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Answer all the questions. 

1 Fig. 1 shows a high-speed electric train.

 

II

sliding contact

overhead cable

at +25 kV

motor turning

wheels

earthed rails at 0 kV

 Fig. 1

 The potential difference between the overhead cable and the rails on the ground is 25 kV.

 The sliding contact on the top of the train constantly touches the overhead cable.

 The overhead cable supplies a current I to the electric motor of the train.

 The motor turns the wheels. The train experiences a resultant forward force F.

 The total mass of the train is 2.1 × 105 kg.

 (a) The train accelerates from rest. The value of F is 190 kN for speeds less than 6.0 m s�1.

  (i) Show that the train�s acceleration is about 1 m s�2.

 [1]

  (ii) Calculate the distance s that the train travels to reach a speed of 6.0 m s�1. 

 s =  ..................................................... m [2]

F = ma, so a = F/m

a = (190 × 103) / (2.1 × 105)

a = 0.90 m s−2 (0.905), which is about 1 m s−2

v2 = u2 + 2as with u = 0

6.02 = 0 + 2 × 0.905 × s

s = 36 / 1.81 = 19.9 m

20
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  (iii) The speed of the train is v.

   During one period of its journey, the train accelerates from v = 30 m s�1 to v = 60 m s�1.

   The graph of F against v for this period is shown below.

30 40 50 60
50

100

150

v / m s�1

F / kN

   1.  Use the graph to show that output power of the electric motor during this period is 

constant at about 4 MW.

 [3]

   2. Calculate the current I in the electric motor when the train is travelling at 50 m s�1.

 I =  ...................................................... A [2]

Question 1 is continued on page 4

P = Fv

at v = 30 m s−1: F = 140 kN, P = 140 × 103 × 30 = 4.2 × 106 W

at v = 40 m s−1: F = 105 kN, P = 105 × 103 × 40 = 4.2 × 106 W

at v = 60 m s−1: F = 70 kN, P = 70 × 103 × 60 = 4.2 × 106 W

Fv = constant (F ∝ 1/v), so P is constant at 4.2 MW ≈ 4 MW

P = VI, so I = P/V

4.2 × 106 = 25 × 103 × I

I = 168 A

170
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 (b) The overhead cable in Fig. 1 must be tensioned. 

  It is constructed from several equal lengths of wire.

  Some data for one length of this wire are shown below.

� length = 1500 m

� area of cross-section = 1.1 × 10�4 m2

� resistivity = 1.8 × 10�8 Ω m

� the Young modulus = 1.2 × 1010 Pa

� strain = 1.3%

   (i) Calculate the resistance R of one length of wire.

 R =  .....................................................  Ω [2]

   (ii) Calculate the tension T in one length of wire.

 T =  .....................................................  N [3]

R = ρL/A

R = (1.8 × 10−8 × 1500) / (1.1 × 10−4)

R = 0.245 Ω

0.25

E = stress/strain = (T/A)/ε, so T = EAε

T = 1.2 × 1010 × 1.1 × 10−4 × 0.013

(stress σ = 1.2 × 1010 × 0.013 = 1.56 × 108 N m−2)

T = 1.72 × 104 N

1.7 × 104
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2 This question is about a light-dependent resistor (LDR).

 (a) A student connects a potential divider circuit as shown below. It contains an LDR.

  

V

12 V

1500 Ω

  The fixed resistor has resistance 1500 Ω.

  The battery has electromotive force (e.m.f.) 12 V and negligible internal resistance.

  The voltmeter has extremely high resistance.

  (i) When the LDR is covered, its resistance is 3000 Ω.

   Calculate the voltmeter reading.

 voltmeter reading =  .....................................................  V [2]

  (ii) When fully illuminated, the resistance of the LDR is 100 Ω.

    Show that the voltmeter reading changes by more than 7 V.

 [1]

Question 2 is continued on page 6

total resistance R = 3000 + 1500 = 4500 Ω

V = 12 × 1500 / 4500

V = 4.0 V

4.0

illuminated: V = 12 × 1500 / (1500 + 100) = 12 × 1500/1600

V = 11.25 V

change = 11.25 − 4.0 = 7.25 V, which is more than 7 V
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 *(b) The current in an LDR depends on the intensity of light incident on it.

  A student decides to alter the intensity of light incident on an LDR by using sheets of tracing 

paper and a light source. 

  The diagram below shows part of an arrangement suggested by the student.

  
to circuit

light

sheets of tracing paper

LDR

  It is suggested that the current I in the LDR is given by the expression

  I = ke�nx

  where x is the total thickness of the sheets of tracing paper, and k and n are constants.

  Describe how the student could carry out an experiment to verify the validity of this expression 

and determine k and n. Include in your answer 

� a circuit diagram

� a possible table for the results, including the headings

� the graph plotted to determine k and n

� any precautions taken to improve the quality of the results. [6]

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

Circuit (above): a cell in series with an ammeter and the LDR, with a

voltmeter across the LDR to check its p.d. stays constant. Clamp a lamp

directly above the LDR at a fixed distance and place the tracing paper sheets

on top of the LDR.

cell

A

LDR

lamp clamped
above

V

number
of sheets x / mm I / mA ln (I / mA)

0 0
1 t
2 2t
(x = m × t)

ln (I / mA)

x / mm

y-intercept = ln k
gradient = −n
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 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

Additional answer space if required 

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

Measure the thickness t of one sheet with a micrometer (or measure a stack

of m sheets with vernier callipers and divide by m); total thickness x = mt.

Record the current I with no paper (x = 0), then add the sheets one at a

time and record I for each total thickness x, for at least 6 to 8 values.

Repeat each reading and use the mean I. Record the results in the table

above and calculate ln I.

Taking logs: ln I = ln k − nx, which has the form y = mx + c, so plot a

graph of ln I against x. If the expression is valid, the graph is a straight line

with a negative gradient and a non-zero y-intercept.

n = −gradient. The y-intercept c = ln k, so k = ec (k is also the current

when no sheets of paper are used).

Precautions: work in a darkened room (constant low background light) so only

the lamp lights the LDR; keep the distance between the lamp and the LDR

constant by clamping them to the bench; use the same lamp at the same

power and the same LDR throughout; position yourself so you do not cast a

shadow on the LDR; press the sheets flat on the LDR.
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3 This question is about a space probe which is in orbit around the Sun. 

 (a) Define gravitational potential energy of an object at a point in a gravitational field.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (b) The space probe has mass 810 kg. The orbital radius of the space probe is 1.5 × 1011 m. The 

orbital period of the space probe around the Sun is 3.16 × 107 s.

  The mass of the Sun is 2.0 × 1030 kg.

  (i) Show that the magnitude of the gravitational potential energy of the space probe is about 

7 × 1011 J.

 [2]

  (ii) Show that the kinetic energy of the space probe is half the value of your answer to (b)(i).

 [3]

  (iii) Calculate the total energy of the space probe.

 total energy =  ....................................................... J [1]

The work done in bringing the object from infinity to that point (in the

field).

GPE = −GMm/r

GPE = − (6.67 × 10−11 × 2.0 × 1030 × 810) / (1.5 × 1011)

GPE = −7.2 × 1011 J, magnitude 7.2 × 1011 J ≈ 7 × 1011 J

v = 2πr/T = (2π × 1.5 × 1011) / (3.16 × 107)

v = 2.98 × 104 m s−1 (29.8 km s−1)

KE = ½mv2 = 0.5 × 810 × (2.98 × 104)2

KE = 3.6 × 1011 J

which is ½ × 7.2 × 1011 J (also mv2/r = GMm/r2, so ½mv2 = ½ GMm/r)

total energy = KE + GPE = 3.6 × 1011 + (−7.2 × 1011)

total energy = −3.6 × 1011 J

−3.6 × 1011
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 (c) The power source for the instrumentation on board the space probe is plutonium-238, which 

provides 470 W initially.

  Plutonium-238 decays by α-particle emission with a half-life of 88 years.

  The kinetic energy of each α-particle is 8.8 × 10�13 J.

  (i) Calculate the number N of plutonium-238 nuclei needed to provide the power of 470 W.

 N =  .........................................................  [3]

  (ii) Calculate the power P still available from the plutonium-238 source 100 years later.

 P =  .....................................................  W [3]

activity A = 470 / (8.8 × 10−13) = 5.34 × 1014 Bq

λ = ln 2 / t½ = ln 2 / (88 × 3.16 × 107)

λ = 2.49 × 10−10 s−1

A = λN, so N = (5.34 × 1014) / (2.49 × 10−10)

N = 2.14 × 1024

2.1 × 1024

P ∝ A ∝ N, so P = P0 e−λt

P = 470 × exp(− ln 2 × 100 / 88)

P = 470 × 0.455

P = 214 W

210
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4 This question is about an electric cooker, which consists of an oven and an electromagnetic 

induction hob.

 *(a)  The oven is not sealed, so the air inside remains at atmospheric pressure of 1.0 × 105 Pa. 

The volume of the oven is 0.065 m3. The air inside the oven behaves as an ideal gas.

  The temperature of the oven increases from room temperature to 200 °C.

  Show that the internal energy of the air in the oven is the same at all temperatures of the 

oven. Support your answer with an explanation of the motion of the air molecules in terms of 

kinetic theory. [6]

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

Kinetic theory: air molecules move randomly at high speed and collide with

the oven walls. At each collision the momentum of a molecule changes. By

Newton's 2nd law, force = rate of change of momentum, so the molecules

exert a force on the walls, and pressure = force/area.

As the temperature increases, each molecule has a greater mean kinetic

energy (∝ T), so a greater speed and greater momentum. There is a greater

change of momentum per collision and more collisions per second, so a greater

rate of change of momentum. If the number of molecules N stayed the same,

the pressure would increase.

The oven is not sealed and the pressure stays at 1.0 × 105 Pa, so air

escapes and the number of molecules in the oven decreases. There are fewer

but 'harder' collisions, giving the same constant pressure.

Proof: in an ideal gas there are no intermolecular forces, so all the internal

energy E is random kinetic energy: E = N × (3/2)kT. Also pV = NkT.

Combining, E = (3/2)pV. Since p and V are both constant, E does not
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  Additional answer space if required 

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

Question 4 continues on page 12

depend on temperature.

Calculation: E = (3/2)pV = 1.5 × 1.0 × 105 × 0.065 = 9.8 × 103 J at every

temperature.

At 20 °C (293 K): N = pV/kT = (1.0 × 105 × 0.065) / (1.38 × 10−23 ×

293) = 1.6 × 1024 (2.7 mol). At 200 °C (473 K): N = 1.0 × 1024 (1.7

mol). NT = 4.7 × 1026 K in both cases, so NT stays constant.

So the mean kinetic energy ½mcrms
2 of each molecule (and crms) increases

with temperature, but N decreases in proportion, so the effects balance: the

total kinetic energy ½Nmcrms
2 = (3/2)NkT = 9.8 kJ, the internal energy, is

the same at all temperatures.
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 (b) The electromagnetic induction hob is shown in Fig. 4.1. 

cooking areas

glass-ceramic cover

metal saucepan

Fig. 4.1

  Each cooking area has a coil below the glass-ceramic cover. When switched on, the coils 

carry a high-frequency alternating current. 

  A metal saucepan is placed above one of the coils. A large alternating current is induced in 

the saucepan base, and this causes the saucepan to heat up.

  (i) Fig. 4.2 shows one of the coils at a time when the current is in the direction indicated 

by the arrows.

Fig. 4.2

   On Fig. 4.2, sketch the magnetic field pattern for the current-carrying coil. [2]
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  (ii) Fig. 4.3 shows the path of the large alternating current induced in the metal base of 

the saucepan. 

   

induced alternating

current

 Fig. 4.3

   Explain the origin of this large current.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

  (iii) Explain why it would be safe for a person to place a hand on the cooking area before the 

saucepan is put onto it.

....................................................................................................................................

....................................................................................................................................

....................................................................................................................................

............................................................................................................................... [2]

The alternating current in the coil produces an alternating magnetic field,

and this (magnetic) flux links the metal base of the saucepan.

The flux linkage constantly changes (alternates), so by Faraday's law an

alternating e.m.f. is induced in the base. The current is large because the

metal base has a low resistance.

The glass-ceramic and the hand have a very large resistance (they are

insulators / not good conductors).

So the induced current (and its heating effect) in them is zero /

negligible.
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5 A student is investigating stationary waves in the air column inside a tube, using the apparatus 

shown in Fig. 5.1.

 The loudspeaker emits sound of frequency f and wavelength λ. The tube is initially fully immersed 

in the water. The student then slowly raises the tube until the oscilloscope trace shows its first 

maximum. A stationary wave of fundamental frequency f is produced in the air column. When this 

occurs, the student measures the length l of the tube above the water level.

 

l

to signal

generatorloudspeaker
to

oscilloscope

microphone

air

tube

water

 Fig. 5.1

 (a) Explain how a stationary wave of fundamental frequency is produced and state the relationship 

between l and λ. 

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................  [4]

The sound wave from the loudspeaker travels down the tube and is reflected

at the water surface.

The reflected wave superposes (interferes) with the incident wave travelling

down the tube.

This produces a stationary wave with a node at the water surface and an

antinode at the open top of the tube (the fundamental, first maximum).

l = λ/4
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 (b) Theory suggests that f and l are related by the e quation 4(l + k) = 
v

f
, where v is the speed of 

sound in air and k is a constant.

  The student measures corresponding values of l and f and plots a graph of l against 
1

f
. 

  The data points, error bars and the line of best fit drawn by the student are shown in the 

graph below.

0.15

0.17

0.19

0.21

0.23

0.25

0.27

l / m

2.4 2.62.0 2.2 2.8 3.0 3.2 3.4

1

f
/ 10�3 s

  (i)  Show that the line of best fit has gradient = 
v

4
 and y-intercept = � k.

 [2]

  (ii) Calculate v from the gradient of the line of best fit.

 v =  ...............................................  m s–1 [3] 

Question 5 is continued on page 16

4(l + k) = v/f, so l + k = (v/4)(1/f), so l = (v/4)(1/f) − k
compare with y = mx + c: y = l, x = 1/f, gradient m = v/4, intercept c = −k

Δ(1/f) = 3.20 − 2.20 = 1.00 × 10−3 s

Δl = 0.250 − 0.168
= 0.082 m

2.84

gradient = 0.082 / (1.00 × 10−3) = 82 m s−1

gradient = v/4, so v = 4 × 82

v = 328 m s−1

330
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 (c) The experiment is repeated using the same tube and an unlabelled tuning fork, as shown in 

Fig. 5.2. The distance l is measured as 22 cm.

  

l

to

oscilloscope

microphone

air

tube

water

tuning fork

 Fig. 5.2

  The frequency of the vibrating tuning fork is F.

  (i) Use the line of best fit on the graph to estimate F.

 F =  .....................................................Hz [2]

l = 0.22 m: from the line of best fit, 1/F = 2.84 × 10−3 s

F = 1 / (2.84 × 10−3)

F = 352 Hz

350
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  (ii)  The percentage uncertainty in the value of F can be written as 100 
ΔF

F
 where ΔF is the 

absolute uncertainty in F.

   Use the rules for combining uncertainties to write an expression for the percentage 

uncertainty in the value of F in terms of v and its absolute uncertainty Δv, l and its 

absolute uncertainty Δl, and k and its absolute uncertainty Δk.

 [2]

F = v / 4(l + k)

% uncertainty in F = % uncertainty in v + % uncertainty in (l + k)

100 ΔF/F  =  100 Δv/v  +  100 (Δl + Δk)/(l + k)
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6 The London Eye, shown rotating anticlockwise in Fig. 6.1, is a giant wheel which rotates slowly at 
a constant speed. 

40°

R

F

W

pod

tourist

floor

 Fig. 6.1 Fig. 6.2

 Tourists stand in pods around the circumference of the wheel.
 The floor remains horizontal at all times.
 At time t = 0, a tourist who has a weight W of 650 N enters a pod at the bottom of the wheel.
 Fig. 6.2 shows the forces acting on the tourist at a later time, when the angle between the pod�s 

position and the centre of the wheel is 40° above the horizontal. R is the normal contact force 
and F is friction.

 (a) The resultant upward force (R � W) on the tourist changes during the 30 minutes of the 
rotation of the London Eye as shown in Fig. 6.3.

  

� 0.050

0

0.050

0 15 30 t / min

force / N

(R � W) graph

  Fig. 6.3

   Explain how the graph in Fig. 6.3 shows that the magnitude of the centripetal force on the 
tourist during the rotation is 0.050 N.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

At t = 0 (bottom) only vertical forces act, so the centripetal force = R − W

= 0.050 N; speed is constant so this magnitude is the same all the way

round.

F
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 (b)  (i)  Explain why the horizontal force F between the floor and the tourist is necessary. 

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

  (ii) Draw on Fig. 6.3 the variation of the horizontal force F during the 30 minutes of the 

anticlockwise rotation of the London Eye. Take forces to the right to be positive. [2]

  (i ii) Calculate the magnitude of force F when the pod is at the position shown in Fig. 6.2, at 

40° above the horizontal.

 F =  .....................................................  N [2]

 (c) Calculate the distance d of the centre of mass of the tourist from the centre of rotation of the 

London Eye.

 d =  ..................................................... m [3]

END OF QUESTION PAPER

The tourist moves in a circle (at constant speed), so there must always

be a resultant (centripetal) force towards the centre of the wheel.

Except at the top and bottom, this resultant force is not vertical: it has

a horizontal component.

R and W are always vertical, so this horizontal component can only be

provided by the friction F.

centripetal force 0.050 N acts towards the centre, at 40° to the horizontal

F = horizontal component = 0.050 cos 40°

F = 0.0383 N

0.038

m = W/g = 650 / 9.81 = 66.3 kg

ω = 2π/T = 2π / (30 × 60) = 3.49 × 10−3 rad s−1

F = mω2d, so d = 0.050 / (66.3 × (3.49 × 10−3)2)

d = 62 m

62
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