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Qualifying Examination for the Ph.D. in Biomedical
Sciences—Medical Physics

3.  Theoretical Physics  Friday, August 13, 1999

ANSWER 6 OF THE FOLLOWING 8 QUESTIONS.  IF YOU ANSWER MORE
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.

1. Given  the spin state of a nuclear system |ψ>, the spin operator Ix ≡  
1
2 



0 1

1 0  
and the density matrix operator for non-interacting spin-half particles

ρ = 








  |a1/2|2    a1/2* a-1/2  

     
 a1/2 a-1/2*    |a-1/2|2  

 ,

find the expectation value of Ix.

2 .  Describe the following nuclear interactions in NMR: Dipolar interaction,
chemical shift interaction, scalar interaction, and nuclear quadrupole
interaction.

3. a)  Write down Maxwell’s Equations in SI units.
b)  Show that these are consistent with the existence of scalar and vector
potentials, φ  and   

r 
A .  How are these potentials related to the electric and

magnetic field vectors   
r 
E and

r 
B  ?

c) Given the Lorentz condition

  
µε

∂φ
∂t

 
 
 

 
 
 +
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∇ ⋅

r 
A = 0

show that separate wave equations can be derived for φ  and   
r 
A .

4. An arrow is shot straight up with velocity v0.  If the air resistance is linear in
the velocity, calculate the maximum height reached by the arrow.

5. Consider the quantum mechanical treatment of a one-dimensional harmonic
oscillator.  This treatment is approximately correct for an atom vibrating
about its equilibrium position in a solid.  The energy levels for a quantum
oscillator are  En = nhf,     n = 0, 1,2,. . . , where h is Planck’s constant, f is the
frequency of the oscillator (considered a fixed property of the solid), and n is
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the quantum number.  Consider a single oscillator that is in thermal contact
with a reservoir at temperature T.

a)  What is the probability that the oscillator is in state n?

b) What is the mean energy, Emean, of the oscillator?

c) For high temperatures (kT>>hf), what is the limiting value of the mean

energy?

d) For low temperatures (kT<<hf) what is the limiting value of the mean

energy?

[Your final answers should not contain any summations.  Evaluate all sums
using the formulas:

1 + x + x2 + . ..= 1
1− x

and x + 2x2 + 3x3 + ... = x
(1− x)2

.]

6. A small, spherical organism of diameter 10µm and density 1010 kg/m3 is
sinking to the bottom of a lake because of gravity.  The lake is very still so
water currents can be neglected.  After an initial acceleration, the organism
will reach a constant speed, v.  The drag force, Fdrag, acting on the organism
due to the viscosity of the water is given by Stokes law:

Fdrag = 6πηRv
where  η is the viscosity of water (0.0010kg/(m s)), and R is the radius of the
organism.  Take the density of water to be 1000 kg/m3.  Take g = 9.8 m/s2.

a) Calculate v.

b) Calculate the Reynold’s number in this case.  Would you classify it as a
high Reynold’s number flow, or low Reynold’s number flow?  Do you
expect a turbulent wake to exist behind the sinking organism, like the
turbulent wake behind a speedboat racing across a lake?

How long does it take for the organism to fall a distance equal to its own
diameter?
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7. A quantum mechanical particle of mass m and energy E, moving in the x-
direction is incident upon a potential V = Aδ(x).

a) What are the dimensions (units) of the constant A?

b)   Find the probability for reflection.

Hints:  You may approximate the particle by a single plane wave.  The δ-
function, δ(x)  has the properties that

δ(x) = 0 for x ≠ 0, δ (x) = ∞ for x = 0,
f (x)δ(x)dx = f (0) for a > 0.

−a

a

∫

8. What is the minimum power that a cricket must generate to jump 1 meter?
Assume the cricket has a mass of 1 gram and that it takes 0.1 seconds for the
cricket to achieve its’ maximum velocity.


