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SECTION A

Answer all the questions.

1 Manufacturers of spectacles (glasses) are keen to develop new materials for lenses. The refractive 
index of such materials is an important property to consider. 

 This question is about a method to determine the refractive index of a transparent polymer.

 A ray box is used to shine a narrow beam of light through a block of the polymer. Fig. 1 shows the 
path of the light.

 

ray box

normal

polymer
block

40°

22°

  Fig. 1 (not to scale)

 The angle of incidence is 40° and the angle of refraction is 22°.

 (a) (i) Calculate the refractive index n of the polymer.

 n =  .......................................................... [2]

n = sin i / sin r

n = sin 40° / sin 22°

n = 0.643 / 0.375 = 1.716

1.72
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  (ii) The absolute uncertainty in the measurement of each angle is ± 4°.

   Complete the table below with maximum and minimum values of the measured angles, 
and hence determine the absolute uncertainty in the calculated value of refractive 
index n.

Angle Maximum value / ° Minimum value / °

angle of incidence, i

angle of refraction, r

 absolute uncertainty in n = ±  .......................................................... [3]

Question 1 continues on page 4

44 36

26 18

maximum n = sin 44° / sin 18° = 0.695 / 0.309 = 2.248

minimum n = sin 36° / sin 26° = 0.588 / 0.438 = 1.341

absolute uncertainty = ½(max − min)

= ½(2.248 − 1.341) = 0.45

0.45
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 (b)*  Describe the method which could be used in this experiment to reduce the uncertainty in the 
calculated value of the refractive index of the polymer. 

  In your answer, include details of the experimental procedure and the analysis of data.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Procedure: place the rectangular polymer block on a sheet of white paper on a

bench in a darkened room and draw round the block with a sharp pencil. Use

a ray box with a narrow slit (or a laser) to give a very narrow, parallel-sided

beam of bright, monochromatic light (use a colour filter).

Draw the normal at the point where the ray enters the block using a set

square / protractor. Aim the ray at this point and mark the path of the

incident ray and of the emergent ray with two crosses each, far apart.

Remove the block, join the crosses with a ruler and join the entry and exit

points to give the refracted ray inside the block.

Measure i and r with a large protractor with a 0.5° scale (or find the angles

by trigonometry, measuring the opposite and adjacent sides with a mm ruler,

which reduces the uncertainty). Also measure the angles where the ray leaves

the block as a repeat.

Vary the angle of incidence from 10° to 80° in increments of 10° (at least 6

to 8 values) and measure each angle of refraction.

Analysis: calculate n = sin i / sin r for each pair and compare the values of

n from different angles of incidence. Better, plot a graph of sin i (y-axis)

against sin r (x-axis) with error bars for each point (from the ± uncertainty

in each angle). Draw a straight line of best fit through the origin; the

gradient = n, found using a large gradient triangle.

Draw the steepest and shallowest worst-fit lines that still pass through all

the error bars; their gradients give the maximum and minimum values of n,

so the uncertainty in n = ½(max gradient − min gradient). Using many

readings and a graph reduces the uncertainty compared with one pair of

angles.
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  Additional answer space if required

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

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

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

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

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

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

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

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

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

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

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

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

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

 .............................................................................................................................................. [6]
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2 This question is about determining the acceleration due to gravity g using a simple pendulum.
 
  (a) The pendulum bob has mass m and the length of the pendulum string is L.

  Fig. 2.1a shows the pendulum with angle of deflection θ and bob displacement x.

  

L

W

Ts

x

θ

θ

bob
F

 Fig. 2.1a Fig. 2.1b Fig. 2.1c

  Fig. 2.1b shows the free body diagram of the forces on the bob. 

  Fig. 2.1c shows the restoring (resultant) force F on the bob which is horizontal for small 
deflection angle θ.

  The weight of the bob is W and the tension in the string is Ts. 
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  (i) Explain why, for small angle θ of deflection, F can be given by the expression

   F ≈ – 
Tsx
L .

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

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

 ...................................................................................................................................... [2] 
 
  (ii) For small angle θ, Ts ≈ mg. Therefore, the acceleration a of the bob can be given by the 

expression

   a ≈ – 
gx
L .

 
   Use the equation for simple harmonic motion, a = – 4π2 f 2x, to show that T 2 = 

4π2 L
g , 

where T is the period of oscillation of the pendulum.

[2]

Question 2 continues on page 8

Resolving horizontally F = −Ts sin θ; for small θ, sin θ ≈ x / L so F ≈

−Tsx / L.

Negative sign: F is opposite in direction to the displacement x.

−4π2f2x = −gx / L

cancel x and the negative signs:  4π2f2 = g / L

f = 1 / T, so  4π2 / T2 = g / L

rearranging:  T2 = 4π2L / g
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 (b) A student measures the time taken for 10 oscillations of the pendulum bob to determine the 
period T. 

  She repeats this for 4 different pendulum lengths. 

  The results are shown in the table below.

Length of 
pendulum, L / m

Time taken for 10 
oscillations, t / s Period, T / s T2 / s2

0.300 11.33 1.133 1.284

0.400 12.70 1.270

0.500 14.44 1.444

0.600 15.41 1.541

  (i) State and explain the advantage of determining the period T by measuring the time for 
10 oscillations. 

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

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

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

  (ii) Complete the table by calculating the three missing values of T 2 / s2. [1]

  (iii) On Fig. 2.2, plot a graph of T 2 (on the y-axis) against L (on the x-axis) and draw a 
straight line of best fit through the data points.  [4]

  (iv) Use the graph to determine a value for the acceleration due to gravity g. 

   Show your working.

 g =  ................................................  m s–2 [2]

Reduces the effect of the reaction time error in starting and stopping

the stopwatch: the longer time measured gives a smaller percentage

uncertainty in T (reduced to 1/10).

1.613

2.085

2.375

gradient = Δ(T2) / ΔL = (2.33 − 1.28) / (0.580 − 0.300)

gradient = 1.05 / 0.280 = 3.75 s2 m−1

T2 = (4π2 / g) L, so gradient = 4π2 / g

g = 4π2 / gradient = 39.48 / 3.75

g = 10.5 m s−2

10.5
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Fig. 2.2
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

1.2

1.4

1.6

1.8

2.0

2.2

2.4

T2 / s2

L / m
(0.300, 1.28)

(0.580, 2.33)

ΔL = 0.280 m

Δ(T2) = 1.05 s2
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 (c) The student is considering the uncertainty in her value for g. 

  She thinks that data collected for the shorter pendulums have greater percentage uncertainty 
than those for the longer ones.

  Explain her reasoning.

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

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

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

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

Question 3 begins on page 12

The same instruments are used, so the absolute uncertainty is the same, but

the time period of the shorter pendulums is smaller, so the percentage

uncertainty in time is greater. This uncertainty in time is more significant

than in length and is doubled because T2 is used.
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3 This question is about the electrical conductivity of a metal. 

 (a)* Describe a suitable experimental procedure which could be used to determine the electrical 
conductivity σ of the metal. 

  The following apparatus is available.

  Length of metal wire
  Meter rule
  Micrometer screw gauge
  Ammeter
  High resistance voltmeter
  Battery
  Variable resistor 
  Connecting wires and crocodile clips

  You should include details of the measurements to be taken and how they are used to 
accurately determine the electrical conductivity σ of the metal. You should also consider the 
uncertainties present in the investigation.

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

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

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

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

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

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

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

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

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

Set up the circuit shown: the wire is connected in series with the ammeter,

battery and variable resistor, and the high resistance voltmeter is connected

across the length L of wire between the crocodile clips.

Measure the diameter d of the wire with the micrometer (resolution ± 0.01

mm) at several places along it and in different directions (planes), checking

the zero error, and take the mean. A = πd2/4.

Measure the length L between the clips with the metre rule (uncertainty

about ± 2 mm). Record V and I (adjusting the variable resistor to keep the

current small) and calculate R = V / I. Repeat for about six different lengths,

battery variable resistor

A

metal wireclip clip

V

length L
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 ...................................................................................................................................................

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

  Additional answer space if required

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

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

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

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

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

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

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

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

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

 .............................................................................................................................................. [6]

e.g. 0.20 m to 0.90 m, repeating each reading and averaging.

Analysis: R = ρL / A, so plot R against L. The gradient = ρ / A, so ρ =

gradient × A and σ = 1 / ρ = 1 / (gradient × A). (Alternatively plot G = I

/ V against 1 / L: gradient = σA.) A small positive intercept is due to

contact resistance at the clips, which the gradient method removes.

Uncertainties: the percentage uncertainty in d is the largest (0.01 mm in

about 0.46 mm is about 2%), and it is doubled for A (about 4%), so this

dominates. The wire may have kinks or not have a circular cross-section, so

straighten it and use a mean diameter. The meter readings have an

uncertainty set by their resolution. The wire heats up when current flows,

increasing its resistance and lowering σ, so use a small current and switch off

between readings. Use error bars and worst-fit lines on the graph to find the

uncertainty in σ.
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 (b) The conductivity σ of the metal wire in (a) at room temperature is 2.1 × 106 Ω–1 m–1. The cross-
section area, A, of the wire is 0.166 mm2.

  The potential difference across 0.330 m of the wire is 2.0 V.

  (i) Calculate the current I in the wire.

 I =  ......................................................  A [3]

  (ii) Use the relationship I = nAvq and the data below to estimate the mean drift velocity, v, of 
electrons in the wire.

   number density of free electrons in the metal n ≈ 1028 m–3

   charge on one electron q = 1.6 × 10–19 C

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

I / V = G = σA / L

I = σAV / L

I = (2.1 × 106 × 0.166 × 10−6 × 2.0) / 0.330

I = 0.697 / 0.330 = 2.11 A

2.1

v = I / nAq

v = 2.1 / (1028 × 0.166 × 10−6 × 1.6 × 10−19)

v = 2.1 / 265.6 = 7.9 × 10−3 m s−1

8 × 10−3
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  (iii) The temperature of the metal wire is now increased. 

   State and explain qualitatively the change, if any, to the mean drift velocity v of the 
electrons in the wire.

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

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

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

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

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

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

The mean drift velocity decreases.

At a higher temperature the positive ions (atoms) of the metal have

more kinetic energy, so they vibrate with greater amplitude. These more

energetic vibrations obstruct the path of the electrons, so the electrons

make more frequent collisions with the ions, which reduces their mean

drift velocity.
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SECTION B

Answer all the questions.

4 This question is about the behaviour of gases.

 (a) The pressure p and volume V of an ideal gas are related by the equation pV = 
1
3 Nmc 2.

  (i) Explain what is meant by an ideal gas.

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

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

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

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

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

  (ii) The average kinetic energy of the particles (atoms) in an ideal gas at absolute (kelvin) 
temperature T is given by the equation

   average kinetic energy = 
3
2 kT

   where k is the Boltzmann constant. 

   Use this equation and the equation pV = 
1
3 Nmc 2 to show that the pressure p of a fixed 

mass of an ideal gas at constant volume is directly proportional to its absolute (kelvin) 
temperature T. 

   Explain your reasoning.

[3]

The particles (atoms / molecules) have negligible volume compared with

the volume of the container.

All collisions (with each other and with the container walls) are elastic.

There are no interactions (forces) between the particles except during

collisions.

mean kinetic energy:  ½m<c2> = (3/2)kT,  so  m<c2> = 3kT

pV = (1/3)Nm<c2> = (1/3)N × 3kT

so  pV = NkT  and  p = NkT / V

fixed mass so N is constant, V is constant and k is

a constant, so p = (constant) × T:  p ∝ T
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 (b) Argon is a gas at room temperature. You may assume that it behaves as an ideal gas at this 
temperature.

  The molar mass of argon is 0.0399 kg mol–1. 

  Calculate the root mean square speed of argon atoms when the gas is at a temperature of 
293 K.

 root mean square speed =  ................................................  m s–1 [3]

 (c) A student performs an experiment to investigate if the pressure of a constant volume of air is 
directly proportional to its absolute (kelvin) temperature. 

  Fig. 4.1 shows the apparatus used. 

thermometer

round-bottom
flask

water bath

rubber tube

analogue pressure
meter

air

Fig. 4.1

  (i) Fifteen apparently identical thermometers are available. 

   Describe how the student can determine the uncertainty in the reading of the temperature 
by using all the available thermometers. 

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

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

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

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

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

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

Place all fifteen thermometers in the water bath together (at the same
time) and record the temperature on each.
Identify and ignore any anomalous value (clearly different from the

others); the uncertainty = ± half the range (spread) of the remaining

readings.

½m<c2> = (3/2)kT  so  crms = √(3kT / m)

m = 0.0399 / 6.02 × 1023 = 6.63 × 10−26 kg

crms = √(3 × 1.38 × 10−23 × 293 / 6.63 × 10−26)

crms = √(1.83 × 105) = 428 m s−1

430
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  (ii) Fig. 4.2 shows the graph of the data collected, including the uncertainty in the pressure 
readings.

60
250 270 290 310 330 350 370

70

80

90

100

pressure / kPa 

temperature / K

110

120

Fig. 4.2

   1 The best-fit straight line is shown. 

     On Fig. 4.2, add a worst-fit straight line that gives the maximum gradient. [1]

worst fit
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   2  The gradient of the best-fit straight line suggests that the pressure of the gas will fall 
to zero at a temperature of about 10 K.

   Determine the gradient of your worst-fit straight line. 
   Use your gradient value to calculate the temperature at which the pressure falls to 

zero, assuming the change in pressure per unit kelvin is constant. 
   Show all your working.

 temperature at which pressure falls to zero =  .......................................................K [5]

worst-fit line passes through (250 K, 68 kPa) and (370 K, 112 kPa)

gradient = ΔP / ΔT = (112 − 68) / (370 − 250)

gradient = 44 / 120 = 0.367 kPa K−1

P = mT + c:  68 = 0.367 × 250 + c

c = 68 − 91.7 = −23.7 kPa

at P = 0:  0 = 0.367T − 23.7

T = 23.7 / 0.367 = 65 K

65
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 (d) The student notices that the top of the round-bottom flask is above the level of the liquid in 
the water bath and suggests that this will produce a systematic error in the data which could 
account for the incorrect value for the temperature at which the gas pressure falls to zero.

  The temperature of the laboratory at the time of the experiment was 25 °C.

  Explain what is meant by a systematic error. Explain how the low level of liquid in the water 
bath could lead to a systematic error and assess if the error is likely to be significant. 

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

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

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

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

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

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

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

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

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

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

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

END OF QUESTION PAPER

A systematic error makes every measurement differ from the true value by a

consistent amount each time; it is not reduced by repeat readings.

The air at the top of the flask above the water is nearer the lab temperature

of 25 °C (298 K), so for most points (above 298 K) the actual gas

temperature is lower than measured; for the first point (283 K) it is higher.

The effect is larger when the water bath is further from 298 K, so the

gradient changes, and a small change in the line has a large effect on the

x-intercept (T at P = 0).

It is probably not very significant: only a small proportion of the air is above

the water, convection currents keep the gas temperature uniform, and the

glass and bung insulate it.
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ADDITIONAL ANSWER SPACE

If additional space is required, you should use the following lined page(s). The question number(s) 
must be clearly shown in the margin(s).
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