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SECTION A

1 The total mass of an electric train including its coaches and passengers is 369 000 kg. The 
maximum speed of the train is 200 km hour−1.

 

 (a) The electric motor provides an initial force of 260 kN.

  Use this value to calculate the minimum time taken for the train to reach its maximum speed, 
starting from rest. You can assume that the train is travelling in a horizontal straight line.

 time =  ....................................................... s [3]

 (b) Explain why the value calculated in (a), using a force of 260 kN, is a minimum time.

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

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

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

Frictional forces (air resistance) reduce the resultant force below 260 kN. As

the train speeds up the resistive forces increase, so the resultant force

decreases further: F↓ ⇒ a↓ ⇒ t↑.

a = F / m = 260 000 / 369 000 = 0.705 m s−2

v = 200 km hour−1 = 200 000 m / 3600 s = 55.6 m s−1

a = Δv / t, so t = Δv / a = 55.6 / 0.705

t = 78.8 s

79
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2 The chart below displays the ranges of strength and toughness for different materials.
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 (a) Ceramics and metals are both very strong, but metals are much tougher than ceramics.

  Explain the similarity and difference in terms of their structure.

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

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

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

 (b) When a sample of a material is stretched until it breaks, the surface area of the sample 
increases.

  Explain why the toughness of the material can be measured in units of kJ m−2.

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

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

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

Similarity: both have very strong bonds between their atoms.

Difference: metals have dislocations which can move (preventing brittle

fracture); in ceramics they cannot move, so cracks spread.

Toughness is the energy absorbed per something: kJ is energy and m2 is area.

It is the energy needed per m2 of new surface area created when the sample

deforms and breaks.
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3 The diagram shows an analogue signal which contains noise.

 0

0.5

p.d. / V

time
(not to scale)

noise variation 2 mV

 The signal is to be converted into a digital signal, dividing the voltage range into equally spaced 
levels.

 (a) Explain why using 9-bit quantisation to sample the signal is not better than using 8-bit 
quantisation. Justify your answer with an appropriate calculation.

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

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

 .............................................................................................................................................. [3]

 (b) The signal consists of two stereo channels, each sampled with 8-bit quantisation as stated in 
part (a). The sampling rate is 44.1 kHz.

  Calculate the rate of transmission in Mbit s−1.

 transmission rate =  ............................................  Mbit s−1 [2]

8 bits give 256 levels, enough for 250 levels (8 is the next integer above

7.97). 9 bits (512 levels) gives steps of 1 mV, smaller than the 2 mV noise,

so any value > 8 would confer no advantage.

number of useful levels = Vtotal / Vnoise = 0.5 / 2 × 10−3 = 250

bits needed b = log2(250) = 7.97   (28 = 256 > 250)

rate = 2 channels × 8 bits × 44.1 × 103 samples s−1

= 705 600 bit s−1

0.706
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4 The figure shows a sensor circuit used to measure temperature.

 V

4.5 V

2.2 kΩ T

 The resistance of the thermistor T varies with temperature as shown in this table.

Temperature / °C 0 10 20 30 40 50 60

Resistance / Ω 9800 6000 3700 2400 1600 1000 750

 (a) The temperature of the thermistor is increased. Without doing any calculations, describe and 
explain what will be observed on the voltmeter V during the temperature increase.

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

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

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

 (b) At one particular temperature, the voltmeter reads 2.1 V.

  (i) Calculate the resistance of the thermistor at this temperature.

 resistance =  ...................................................... Ω [3]

  (ii) Use the data in the table to make an estimate of the temperature.

 temperature =  ....................................................  °C [1]

The voltmeter reading decreases.

As temperature increases the thermistor's resistance decreases, so it takes a

smaller share of the 4.5 V of the battery (the fixed resistor takes more).

V across 2.2 kΩ = 4.5 − 2.1 = 2.4 V; same current in both

RT / 2.1 = 2200 / 2.4, so RT = 2.1 × 2200 / 2.4

RT = 1925 Ω

1930

1930 Ω is between 2400 Ω (30 °C) and 1600 Ω (40 °C), nearer 1600 Ω

37 (35 to 40)
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5 A microscope slide coated with black paint has two thin lines scratched into the paint as shown in 
the figure.

 

blackened slide

clear scratched lines
0.2 mm apart

 The slide is mounted with the two scratched lines vertical, and light from a laser is directed at the 
scratched lines, striking them perpendicularly.

 A pattern of equally-spaced bright and dim interference fringes is observed on the laboratory wall, 
which is a distance of 4.20 m away from the microscope slide. The mean separation of these 
fringes is 13 mm.

 Calculate the wavelength of the laser light. Justify the number of significant figures in your answer.

 wavelength =  .....................................................  m [4]

For the fringes: sin θ = λ / d and sin θ ≈ x / L

so λ / d = x / L, giving λ = dx / L

λ = (0.2 × 10−3 × 13 × 10−3) / 4.20

λ = 6.19 × 10−7 m

The slit separation (0.2 mm) is given to only 1 s.f. and

the fringe separation (13 mm) to 2 s.f., so the answer can

be given to no more than 2 s.f.: λ = 6.2 × 10−7 m (620 nm)

6.2 × 10−7
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SECTION B

6 This question is about the wave-like behaviour of electrons.

 (a) Fig. 6.1 shows apparatus which is used to demonstrate electron diffraction.

0–5 kV

fluorescent screen

graphite target

electron gun

Fig. 6.1

  (i) Apply the principle of conservation of energy to show that the speed v of an electron 
accelerated through a p.d. V is given by

   v = m
eV2

   where e and m are the charge and mass of the electron respectively.

[3]

Energy gained by an electron moving through a p.d. V is E = eV

(work done on the charge e by the field).

By conservation of energy this all becomes kinetic energy:

eV = ½mv2

so v2 = 2eV / m

v = √(2eV / m)
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  (ii) Show that the maximum speed that an electron can gain in the apparatus of Fig. 6.1 is 
about 4 × 107 m s−1.

[2]

  (iii) Calculate the de Broglie wavelength λ of an electron travelling at the maximum speed 
and use the properties of the moving electron to state why this is the smallest wavelength 
that can be produced in this apparatus.

	 λ =  ........................................................... m 

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

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

 ...................................................................................................................................... [3]

λ = h/p, so λ ∝ 1/p. The maximum p.d. gives the maximum speed and

so the maximum momentum, so this is the minimum wavelength.

Vmax = 5 kV = 5000 V

vmax = √(2 × 1.60 × 10−19 × 5000 / 9.11 × 10−31)

vmax = √(1.76 × 1015) = 4.19 × 107 m s−1 ≈ 4 × 107 m s−1

λ = h / p = h / mv = 6.63 × 10−34 / (9.11 × 10−31 × 4.19 × 107)

λ = 6.63 × 10−34 / 3.82 × 10−23

1.74 × 10−11
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 (b) Graphite consists of flat sheets of carbon atoms arranged as shown in Fig. 6.2.

  d

  Fig. 6.2

  The direction of the electron beam is into the diagram, so that it meets the sheet of carbon 
‘head on’. 

  The regular repeating arrangement of carbon atoms results in the sheet of carbon behaving 
like a diffraction grating. The equally-spaced dashed lines in Fig. 6.2 can be thought of as the 
‘ridges’ in a diffraction grating with grating spacing d = 0.14 nm.

spacing D > d
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  (i) The p.d. applied to the electron gun in Fig. 6.1 is gradually increased from 0, and 
diffraction orders produced by the above grating are seen on the fluorescent screen 
(Fig. 6.3).

   
fluorescent screen

graphite target

1st order

1st order

θ
θ

   Fig. 6.3

   For one particular p.d.V, the first order diffraction occurs at an angle θ = 7.5° to the main 
beam.

   Calculate V in kV.

 V =  ....................................................  kV [4]

λ = d sin θ = 0.14 × 10−9 × sin 7.5° = 1.83 × 10−11 m

p = h / λ = 6.63 × 10−34 / 1.83 × 10−11 = 3.63 × 10−23 N s

v = p / m = 3.63 × 10−23 / 9.11 × 10−31 = 3.98 × 107 m s−1

V = ½mv2 / e = 0.5 × 9.11 × 10−31 × (3.98 × 107)2 / 1.60 × 10−19

V = 4515 V = 4.5 kV

4.5
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  (ii) Other diffraction patterns, not shown in Fig. 6.3, are produced by the graphite lattice. 
These are given by atom alignments in directions different from the one shown in Fig. 6.2.

   Use a ruler to draw, on Fig. 6.2, at least three equally-spaced straight lines through 
adjacent layers of atoms. These layers should have a separation different from d in 
Fig. 6.2.

   State, with an explanation, how the angle θ for the first order maxima from this ‘diffraction 
grating’ would differ from that in (b)(i).

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

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

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

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

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

 ...................................................................................................................................... [3]

The lines I have drawn are equally spaced layers with a separation D

greater than d (D ≈ 1.7d ≈ 0.24 nm).

For the first order, sin θ = λ / D. The electron wavelength λ is the

same, and D > d, so sin θ < sin 7.5°.

So θ is smaller than 7.5° (about 4.3°): the first order maxima are closer

to the main beam.
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7 This question is about the forces and motion of a tennis ball struck by a racket.

 The following data will be needed in this question:

 Mass of tennis ball 58.0 g

 Diameter of tennis ball 6.70 cm

 Length of tennis court from server to opponent 18.2 m

 (a) A tennis player ‘serves’ by tossing the ball into the air and hitting it with the tennis racket 
moving at high speed (Fig. 7.1).

ball

racket

Fig. 7.1 A tennis serve (seen from above)

  The ball leaves the racket at 28 m s−1.

  (i) Calculate the time that the opponent has to react before the ball reaches him, assuming 
that the frictional forces from the air are negligible.

 time =  ....................................................... s [1]

t = d / v = 18.2 / 28

0.65
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  (ii) The ball is stationary when the racket first hits it and the ball is in contact with the strings 
of the racket for 2.0 ms.

   Show that the mean force that the ball experiences during the serve is about 800 N.

[2]

Δp = mΔv = 58.0 × 10−3 × (28 − 0) = 1.624 N s

F = Δp / Δt = 1.624 / 2.0 × 10−3

F = 812 N ≈ 800 N
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 (b) The ball becomes compressed and the racket strings stretch slightly during the impact, as 
shown in the sectional view of Fig. 7.2.

frame of
racket

centre of mass
of ball

strings

x
x ≈

r

r
3

Racket meets ball Maximum deformation of ball and strings

Fig. 7.2

  Use information from Fig. 7.2 and the data given on page 12 together with the mean force 
from (a)(ii) to calculate Ep, the energy stored in the deformed strings and ball. Compare this 
energy with Ek, the kinetic energy given to the ball, and suggest a reason for any difference.

 Ep =  ............................................................  J 

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

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

 .............................................................................................................................................. [5]

Ep is greater than Ek by about 13 J. This energy is dissipated: it is converted

to internal energy (heating) in the strings and the ball, which are not

perfectly elastic.

distance moved by the force: Δs = r + x = r + r/3

Δs = 6.70/2 + (6.70/2)/3 = 3.35 + 1.12 = 4.47 cm = 0.0447 m

Ep = work done on deformation = Fmean × Δs

Ep = 800 × 0.0447 = 35.7 J

Ek = ½mv2 = 0.5 × 58.0 × 10−3 × 282 = 22.7 J

35.7 (≈ 36)
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 (c)* The graph shows how the force on the ball varies during a different impact.

  

0
3.0 4.0 5.01.0 2.00.5 1.5 2.5 3.5 4.50

500

1000

1500

2000

2500

3000

3500

t / ms

F / N

  Describe how the mean force of this impact differs from that described in part (a) of this 
question.

  Sketch on the graph the force-time graph you would expect if the ball had been hit by an 
identical racket with strings at a lower tension. You can assume the racket and ball meet with 
the same relative velocity.

  Explain in detail any differences between the two graphs and the resulting motion of the ball.
 [6]

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

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

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

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

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

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

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

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

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

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

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

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

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

Contact time is 2.0 ms. Counting squares, the area under the graph is Δp ≈

2.8 N s, so the mean force = 2.8 / 2.0 × 10−3 ≈ 1400 N (a horizontal line

at 1400 N roughly bisects the curve area). This is greater than the 800 N in

(a).

My sketch for slacker strings has a similar bell shape, a longer time of

contact (about 3 ms) and a lower maximum force (about 1500 N), with a

smaller area under the graph.

Strings at a lower tension stretch further and take longer to reach maximum

tension, so the time of contact is longer. The energy stored is not greater, so

the force is smaller.

The area is the change in momentum: smaller area means less momentum

gained by the ball. Δt↑ and Δp↓ so Fmean↓, and the ball leaves the racket

slower than before.

lower tension

mean 1400 N
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SECTION C

8 Sam is attempting to find the Young modulus of copper.

 She uses a very long piece of wire cut from a new roll, so that the metal has not been twisted or 
bent before she stretches it.

 The initial length L, measured from the place where the wire is clamped to the marker used to 
measure extensions, was 2.80 m.

 The wire is stretched by a series of different weights, as shown in Fig. 8.1.

copper wire

clamp

strip
of wood

block of
wood

block of
wood

long bench

slotted
masses

marker
attached to wire

pulley
clamped

ruler

L

Fig. 8.1

 (a) Sam uses a micrometer to make a number of measurements of the diameter of the wire at 
different points along its length. She records her readings in this dot-plot.

● ●

● ● ●

● ● ● ● ●
diameter / mm 0.313 0.314 0.315 0.316 0.317
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  Use these data to find the mean diameter d of the wire and its uncertainty, Δd.

  Express both values to an appropriate number of significant figures.

d = ..................................................... mm  Δd = ..................................................... mm [3]

 (b)* Sam decides to measure the extension e of the wire for a range of masses m using the 
arrangement shown in Fig. 8.1.

  Describe how Sam should perform the experiment to give reliable data which would lead to 
an accurate value of the Young modulus of elasticity for copper over the range of stresses for 
which the extension follows Hooke’s Law.

  You can assume that Hooke’s Law will apply for strains less than 0.1%.

  You do not need to show how the data will be used. [6]

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Clamp the wire firmly between the wood strip and block so it cannot slip,

but not so tightly that the wire is deformed by crushing. Hang a small mass

to straighten the wire and note the marker position.

Stay within the Hooke's law region: 0.1% of 2.8 m = 2.8 mm, so check the

values of x are always less than 2.8 mm.

Add the slotted masses gently (do not drop them) to avoid sudden excessive

strain, and wait before reading so the wire is not creeping. Read the marker

against a ruler fixed close to it at the same height, looking from directly

above to avoid parallax.

Tabulate m and x. Repeat by unloading and reloading and average. Safety:

wear eye protection and use 'bridges' over the wire in case it breaks and

whips back.

mean = (0.313 + 3 × 0.314 + 3 × 0.315 + 2 × 0.316 + 0.317) / 10

mean = 3.149 / 10 = 0.3149 mm

range = 0.317 − 0.313 = 0.004 mm, Δd ≈ ½ range = 0.002 mm

Δd to 1 s.f., so the mean is rounded to the same precision

0.315 0.002
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 (c) The data from the experiment are to be analysed using a suitable graph.

  (i) Show that the Young modulus of the metal, E is given by
 
   E = 

gL
A

m
x

⎛				⎞
⎝				⎠

⎛				⎞
⎝				⎠

   where A is the cross-sectional area of the wire, L its length and x the extension produced 
by adding the mass m.

    [2]

  (ii) Sam decides that the uncertainties in m are far less than those in x, and plots the data as 
shown opposite.

   Use the graph to find 
m
x

⎛				⎞
⎝				⎠ and its uncertainty.

   Show your working clearly.

m
x

⎛				⎞
⎝				⎠ = .................................................... kg m−1    Δ

m
x

⎛				⎞
⎝				⎠ = ................................................... kg m−1 [3]

E = stress / strain = σ / ε, with σ = F / A and ε = x / L

the force is the weight of the masses: F = mg

E = (mg / A) / (x / L) = mgL / Ax

so E = (gL / A)(m / x)

best-fit line (page 19): gradient = Δm / Δx

= 0.90 / (0.00254 − 0.00013) = 0.90 / 0.00241

= 373 kg m−1 ≈ 370 kg m−1

shallowest plausible line (dashed): through (0.00016, 0.05)

and (0.00251, 0.85): gradient = 0.80 / 0.00235 = 340 kg m−1

uncertainty = 370 − 340 = 30 kg m−1

370 30
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Part (c) continues over the page.

Δx = 0.00241

Δm = 0.90
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  (iii) Data books state that the Young modulus of copper is 120 GPa.

   Use this value, together with data from earlier in this question and the equation

   E = 
gL
A

m
x

⎛				⎞
⎝				⎠

⎛				⎞
⎝				⎠

   to calculate 
m
x

⎛				⎞
⎝				⎠ for this wire.

   Compare this value with your value of 
m
x

⎛				⎞
⎝				⎠ ± Δ

m
x

⎛				⎞
⎝				⎠ in (c)(ii).

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

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

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

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

 ...................................................................................................................................... [3]

END OF QUESTION PAPER

The data book value gives m/x = 340 kg m−1. My value is 370 ± 30 kg

m−1, a range of 340 to 400 kg m−1.

340 kg m−1 is within this range (just, at the lower limit), so the results

agree with the data book value.

A = πd2 / 4 = π × (0.315 × 10−3)2 / 4 = 7.79 × 10−8 m2

m / x = EA / gL

= (120 × 109 × 7.79 × 10−8) / (9.81 × 2.80)

= 9350 / 27.5 = 340 kg m−1
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