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

Theoretical Physics                 August 11, 2008

ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.

1. Derive the Bohr model of the hydrogen atom.  Start from the two postulates: i)
the electron moves in a circular orbit around the nucleus under the influence of
the Coulomb attraction and obeys classical mechanics, and ii) the orbital angular
momentum can only take on the values nh/2π, where n = 1, 2, 3, ...
Calculate:
a) 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.
b) 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).
c) The speed of the electron in the nth orbit. Plug in values for the constants to
determine 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.
d) The wavelength of a photon given off when the electron changes from orbit n1
to n2. Derive an expression for the Rydberg constant in terms of fundamental
constants. Plug in values for these constants to determine the value of the
Rydberg 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.  Consider a long coaxial cable with a hollow inner conductor of radius a, and a
thin outer conductor of radius b. The material between the conductors has per-
mittivity ε and permeability µ. Calculate a) the capacitance per unit length, and
b) the inductance per unit length, of the cable.

3. Consider a reversible ideal gas heat engine that operates in the following cycle
(assume 1 mole of gas having f degrees of freedom per molecule)

a --> b isothermal expansion (constant temperature Thot)
b --> c isobaric (constant pressure) compression
c --> a adiabatic compression

a) Draw the cycle in the PV plane.
b) Calculate the heat into the gas and the work on the gas in each process.
c) Calculate the efficiency in terms of Thot and the temperature at point c, Tcold.
d) If Thot = 400 K and Tcold = 300 K, calculate the efficiency and compare it to the
Carnot efficiency
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4. 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, 

€ 

Mtotal . If your 

€ 

Mtotal  is not
at least ten, then you have designed a poor microscope. Repeat part a) and de-
sign a better one.
c) Draw an accurate ray diagram showing the positions of the lenses, and the po-
sitions of the image, the object, 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?

5. a) Write down Maxwell's equations for a vacuum in SI units.
b) Show that these are consistent with the existence of scalar and vector poten-
tials 

€ 

φ  and A. How are these potentials related to the electric field E and mag-
netic field B?

c) Given the Lorentz condition 
  

€ 

µoεo
∂φ
∂t

+∇ ⋅A = 0 , show that separate wave
equations can be derived for 

€ 

φ  and A.
d) What is the speed of light in terms of 

€ 

εo  and 

€ 

µo .

6.  A particle of mass m moves in two dimensions under the influence of a po-
tential energy function given by

€ 

U x,y( ) =
1
2
k x2 + 4y2( ) .

a) Find the force on the particle. Is the force isotropic or anisotropic?
b) Find the resulting motion, given the initial conditions x(0)=0, y(0)=A, vx(0)=V,
and vy(0)=0.
c) What are the periods for the x- and y-motions? What is the period for the
whole motion?
d) Find the total energy for the particle in terms of m, A, V, and k.

7. Describe the nuclear physics underlying the two types of atomic bombs devel-
oped during the Manhattan project and dropped on Japan during World War II.
Describe the source of energy in the bombs, the material used in each one, how
this material was obtained, and the main challenges or obstacles the scientists
had to overcome to develop these bombs. Your answer can be qualitative, but it
should be detailed and complete.
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8.  A small spherical organism of diameter 10 µm 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 u. The drag force, Fdrag, acting on the organism due to the viscosity
of the water is given by Stokes law

€ 

Fdrag = 6ηRu  ,
where 

€ 

η is the viscosity of water (0.001 kg/(m s)) and R is the radius of the or-
ganism. Take the density of the water to be 1000 kg/m3 and g=9.8 m/s2.
a) Calculate u.
b) Calculate the Reynold's number in this case. Would you classify it as high
Reynold's number flow or low Reynold's number flow? Do you expect a turbu-
lent wake to exist behind the sinking organism?
c) How long does it take for the organism to fall a distance equal to its own di-
ameter?

9.  Let us calculate the maximum size that an animal living in air can reach before
a circulation system is necessary to deliver oxygen to the tissue.
a) Solve the steady state diffusion equation for oxygen concentration C(r) a dis-
tance r from the center of a spherical animal of radius R that metabolizes oxygen
at a rate Q molecules/s m3. The diffusion constant for O2 in the tissue is D. As-
sume that the air surrounding the organism is "well mixed," meaning that the
concentration of oxygen is uniform everywhere outside the organism and is
equal to C0. The only way that oxygen can get to the inside of the animal is to dif-
fuse in from the surface.
b) The concentration C(r) must be positive everywhere within the animal (else
the tissue will die). This sets a limit on the maximum size of the animal. Find an
expression for the maximum radius Rmax in terms of Q, C0, and D.
c) Evaluate your expression to find Rmax assuming Q=1x1025 molecules/s m3

(typical of bacteria), D=2x10-9 m2/s, and C0=5x1024 molecules/m3.
d) Do you think that diffusion of oxygen is the factor that limits the size of E. coli
bacteria?
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10.  In quantum mechanics, suppose an operator A, representing observable A,
has two normalized eigenstates 

€ 

ψ1 and 

€ 

ψ2, with eigenvalues 

€ 

a1 and 

€ 

a2 , respec-
tively. Operator B, representing observable B, has two normalized eigenstates 

€ 

ϕ1
and 

€ 

ϕ2 , with eigenvalues 

€ 

b1 and 

€ 

b2, respectively. The eigenstates are related by

€ 

ψ1 =
1
5
3ϕ1 + 4 ϕ2( ) and

€ 

ψ2 =
1
5
4 ϕ1 − 3ϕ2( ).

a) Observable A is measured, and the value 

€ 

a1 is obtained. What is the state of
the system (immediately) after this measurement?
b) If B is now measured, what are the possible results, and what are their prob-
abilities?
c) Right after the measurement of B, A is measured again. What is the probability
of getting 

€ 

a1?
d) If you assume that 

€ 

a1 ≠ a2, what should be the value of 

€ 

ψ1 ψ2 ? Do you need
to do any calculations? Explain why.


