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Question 1

a) (5marks) A particle of mass m moves in a one-dimensional potential V' (z) = gé(z), where
g = —|g| is negative. Find the wave function and the energy of the bound state, do not forget
to normalize the wave function. You can use without proof the matching conditions at the

d-function potential.
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b) (5marks) Consider a diamond at zero temperature. In some approximation we can model
the crystal saying that every Carbon atom moves in the attractive d-function potential with
lg| = 0.06eV x 10~ meter ~ 10~ Joule x meter. This is the 1D model of the crystal. The
mass of the Carbon atom is m ~ 2 x 1072°kg. Calculate the root mean square quantum

fluctuation of the Carbon atom position, rms = /(¥|x?|1). Derive a formula for r,..,,, and
find value of the rms fluctuation in meters.

Question 2 )
a) (3marks) The operator of angular momentum is defined as
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Calculate commutators
[Zz’ Zy] ) [iya [z] 9 [Zza [a:] .

b) (2marks) The spherical harmonics |I,m) = Y, are eigenfunctions of the operators 2=
[?/R*and [, = L,/h .

Write down eigenvalue equations for the two operators, showing clearly the possible values of [
and m.

c) The first three rotational energy levels of the PbO molecule are

€ = 0,
e = 0.76 x 107%eV,
€ = 2.28 x 107%eV.

The molecule consists of isotopes 28 Pb and 0, Mo = 26.5 x 10~2"kg, Mpy, = 343 x 10~ "kg .
(i) (2marks) What is the degeneracy of each level? Write wave functions of all quantum states
corresponding to these levels in terms of spherical harmonics Y},,.

(ii) (3marks) Using the energy levels find the moment of inertia I of the molecule and the
distance between the Lead and the Oxygen nuclei.



Question 3
The ground state energy of the hydrogen atom is

’ 1 met
1 M _136eV .
B =~ ey & ~136¢

Here m is the electron mass and e is the elementary charge. The electron wave function of the

state reads

1
$lr) = —e,
ma}

where ap 4—’7’3—— ~ 0.529 10~ °m is the Bohr radius.

Consider a hydrogen-like Oxygen ion, i. e. an ion that consists of the Oxygen nucleus and
single electron. The charge of the nucleus is () = Ze, where Z = 8. Based on the Schroedinger
equation for an electron in the Coulomb field show how the ground state energy and the ground
state wave function scale with Z. Hence calculate
a) (3 marks) The ground state energy of the oxygen ion, present both the expression in terms
of fundamental constants and the numerical value of the energy in eV.

b) (3 marks) The electron wave function in the oxygen ion ground state.

Consider a muonium atom. The muonium is similar to the hydrogen, but the electron is
replaced by a muon. So the muonium atom consists of proton and muon. The muon is an
elementary particle that has an electric charge equal to that of the electron, but muon is 207
times heavier than electron, m, = 207m.
c¢) (4 marks) Find the binding energy of the muonium atom and estimate its size.

Question 4

The spin operator § for a partlcle with spin 1/2 (for example an electron) can be expressed in
terms of Pauli matrixes o §= a

o = 01 o — 0 —1i o = 1 0
c=\t1ro0/) ¥ \i 0 ) N0 -1)°

The wave function of a particle polarized along the z-axis is determined by the equation

. 1

S:91 = +§¢1 )
and the wave function of a particle polarized along the x-axis is determined by the equation
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8292 = +§¢2 s
a) (5marks) Find the wave functions 9; and 9. Do not forget to normalize the functions.

The neutron beam at the Lucas Heights nuclear reactor has flux 1.6 10'%neutrons/sec,

and all the neutrons are polarized along z-axis which is directed vertically up. The beam is
transmitted through the Stern-Gerlach polarizer that transmits only neutrons polarized along
x-axis that is directed from South to North. Spin of the neutron is 1/2.

b) (5marks) Find intensity of the transmitted beam. Explain your answer. Hint: results of
the part a might be helpful.



