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Relativistic Kinematics

1. Calculate the threshold energy for the reaction p + p → p + p + p̄ + p, where the target
proton is at rest. Repeat the calculation for protons bound in a nucleus N and that have a
Fermi momentum pf of 200 MeV/c. Comment on the result!

2. Imagine a supernova 100,000 light years away emitting a neutrino burst. There are three
types of neutrinos emitted at the same time, but with different masses: m1 = 0.01 eV,
m2 = 0.1 eV, and m3 = 1 eV. Let the neutrino energy be 2 MeV. Calculate the arrival
time differences between the different neutrino species.

3. Find the threshold νµ (ντ ) energy for the inverse muon (tau) decay νµ + e → µ + νe
assuming that the target electron is at rest. Why is the threshold energy so large?

4. One way of obtaining high energy intense γ beams is to backscatter a laser beam off an
electron beam (i.e. at 180◦). Let the energy of the electron beam Eel = 20 GeV and the
wavelength of the laser beam λ = 696 nm. What is the backscattered photon energy?

Vacuum Structure

5. Derive the expression for the Casimir force per unit area (based on dimensional arguments
only!)

dF

dS
= − π2

240

h̄c

L4
,

where L is the separation between two infinite conducting parallel plates using dimen-
sional arguments (i.e. ignore the constant factor π2/240). Show that the Casimir force
from the vacuum energy of fermions has opposite compared to the vacuum energy of
bosons.

It has been suggested that geckos use tha Casimir force to climb walls. What do you
think?
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6. Derive the phase shift ∆ϕAB in the Aharonov-Bohm effect

∆ϕAB =
q

h̄
ΦB ,

where ΦB is the magnetic flux through the loop delimited by two different paths.

Miscellanea

7. Do we need to take into account gravity in particle accelerators? Explain!

8. Two protons are “confined” to a distance of 2 fm (center to center). Compare the elec-
trostatic repulsion energy to the Fermi motion energy εF . Derive the minimum binding
energy for these two protons.

9. Suppose we interpret the electron as a solid sphere of radius r and mass m, spinning
with angular momentum 1

2
h̄. What is the speed of a point on its equator? Experimentally

r < 10−16 cm. What is the equatorial speed? Does it make sense at all?

10. Express the gravitational constant GN in natural units.
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