
 1 

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

 
Theoretical Physics                       August 12, 2014 
 
ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE 
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.  
 
 
1.  During an MRI experiment to perform diffusion tensor imaging of white mat-
ter in the brain, the measured diffusion tensor D  is 
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Determine a unit vector that points in the direction of the fiber tract. 
 
 
2. Describe in words, pictures and equations the Carnot cycle. Explain the im-
portant features of each step. Be sure to draw a PV diagram for an ideal gas un-
dergoing this cycle. Why is the Carnot cycle so important in thermodynamics? 

The efficiency of a Carnot cycle is 
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. What is the efficiency of the cycle oper-

ating between ice water and steam (both at atmospheric pressure)? 
 
 
3. Consider the flow of a fluid down a long cylindrical tube (of radius a). Ignore 
any viscous effects and assume “plug flow” (velocity is in the z direction with 
speed v, independent of r or z). The fluid carries with it some molecules of con-
centration C(z). The number of these molecules moving down the tube in the z 
direction per unit time per unit area is Jz(z) = vC. The molecules can diffuse radi-
ally out through the wall of the tube. The concentration of molecules outside the 
tube is zero, so the number of molecules moving in the r direction out through 
the tube wall per unit time per unit area is Jr(z) = kC. 
a) Analyze a section of the tube between z and z+Δz. Use conservation of the 
number of molecules to determine a differential equation describing the steady-
state concentration distribution, C(z). 
b) Assume that at z = 0, C = Co. Derive an expression for C(z). 
 
 
4.  Consider a collection of N spin-1/2 particles, each with magnetic moment m.  
Assume they are in thermal equilibrium with temperature T, are distributed in a 
volume V, and are placed in a magnetic field of strength B.  
a) Derive a formula for the net magnetization as a function of N, V, T and B.  
b) What is the limit of this formula for high and low temperatures?  What exactly 
do we mean by "high" and "low"? In MRI, which limit applies? 
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5. a) Design a compound microscope. Your design should consist of specifying 
four quantities: i) the focal length of the objective, ii) the focal length of the eye-
piece, iii) the distance between the objective and the eyepiece, and iv) the dis-
tance from the objective to the object. 
b) For your design, calculate the total magnification, . If your  is 
not at least ten, then you have designed a poor microscope. Repeat part a) and 
design a better one. 
c) Draw an accurate ray diagram showing the positions of the lenses, and the po-
sitions of the object, the final image, and any intermediate images and objects. 
Draw at least three representative rays for each image. 
d) Is the final image real or virtual? Upright or inverted?  
 
 
6. A point charge q is placed a distance L from a grounded plane (z = 0).  Calcu-
late the charge distribution on the plane, σ(x,y). 
 
 
7. Consider the potential energy function 

V (x) = 0 for x < 0
V (x) =V0 for x > 0

 

a) Solve the 1-dimensional, time-independent Schrödinger’s equation for the 
wave-function for the cases E <V0 and E >V0 . Assume particles are incident from 
the left. 
b) Calculate the reflection coefficient as a function of E, and plot it for 0 < E < 2Vo. 
 
 
8.  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. 
 
 
9. The concept of “skin depth” can play a role in MRI.  
a) Ampere’s law in its differential form relates the magnetic field B to the cur-
rent density J. Use Ohm’s law to write Ampere’s law in terms of the electric 
field E and the conductivity σ. (Ignore displacement current.) 
b) Take the curl of both sides of the equation found in part a) (assume the 
conductivity is homogeneous and isotropic). 
c) Use the differential form of Faraday’s law, ∇•B = 0 , and the vector identity 
∇× ∇×B( ) =∇ ∇•B( )−∇2B  to simplify the result from part b). 
d) Does the answer to part c) look like any well-known partial differential 
equation? Which one? Explain what this means physically. 
e) Describe in detail how this calculation may be applicable to MRI.   
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10. Suppose your median nerve carries a current I along its length L. 
a) You are having a magnetic resonance image taken, and the steady uniform 
magnetic field B is directed perpendicular to the nerve. Derive an expression 
for F, the magnitude of the magnetic force on the nerve. Draw a picture show-
ing the directions of I, B, and F. 
b) Assume this nerve is held in position by an elastic force per unit length 
with magnitude equal to kr, where k is the spring constant per unit length and 
r is the distance the nerve is displaced from its equilibrium position. Find an 
expression for the displacement of the nerve. 
c) Assume that a magnetic field gradient G is present, so that when the nerve 
moves a distance r it leaves a region with magnetic field strength B and enters 
a region of magnetic field strength B + Gr. Derive an expression for the 
change in resonance angular frequency Δw caused by the displacement, in 
terms of G, B, I, k, and the gyromagnetic ratio of the proton. If the gradient 
and current last for time T, what is the change in phase of the MRI signal? 
d) Calculate the distance that the axon moves if B0 = 4 T, I = 0.1 mA, and k = 
40,000 N/m2. Calculate the resulting phase shift (in degrees) if G = 36 mT/m, 
T = 10 ms, and γ = 2.68 x 108 rad/(s T).  
 


