15

Z · β
,

BµG is the strength of the magnetic field in µG, Lpc the size of the acceleration region
in pc, E15 the energy of the particles in units of 1015 eV, Z the nuclear charge of the
particles, and β the velocity of the particles in the center of mass reference system.



Draw a Hillas diagram, i.e. magnetic field strength vs. size for Pulsars, SNRs, Radio-
Galaxies, and Sun spots.

The LHC accelerator at CERN is able to accelerate protons up to E = 14 TeV. By
using the Hillas condition, compute the magnetic field which would be required to
accelerate iron nuclei up to E = 1020 eV. Is the found value feasible?

The solutions will be discussed during the werkcollege on 13.10.2016 in HG01.029.
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