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

 
Theoretical Physics                   August 7, 2017 
 
ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE 
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.  
 
 
1. At each corner of a square is a particle of charge q. Fixed at the center of the 
square is a point charge -Q. In terms of q, what value must Q have to make the 
total force on each of the four particles zero? With Q set at that value, the system 
is in equilibrium. Is the equilibrium stable or unstable? 
 
 
2. Derive expressions for the electric field and charge density corresponding to 
the potential 
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3. In 1877, Louis Paul Cailletet liquefied oxygen. Below is a quote from the book 
The Quest for Absolute Zero by Kurt Mendelssohn about this landmark event. 
 

“He compressed [the oxygen gas] to a pressure of about 300 atmospheres 
and cooled the strong-walled glass tube of his apparatus to -29 °C by sur-
rounding it with evaporated sulfur dioxide. When the pressure was sud-
denly released, he …observed a mist of condensing droplets and by a 
number of tests satisfied himself that it was not due to impurity. Oxygen 
had been liquefied…” 

 
First, isothermally compress oxygen gas from 1 to 300 atm at a temperature of     
–29 °C. Then, adiabatically release the pressure from 300 atm to 1 atm. Summa-
rize this process in a sketch of the PV plot. What is the final temperature? The 
temperature that oxygen condenses at 1 atm pressure is -186 °C. Was the oxygen 
cold enough to condense?  
 Hint: For one case, adiabatic or isothermal (I won’t tell you which), VgP is 
constant. For oxygen, g = 1.4. 
 
 
4. Seven grams of carbon, recently sampled from a live oak tree, gives an average 
of 3075 radioactive decays per minute. Thirteen grams of carbon taken from an 
oak axe handle at an archeological site gives an average of 2113 radioactive de-
cays per minute. The half-life of Carbon-14 is 5730 years. How old is the axe? 
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5. Assume oxygen is diffusing toward a sphere of radius R. Treat the sphere as 
perfectly absorbing, meaning it maintains the concentration of oxygen, C, equal 
to zero at the sphere surface. Far from the sphere, the oxygen concentration is Co. 
The concentration C(r) obeys the steady-state diffusion equation, where r is the 
distance from the sphere center. The diffusion constant is D. Derive an expres-
sion for C(r). 
 
 

 
 
6. Consider a conical pendulum, shown above. A mass m revolves in a horizontal 
circle with constant speed at the end of a massless cord of length L. The cord 
sweeps out the surface of a cone, and makes an angle of q with the vertical. De-
rive an expression for the frequency of revolution as a function of L, q, and the 
acceleration of gravity g. 
 
 
 
7. The spectral density of blackbody radiation is 
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Define what the symbols f, c, h, k, and T stand for. Derive an approximate expres-
sion for r(f,T) at high temperatures. Derive an approximate expression for r(f,T) 
at low temperatures. Sketch plots of r versus f for two temperatures. Who first 
derived this expression? Describe the significance of this expression in the histo-
ry of quantum mechanics. 
 
 
 
8. A particle in a box (0 < x < L) has wave functions and energies of 
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a) Normalize the wave functions to determine An. 
b) At t = 0, 𝜓 𝑥 = .

2
𝜓) +

)
2
𝜓.. Derive expressions for Ψ 𝑥, 𝑡  and Ψ 𝑥, 𝑡 .. 

c) The particle will oscillate back and forth. Derive an expression for the oscilla-
tion frequency in terms of h, m, and L. 
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9. Since the central force is conservative, one can write down the conservation of 
energy: 

[ ] ErVrrm =++ )(
2
1 222 q!! , 

where )(rV  is the physical potential corresponding to the force )(rF
!

.  

a) Considering the inverse square law rer
krF ˆ)( 2-=

!
 and using angular momen-

tum conservation, q!2rl = , derive the effective potential )(rU , such that 

ErUrm =+ )(
2
1 2! . Sketch )(rU  as a function of r . 

b) Explain how the motion looks like both for 0>E  and for 0<E . Compute the 
energy corresponding to the circular motion. 
 
 
 
10. Medical physicists often use the isotope 18F, which decays by positron emis-
sion. 
a) What is a positron? 
b) What sort of nucleus would decay by positron emission? 
c) What isotope does 18F decay into (you may use the periodic table on the next 
page)? 
d) What does the acronym PET stand for? 
e) Explain briefly how PET imaging works. 
f) What sort of imaging is performed using 18F fluorodeoxyglucose? 
g) What is the half-life of 18F (any answer within a factor of ten is acceptable)? 
h) What happens to the positron after it is emitted? 
i) What mechanism competes with positron emission during nuclear decay (it is 
more important in heavier isotopes than in light isotopes like 18F)? 
j) During positron emission, another particle also is ejected from then nucleus. 
What is this particle? 
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