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Instructions

Time: 1 hour.

Section 1 - Students may attempt any parts, but are not expected to complete all parts.
A maximum of 50 marks can be awarded from a total of ~ 75 marks allocated to
the problems of Question 1.

Working: Working, calculations, explanations and diagrams, properly laid out, must be
shown for full credit. There are more marks for the working than for the answer. The final
answer alone is not sufficient. Writing must be clear and scribble will not be marked.

Marks are given for intermediate steps if they can be seen: underline or circle them so
that the marker can find them.

Instructions: You are allowed any standard exam board data/formula sheet.

Calculators: Any standard calculator may be used, but calculators must not have symbolic
algebra capability. If they are programmable, then they must be cleared or used in “exam
mode”. Code may not be written for any of the BPhO competitions.

Solutions: 1. Answers and calculations are to be written on loose paper ON ONE SIDE
ONLY (pages will be scanned). 2. Students should write their name and their school/college
clearly on every answer sheet. 3. Number each question clearly. 4. Number your pages at the
top. 5. Write “END” at the end of your script. 6. Fill in the Front Cover Sheet your teacher
will give you - just one cover sheet for the two sections.

Sitting the paper: There are two options for sitting BPhO Round 1:

a. Section I and Section 2 may be sat in one session of 2 hours Section I should be collected
in after 1 hour and then Section 2 given out.

b. Section I and Section 2 may be sat in two sessions on separate occasions, of 1 hour each. If
the paper is taken in two sessions on separate occasions, only the relevant section should be
given out.



Important Constants

Constant Symbol | Value

Speed of light in free space c 3.00 x 103 ms~!
Elementary charge e 1.602 x 10719 C

Planck constant h 6.63 x 107347Js

Mass of electron me | 9.110x 10731 kg

Mass of proton mp 1.673 x 107*" kg

Mass of neutron mpy 1.675 x 107" kg

atomic mass unit u 1.661 x 107" kg = 931.5 MeV ¢ 2
Gravitational constant G 6.67 x 107" m3kg=!s72
Earth’s gravitational field strength g 9.81 Nkg™!

Permittivity of free space €0 8.85x 1072 Fm™!
Avogadro constant Na 6.02 x 102 mol ™!

Gas constant R 8.3145JK ' mol~!
Mass of Sun Ms 1.99 x 103 kg

Radius of Earth Rg | 637%x10°m

Specific heat capacity of water Cw 4180Jkg! °C!
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Section 1 — 50 marks maximum

Question 1

a) An Einstein is a unit corresponding to a mole of photons. How long does it take for a
630 nm and 0.50 mW laser to release an Einstein?

[3]

b) A loop of rope is wrapped around a tree trunk of negligible friction and clamped at A and
pulled with a force F at D, as shown in Fig. 1.

(i) For what angle 6 is the tension in the rope at AB, AC equal to the tension in the rope
AD.

(11) For this condition, what is the length ¢ of the rope ABCA in terms of the radius of
the tree r? Express your answer in terms of fractions and surds (roots).
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Figure 1: A tree trunk with a rope wrapped around and pulled by a force F.

[4]

¢) We can develop a simple model for traffic flow as follows; each car has a length L and
travels at speed v, with the distance between the fronts of two consecutive cars being d,
as shown in Fig. 2.

d
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Figure 2: Flow of cars each of length L separated by distance d between car fronts.

(1) Give the flow rate n of cars passing a point per unit time in terms of v and d.
Cars brake with a deceleration a and the drivers choose the value of d such that
if the car in front were to stop instantaneously, the car behind could brake before
hitting the back of the car in front.

(i) Obtain d in terms of v, a and L. Ignore the “thinking time”.

(iii) Find an expression for the optimum speed v for maximum flow rate in terms of L
and a.

[4]



d)

f)

g)

A metal sphere of radius 2.0 cm was embedded in an ice cube with a side length 10 cm
floating in a bowl of water. The bowl of water was completely full (i.e., adding any more
water would cause it to spill). After the ice cube had completely melted, the water level
of the bowl dropped. To make the bowl full again, 60 mL of water had to be added. The
densities of water and ice are 1.0 gcm™> and 0.90 g cm > respectively.

(i) Find the density of the metal.

(i1) Suppose the metal sphere remained embedded in the ice cube throughout the melting
process. What fraction of the ice cube’s volume had melted when the ice cube just
sank to the bottom of the bowl?

[6]

A circuit consists of an ideal battery (negligible internal resistance) and three resistors.
Two of the resistors labelled R have the same resistance and are connected in series with
the battery, whilst the third, Rp is connected in parallel with the battery. If Rg and one of
the R are swapped,

(i) Find the upper limit of the factor by which the power dissipated by the circuit can
increase due to this swap.

(i1) If swapping resistors Ra and Rp halves the total dissipated power, what is the ratio
Ra

Ry [6]

A household filament bulb has a rating of 240V, 60 W, whereas a car filament headlamp
bulb is rated at 12V, 60 W. The filaments of the bulbs are both tungsten, of a similar
length, and operate at the same temperature in order to produce the same spectrum.
Determine the ratio of the masses of the two filaments.

[3]

There is a thin rectangle sheet ABCD of uniform resistivity, where AB = 2BC, as shown
in Fig. 3. Two measurements of its resistance using a Ohmmeter have been made. The
first is made across the mid-point of AB and the edge CD (a metal band is connected
along CD), giving value R;. The second is made between A and B, giving value R;.

Find the ratio —1.
R

2
Show your ideas through diagrams.

Measurement 1 Measurement 2

A D A D
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Figure 3: Resistance of a rectangular sheet

[3]
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h) An infinite tree of identical resistors R is constructed as in Fig. 4. Three resistors are each
connected to pairs of identical resistors which themselves are each connected to pairs
stretching out to infinity. If we have a current entering at the centre of the tree of resistors
and the entire outer edge is grounded, what is the resistance of the tree?

.
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Figure 4: Resistance of tree network of identical resistors.

[3]

1) When we pour hot water into an otherwise cold glass (cup), there is a chance the glass
might unfortunately crack. Suppose, as a result of conduction of heat the temperature
difference between the inner and outer surface of the glass is AT. The following are some
information regarding the glass:

Young’s modulus E = 70 GPa
Coefficient of linear expansion @ = 8.0 x 1076 K~!
Compressive strength oo = 21 MPa

(1) By estimating the maximum stress developed in the glass, find the minimum
temperature difference AT required to make the glass break.

(i1) Is making the glass wall of the cup thicker a solution to this problem?

[5]

J) Weights m| and m, hung from a massive chain with a mass of A per unit length on a light
frictionless pulley. The system is released from rest with the weights initial level, and
then m reaches the floor (m; > m;). By considering the energy of the system, for what

ratio of masses —- does the value of the mass of the chain not make any difference?
nma

[4]



k)

D

Two tiny conducting spheres A and B of different masses are placed in a smooth
hemispherical insulating bowl of radius 10 cm, and connected with an insulating spring
with a natural length 8.0 cm and spring constant k = 120N m™2, as illustrated in Fig. 5.
The charges on A and B are +2q and +q respectively. At equilibrium, the arc length of
A to the bottom of the bowl is d| = 7.0 cm, and the arc length of B to the bottom of the
bowl is d> = 5.0cm.

& </dzv

Figure 5: Two charges in a bowl

(1) What is the elastic potential energy stored in the spring?

(i) Through a discharging process, the charge on A has been halved. This causes A to
be displaced by 1.3 cm down along the bowl. How much will B be displaced along
the bowl?

[6]

In an experiment, the count rate of a Geiger counter is the sum of a constant background
rate B and that due to the radiation emitted directly from a certain decaying radioactive
source. The total count rate was measured over a short time interval at the same time in
three consecutive weeks. The rate measurements were Cy, C; and C3 respectively. Obtain
an expression for B in terms of Cy, C; and C3.

[4]

Two weights, w; and w, are connected by a string which passes over a smooth pulley
at the top of a smooth, inclined plane at 30° to the horizontal. One weight rest on the
plane whilst the other hangs freely. They can be interchanged to compare their weight.
w1 draws wy up the plane in half the time that it takes for w, to draw up wi. What is the
relation between the weights wy and w,?

[5]

Radiation is attenuated when it passes through material. The intensity decreases
exponentially with distance from the surface of the material. A cuboid is made from a
material which halves the radiation at a depth of 1.0 cm below the surface. When a beam
of radiation is directed in turn along the three axes of the cuboid, the intensities are
reduced to 60%, 70%, 80% of the incident. Determine the volume of the cuboid.

[4]



0)

p)

q)

r)

An exploration ship has a circular glass filled circular porthole in the hull of the ship for
studying the seabed. The porthole has a diameter of 40 cm which is much greater than
the thickness of the glass. Calculate the area of seabed that is visible through the
porthole if the refractive index of seawater is ny, = 1.4 and the seabed is 5.0 m below the
porthole.

[4]

The inner surface of a right circular cone is coated with a mirror-like reflecting material
to form a conical mirror. A thin straight wire heated to white heat is stretched along the
inner axis of the conical mirror. What is the minimum angle 6 of the cone such that rays
of light emitted by the filament will not be reflected off the cone more than once.

[4]

The tractive force of a locomotive is plotted vertically with the speed horizontally in
the graph of Fig. 6. Also shown on the same axes is the resistance of the train against
its speed. If the weight if the train is 336 tonnes determine approximately the distance
travelled before the train reaches it maximum speed.

1 tonne = 1000 kg

Tractive and Resistive forces acting on a train
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Figure 6: Graph showing the tractive and resistive forces acting on a train.

[4]

As shown in Fig. 7, the ends of a massless, rigid rod of length L are attached to a set of
rails which form a right angle to each other. The endpoints of the rod can slide freely
without friction on the rails. A mass m is attached to the mid-point of the rod.

Find the period T of small oscillations of the rod about its equilibrium position, and
express your answers in terms of L, m and g.

[3]



Figure 7: A massless, rigid rod attached to frictionless rails
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