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Answer any five questions 5× 10
Symbols, wherever used, have their usual meanings, unless specified otherwise explicitly.

1. (a) Following the LCAO technique, obtain the secular equation for the ground state energy of a
diatomic molecule in terms of Coulomb integral (HAA), Exchange integral (HAB) and Overlap integral
(SAB). For the case of two identical atoms, obtain the magnitude of splitting (∆E) between the
bonding state (E+) and the repulsive state (E−).

(b) Write the electronic configuration of the O2 molecule. Determine the ground state molecular
term symbol of O2.

(2+3) + (2+3)

2. (a) The spectrum of a rigid diatomic molecule is given by εJ = BJ(J + 1) cm−1, where B is the
rotational constant and J is the rotational quantum number. State how the spectrum is modified



for a non-rigid rotator. Show that the rotational energy of a non-rigid diatomic molecule is given by
εJ = BJ(J +1)−DJ2(J +1)2 +HJ3(J +1)3 cm−1, where D and H are the rotational constants of
the non-rigid rotator.

(b) For pure-rotational emission spectrum of H35Cl gas, lines at 106.0 cm−1 and 233.2 cm−1 are
observed to have equal intensities. What is the temperature of the gas? The rotational constant B
for H35Cl is known to be 10.6 cm−1, and hc/k = 1.44 cm-K.

(c) The vibration energy of a linear diatomic molecule is given by

ǫν = (ν + 1

2
)ω̄e − xe(ν + 1

2
)2 ω̄e .

For HCl molecule, if the anharmonicity constant xe = 0.0174, calculate the maximum value of the
vibrational level for which dissociation is reached.

(1+3) + 4 + 2

3. (a) Show that the intensity of a photon beam increases once population inversion is achieved. Assume,
the number of stimulated absorption per unit time per unit volume
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(b) For a rectangular open resonator laser cavity of dimension 2a×2a×d, show that the longitudinal
modes dominate over the transverse modes. The corresponding resonant frequency is given by
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(c) Cite a practical example of three level gas Laser system. State its working principle.
4 + 3 + (1+2)

4. (a) The hydrogen atom states can be written in the |nℓmℓms〉 convention, as well as in the |nℓjmj〉
convention, with

|nℓjmj〉 =
∑

〈nℓmℓms|nℓjmj〉 |nℓmℓms〉 .

(i) Over which quantum numbers is the summation taken?
(ii) What |nℓmℓms〉 states contribute to |nℓjmj〉 = |323

2

3

2
〉?

(iii) Give an example of some |nℓjmj〉 state for which the summation is over only one term.
(iv) Are the |nℓjmj〉 states eigenstates of parity?

(b) Why is hydrogen 2s1/2 a metastable state? Explain why in the presence of an electric field the
state no longer remains metastable.

6 + (1+3)

5. (a) Consider a two-level system {|1〉 , |2〉} (with E1 < E2) driven by a harmonic perturbation V (t)
such that 〈1|V (t)|1〉 = 〈2|V (t)|2〉 = 0, 〈1|V (t)|2〉 = a exp(iωt) = 〈2|V (t)|1〉∗. If a state is prepared as
|1〉 at t = 0, find the earliest time when the probability of finding it at |1〉 will be a minimum. What
is the condition for this minimum value to be zero?

(b) To get the transition probability, you first have to evaluate the expectation value of the following
operator between the initial and the final states:

O = −
ih̄e

2m
eik.r ε.∇ .

Discuss how far it is justified to approximate the exponential by unity. Also show how it leads to the
E1 transition. Hence find the selection rules for the E1 transition.

(3+1) + (2+2+2)



6. (a) Starting from the Dirac equation for the electron of the hydrogen atom in the nonrelativistic
limit, derive the form of the spin-orbit interaction.

(b) Show that the energy shift due to spin-orbit interaction is proportional to j(j+1)− ℓ(ℓ+1)− 3

4
.

(c) Show that the ground state of hydrogen is split into two levels due to the nonzero magnetic
moment of the proton. Explain why the transition between these two levels has to be of type M1.

5 + 2 + (2+1)

7. (a) The ground state energy of hydrogen is −13.6 eV. What should be the ground state energy of
Helium in independent particle model (neglecting the electron-electron repulsion)? The actual value
is −79.0 eV. Calculate how much nuclear charge is screened by each electron.

(b) Explain why the presence of spin-orbit interaction can cause orthohelium ↔ parahelium transi-
tions.

(c) What will be the shapes of the molecular orbitals formed by combining two px atomic orbitals?
Discuss the symmetry properties of the corresponding molecular electronic states.

(1+2) + 2 + (3+2)


