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

 
Theoretical Physics                       August 16, 2011 
 
ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE 
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.  
 
 
 
1. A cylindrical wire, of radius R, carries a current density directed along the axis 

of the wire ,

€ 

J = Jo 1−
r2

R2
 

 
 

 

 
 , where r is the radial distance from the center of the 

wire. Calculate the magnitude of the magnetic field inside and outside the wire. 
 
 
2. Consider Compton scattering. Assume the case when an incident photon of 
wavelength λ0 scatters off a stationary free electron, resulting in a backscattered 
photon of wavelength λ1 (the scattered photon travels in the opposite direction as 
the incident photon; in other words, it is scattered by 180º). Derive an expression 
for the difference in wavelength, λ1- λ0.  For full credit, you must show the details 
of the derivation, and not just write down the answer. 
 
 
3. A superconducting sphere, of radius R, is placed in an otherwise uniform 
magnetic field in the z direction, B=B0 k. With the sphere present, calculate the 
magnetic field (r and θ components) both inside and outside the sphere, and the 
surface current induced on the sphere surface. 
 
 
4. Consider the spring-mass system shown below.  Both springs have spring con-
stant k. The right block has mass 2m, and the left has mass 3m.  Use the coordi-
nates shown below (x,y) to specify position.  Assume that when x=y=0, the 
springs are at their rest lengths. 

 
Set up the equations of motion for both masses, using Newton's second law.  As-
sume a solution of the form 

€ 

x = Acos ωt( ) , 

€ 

y = Bcos ωt( ) .  Find the 
"normal frequencies" and "normal modes" of the motion.  Draw a picture show-
ing physically each normal mode.  Be sure to label which is the low frequency 
mode and which is the high frequency mode. 
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5. Rotational energy levels for a diatomic gas molecule such as CO or HCl are 
quantized. The energy levels are give by Ej=j(j+1)ε, j=0,1,2,3,…  Each energy has 
2j+1 degenerate states. The gas molecules are in thermal equilibrium at absolute 
temperature T. 
a) Write the partition function for this system. 
b) For kT/ε = 10, plot the contributions of each energy level (up to j = 8) to the 
partition function as a histogram (contribution to the partition function versus j). 
Interpret what this plot means. 
c) Emission of radiation is governed by the selection rule Δj = ±1. Derive an ex-
pression for the wavelength of the radiation emitted by the gas as the molecule 
changes from state j to state j-1. 
 
 
 
6. Using quantum mechanics, Einstein derived an expression for the thermal en-
ergy E of a solid: 
 

    

€ 

E =
3Nhf

ehf / kT −1
 , 

 
where f is the vibration frequency of each atom about its equilibrium position, N 
is the number of atoms, and T is the absolute temperature. 
a) Determine expressions for E at high temperatures and low temperatures. De-
fine what you mean by “high” and “low”. 
b) Derive an expression for the specific heat of this solid, as a function of tem-
perature. 
c) Determine the molar specific heat at high temperatures (the law of Dulong and 
Petit). 
d) At low temperatures, experiments indicate that the specific heat increases as 
T3. How does Einstein’s expression increase at low temperatures? 
e) In part d, you should find that Einstein’s expression for the specific heat does 
not increase as T3. Speculate why. In other words, what assumption did Einstein 
make that is incorrect. 
 
 
 
7.  Assume a mass m near the Earth’s surface falls from rest under the force of 
gravity and a frictional force that is proportional to the velocity squared. 
a) Write the equation of motion for the speed of the mass, starting from New-
ton’s second law. 
b) Derive an expression for the terminal speed. 
c) Calculate the speed as a function of time. 
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8.  Starting from the expression for the velocity gradient for fluid flow in a pipe 
 

   

€ 

dv
dr

=
r
2η

dp
dz

 , 

 
where η is the viscosity of the fluid, r is the distance from the center of the pipe, 
and dp/dz is the constant pressure gradient along the pipe, and using the no-slip 
boundary condition, derive  
a) an expression for the velocity 

€ 

v  as a function of r and the pipe radius, R, and  
b) an expression for the total flow through the pipe (volume per unit time), I, as a 
function of R.  
This type of fluid motion is called Poiseuille flow. 
 
 
 
9. Patients undergoing electrosurgery sometimes suffer burns around the pe-
rimeter of the electrode. Wiley and Webster (1982) analyzed the potential pro-
duced by a circular disk electrode of radius R and potential V0 in contact with a 
medium of conductivity σ (on one side of the electrode only). They found that 
the normal component of current density, J, at the surface of the electrode is 
given by 
 

    

€ 

J =
2σV0
π

1
R2 − r2

 , 

 
where r is the radial distance from the center of the disk. 
a) Calculate the total current I coming out of the electrode. 
b) Determine the resistance of the electrode 
c) Plot J versus r. Use the plot to explain why the patients suffer burns near the 
edge of the electrode. 
 
 
 
10. Suppose you use MRI and find the distribution of magnetic field in the body 
to be 
 
    Bx = C (y z2 – y x2) 
    By = C (x z2 – x y2) 
    Bz = C 4 x y z 
 
where C is a constant.  
a) Show that this magnetic field distribution is consistent with Maxwell’s equa-
tions (in steady state). 
b) Determine an expression for the current density within the body. 
 


