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The fo llowing information is supplied as an aid to memory. 

Planck' s constant h = 6.626 X 10-34 Js 

Fundamental charge unit e = 1.60 x 10-19 C 

Speed of light (vacuum) c:: 3.0 x 108 m/s 

Electron mass:: 9.1 X 10-3 1 kg 

Neutron mass = 1.675 x 10-27 kg 

Proton mass = 1.672 x 10-27 kg 

Boltzmann's constant k:: 1.38 x 10-23 JK- l 

Angstrom (A) = 1.0 x 10-10 m 

Permittivity constant £0 = 8.85 x 10-12 Fm- l 

Time.independent Schrlldinger Equation: _ tJ2 d2rp~X) + Vrp(x) = £!fI(x) 
2m dx 

Time.dependem Schr&iinger Equation: _.!C. a2'/1(~,t) + V(X)'I'(X,/) = ili QIv(x,t) 
2m Ox ot 

Isin' (bx}dx = "-_ sin (2bx) 
2 4b 

Ixsin 2(x}dx.: Xl _ xsin(2x) _ cos (2x) 
4 4 8 

x Sin X --- --- Sin x-I ,· '(b ldx- x' (x> 1). (2b) ::.:xC":":OS('i"2b':.l.x) 
6 4b Sbl 4b2 

~ , R j -b'd" ex:: -
~ b 

• 1 
I--~' d,- 0.08 
, ,J" 

~ 1 

j " -~dx n. x e =-­
.+1 o a 

sin(20)= 2sinOcos9 

Bragg's law: nA = 2dsin B 

Compton Shift:.6.A = ..!:.(I-cosB) 
me 

4 Z2 Z2 
Energy levels in a Hydrogen·l ike atom with Z nucleons: £8 = ~te J 2:: -13.6eV x-, 

211 4il'Eo n n 
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Question 1110 Marksl 

(a) Describe briefly the Compton effect and its significance for modern physics. 

(b) If the de Broglie wavelength of an electron is equal to that of a proton, which has the 
larger speed? Explain why? 

(c) In the Hydrogen atom, the light emitted when an electron goes from one energy state to 
another is not quite monochromalic. Using the uncertainty principle, estimate the 
wavelength spread in light emitted at a wavelength close to 6563A, if the lifetime fit for 
the transition is 10-8 s. (Hint: the derivative dE/d)" might be helpful here.) 

(d) A particle of mass m has a positional uncertai nty equal to its de Broglie wavelength . 
Calcul ate the minimum fractional uncertainty in its velocity fiv/v. 

Question 2 110 marks] 

A particle of energy E moves to the right in the s lowly-increasing potential Vex) shown below 
(i.e. Vex) varies very sli ghtly over one wavelength of the matter wave). 

V(x) 

E --- .-_._.--- ------- , 

\ 
,"n 

(a) Describe the motion of the particle using classical mechanics (i. e., the particle has no 
wave-like character). 

(b) Describe the motion of the particle using quantum mechan ics, and after discussing the 
functional form, wavelength and amplitude of the wavefunction in the relevant regions, 
sketch the wavefunction of the quantum particle as a function of x. 

(c) Considering both the classical and quantum cases, can the particle be found to the right 
of x = a? (keep your answer brief, especially if you can reference earlier parts of the 
question). 

Question 3 113 Marks) 

A particle of mass m moves in one-dimension under the influence of a potential Vex). 
Suppose the particle is in an energy eigenstate l.jJ(x) = (r/1t)1I4exp(--(x2/2) with energy E = 

h'i'lm. 

(a) Find the average position of the particle. 

(b) Find the average momentum of the particle. 

(c) The product of your answers fo r (a) and (b) is < 1iI2. Is this a problem? Why/why not? 

(d) Find the potential Vex) and draw a sketch of Vex) vs x . 

- 3 -



Question 4118 Marks) 

A ' Quantum Oscillator' is a potential which describes a part icle that is subject to a restoring 
force proportional to the particle's displacement from equ ilibrium (c.f. Hooke's law for 
springs). The restoring force is F = -10:, the corresponding potential energy is Vex) "" y'1o:

2 

and the angular frequency is w = (klm)112. 

(a) Write down the Schrod inger equation describing the motion of the particle of mass m in 
terms of wand m (and not k). 

(b) What can you say about the symmetry of the ground·state eigenfunction of this 
osci llator with regard to the centre of the potential well? Justify your answer. 

(c) A trial eigenfunction for the ground· state is: ,p(x) = Coe- ux , 

(i) Obtain an expression for the constant a. in tenns of wand In. 

(H) Obtain an expression for the energy of the ground·state in tenns of 00. 

(Hi) Calculate the normalization constant Co-

(iv) Calculate the probability of finding the particle outside the classical region (Le., 
outside the region bounded by the amplitude that you would expect for an 
eq uivalent classical harmonic oscillator) 

(d) The virial theorem for a quantum oscillator states that (1) = (V), Le., the average kinetic 
energy T equals the average potent ial energy V. Suppose that an electron is confined in 
the ground·state such that «(x - (x»2»112 = 1O-lOm. What is the energy required to 
excite the electron to the first excited state? 

(n.b., some of the integrals on the information sheet may be helpful for this question. 
You will find the electron mass there also.) 

Question 5 114 marks) 

(a) The complete set of hydrogen atom wavefunctions can be written as \Vnl",(r,e,~). The 
normalized wavefunction for the ground state of the hydrogen atom is given by \jJl00 = 
(1ta3rLl2e-rla, where a is the Bohr radius. 

( i) Explain the physical meaning of the quantum numbers n, I and m and state the 
values which they can take (in general). 

( ii) Calculate the most probable value for the magnitude of r for this state, and; 

(iii ) The expectation value for the magnitude of r is (3/2)a. Resorting to a sketch graph 
if necessary, explain why the expectation value of r is greater than the most 
probable value of r. 

(b) An energetic electron collides with a hydrogen atom and excites it directly from its 
ground state n = I to the state n "" 4. Determine the minimum potential difference 
through which the electron must have been accelerated from rest. 

(c) For the n "" 4 state in the H atom, write down the largest allowed value of I. 

(d) Lithium has an atomic number Z = 3. Two of its electrons have the quantum numbers 
{n, I, ml, ms} "" {I,O,O,+lI2} and {1,O,O,- II2}. Write down the corresponding set of 
quantum numbers fo r the third electron in the lowest energy state of the Li atom. 
Briefly exp lain the factors motivating the set of quantum numbers 

- 4 -

, 




