Spring 2006 Qualifying Exam

Part I

Calculators are allowed.  No reference material may be used.

Please clearly mark the problems you have solved and want to be graded.  Do only mark the required number of problems.

Physical Constants:

Planck constant:  h = 6.6260755  10-34 Js,   = 1.05457266  10-34 Js 
Boltzmann constant:  kB = 1.380658  10-23 J/K 

Elementary charge:  e = 1.60217733  10-19 C 

Avogadro number:  NA = 6.0221367  1023  particles/mol 

Speed of light:  c = 2.99792458  108  m/s 

Electron rest mass:  me = 9.1093897  10-31 kg 

Proton rest mass:  mp = 1.6726231  10-27 kg 

Neutron rest mass:  mn = 1.6749286  10-27 kg 

Bohr radius:  a0 = 5.29177  10-11 m 

Compton wavelength of the electron:  c = h/(me c) = 2.42631  10-12 m

Permeability of free space:  0 = 4 10-7 N/A2
Permittivity of free space:  0 = 1/0c2
Gravitational constant: G = 6.6726  10-11 m3/(kg s2)

Radius of Earth:  R = 6.37  103 km
Conversions:

Light year: 1 ly = 9.46  1015 m
Atomic mass unit: 1 u = 1.66  10-27 kg
Section I:

Work 8 out of 10 problems, problem 1 – problem 10.

Problem 1:

Find the potential of a uniformly charged spherical shell of total charge Q and radius R at positions both inside and outside the shell.  Set zero potential at infinity.

Problem 2:

An atom has Z = 37 electrons.  Using the Bohr model for multi-electron atoms find the value of n and  for the electron that is least tightly bound.

Problem 3:

A solenoid is designed to store UL = 0.10 J of energy when it carries a current of I = 450 mA.  The solenoid has a cross-sectional area of A = 5.0 cm2 and a length  = 0.20m.  How many turns of wire must the solenoid have?

Problem 4:

Light of wavelength 640nm is shone on a double-slit apparatus and the interference pattern is observed on a screen.  When one of the slits is covered with a very thin sheet of plastic of index of refraction n = 1.6, the center point on the screen becomes dark.  What is the minimum thickness of the plastic?

Problem 5:

Use conservation of energy and momentum to show that a moving electron cannot emit a photon unless there is a third body present (e.g., an atom or a nucleus).
Problem 6:

It has been proposed to drive a spacecraft remotely by directing an intense electromagnetic beam to the craft.

(a)  Is it more efficient to absorb the beam or reflect it from the craft?

(b)  If the beam carries 106 watts uniformly in an area of 5 m2and the beam is reflected, how long would it take for a 1000 kg spaceship to reach a final velocity of 106 m/s, and how far would the craft travel in this time?

Problem 7:

An atomic clock is taken to the North Pole, while another stays at the Equator.  How far will they be out of synchronization after a year has elapsed?
Problem 8:

Before the neutron was discovered one model assumed the atomic nucleus to be made of protons and electrons.  Show that the observation that the characteristic size of a nucleus is several times 10-15 m and that the average binding energy of a particle in the nucleus is less than 10 MeV makes this model inconsistent with basic principles of quantum mechanics.  

Problem 9:

A vertical thin rod of length L carries a total charge Q uniformly distributed.  Calculate the electric field along its axis at a distance z above its top end.
Problem 10:

Suppose that a very long coaxial line is divided into three regions
(i)  current I into the page for 0 < r < a 
(ii)  current 0 for radius a < r < b 
(iii)  current I out of the page for b < r < c. 
Assume each conductor to have a uniform current density.  Find B for

(a)  r < a,
(b)  a < r < b,
(c)  b < r < c,
(d)  r > c.
Section II:

Work 3 out of the 5 problems, problem 11 – problem 15.

Problem 11:

A two electron system has (in its center of mass frame) energy E and angular momentum L.  What is the closest distance the electrons approach each other?

Problem 12:

(a)  By considering the forces acting on a thin concentric shell of atmosphere at a distance r from the center of the earth, show that the variation of pressure P with height in terms of the local density of the atmosphere  and the local gravitational acceleration g is given by  

dP/dr = -g
(b) If the temperature is 27o C at the earth’s surface and the atmosphere is assumed to be an ideal gas composed approximately of 80% diatomic 14N and  20% diatomic 16O, estimate the vertical distance over which the pressure falls to 1/e of its value at the surface (this is called the scale height of the atmosphere).  To simplify your estimate you may assume the temperature to remain constant with height above the surface (which typically introduces an error of ~ 20% compared to a more realistic variation of temperature).

Problem 13:

Two isolated spherical conductors of radii 3 cm and 9 cm are charged to 1500 V and 3000 V, respectively.  They are very far away from each other.

(a) What is the total energy of the system?

(b) If we connect the two conductors by a fine wire and wait until equilibrium is established, how much heat will be generated in the wire?
Problem 14:

Consider a particle moving along the x axis under the influence of the potential
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 are constants.  
(a) Plot the potential.  
(b) Find the equilibrium point(s).  
(c) Determine whether the equilibrium point(s) are stable or unstable.
Problem 15:

In the photoelectric effect, light shining on a surface (a clean metal in the simplest experiments) causes electrons to be emitted.  Experiments document the following properties:

1. Electrons are emitted almost instantaneously when light shines on the surface, even for very small light intensities.

2. The rate of photoelectron emission is proportional to the light intensity but does not depend on its frequency.

3. The energy of the emitted electron varies linearly with the frequency of the light but is independent of its intensity.

4. There is a threshold frequency for photoemission that is independent of the light intensity.  No photoelectrons are emitted for light with frequency lower than this, no matter how great the intensity of the light.

(a)  These observations cannot be explained consistently using classical physics.  Describe how quantum mechanics, specifically that light may be assumed to come in quantized bundles, accounts for these observed properties of the photoelectric effect.

(b) The energy required to unbind an electron from the surface depends on the material and is termed the work function for that surface.  For a particular metal, only photons with wavelength shorter than 564 nm are observed to cause photoelectrons to be emitted.  What is the value of the work function for this metal?
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