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3.00x108 m s

Speed of light in free space c
Gravitational constant G  6.67x10*' N m? kg?
Planck’s constant h 6.63x10* ) s

A 1.055x103% ) s
Elementary charge e 1.60x1071° C
Mass of electron me  9.11x107! kg
Mass of proton my  1.6726x10% kg
Mass of neutron my, 1.6749x10% kg
Boltzmann's constant ks 1.38x102 J K?
Gas constant R 8.31 3 K'* mol™
Permittivity of free space & 8.85x10? Fm™
Permeability of free space o 4nx107 Hm™
Bohr magneton Us 9.27x10# 1 T
Stefan-Boltzmann constant o 5.567x10®° W m2 K*
Avogadro’s number Ny  6.02x10%° kmol?
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SECTION A

You may answer as many questions as you wish. Maximum credit of 10 marks
will be awarded and any marks in excess of 10 will not be counted.
You should aim to spend about 30 minutes on this section.

1. Poiseuille’s equation, for the flow of a viscous fluid along a circular tube of radius R and
length L, states that the volume flow per second Qis

Ap 4
=Rt
0 8Ln

where Ap is the pressure difference between the ends of the tube. The coefficient of
viscosity n is given by

1 -
= ;l- r
n 3m nv

where m, A and n are all constants, and v, the average microscopic molecular speed, is
proportional to the square root of the temperature. If the circular tube is made from a
material with coefficient of linear expansion a, derive an expression for the fractional
change in Qin terms of T, ATand a« when the temperature is increased by a small
amount from T'to T+ AT. {5}

[You may assume that a = %% and that Apis constant.]

2. A particle of mass m moves in one dimension, under the influence of a force, with
potential:
xZ
V(x)=
*) 1+x* '

where x is the distance from the origin of co-ordinates. Derive an expression for the
force acting on the particle and calculate the value of x at equilibrium. {2} Sketch
the form of the potential over the range -5 < x < 5, giving brief details of how you
decided on the shape of your graph. {2} If the particle has velocity » at x = 0, what
is the maximum value of u such that the particle will eventually return to the
equilibrium position? {1}
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3. In the Hall effect, a piece of current carrying semiconductor will generate a voltage
across two of its faces when a magnetic field Is applied perpendicular to the direction
of current flow. This so-called Hall voltage (Vy) is related to the size of the applled
field (B), the current () flowing in the semiconductor, the amount of free electronic
charge per unit volume () and the linear dimension of the sample (z).

(a)  Write down the dimensions of the parameter Ao {1}

(b)  Assuming that the dimensions of B and Vy are [MQIT?] and [ML2T?Q™]
respectively, where [Q] represents the dimension of charge, use dimensional
analysis to derive a possible expression for ¥y In terms of B, I, A, and z. {3}

(c) Hence calculate the number of electrons per unit volume in a 1 cm thick piece
of semiconductor carrying a current of 1 A, if the magnitude of the applied B
field Is 48 x 107 Tesla and the measured Hall voltage is 1 X 10%v. {1}
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SECTION B

Answer ONE question only. Maximum credit of 20 marks will be awarded.

You should aim to spend about 60 minutes on this section.

An object of mass m falls from rest under the action of gravity and experiences a drag
force that is proportional to its speed v.

(a)

(b)

(c)

(d)

Sketch a diagram of the forces acting on the particle and hence show that the
differential equation describing the motion of the particle is given by

dv
=~ =mg—kv,
m gy mg

where k is a positive constant. {2}

Solve this equation and show that the general solution for v as a function of time
takes the form

v = A(l - exp(- Bt))
and derive expressions for 4 and B. {7}

Derive an expression for the limiting value of the velocity v as t tends to infinity
(i.e. the terminal velocity) using

(i) the limiting behaviour of v as a function of ¢,

(i)  directly from the differential equation. {2}

Sketch a graph of the variation of the velocity of the particle as a function of
time. {2}

In the Millikan oil drop experiment, tiny charged drops fall through the air under the
action of gravity. Measurements of the velocity of the drops are made when they have
almost reached their terminal velocity.

(e)

(f)

Find an expression for the time taken for a drop to reach 99% of its terminal
velocity. {5}

Calculate this time if the terminal velocity is 0.1 cm s’l, (Assume that
g= 10 m s’ and that loge10 = 2.3.) {2}
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5. For certain weakly-bound solids, the potential between atoms can be written as a
function of R, the atomic spacing, as

CEORCI!

where 4 and B are constants. Show that the equilibrium separation of atoms which
occurs at the minimum value of ¥V (R) is given by

R, =B((2)"°. {4}

By considering small displacements, x, from Ry (i.e. R = Ry +x where x « Ry ) and
substituting in V(R), show that the potential may be expressed in the form

V =P+Qx?
and find expressions for P and Q in terms of 4 and B. {10}

Show that the same result may be obtained by expanding the potential as an harmonic
series about the equilibrium position, Ry in the form:

x2(ad*v
V(R)= V(R0)+7(dR2 )M S {6}
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