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

 
Theoretical Physics                       August 16, 2013 
 
ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE 
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.  
 
 
1. The Bohr model for the hydrogen atom was derived 100 years ago this year (in 
1913). Start from two postulates: i) the electron moves in a circular orbit around 
the nucleus under the influence of Coulomb attraction and obeys classical me-
chanics, and ii) the orbital angular momentum can take on only the values nh/2π, 
where n = 1, 2, 3, ... 
Calculate: 
a) the radius of the nth orbit. Plug in values for the constants to determine the 
radius of the n = 1 orbit in angstroms (the Bohr radius). 
b) the speed of the electron in the nth orbit. Plug in values for the constants to de-
termine the speed in the n = 1 orbit in m/s. Compare this value to the speed of 
light to determine if relativistic effects are crucial or just small corrections. 
c) the energy as a function of n. Plug in values for the constants to determine the 
energy of the n = 1 level in electron volts. 
d) an expression for the wavelength of a photon given off when the electron 
changes from orbit n1 to n2. Express the Rydberg constant in terms of fundamen-
tal constants. Plug in values for these constants to determine the value of the Ry-
dberg constant in 1/m. 
Some physical constants: 

€ 

e =1.6 ×10−19C , 

€ 

me = 9.1×10−31 kg ,  

€ 

εo = 8.85 ×10−12C2 /(N m2 ) , 

€ 

µo =12.6 ×10−7T m / A, 

€ 

c = 3.0 ×108m / s , 

€ 

h = 6.6 ×10−34 J s, 

€ 

k =1.38 ×10−23 J / K , 

€ 

G = 6.67 ×10−11Nm2 / kg2 . 
 
 
2. Two identical uniform spheres sit in a box as shown below. The width of the 
box is three times the radius of each sphere. The depth into the paper is twice the 
radius, so the spheres just fit. Find the contact force between the two spheres, 
and the three contact forces with the walls of the box, in terms of the weight of 
each sphere, W. You do not need to find the forces on the front and back walls 
pointing perpendicular to the paper. Ignore friction at all surfaces. 
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3. You pass a light beam through two crossed polarizers, first A and then B (B is 
rotated 90° relative to A). 
a) What fraction of the incident light intensity comes out through B? 
b) Now put a third polarizer, C, after the two original ones (ABC), with C at an 
angle of 30° relative to B. What fraction of the incident light intensity comes out 
through C? 
c) Next move the third polarizer to in front of the two original ones (CAB), with 
C at an angle of 30° relative to B. What fraction of the incident light intensity 
comes out through B? 
d) Finally, move the third polarizer to between the two original ones (ACB), with 
C at an angle of 30° relative to B. What fraction of the incident light intensity 
comes out through B? 
 
 
4. The solar constant is 1370 W/m2. Estimate the temperature of the earth (in °C), 
assuming the earth is a perfect blackbody. Possibly useful information: the fine 
structure constant, 7.30 x 10-3; the Stefan-Boltzmann constant, 5.67 x 10-8 W/m2 K4; 
the gravitational constant, 6.67 x 10-11 m3/kg s2; Planck’s constant, 6.63 x 10-34 J s. 
 
 
 
5. An uncharged conducting sphere of radius a is placed in a uniform electric 
field of strength Eo. Calculate the surface charge density produced over the 
sphere surface. Sketch a picture of the electric field lines and surface charge den-
sity. 
 
 
 
6. Consider a particle in a potential well. 
a) Solve the time-independent Schrödinger equation for the particle in two-
dimensional infinite square box (U=0 for 0 ≤ x ≤ L, 0 ≤ y ≤ L, and is infinite oth-
erwise). Look for a solution in the form !(x,y)=f(x)*g(y). Find the wave function 
(both inside and outside the box) and the corresponding discrete energy levels.  
b) Explain the phenomenon of degeneracy. Give examples of degeneracy from 
what you found in part a). 
c) Compute averages <x>, <y>, and <xy>. 
 
 
7.  The potential produced a distance r from an ion of charge q in saltwater is 

    V r( ) = q
4πεo

e−r/λ

r
 

a) Calculate the charge density ρ(r) in the region surrounding the ion. 
b) Determine the total charge within a sphere of radius a centered on the ion. 
c) Discuss the limiting cases of a >> λ and a << λ. 
d) Explain in words what phenomenon causes this behavior. Focus on explaining 
the physical origin of the length constant λ. 
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8. Consider a stationary solid sphere of radius a placed in a fluid of viscosity η 
moving uniformly with speed V. For low Reynold’s number flow, the radial and 
tangential components of the fluid velocity and the pressure surrounding the 
sphere are 
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a) Show that the no slip boundary condition is satisfied. 
b) Verify that the flow is incompressible. 
c) Derive an expression for the net drag force on the sphere by integrating the 
shear force and the pressure force over the sphere surface. What fraction of this 
force arises from pressure drag, and what fraction from viscous drag? 
 
 
 
 
 
9. In 1907, Einstein published his expression for the specific heat of a solid.  Let's 
derive it.  Assume the solid consists of N particles (so 3N degrees of freedom), 
with each degree of freedom having the harmonic oscillator energy levels 
 

€ 

En = nhf ,   n=0, 1, 2, 3, ... 
 

(ignore the zero point energy in this problem).  Assume these oscillators are in 
thermal equilibrium at absolute temperature T. 
a) Determine the normalized probability of finding an oscillator in state n. 
b) Determine the average energy of an oscillator (as a function of T and f). 
c) Derive an expression for the specific heat of the solid. 
d) Find the limit for the specific heat for high temperatures. 
e) Find the limit for the specific heat for low temperatures. 
The following series may be useful: 

€ 

1+ x + x2 + x3 + ... = 1
1− x

  , 
 

€ 

x + 2x2 + 3x3 + ... = x
(1− x)2

  . 
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10. Clausius statement of the second law of thermodynamics: No process is possible 
whose sole result is the transfer of heat from a cooler to a hotter body. 
      Kelvin statement of the second law of thermodynamics: No process is possible 
whose sole result is the absorption of heat from a reservoir and the conversion of this heat 
into work. 
a) Show that if the Clausius statement of the second law of thermodynamics 
were false, then the Kelvin statement of the second law would be false. 
b) Show that if the Kelvin statement of the second law of thermodynamics were 
false, then the Clausius statement of the second law would be false. 
 If you can complete parts a) and b), you will have shown that the Clausius 
and Kelvin statements of the second law are equivalent. 


