
Atomic, molecular and laser physics. Time allowed: 3 hours

Final Examination

1. The spin-orbit interaction splits a single electron configuration into two levels with

total angular momentum quantum numbers j = l + 1/2 and j′ = l − 1/2. Show that

this interaction does not shift the mean energy (centre of gravity) of all the states

given by (2j + 1)Ej + (2j′ + 1)Ej′ . (5 marks)

2. We analyze the anomalous Zeeman effect in which the applied magnetic field is weaker

than the fine structure interaction. How does the applied magnetic field change the

electronic spectrum for the d3/2 → p1/2 transitions? For example, how many spectral

lines do you expect? Preferably, sketch an energy level diagram. (There is no need

calculating the precise frequencies.) (5 marks)

3. Consider the hydrogenic states in which l = 4 and s = 1/2. For the state with the

largest possible j and the largest possible mj, calculate the angle between (a) L and

S, (b) µ⃗L and µ⃗S, (c) µ⃗L and the overall magnetic moment. (8 marks)

4. Consider the rotational spectrum of a diatomic molecule (such as HBr). (a) At room

temperature (T = 300 K), find the ratio nl of the number of molecules in the rota-

tional level l to molecules in the rotational ground state (l = 0). (b) An absorption

spectrum is recorded. The probability that a particular frequency will be absorbed is

proportional to the number of molecules in the initial rotational level. Which peak do

you expect to be the strongest in the rotational spectrum? (The moment of inertia of

HBr is 3.28× 10−47 kg m2.) (7 marks)

5. This question is concerned with the Pauli symmetrization postulate applied to the

H2 molecule, resulting in correlations between the rotational molecular levels and the

nuclear spin. (a) Considering only the rotational and nuclear spin degrees of freedom,

write the partition function Z. Remember to include spin degeneracy (one singlet

and three kinds of triplets) as well as the rotational degeneracy. (b) Find the ratio

of molecules with singlet and triplet spins at high temperature. Convert summations

in Z to integrals and use the standard result,
∫∞
x=0

2x exp(−αx2)dx = 1/α. (c) How

“high” should the high temperature be in order to use this approximation. (10

marks)
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6. The question deals with an understanding of the coupling of angular momentums (you

would like to use the associated table of Clebsch-Gordan coefficients), the application

of non-degenerate perturbation theory and correctly writing the Zeeman Hamiltonian.

Two protons are located on the z axis and are separated by a distance d. The vector

connecting the protons is r⃗ = d k̂.

(a) Ignore all interactions between the protons. A magnetic field is applied along the

z direction, B⃗ = Bk̂. Write down the system Hamiltonian. Find the eigenstates and

eigenvalues. Which states are degenerate? Could we perform spectroscopy with such

a system, given that the spin selection rules are ∆s = 0 and ∆ms = 0?

(b) We now include the effect of the dipole-dipole interaction,

H =
1

r3

(
µ⃗1 · µ⃗2 − 3

(µ⃗1 · r⃗)(µ⃗2 · r⃗)
r2

)
.

Treating this as a weak perturbation, calculate the new energies up to first order.

Which transitions are possible in this system? (15 marks)

1 January, 2012 2


