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Atomic Physics Problems — MT 2015 3

Problem Set 1 Atomic structure and spin-orbit coupling

7. Explain what is meant by the central field approrimation, and how it leads to the concept of
configurations. State the Pauli exclusion principle, and show.that it follows from the requirement
that the wave-function describing a pair of fermions should be antisymmetric with respect to
exchange. Account qualitatively for the order of filling of individual electron quantum states in
atoms with atomic number up to Z = 36.

Explain why the ionization potential of chlorine is less than that of argon, but more than
that of potassium. How would you expect the second ionization potentials of these atoms to
compare with each other? [The second ionization potential is the energy required to remove a
further electron from the singly ionized atom.]

8. Explain what is meant by the term quantum defect, used in the description of alkali energy
levels. Give a brief qualitative account of how you would expect the quantum defect to vary

(i) from lower to higher values of the orbital quantum number [ in a given alkali
(ii) from lighter to heavier alkalies for a given value of 1.

The sodium atom has atomic number Z = 11. Write down the complete configuration of the
ground (3s) level. Find the quantum defect of this level, given that the first ionization potential
of sodium is 5.14eV.

9. [Notes - This question follows on from (8), and is concerned with transitions between energy
levels of sodium. You need to know that when an electron undergoes a transition, the value of
n can change by any amount, but ! has to change by £1. As we are concerned here only with
gross structure, we neglect spin-orbit interaction; this effect splits most of the energy levels of
sodium into closely-spaced doublets, but we treat each doublet as a single level here.]

Sodium has a single series of absorption lines. Make use of the data in question 8 to find
the wavelength of the series limit. The longest wavelength absorption line (3s — 3p) is at Ay
= 589 nm. Find the quantum defect of the 3p level. Hence estimate the wavelength A, of the
second line in the series (3s - 4p).

Sodium atoms are illuminated with light of wavelength around Az, so that they are excited to
the 4p level. Make a rough copy of enough of the energy level diagram to indicate the routes by
which the atoms may return to the ground level. You should find that the fluorescence spectrum
contains 6 spectral lines, two of which are the transitions at A; and Az. Two of the others have
wavelengths of 1.14 um and 2.21 um. Again using the properties of the quantum defect, identify
these latter two transitions on your energy level diagram.

Use the information given to improve your estimate of As.

10. The Hamiltonian representing spin-orbit interaction of an electron bound in an atom can
to a certain approximation be written as

p— —_— — .

Use any reference you find helpful to derive this expression (including without proof a factor
of 1/2 to take account of Thomas precession). From there, show that spin-orbit interaction is
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shifting the positions of the energy levels of hydrogen-like atoms by

2 1 JGE+1) —1(+1)—s(s+1)
AE(n,1,s,5) = -2 IhB 330+ 1/2)(1 +1) 2

We are concerned with the physics behind this expression and its derivation:

(a) In simple “vector-model” terms, what is the direction of the B-field experienced by the
electron, relative to its orbital angular momentum? What is the direction of the intrinsic
magnetic moment of the electron relative to its spin angular momentum?

(b) In the light of (a), and given that the interaction is of the form —u - B, should the energy
be higher or lower for j = [+1/2 as compared with j = {—1/2? Check that your conclusion
is correct by inspecting the expression given above.

(c) Explain in physical terms where the Z4 dependence comes from.

11. Show that the splitting due to spin-orbit interaction between the J = 3/2 and J = 1/2 levels
of the 2p configuration in hydrogen is 11 GHz. Draw a diagram showing the positions of the split
levels with reference to the unperturbed level, and label the levels with the appropriate quantum
numbers. Using the known n-dependence, find the splitting also of the 3p configuration.

Show that spin-orbit interaction displaces the 3/2 level upwards by half the downwards shift
of the 1/2 level. Hence show that the mean energy of the states in the 3p configuration is
unaffected by the interaction.

The splitting between the J = 3/2 and J = 1/2 levels in the 3p configuration of sodium is
1.72x 103 m~1, Why is this so much larger than the splitting in the corresponding configuration
in hydrogen?

12. A way of studying the small shifts caused by quantum electrodynamic effects is to use
high-Z atoms, with all the electrons stripped off except one. One method is to take a tunable
laser operating in the visible region (say around 600nm) and excite transitions within the fine
structure of the n = 2 manifold. Using your expression for the spin-orbit splitting as a function
of Z, suggest a suitable element for study.

13. By considering the successive application of two perturbations, the residual electrostatic
interaction and spin-orbit interaction, explain the splitting of a configuration into terms and
levels. Hence explain what is meant by LS coupling, making clear the conditions under which
it applies.

Three low-lying configurations of the neutral calcium atom (Z = 20) are 4s?, 4sdp, 4s5s.
Write down the terms and levels which arise from these configurations, using conventional spec-
troscopic nomenclature, Explain the meanings of the various symbols you use. Discuss the
specific mechanisms responsible for the relative ordering of these levels. Derive the Interval
Rule in LS coupling, and explain whether you would expect it to be obeyed in calcium in any
of the terms arising from the 4s5s or 4s4p configurations.

Which of the following levels do not exist in hydrogen, and why?

3f °F3/2, 3p *Pajs, 3s 2Sgja, 3d°Dy, 2p Dy2
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