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SECTION A

1. (i) Three charges of +2 Coulombs each are placed at locations (0,0)m, (0,1)m, and
(1,0)m in the x− y plane. A charge of -2 Coulombs is placed at (1,1)m. Calculate
the total force on this fourth charge. [5 marks]

(ii) (a) State Gauss’s Flux Law explaining briefly what all the terms and symbols
mean.

(b) A point charge Q is surrounded by a spherical distribution of charge of radius
a that is uniform in charge density ρ for 0 < r < a. Use Gauss’s Law to find
the electric field everywhere in space.

[8 marks]

(iii) An infinite cylindrical wire of radius a carries a uniform current density j = joẑ.

(a) Find the total current carried by the wire.
(b) Indicate on a sketch the direction of the resulting magnetic field.
(c) Use Ampere’s Law to find the magnitude of the magnetic field for r < a and

r > a.

[8 marks]

(iv) A square loop of side a lies in the x− y plane. A magnetic field is present that is
uniform in space but varies in time according to

B(t) = Bo cosωt ẑ

(a) If the loop has a total electrical resistance R, find the current I(t) flowing in the
loop.

(b) Sketch the configuration of the loop and indicate clearly on your sketch the
direction of I when ωt = π/2.

[8 marks]

[Total 29 marks]
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2. The open-loop voltage gain for an operational amplifier is known to be

A =
105

1+ jω/10

(i) Express the low frequency gain in decibels. [1 mark]

(ii) Explain what is meant by the ‘roll off’ of the gain at high frequencies and state its
value. [2 marks]

(iii) Make an appropriately labelled sketch of the Bode plot for the open-loop gain.
[3 marks]

The amplifier is incorporated in the circuit shown below.

(iv) The circuit is a virtual earth amplifier. Explain what this means. [2 marks]

(v) Find an expression for the impedance of the parallel RC combination in the feed-
back loop. [3 marks]

(vi) Using your answers to parts (iv) and (v) show that the closed loop gain is given by

G =− RF/Ri

1+ jω/ω0

(where ωo = 1/RFCF ). [5 marks]

(vii) Using values of Ri = 1 kΩ, RF = 33 kΩ and C = 4.7 pF calculate the closed loop
gain and the corner frequency and sketch the closed loop gain on the same Bode
plot as for part (iii). [5 marks]
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[Total 21 marks]
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SECTION B

3. (i) An earthed infinite plane conductor occupies the x− y plane. A charge q > 0 is
placed along the z-axis at z = d.

(a) Show that the appropriate image has a charge −q and find its location, stating
clearly your reasoning. [7 marks]

(b) Hence show that the electric potential in the region z > 0 is given by

V (r) =
q

4πεo

(
1√

x2 + y2 +(z−d)2
− 1√

x2 + y2 +(z+d)2

)
[3 marks]

(c) Verify that V = 0 at the surface of the conductor. [3 marks]

(ii) Now, instead of the plane, an earthed spherical conductor of radius a is placed with
its centre at the origin. A charge q > 0 is again placed at z = d outside the sphere
(i.e., d > a).

a

b

d

z

Q

q

(a) Consider a possible image charge Q placed along the z-axis at z = b inside the
sphere, i.e., with b < a, as shown in the diagram above. Find an expression for
the potential outside |r|= a due to q and Q. [5 marks]

(b) Show that for V = 0 at the surface of the sphere the charge Q must be negative
and that

q2 (a2−2zb+b2)= Q2 (a2−2zd +d2)(1)

for all points on the sphere (i.e., for −a≤ z≤ a). [5 marks]

(c) Verify, e.g., by direct substitution, that an image charge with Q = −qa/d lo-
cated at b = a2/d satisfies the condition given in Equation (1). [2 marks]

[Total 25 marks]

2008 / P1.2 4 Please turn over



4. (i) The Law of Biot and Savart relates a current I along an elemental path dl to the
resulting magnetic field B at relative position r by

B =
µo

4π

∫ Idl× r̂
r2 =

µo

4π

∫ Idl× r
r3

(a) A straight segment of wire of length 2a lies along the z-axis from z = −a to
z = +a. The wire carries a current I in the +ẑ direction. Show that the magnetic
field due to this current at a point P = (xo,0,zo) has magnitude

|B|= µoIxo

4π

∫ a−zo

−a−zo

dζ

(x2
o +ζ 2)3/2

where ζ = z− zo and find the direction of B. [8 marks]

(b) Evaluate this integral. [5 marks]

[ You may assume without proof that
∫ dx

(b2 + x2)3/2 =
x

b2
√

b2 + x2
]

(ii) A particle of mass m and charge q moves in the x− y plane under the influence of
the Lorentz force qv×B. The magnetic field B = Bẑ is uniform.

(a) Show that the x̂ equation of motion can be written

dvx

dt
= Ωvy

and relate the constant Ω to the other parameters of the problem. [3 marks]

(b) Find an analogous equation of motion for vy and hence show that

d
dt

[
1
2
(
v2

x + v2
y
)]

= vx
dvx

dt
+ vy

dvy

dt
= 0

i.e., that v2 ≡ v2
x + v2

y is constant. [3 marks]

(c) Show further that the magnitude of the vector force on the particle is constant.
[3 marks]

(d) Hence by equating this magnitude of the force to the centripetal force mv2/R,
find the radius R of the resulting circular motion. [3 marks]

[Total 25 marks]
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5. (i) A capacitor is formed by folding a rectangular conducting sheet of area 2A around
a sheet of area A, as shown in the following sketch. The gap between neighbouring
surfaces is d. A charge of +Q is placed on the central sheet while a charge −Q
is placed on the folded sheet and is divided into an unknown fraction α on the top
segment and (1−α) on the bottom (left sketch).

d

d
Q

-αQ

-(1-α)Q

d

d

Q

-(1-β )Q

-βQ

E E1

E2

(a) Neglecting any edge effects, determine α and find the capacitance of this sys-
tem. [6 marks]

(b) A dielectric material with relative permittivity εr is now added and fills the
upper gap region only, as sketched on the right; the lower portion is still filled
only with air. Noting that the two segments must be at the same voltage, find
the charge on the two segments of the folded sheet in this case, and show that
the capacitance of this system is

C =
εo (1+ εr)A

d
[6 marks]

(ii) (a) A charge +q is placed at the point (0,0,a/2). An equal and opposite chage−q
is placed at (0,0,−a/2). What is the vector dipole moment p of this configu-
ration? [2 marks]

(b) Show that at large distances with respect to a the electrostatic potential of the
dipole defined in (ii)(a) is

V (r) =
1

4πεo

p · r
r3

where r = (x,y,z) is the position vector from the origin and r ≡ |r|. [You may
use without proof 1/

√
1+δ ≈ 1− 1

2δ .] [6 marks]

(c) Show that the plane z = 0 is an equipotential for this large-distance result. What
does this tell you about the direction of the electric field for points in the x− y
plane? [5 marks]

[Total 25 marks]
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6. (i) The Thévenin equivalent circuit of a source consists of a 3 kHz open circuit voltage
of amplitude 5 V and source impedance, ZS. The measured short circuit current has
an amplitude of 5 mA and leads the voltage by 90◦.

(a) By writing the voltage and current as phasors or complex quantities find the
output impedance of the source. [3 marks]

(b) A 100 nF capacitor is now placed across the output terminals of the source.
Calculate the amplitude and phase of the voltage across the capacitor.

[5 marks]

(ii) For the circuit shown below:

(a) Derive an expression for the total resistance. [3 marks]

(b) Hence show that the open circuit voltage measured across the marked terminals
is given by

Voc =
R1R3

R1 +R2 +R3
Iin [5 marks]

(c) Find an expression for the short circuit current ISC. [4 marks]

(d) Using the results obtained in parts (b) and (c) find an expression for the source
resistance, RS. Hence sketch and label the Thévenin equivalent circuit.

[3 marks]

(e) Sketch the Norton equivalent circuit and check it gives the correct output volt-
age. [2 marks]

 

R2 

R1 R3 Iin

[Total 25 marks]
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