
Attempt all questions. Time allowed: 2.5 hours

Midterm Exam: Atomic, Molecular and Laser Physics

1. A spin-1/2 proton is placed inside a magnetic field B0, pointing along the z direction.

The spin is subject to the following sequence of operations in the same order.

a) A π/2 pulse along y axis.

b) Spin is allowed to precess for a time τ .

c) π pulse along x axis.

d) Spin is again allowed to precess for the same duration of time τ .

i) What is the final state of the spin after (a), (b), (c) and (d)?

ii) State any assumptions you make. (15 Marks)

2. In quantum computing, a quantum NOT gate is defined as a operation UNOT that

inter-converts the eigenstates of Sz, i.e., |α⟩
UNOT−−−→ |β⟩ and |β⟩ UNOT−−−→ |α⟩. For example,

|α⟩+|β⟩√
2

is a conserved state under UNOT. What kind of rotation operator qualifies as a

NOT gate? Two possible candidates are 9Ox and 9Oy. (10 Marks)

3. (a) Calculate the Einstein B coefficient,

B =
π

3ε0~2
|Pz|2,

for the 1s −→ 2pz atomic transition in hydrogen for light polarized along the

z-axis. Pz is the electric dipole operator. The atomic wavefunctions are:

ψ1s(r, θ, ϕ) =
1√
π

(
1

a0

)3/2

e−r/a0

ψ2pz(r, θ, ϕ) =
1√
π

(
1

2a0

)5/2

r cos θe−r/2a0 ,

where a0 is the Bohr radius.

(b) The Rabi frequency (in rad/sec) is defined as,

Ω =

∣∣∣∣PzE0

~

∣∣∣∣,
where E0 is the amplitude of the electric field. Calculate the Rabi frequency when

the optical intensity is 10 KWm−2 and the light is polarized in the z-direction.

You will have to derive the relationship between the electric field and intensity.
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(c) Calculate the optical intensity required to make the Rabi oscillation equal to the

radiative lifetime of the 2p level, 1.6 ns. (20 Marks)

4. Find the quantum state of a spin corresponding to the polar angles (θ, ϕ) = (60◦, 45◦)

on the Bloch sphere. (5 Marks)

5. We consider the case of Rabi oscillation when light is not exactly resonant with the

transition frequency ω0. In the rotating frame, the amplitudes of the quantum states

satisfy,

ċa(t) =
i

2
Ωeiδtcb(t)

ċb(t) =
i

2
Ωe−iδtca(t),

where δ = ω − ω0.

(a) Show that:

c̈b + iδċb +
Ω2

4
cb = 0.

(b) By considering a trial solution of the form cb(t) = Ce−iζt, show that a general

solution of this differential equation is,

cb(t) = C+e
−iζ+t + C−e

−iζ−t,

where ζ± = (δ ± Ωeff)/2, Ω
2
eff = δ2 + Ω2 and C+ and C− are constants.

(c) Hence show that the initial conditions of ca(0) = 1, cb(0) = 0, imply that,

|cb(t)|2 =
Ω2

Ω2
eff

sin2(Ωefft/2). (20Marks)

6. (a) Consider a gas of identical non-interacting Bosonic atoms of mass m at temper-

ature T .

i. Calculate the thermal de Broglie wavelength.

ii. Infer from (a), the condition for Bose-Einstein condensate (BEC) to form.

iii. Estimate, using (a) and (b), the critical temperature (Tc) in terms of particle

density.

(Note: The estimated Tc could differ from the actual one by a numerical

factor.) (5 Marks)
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(b) The density of Nitrogen (N) is 1.2506 g/cm3 and its atomic mass is 2.3258×10−23

g. Nitrogen melts at −210 ◦C.

i. Calculate the temperature at which Nitrogen will become superfluid.

ii. Based on your results in (a), explain whether it is possible to observe super-

fluidity in Nitrogen or not?

iii. Can you give a general statement based upon your results in (a) and (b). (6

Marks)

(c) i. In actual BEC experiments, Tc changes during cooling and trapping (in fact

decreases). What could be the possible reason for it?

ii. Is it possible to Bose-Condense photons in a blackbody cavity by cooling it

close to 0 K? Justify your answer. (4 Marks)
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