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1. ANSWER ONLY FIVE sections of Question One

You are advised not to spend more than 40 Minutes answering Question One

(a) Coulomb's law is:

E =
Q

4��0

r̂

r2

De�ne the terms in this equation. A charge +Q is placed at the point (R; 0; 0) and
a second charge �Q is placed at the point (�R; 0; 0). Calculate the electric �eld
vector at the point (0; R; 0). [4]

(b) De�ne the capacitance C of an isolated conductor. Show that, when such a conductor
is at an electric potential V , its electrostatic energy is 1

2
CV 2. [4]

(c) Amp�ere's circuital law is given by:

I
B � dl = �0I

De�ne carefully the terms in this equation. Use this law to derive the magnetic �eld
at a distance R from a straight, in�nitely long current-carrying wire. [4]

(d) Discuss brie
y what is meant by hysteresis in relation to ferromagnetic materials.
Include in your discussion a labelled sketch of a hysteresis curve. [4]

(e) What is meant by self inductance and mutual inductance? Explain brie
y the rele-
vance of these phenomena to the working of a transformer. [4]

(f) A charged particle with charge q, mass m and initial velocity v is moving in a region
with an electric �eld E. Describe the motion (without detailed proofs) for the cases
when

(i) v is parallel to E

(ii) v is perpendicular to E. [4]
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2. De�ne current density, J , conductivity � and electric �eld E. By considering the case
of a cylindrical resistor of length L, cross-sectional area A and resistance R, show that
Ohm's Law can be written in terms of these variables as: J = �E [6]

Show carefully that the velocity v of a particle with charge q and mass m, moving under
the in
uence of an electric �eldE within a solid satis�es the following di�erential equation:

m
dv

dt
+
2m

�
v = qE

where � is the relaxation time. [6]

Hence show that the d.c. conductivity of a solid conductor may be written as

� =
Nq2�

2m

where N is the number of carriers per unit volume. [5]

An a.c. electric �eld E = E0e
i!t is now applied to the conductor. Derive and sketch an

expression for how the amplitude of the resulting a.c. current varies as a function of !. [3]

3. What is meant by an electric dipole moment p? De�ne the polarization P of a dielectric
and discuss brie
y its origins at an atomic level when an external electric �eld is present.

[6]

Explain qualitatively how and why the Maxwell equation in vacuum:

r �E =
�

�0

is modi�ed in a dielectric with relative permittivity �r. [6]

Derive the boundary conditions for E-�elds perpendicular to the boundary between two
dielectrics with relative permittivities �r1 and �r2. Derive a corresponding boundary con-
dition for the parallel E-�elds. Which of these boundary conditions would be a�ected by
a uniform surface charge density on the boundary? [5]

A small thin electrically neutral glass rod of length a, volume V and relative permittivity
�r is placed with its centre on the x-axis at x = D where D >> a and with its length
along the x-axis. If a charge Q is �xed at the origin, calculate any force or torque acting
on the rod. [3]
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4. Show how Amp�ere's circuital law leads directly to the time independent equation:

1

�0

r^B = J

[5]

The Maxwell equation:

1

�0

r^B = �0
@E

@t
+ J

implies that the term �0
@
@t
E has the properties of an electric current density and is called

the \displacement current". By considering an imaginary surface which passes between
the plates of a parallel plate capacitor and which closes on an imaginary loop around one
of the wires to the capacitor, show that the displacement current is necessary to ensure
a consistent treatment of the electric and magnetic �elds in the vicinity of the capacitor
while it is charging up. [6]

Draw a sketch showing the electric and magnetic �elds within the plates of the capacitor
when it is being charged up by a continuous steady current. Label carefully the �elds
and their directions and indicate qualitatively how the �elds vary with time and position.
Ignore any edge e�ects. [6]

Given that the vector 1

�0
E ^B gives the 
ux of energy, what do your diagrams tell you

about the 
ow of energy and the distribution of the energy stored in the capacitor during
charging and discharging? [3]
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5. Faraday's law of electromagnetic induction can be written as:

V = �
d�

dt

De�ne all the terms in this expression and explain the origin of the minus sign. [5]

Show carefully that Faraday's law leads to the Maxwell equation

r^E = �
@B

@t

[6]

A uniform magnetic �eld B is set up in the z-direction where B varies linearly with time
t according to:

B = �tk

where � is a constant and k is the unit vector in the z-direction. By considering the
emf generated in a circular loop of wire of radius R lying in the xy-plane, show that the
electric �eld vector at any point (x; y; z) is given by:

E =
�

2
(yi� xj)

[6]

Hence verify that the above Maxwell equation is satis�ed in this case. [3]
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