
Atomic, molecular and laser physics. Time allowed: 2 hours

Final Examination

1. What is the angle between the spins in a singlet state? (5 Marks)

2. A H atom is placed inside a strong magnetic field, overwhelming the spin-orbit inter-

action, which can be ignored. Count the number of distinct spectral lines appearing in

the Lα multiplet (involving transitions from n = 2 to n = 1). The angular momentum

selection rules for the magnetic quantum numbers are ∆ml = 0,±1 (with the excep-

tion of 0 ↔ 0) and ∆ms = 0. Will the number of spectral lines change when the effect

of spin-orbit interaction is included? (5 Marks)

3. The angles between S⃗ and µ⃗s and between L⃗ and µ⃗L are 180◦. What is the angle

between −J⃗ and µ⃗J in a 2p3/2 level of hydrogen? Draw a diagram describing your

calculations. (10 Marks)

4. The figure shows the fine-structured energy levels for normal hydrogen.

1s
1/2

2s
1/2

2p
1/2

 2p
3/2 0.36cm

-1

(a) How does the diagram change when one includes the hyperfine interaction? Label

the new levels with the relevant quantum numbers.

(b) For l = 0, the hyperfine Hamiltonian is given by,

H⃗hf =
µo gI e

2

memp

δ(r⃗) I⃗ .S⃗.

What is gI in this expression? How does one calculate the energy splitting for

the 1s1/2 level?

You will need the wavefunction ψ100 =
1√
πa3

e−r/a in this question.

(c) Mention one example where the effect of hyperfine interaction is experimentally

observable? (10 Marks)
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5. The Zeeman effect occurs in Na just as in H; sodium’s lone 3s valence electron behaves

much as hydrogen’s 1s. Suppose Na atoms are placed in a 0.1 T magnetic field.

(a) Into how many states is the 3p1/2 level split?

(b) Determine the energy spacing between these states?

(c) Into how many lines is the 3p1/2 to 3s1/2 spectral line split by the field?

(d) Quantitatively describe the spacing of these lines. (10 Marks)

FIG. 1: Radial probability distribution as a function of atomic radius.

FIG. 2: Ionization energy as a function of atomic number Z.

6. Refer to the accompanying Figures 1 and 2 to answer these questions.

(a) Why do all the 3d transitions metals (from 21Sc to 30Zn) have similar chemical

properties?
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(b) Why does the ionization energy suddenly drop from 30Zn to 31Ga?

(c) Why does the ionization energy drop from 15P to 16S, even though the general

trend is increasing in the 3p elements?

(d) What is the ground state configuration of 80Hg? What is the total angular mo-

mentum and the admissible atomic terms?

(e) Referring to the provided periodic table, comment why the ground state electronic

configuration of Cu is 4s1 3d10 instead of 4s2 3d9. (10 Marks)

7. A He-Ne laser consists of a laser tube of length 0.3 m with mirrors bonded to the

end of the tube. The output mirror has a reflectivity of 99%. The laser operates on

the 632.8 nm transition of Ne (relative atomic mass of 20.18), which has an Einstein

coefficient A = 3.4 × 106 s−1. The tube operates at 200 ◦C and the laser transition

is Doppler broadened. On the assumption, that the only loss is through the output

coupling mirror and ncav = 1, calculate: (10 Marks)

(a) the gain coefficient in the laser tube.

(b) population inversion density.

(c) number of modes supporting the output beam.

(d) coherence length of the output beam.

The gain is given by,

G(ω) =
∆N ncav π

2 c2

ω2τ
·

where ∆N is the population inversion and the other symbols have the usual meaning.

8. In neutral calcium, the 3D to 3P transition splits into a multiplet of 6 lines at

0, 14, 36, 106, 120 and 158 cm−1 above the lowest frequency line of the multiplet.

What are the quantum numbers of the states involved in these transitions? Draw

the energy level diagram showing the ground state 4s2, first excited state 4s1 4p1 and

second excited state 4s1 3d1. (20 Marks)
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Formula sheet

The symbols have the usual familiar meaning.

A =
~ω3

π2c3
Bab Einstein A coefficient.

Bab =
|P |2π
6εo~2

Einstein B coefficient; P is the electric dipole

transition matrix element connecting the initial and final states.

R∞ = 1.0974× 107 m−1 Rydberg’s constant.

|E1| = 13.6 eV 1’st ionization energy of H.

Cosine and sine formulas:

a

bc

α

β γ

c2 = a2 + b2 − 2ab cos γ

a

sinα
=

b

sin β
·

g-factors:

electron spin ge = 2

electron orbital g = 1

proton spin gp = 5.6.

Collisional broadening lifetime, where σs is the collisional cross-section:

τcollisional =
1

σsP

(
πmkBT

8

)1/2

·

Doppler broadening linewidth, where c is the speed of light:

∆ω = ω0

(
8kBT ln 2

mc2

)1/2

·
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ω ωo

Lorentizian line shape, where K is some constant:

S(ω) =
K ( 1

τ
)

(ω − ω0)2 + (1/τ)2
·

The normalized eigenfunctions for n = 1, 2 are,

ψ100 =
1√
πa3

e−r/a

ψ200 =
1√

32πa3

(
2− r

a

)
e−r/2a

ψ210 =
1√

32πa3
r

a
cos θ e−r/2a

ψ21±1 =
1√

64πa3
r

a
sin θ e−r/2a e±iϕ.

gJ = 1 +
j(j + 1) + s(s+ 1)− l(l + 1)

2j(j + 1)
·

Some fundamental constants:

Speed of light = c = 3× 108m/sec

Plank constant = h = 6.63× 10−34 Jsec

Mass of proton = mp = 1.67× 10−27 kg

Mass of electron = me = 9.1× 10−31 kg

Boltzmann constant = kB = 1.38× 10−23 J/K

Fine-structure constant = α ≈ 1

137
·
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