
Physics PhD Qualifying Examination  
Part I – Wednesday, August 26, 2015 

 
Name:_________________________________________________ 
                                (please print) 
Identification Number:________ 
 
STUDENT: Designate the problem numbers that you are handing in for grading in the 
appropriate left hand boxes below.  Initial the right hand box. 
PROCTOR: Check off the right hand boxes corresponding to the problems received from 
each student.  Initial in the right hand box. 

 1  
 2  
 3  
 4  
 5  
 6  
 7  
 8  
 9  
 10  

 
INSTRUCTIONS FOR SUBMITTING ANSWER SHEETS 

1. DO NOT PUT YOUR NAME ON ANY ANSWER SHEET.  EXAMS WILL BE 
COLLATED AND GRADED BY THE ID NUMBER ABOVE. 

2. Use at least one separate preprinted answer sheet for each problem. Write on only one 
side of each answer sheet. 

3. Write your identification number listed above, in the appropriate box on each preprinted 
answer sheet.    

4. Write the problem number in the appropriate box of each preprinted answer sheet.  If 
you use more than one page for an answer, then number the answer sheets with both 
problem number and page (e.g. Problem 9 – Page 1 of 3). 

5. Staple together all the pages pertaining to a given problem.  Use a paper clip to group 
together all problems that you are handing in. 

6. There is no limit on the number of problems you can turn in. 
7. A passing distribution for the individual components will normally include at least three 

passed problems (from problems 1-5) for Mechanics and three problems (from problems 
6-10) for Electricity and Magnetism. 

8. YOU MUST SHOW ALL YOUR WORK. 
 
 
 

 

Student’s initials 
 
 
# problems handed in: 
 
 
Proctor’s initials 
 
 



2 
 

I-1 [10] 
 
A particle moves in a medium under the influence of a force,  

 224 2 aavvmkF  , 
where k are a constants. There are no other forces present. The particle is initially at the origin 
(x=0) and is given an initial velocity of v0. Treating the problem classically (not relativistically), 
 
(a) What is the distance the particle travels before coming to a stop (i.e. v=0)? (Note that your 
answer should be given in terms of v0, a, and k.) 
(b) What is the maximum possible distance it can ever travel before coming to a stop?  
 
 
 
 
 
 
 
I-2 [10]  
 
Consider a system consisting of a massless spring with spring constant k and a wheel with 
uniform mass M, moment of inertia I and radius R. The top of the wheel is connected to the end 
of the spring as illustrated in the Figure. The equilibrium length of the spring is at x=0. The 
wheel rolls without slipping on the horizontal plane when set in motion by the spring. 
 
(a) Determine the kinetic energy T of the system. 
(b) Determine the potential energy U of the system. 
(c) Write down the equation describing the constraint on the motion of the wheel. 
(d) Write down the Lagrangian L of the system. 
(e) Derive Lagrange’s equation of motion. 
(f) What is the frequency of oscillations of the wheel? 

X=0

X 
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I-3 [3,5,2] 
 
Consider the motion of a coplanar, double pendulum system with one single pendulum hanging 
from another. The lengths of the massless strings, ℓ ,  ℓ  and the masses of the bobs, ,   are 
different. Use the angle each string makes with the vertical as generalized coordinates, ,  . 
 

 
(a) Determine the Lagrangian equations of motion for small oscillations. 
(b) Determine the normal modes of oscillation of the system and their corresponding 

frequencies.  What are the frequencies for the special case of equal lengths and equal masses? 
(c) Under what conditions will the system move as a single piece? Is this physically possible for 

a double pendulum?    
 
 
 
 
 
 
 
I-4       [10] 
 
What minimum force F, applied horizontally at the axel of the wheel, is necessary to raise the 
wheel over a curb of height h?  (See figure below.) The radius of the wheel is r and its total mass 
is M. The gravitational acceleration is g. You must express your answer in terms of h, r, M, and 
g. 
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I-5       [10] 
 
In the laboratory reference frame, an observer “sees” simultaneous bright flashes (the light flashes arrive 
at the observer at the same instant) from both the front and rear of a rocket of length  (as measured by 
the observer) which is travelling at a relativistic velocity, .  

If the rocket was travelling directly toward the observer in the laboratory frame, as shown below: 

 

 

 

 

 

 

 

 

 

(a) Were the light pulses simultaneously emitted in the rocket frame? 
(b) If not, which occurred first and what was the delay between emitted pulses? 

 

If the rocket was travelling tangent to the observer in the laboratory frame, as shown below: 

 

 

 

 

 

 

 

 

(c) Were the light pulses simultaneously emitted in the rocket frame? 
(d) If not, which occurred first and what was the delay between emitted pulses? 
 

  

rocket

observer

rocket 

observer
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I-6 [10] 
 
Determine the electric field inside and outside a sphere of radius R and dielectric constant  
placed in a uniform electric field of magnitude  directed along the z-axis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
I-7 [10] 
 
(a) Write down Maxwell’s equations for free space where there are no current or charge 
distributions. 
 
(b) Derive wave equations for electric and magnetic fields from Maxwell’s equations. 
 
(c) Assume plane-wave solution for the fields,  

 
 

kc

trkBB

trkEE











cos

cos

0

0

      , 

and show that E


, B


and  k


are perpendicular to each other.  
 
(d) Use the two curl equations in Maxwell’s equations to show the relationship between 00 ,  

and speed-of-light in free space, c.  
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I-8 [10]  
 
Consider two parallel loops of wire having a common axis as illustrated in the Figure. The 
smaller loop with radius r is above the larger loop with radius R by a distance Rx  . 
Consequently, the magnetic field B, due the current i in the larger loop, is nearly constant 
throughout the smaller loop and equal to the value on the axis. Suppose that the distance x is 
increasing at the constant rate dx/dt=v. 
 
(a) Determine the magnetic flux across the area bounded by the smaller loop as a function of x. 

(b) Calculate the electromotive force  in the smaller loop. 
(c) Determine the direction of the induced current iind flowing in the smaller loop. 
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I-9 [10] 
 
A massive atom with an atomic polarizability  is subjected to an electromagnetic field (the 
atom being located at the origin), 

̂  . 

Find the asymptotic electric and magnetic fields radiated by the atom and calculate the energy 
radiated per unit solid angle. State any approximations used in this calculation, and state when 
(and why) they will break down as  is increased. 

 

 
 
 
 
 
 
I-10 [5,5] 
 
In the Compton effect, a   -ray photon of wavelength  strikes a free but initially stationary, 

electron of mass m. The photon is scattered at an angle  , and its scattered wavelength is ~ . 
The electron recoils at an angle   (see figure below). 
 

 
(a) Write the relativistic equations for momentum and energy conservation. 
(b) Find an expression for the change  ~ -   in the photon wavelength for the special case 

2/  . 
 



































Physics PhD Qualifying Examination  
Part II – Friday, August 28, 2015 

 
Name:_________________________________________________ 
                                (please print) 
Identification Number:________ 
 
STUDENT: insert a check mark in the left boxes to designate the problem numbers that 
you are handing in for grading. 
PROCTOR: check off the right hand boxes corresponding to the problems received from 
each student.  Initial in the right hand box. 

 1  
 2  
 3  
 4  
 5  
 6  
 7  
 8  
 9  
 10  

 
INSTRUCTIONS FOR SUBMITTING ANSWER SHEETS 

1. DO NOT PUT YOUR NAME ON ANY ANSWER SHEET. EXAMS WILL BE 
COLLATED AND GRADED BY THE ID NUMBER ABOVE. 

2. Use at least one separate preprinted answer sheet for each problem. Write on only one 
side of each answer sheet. 

3. Write your identification number listed above, in the appropriate box on the preprinted 
sheets.    

4. Write the problem number in the appropriate box of each preprinted answer sheet.  If 
you use more than one page for an answer, then number the answer sheets with both 
problem number and page (e.g. Problem 9 – Page 1 of 3). 

5. Staple together all the pages pertaining to a given problem.  Use a paper clip to group 
together all problems that you are handing in. 

6. There is no limit on the number of problems you can turn in. 
7. A passing distribution for the individual components will normally include at least four 

passed problems (from problems 1-6) for Quantum Physics and two problems (from 
problems 7-10) for Thermodynamics and Statistical Mechanics. 

8. YOU MUST SHOW ALL YOUR WORK. 
 
 
 
  

Student’s initials 
 
 
# problems handed in: 
 
 
Proctor’s initials 
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II-1 [10]  
 
A particle of mass  moves in one dimension under the influence of a potential . Suppose it 

is an energy eigenstate 
/

/  with energy /2 . 

(a) Find the mean position of the particle. 
(b) Find the mean momentum of the particle. 
(c) Find . 
(d) Find the probability  that the particle’s momentum is between  and . 
 
 
 
 
 
 
 
 
 
 
II-2 [10]  
 
A weak perturbative potential is added to the one-dimensional simple harmonic oscillator with 
mass m  and frequency   in the form of 
 

xV  , 
 
where   is a constant.  
 
(a) Find the lowest-order non-vanishing corrections to all energy levels and write down the new 
perturbed energy levels to this order. 
 
(b) Obtain the lowest-order non-vanishing corrections to all eigenkets of the unperturbed 
Hamiltonian and write down the new perturbed eigenkets to this order. 
 
 
You may find the number representation of the harmonic oscillator with the annihilation and 
creation operators useful  
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II-3 [10]  
 
(a) Consider a one-electron atom, write done its spin-orbit Hamiltonian.  
(b) Let us assume that the un-perturbed atomic wavefunction of the atom (i.e. in the absence of 

spin-orbit interaction) is given by  . Now, when the spin-orbit interaction is present, use 

perturbation theory to find the eigenvalue of the state  . 

(c) Describe the degeneracy of the states. 
(d) Work out the degeneracy for state with L=1 and S=1/2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
II-4 [10] 
 
In the Born approximation, evaluate the cross-section of scattering by a “delta-function” 

potential. The scattering potential is given by:    rBrV  , where we take the force center as 
the origin.  
 
(a) Obtain the differential cross-section and the total scattering cross section using the Born 

approximation.  
(b) Discuss the case with a delta-function potential with respect to the interaction-potential of 

very small range ( effr ) which is much less than the deBroglie wavelength. In this scattering 

isotropic and thus velocity independent? Discuss the applicability of Born approximation.  
 
Note that B is a constant and equals to the volume integral of the delta-function potential.  
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II-5 [10] 
 
The relationship between the wavelength  and frequency  for the propagation of 

electromagnetic waves through a hollow waveguide is 
2
0

2 





c with c being the speed of 

light and 0 standing for the minimum frequency for which waves will propagate. 
Calculate the group velocity vg and phase velocity vph of the waves. 
 
 
 
 
 
 
 
 
 
II-6 [6,4] 
 
A hydrogen atom in its ground state is placed between the parallel plates of a capacitor. For 
times 0t , no voltage is applied. Starting at 0t , an electric field /ˆ)( t

o eEt  zE  is applied, 

where   is a constant. 
(a) Derive the equation for the probability that the electron ends up in a state j due to this 

perturbation. 
(b) Evaluate the result if state j is a: 

(i)  2s state (parity argument may simplify the calculation); 
(ii) 2p state. 

 
The normalized eigenstates of the hydrogen atom (you may not need all): 
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where 0a is the Bohr radius. 
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II-7 [3,7] 

 
The Van der Waals equation of state is given by 

  NkTbNV
V

N
aP 


















2

, 

where P is the pressure, V is the volume, T is the temperature, N is the number of atoms, and k is 
the Boltzmann constant. a and b are material specific constants. 
 
(a)  Give a physical interpretation of the above equation, in particular, describe the role of the 

constants a and b. 
(b)  Express the critical temperature, volume, and pressure, Tc , Vc , and Pc , in terms of the 

constants a, b, k, and N. 
 
 
 
 
 
 
 
 
II-8 [2,4,4] 
 
The Helmholtz free energy of a dilute plasma gas consisting of N  electrons confined to a 
volume V  at temperature T  is given by  

2/12
2 4

3

2
),,(),,( 










TVk

Ne
NeNVTFNVTF

B

ideal 
, 

where e  is the electron charge, Bk  is Boltzmann’s constant, and ),,( NVTF ideal  is the Helmholtz 
free energy of a mono-atomic ideal gas. 
 
(a) Obtain the equation of state of the above plasma gas. 
(b) Obtain the internal energy of the system ),,( NVTE . 

(c) Obtain the constant-volume heat capacity VC . 

 
Note: your answers should be fully explicit in terms of the variables T , V , and N . To that end, 
you are expected to remember and use the equation of state, internal energy, heat capacity of the 
ideal gas in obtaining your final results. 
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II-9 [10] 
 
Two containers are at the same temperature T. The first contains gas at pressure p1 whose 
molecules have mass m1 with a root-mean-square speed vrms1. The second contains molecules of 
mass m2 at pressure 2p1 that have an average speed vav2=2vrms1. Find the ratio m1/m2 of the 
masses of the molecules. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
II-10 [10] 
 
Consider a two-dimensional photon gas confined to an area LLA  . What is the average 
number of photons in the system at temperature T ?  
Your answer must be expressed in terms of A, T, and of course, the necessary fundamental 
constants. 
 
To keep your expressions relatively compact, the following relationship will come useful:  

)()(
10

1







 

dx
e

x
x

, where )(  is the gamma function and )(  is the Rieman zeta 

function. In particular, 
6

)2(
2  .  

(You must derive your answer. Guessing or hand-waving the answer, or pulling it out of your 
memory, will yield zero credit.) 
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