
Exercises for Fyta12:1 – Relativity

1. A rod of length L′ is at rest in the frame S ′. The rod lies in the x′y′-plane and
forms the angle Θ′ with the x′-axis. The S ′-frame moves with the velocity u relative
to the frame S, such that the x and x′ axes coincide, and the y and y′ axes are
parallel. Determine the length L of the rod and its angle Θ with the x-axis, in the
frame S?



L = L′

√

(1− u2/c2) cos2 Θ′ + sin2 Θ′, tanΘ =
tanΘ′

√

1− u2/c2





2. The length of a moving rod is determined using two methods. In one, the positions
of the two endpoints are marked simultaneously relative to a fixed scale. In the other,
the time it takes for the rod to pass a fixed point is measured, and the length is
obtained by multiplying with the velocity. Use the Lorentz transforms and show that
the two methods yield identical results (which?). The length of the rod in its rest
frame is ℓ0.

(

ℓ = ℓ0
√

1− v2/c2
)

3. The mean lifetime of a neutron at rest is about 10 minutes. It then spontaneously
decays into an electron, a proton, and an antineutrino. At what speed must a neutron
travel, starting from the sun, to reach earth before it decays? (0.62c)

4. A radioactive nucleus moves with speed 0.1c relative to the laboratory, when it
emits an electron with speed 0.8c relative to the nucleus. What is the electron’s speed
and direction of motion in the laboratory, if it is emitted
a) in the forward direction? (0.83c)
b) in the backward direction? (−0.76c)
c) in a perpendicular direction? (0, 802c, at 83◦)

5. An event occurs on the moon at 14.57.06. On earth another event occurs at
14.57.07. What is the Lorentz distance? What does the result imply? (−5.4·1010km2)

*6. In the frame S, a thin plate parallel to the xz-plane moves in the y-direction
with speed u. The plate has a hole between x = 0 and x = ℓ, i.e. of size ℓ. In the
S ′-frame, moving in the standard way with speed v in the x-direction, a thin rod lies
at rest. It has there the length ℓ and stretches from the origin out along the positive
x′-axis. The plate with the hole passes the x-axis just when the two origins pass each
other. As seen from S, the rod then seems to have no problems passing the hole,
since it is Lorentz-contracted. On the contrary, as seen from S ′, the hole should be
Lorentz-contracted, and its seems difficult for the rod to pass through a smaller hole.
Obviously, one or the other must happen: Either the rod can pass the hole, or it
cannot – both observers must agree. Explain this paradox.
Hint: The equation of the plate in S is y = ut. What is it in S ′?
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7. A Σ+-particle decays at rest into a neutron and a π+-meson, i.e. according to the
reaction

Σ+
→ n+ π+.

The n and π masses are assumed known. The kinetic energy of the π+ is measured
to be 92 MeV.
a) Determine the momentum of the π+. (185 MeV/c)
b) Determine the total energy of the neutron. (960 MeV)
c) Determine the mass of the Σ+. (1190 MeV/c2)

8. Two particles with masses m1 and m2 and the same momentum p move between
two detectors separated by a distance L.
a) Show that the difference in time-of-flight for moving from one detector to the other
is proportional to p−2 if the momentum p ≫ mc.
b) Determine the minimum value of L that allows to distinguish between a π-meson
and a K-meson, each with momentum 3 GeV/c, if differences in time-of-flight can be
measured with an accuracy of 200 ps. (5 m)

9. Two colliding photons can produce an electron-positron pair according to the
reaction

γ + γ → e+ + e−.

a) Determine the lowest total energy of the photons for such a production to be
possible. (1 MeV)
b) In the cosmic background radiation one finds photons with an average energy that
corresponds to a temperature of 2.7 K. Estimate the energy of such photons (in eV).
(0.2 meV)
c) Consider the creation of an electron-positron pair by a collision between a (highly
energetic) photon A and one of these background photons. Assume that the reaction
occurs head-on in a straight line, with the two photons moving in opposite directions.
What is the required energy of photon A for the reaction to be possible? (≈ 1015 eV)

10. Experiments with proton-proton scattering have beed carried out at CERN in
such a way that two protons have been accelerated in two mutually tangent rings (so
called storage rings), and allowed to collide at the tangent-point, each with a total
energy E. How large is the energy of one proton in a frame where the other is at
rest? Also specialize to the actual energy used in the experiment: E =28 GeV. (1670
GeV)
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11. A pi−-meson and a proton, both at rest, interact to produce a neutron and a
photon,

π− + p → n+ γ.

What is the energy of the photon? (130 MeV)

12. Calculate the threshold energy for photo-production of pi-mesons according to
the reaction

γ + p → π+ + n.

(150 MeV)

13. A π+-meson decays at rest into a positive muon and a muon-neutrino:

π+
→ µ+ + νµ.

The µ mass is assumed to be known, and the neutrino can be considered massless.
a) The momentum of the µ-particle is measured to be 29.8 MeV/c. Calculate the
mass of the π+-meson. (139 MeV/c2)
b) How large is the momentum of the neutrino? (29.8 MeV/c)
c) It is found that the the muon moves 200 m with a constant speed before it decays
(into a positron and a pair of neutrinos). Determine the lifetime of the muon. (2.36 ·
10−6 s)

14. A particle with mass m is incident upon an identical particle at rest. After an
elastic collision, the respective momenta and kinetic energies of the two particles are
p1, p2, Ek1, and Ek2. Show that p1 · p2 = Ek1Ek2/c

2 > 0. What does this mean for
the directions of motion for the outgoing particles? Compare to the corresponding
classical (Newtonian) calculation. The result defines a way to test relativity versus the
classical theory. Experiments where fast electrons are made to collide with electrons
in matter (where they are essentially at rest) unambiguously support the relativistic
theory.

Masses of some common particles:

mγ = 0

me− = me+ = 0.511 MeV/c2

mµ− = mµ+ = 105.7 MeV/c2

mπ+ = mπ− = 139.6 MeV/c2

mπ0 = 135.0 MeV/c2

mK+ = mK− = 494 MeV/c2

mK0 = 498 MeV/c2

mp = 938.3 MeV/c2

mn = 939.5 MeV/c2
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