
 
 

UNL - Department of Physics and Astronomy 
 

Preliminary Examination - Day I 
Friday, August 8, 2025 

 
This test covers the topics of Electrodynamics (Topic 1) and Quantum Mechanics (Topic 2).  Each 
topic has 4 “A” questions and 4 “B” questions.  Work two problems from each group.  Thus, you 
will work on a total of 8 questions today, 4 from each topic.  
 
Note: If you do more than two problems in a group, only the first two (in the order they appear in 
this handout) will be graded. For instance, if you do problems A1, A3, and A4, only A1 and A3 
will be graded. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

WRITE YOUR ANSWERS ON ONE SIDE OF THE PAPER ONLY 
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Quantum Mechanics Group A 
Answer only two Group A questions 
 
A1. Estimate the quantum mechanical penetration depth of a small particle of dust with a radius r 
of 10-9 m and a density ρ of 105 kg/m3. The dust particle moves at a velocity v of 10 m/s into a 
potential energy barrier that has 4 times the particle’s kinetic energy E. 

  

 

 

 

 

 

A2. For a system of two particles with spins s = 1/2 find the four eigenvalues (repeating corre-
sponding number of times in case of degeneracy) of the following operators, where a and b are 
given constants. 

a) S2, where S = s1 + s2. 

b) 𝑉𝑉1 = 𝑎𝑎ħ2 + 4𝑏𝑏𝑠𝑠1 ⋅ 𝑠𝑠2 

c) 𝑉𝑉2 = 𝑎𝑎ħ(𝑠𝑠1𝑧𝑧 + 𝑠𝑠2𝑧𝑧) + 4𝑏𝑏𝒔𝒔1 ⋅ 𝒔𝒔2. 

 

A3. The wave function of a particle in the position space is connected with the wave function in 
the momentum space by the Fourier transform 

                                                  

Show that if ψ(r) is normalized to 1, then ϕ(p) is also normalized to 1. 

 
A4. For the hydrogen atom in its ground state, calculate the expectation values of the radial coor-
dinate r and the Cartesian coordinate z. 
 
 
 

𝑉𝑉 = 4𝐸𝐸𝑘𝑘 
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Quantum Mechanics Group B  
Answer only two Group B questions 
 
B1. Consider a state |LM> with definite values of the angular momentum and its projection on 
the z axis ħ𝑀𝑀. For such a state determine the expectation values of the following operators. 
 
(a) Lx and Ly. 
 
(b) Lx

2 + Ly
2. 

 
(c) Lx

2 - Ly
2. 

 
(d) Lz', which is the projection of L on an axis z' with an angle θ to the z axis. 
 
(e) Lz'

2 
 
 
 
B2.  Consider the electric potential shown. Draw in as much detail as you can the wave function 
of a particle with a charge +e at energy +4 eV and explain the main characteristics of your wave 
function. In particular, explain if the wave function is decaying or growing, or oscillating. In the 
latter case compare the amplitudes and oscillation frequencies in different regions. Be as quanti-
tative as possible. 
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B3. A particle of mass m moves in one dimension in the infinite square well 

                    V=0 for -a<x<a, V=∞ for |x|>a. 

 At t=0 the particle’s wave function is 

                           

where A is the normalization constant. 

(a) Find A. 
(b) At t=0 the particle’s energy is measured. What are possible outcomes of this measure-

ment?  
(c) What is the probability that the result of the measurement will be exactly the energy of 

the ground state?  
(d) Suppose ψ(x) is an approximation for the wave function of the ground state. What does 

your result in (c) tell you about the quality of the function ψ(x)?  
 

B4. A rotational state of a large molecule with the total angular momentum quantum number j 
≫1 is represented by 
 

|𝜓𝜓⟩ =
1
√3

|𝑗𝑗,𝑚𝑚 + 1⟩ +
1
√3

|𝑗𝑗,𝑚𝑚⟩ +
1
√3

|𝑗𝑗,𝑚𝑚 − 1⟩ 

with m being the quantum number of z-axis projection of the angular momentum. 
 
(a) What are the probabilities of different outcomes for measurement of Jz in this state? 
(b) Find the expectation value of measurement Jz in this state, and uncertainty of its measure-
ment. 
(c) Using properties of J±= Jx ±iJy operators show that the expectation value of Jy in this state is 
zero. Find the expectation value of Jx in this state, simplify it in the case j±m≫1. 
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Electrodynamics Group A  
Answer only two Group A questions 

A1.  Two parallel electric dipoles 1p  and 2p  are separated by distance a and oriented perpendic-
ular to the line connecting them.    

(1) Find the magnitude and direction of the electric field which is produced by dipole 1p  at the 

position of 2p . 

(2) Find the electrostatic energy corresponding to the given dipole configuration. 

(3) Calculate the work which must be done to reverse the orientation of one of the dipole moments.  

 

A2. An RC circuit consists of a resistor with resistance R and a charged capacitor with capaci-
tance C and voltage V0, across the plates. At time t = 0 the switch is closed.  

(1) Calculate the electric current flowing in the circuit as a function of time. 
(2) Show that the initial electrical energy stored in the capacitor is fully dissipated in the resis-

tor at t = ∞.  
 

A3. The magnetic field in some region has the form 

                                              B=kz𝒙𝒙�, 

where k is a positive constant.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

𝑦𝑦 𝑥𝑥 

𝑧𝑧 
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(a) Find the current density which gives rise to this field. 
(b) Find the force (magnitude and direction) on a square loop (side a) lying in the yz plane and 

centered at the origin of the xyz coordinate system, if it carries a current I, flowing clock-
wise as shown in the figure. 

A4.  An electron beam passes through uniform mutually perpendicular electric and magnetic 
fields. The electric field is adjusted such that the electrons move along a straight line. Then the 
electric field is turned off, and the electrons start to move along a curved trajectory with the ra-
dius of curvature R=5 cm.  

(a) Draw a force diagram showing why the net force on the electron in the first configuration 
is zero. 

(b) Find the charge to mass ratio of electron if the magnetic field is 5x10-4 T, and the electric 
field 2200 V/m. 

 
Electrodynamics Group B  
Answer only two Group B questions 

B1. A long coaxial cable carries current I such that it flows uniformly down the surface of the inner 
cylinder of radius a and goes back along the outer cylinder of radius b, as shown in the figure 
below. Assuming that the two conductors have the potential difference V and the space between 
the cylinders is filled by a dielectric material of dielectric permittivity ε. Note that the coaxial cable 
has no net charge 

1. find the magnitude of the linear charge density λ on the inner wire;  

2. find the electric field E everywhere in space; 

3. calculate the electric polarization P between the two cylinders related to the electric displace-
ment D by 0ε= +D E P ; 

4. calculate the bound charge densities (ρB and σB) induced by the polarization P. Show that the 
total bound charge is zero; 

5. find the magnetic field B everywhere. 

 

  

 

 

  

 

 

 

 

 

I 

I a 
b 
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B2. A parallel-plate capacitor (see a figure below) is charging such that the electric current I is 
constant in time and the surface charge σ is uniform at any given time and is zero at t = 0.  

1. Find the electric field E between the plates. 

2. Find the magnetic field B between the plates. 

3. Find the magnitude and direction of the EM energy flow given by Poynting’s vector S. 

Assume that the separation between the plates w is much less than the radius of the capacitor a (w 
<< a) and neglect effects of fringe fields.  

 

 

 

 

 

 

 

B3. A metal hollow sphere of radius R is kept under a constant potential 0Φ . Find the electric field 
E and the electrostatic potential Φ  inside and outside the sphere and determine the surface 
charge density σ  

1. by using Gauss’s law;  

2. by solving Laplace’s equation.   

Show that the solutions are identical.  

Useful formula: 
2

2 2
2 2 2 2 2

1 1 1( , , ) sin
sin sin

r r
r rr r r

θ φ θ
θ θθ θ φ

∂ ∂Φ ∂ ∂Φ ∂ Φ   ∇ Φ = + +   ∂ ∂ ∂ ∂ ∂   
. 

B4. Consider electromagnetic waves in free space in the form:  

 
( )

0
( )

0

( , , , ) ( , )
( , , , ) ( , )

i kz t

i kz t

x y z t x y e
x y z t x y e

ω

ω

−

−

=

=

E E
B B

  

where 0E and 0B  lie in the xy-plane. 

1. Using Maxwell’s equations, find the relation between k and ω. 

2. Show that 0E , 0B , and ẑ are mutually orthogonal, and find the relation between 0E  and 

0B .  

I 

I 

w 
a 
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3. Show that 0 ( , )x yE  and 0 ( , )x yB  satisfy the equations of electrostatic and magnetostatic in 
free space.  
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Physical constants 

Speed of light ................. 82.998 10  m/sc = ×      
Planck’s constant  .......... 346.626 10  J sh −= × ⋅      
Planck’s constant / 2π .... 341.055 10  J s−= × ⋅      
Electron mass  ................ 319.109 10  kgem −= ×  
Electron’s rest energy .... 511.0 keV    
Boltzmann constant  ....... 23

B 10  J/K1.381k −= ×      

Compton wavelength  ..... C
e

2.426 pmh
m c

λ = =  

Elementary charge  ........ 191.602 10  Ce −= ×      
Proton mass  ................... 271.673 10 kg 1836p em m−= × =   

Atomic mass unit  ..........  1 u=1.66 × 10‐27 kg 
Electric permittivity  ...... 12

0 8.854 10  F/mε −= ×      

Bohr radius ..................... 
2

0
0 2

e

4 0.5292a
e m
πε

= =
 Å   

Magnetic permeability .... 6
0 1.257 10  H/mµ −= ×   

Rydberg unit of energy .. .  13.6 eVRy =   
Rydberg constant……..... R=1.097x107 m-1 

1 hartree (= 2 Ry) ............. 
2

2
0

27.21 eVh
e

E
m a

= =
   

Molar gas constant .......... 8.314  J / mol KR = ⋅      
Gravitational constant ...... 11 3 26.674 10  m / kg sG −= ×  
Avogadro constant  ........ 23 1

A 6.022 10  molN −= ×   
hc  ................................... 1240 eV nmhc = ⋅  

Fine structure constant  .. 
2

0

1
4

e
c

α
πε

=


 

E2=p2c2+m2c4 
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TRIGONOMETRY 

[ ]

2

1
2

1
2

2 2 2

s

sin( ) sin cos cos sin
sin( ) sin cos cos sin
cos( ) cos cos sin sin
cos( ) cos cos sin sin
sin(2 ) 2sin cos
cos(2 ) cos sin 2
sin sin cos( ) cos( )

co

c

s

o

co

1 sin

co

s 1

s

2

α β α β α β
α β α β α β
α β α β α β

α β

α β α β α β

θ
α β α

θ θ θ

θ
β

θ

α β

θ θ

+ = +
− = −
+ = −
− = +
=

= − = −

= +

=

=

−

−

−

[ ]
[ ]
[ ]

1
2

1
2

( ) cos( )

sin cos sin( ) sin( )

cos sin sin( ) sin( )

α β α β

α β α β α β

α β α β α β

− + +

= + + −

= + − −

 

 
cos(ix) = cosh(x) 
sin(ix) = isinh(x) 
 

For small x: 
31

6
21

2
31

3

sin

cos 1

tan

x x x

x x

x x x

≈ −

≈ −

≈ +

 

 
QUANTUM MECHANICS  
 
[ ] [ ] [ ], , ,AB C A B C A C B= +   

Angular momentum:  [ , ]     .x y zL L i L et cycl=   

Ladder operators: 
, ( 1)( ) , 1

, ( )( 1) , 1

L m m m m

L m m m m
+

−

| 〉 = + + − | + 〉

| 〉 = + − + | − 〉

    

    
  

                                                
Wave function of a particle in an infinite square well with the walls at x=0 and x=L 
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Stationary states of harmonic oscillator for n = 0 and n = 1: 

2 21/2
2

0 1/2( ) e
x

x
ααϕ

π
− =  

 
, 

2 21/2
2

1 1/2( ) 2 e
x

x ax
ααϕ

π
− =  

 
, 

where 
1/2mωα  =  

 
. 

 

Hydrogen atom:   
4

2 2 2
0

,
2(4 )n

Ry meE Ry
n πε

= − =


 

 
Radial functions for the hydrogen atom Rnl(r): 

10 3/2
0 0

20 3/2
0 0 0

21 1/2 5/2
0 0

2( ) exp ,

2( ) 1 exp ,
(2 ) 2 2

( ) exp .
24 2

rR r
a a

r rR r
a a a

r rR r
a a

 
= − 

 
   

= − −  
   

 
= − 

 
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ELECTROSTATICS  

encl

0S

ˆ qda
ε

⋅ =∫∫ E n ;     = − ΦE ∇ ;     
2

1

1 2( ) ( )d⋅ = Φ −Φ∫
r

r

E r rl ;     
0

1 ( )( )
4

q
πε

′
Φ =

′−
rr

r r
.  

Work done:  [ ]( ) ( )W q d q= − ⋅ = Φ −Φ∫
b

a

E b al .     

Energy stored in electric field:  2 21
02 / 2

V

W E d Q Cε τ= =∫ . 

Multipole expansion: 3 5
0 0 0

1 1 1( ) ...
4 4 4 2

i j
ij

ij

x xq Q
r r rπε πε πε

⋅
Φ = + + +∑r pr  

Field of electric dipole: 

                                       
Monopole moment: 3( )q dρ= ∫ r r .  

Dipole moment: 3( ) dρ= ∫p r r r . 

Quadrupole moment : 2 3( ) 3ij i j ijQ rr r dρ δ = − ∫ r r   (notation: 1 2 3,  ,  r x r y r z= = = ) . 

Parallel-plate capacitor:   0
AC
d

ε= .  

Spherical capacitor:  04 abC
b a

πε=
−

. 

Cylindrical capacitor: 02     (for a length )
ln( / )

LC L
b a

πε= . 

Relative permittivity:   r e1ε χ= + . 

Bound charges: bρ = − ⋅P∇  ; b ˆσ = ⋅P n . 

 
MAGNETOSTATICS  

Relative permeability:  r m1µ χ= +  . 

Lorentz force:  ( )q q= + ×F E v B .   

Current densities:  I d= ⋅∫ J A , I d= ⋅∫K l . 

Biot-Savart Law: 0
2

ˆ
( )

4
Id

R
µ
π

×
= ∫

RB r   ( R  is vector from source point to field point r ) . 

B-field inside of an infinitely long solenoid: 0 ˆnIµ=B ϕ  (n is the number of turns per unit length). 

Ampere’s law:  0 encld Iµ⋅ =∫ B l . 

Magnetic dipole moment of a planar current distribution: I d= ∫m a . 
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Force on a magnetic dipole:  ( )= ⋅F m B∇ .  

Torque on a magnetic dipole:  = ×τ m B  . 

B-field of magnetic dipole:  0
3

ˆ ˆ3 ( )( )
4 r
µ
π

⋅ −
=

r m r mB r . 

Bound currents: bJ = ×M∇ ;   b ˆK = ×M n . 
 
Maxwell’s equations in vacuum 

0

0 0 0

Gauss  law

0 no magnetic charge

F

n

araday s 

’

’

Ampere’s law with Maxwell’s corr

la

io

w

ect

t

t

ρ
ε

µ ε µ

⋅ =

⋅ =
∂

× = −
∂

∂
× = +

∂

E

B
BE

EB J

∇

∇

∇

∇

 

 
Maxwell’s equations in linear, isotropic, and homogeneous media 
 

f

f

’

’

Ampere’s law with Maxwell’s correction

Gauss  law
0 no magnetic charge

Faraday s law
t

t

ρ⋅ =
⋅ =

∂
× = −

∂
∂

× = +
∂

D
B

BE

DH J

∇
∇

∇

∇

 

 

Alternative way of writing Faraday’s law: Bdd
dt

⋅ = −∫ E 
F . 

Mutual and self inductance:  2 21 1M I=F  ;    LI=F . 

Energy stored in magnetic field:   1 2 21 1 1
02 2 2

V

W B d LI dµ τ−= = = ⋅∫ ∫ A I  . 

Wave equations in a conducting medium: 
2

2
2t t

µσ µε∂ ∂
∇ = +

∂ ∂
E EE ;     

2
2

2t t
µσ µε∂ ∂

∇ = +
∂ ∂
B BB . 
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CARTESIAN AND SPHERICAL UNIT VECTORS 

ˆˆ ˆˆ (sin cos ) (cos cos ) sin
ˆˆ ˆˆ (sin sin ) (cos sin ) cos

ˆˆˆ cos sin

θ φ θ φ φ

θ φ θ φ φ

θ θ

= + −

= + +

= −

x r θ φ

y r θ φ

z r θ

 

INTEGRALS  

( )

( )

2 2 1/2 2 2

2 2 1

2 2 3/2

2 2 2

2 2
2 2 2

3

2 2
2 2

2

2 2

2 1/2

2

0

10

2 2

( ) ln

1( ) arctan

( )

arctan
( )

2
1 l

1

n
2

2

1 ln
( 2

1
!

)

bxn
n

dx
bx b

ne dx
b

dx

dx

d

x

x b x x b

xx b
b b

xx b
b x b

bx x
x b bx b

b

x b
x b

x

x

dx

x dx

x x
x

b
d

b x b

π

−

∞

∞ −
+

−

−

−

+ = + +

 + =  
 

+ =
+

 +  +  + =

= +
+

 
=  +

=

=

+  

+

∫

∫

∫

∫

∫

∫

∫

∫

( )

2 2

4 34

0

2

2

1 ln
2

1 artanh

4 12 24 24

!

x x

xn

d ax b
a x ab ax b

ax
ab b

e dx e x x x x

e d

x

x

x
b

x n

−

−∞

−

− = = + 
 = −  
 

= − + + + +

−

=∫

∫

∫

 

         

2

2

2

2

2

2

2

0

0

0

2

0

0

0

2
3/2

3
2

4
5/2

5
3

6
7/0

2
1

2

2
1

2
3
8
1

15
16

x

x

x

x

x

x

x

e dx
a

xe dx
a

x e dx
a

x e dx
a

x e dx
a

x e dx
a

x e dx
a

π

π

π

π

∞

∞

∞

∞

∞

∞

−

−

−

−

−

−∞

−

=

=

=

=

=

=

=

∫

∫

∫

∫

∫

∫

∫

 

 

 
 

 


