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is this ability to get an insight into complex systems that makes 
simplifying assumptions so valuable to physicists. 

I’m going to take up my student’s suggestion and ignore the 
Earth’s atmosphere to calculate the surface temperature of the 
Earth. There will also be a number of other assumptions made 
along the way.

Equilibrium
Imagine drilling a hole in a bucket of water and seeing water 
start to flow out. If you now pour water into the bucket at exactly 
the same rate at which it is flowing out, then the situation will 
reach equilibrium and the water level will remain constant. 
We are going to use this idea of equilibrium to calculate the 
temperature of the Earth, but instead of water, we are pouring 
energy in from the Sun and balancing this against the energy 
radiated away by the Earth (Figure 1). 

A fter reading the article on balancing planetary energy 
budgets in PHYSICS REVIEW Vol. 25, No. 3, pp. 11–15, I 
discussed it with one of my sixth-form groups. The 

article looked at how the energy that arrives from the Sun is 
transferred in planetary atmospheres and how this affects the 
surface temperature of the planets in our solar system.

A number of different factors were discussed in the article, 
such as how much energy is reflected back into space or 
scattered by the Earth’s atmosphere, as well as how much of the 
energy emitted by the Earth is absorbed by the atmosphere (the 
greenhouse effect).

One student remarked that it would be lot simpler if we 
ignored the atmosphere altogether, and this got me (and the 
class) thinking. It also then got me writing…

Making things simpler
You don’t have to study physics for very long before you 
meet the idea of making assumptions to simplify complex 
problems. I’m sure that you will have ignored air resistance 
in projectile questions and the resistance of wires in circuit 
electricity questions, so that you can relatively easily calculate 
the speed at which a stone will hit ground or the current in 
a circuit.

The answers you would get if you measured these values in real 
life would be slightly different, but as long as the assumptions 
are sensible, your answers should be useful and informative. It 

Modelling 
the Earth’s  
climate

How can we model the Earth’s climate as simply as possible? And how can 
we use the model to estimate the Earth’s average temperature?

Kevin Mosedale

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and 
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam 
specifications.

The assumptions in a simple climate model involve treating the 
Sun and Earth as black-body radiators, and using the Stefan-
Boltzmann law and the inverse-square law for radiation 
intensity.

Exam links 

Figure 1 When the energy received per second from the Sun is 
equal to the energy re-radiated per second by the Earth, Earth’s 
temperature reaches an equilibrium value
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When the rate of energy flow into the Earth is equal to 
the rate of energy flow out of the Earth, the temperature will 
be constant. The temperature calculated by this method is 
sometimes called the planetary equilibrium temperature, but 
the alternative label of the equivalent black-body temperature 
gives a clue as to how we are going to approach the problem.

Black-body radiation
We are going to assume that the Sun is a black body. If we do 
this, we can use the Stefan-Boltzmann law to calculate how 
much energy it radiates every second. This is the luminosity of 
the Sun, which turns out to be 4.0 × 1026 W (Box 1). 

What we are interested in for this problem is the intensity of 
the radiation (the power arriving per square metre, also known 
as the energy flux) at the surface of the Earth, a distance of 
150 million km from the Sun. The energy spreads out evenly 
in all directions and a quick inverse-square calculation (Box 2) 
gives an answer of 1.4 kW m−2 at the surface of the Earth. 

Modelling 
the Earth’s  
climate

Box 1 The Sun as a black body

A black body, also known as an ideal thermal radiator, is an object 
that absorbs all the electromagnetic radiation that falls on it. It also 
emits electromagnetic radiation solely because of its temperature; no 
object is a better emitter of radiation at any wavelength than a black 
body at the same temperature. 

Luminosity is the power emitted from an object as electromagnetic 
radiation. The output power Pout, or luminosity, L, of a black body 
with surface area A and temperature T is given by the Stefan-
Boltzmann equation:

L = Pout = σAT 4 (1.1)

where σ is the Stefan-Boltzmann constant, σ = 5.67 × 10−8 W m−2 K−4. 
Note that the temperature must be expressed in kelvin.

If the object is a sphere with radius R, then its surface area is:

A = 4πR 2 (1.2) 

The Sun isn’t quite a black body, but treating it as one is not a bad 
assumption.

radius of Sun, R = 7.0 × 108 m 
surface temperature of Sun, TS = 5800 K

Combining Equations 1.1 and 1.2 and putting in the values:

L  = σATS
4 (1.3) 

= 4πR2σTS
4 

= 4π × (7.0 × 108 m)2 × 5.67 × 10−8 W m−2 K−4 × (5800 K)4 

= 4.0 × 1026 W

Box 2 Inverse-square law

Assuming the radiation from the Sun is emitted isotropically (evenly 
in all direction), you can imagine the radiation spread out over the 
surface of a sphere. When it has travelled a distance d, the surface 
area, A, of the sphere over which is spread will be given by:

A = 4πd 2 (2.1 — see Equation 1.2) 

If we assume that no radiation is absorbed or scattered en route, 
the intensity of radiation reaching the Earth from the Sun therefore 
follows an inverse square law. For example, if you double the 
distance, the intensity drops by a factor of 4 (Figure 2.1).

The intensity, I, of solar radiation received at Earth will therefore be 
given by:

I = L
4πd 2

 (2.2) 

where L is the Sun’s luminosity and d is the Earth–Sun distance:

L = 4.0 × 1026 W (Box 1) 
d = 1.5 × 1011 m

Putting values into Equation 2.2:

I = 4.0 × 1026 W
4π × (1.5 × 1011 m)2

= 1415 W m−2 ≈ 1.4 × 103 W m−2 = 1.4 kW m−2 (2.3)

Sun
A

A

Ad

2d

3d

Figure 2.1 Radiation spreads out as described by an inverse-
square law
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This value has a number of assumptions built into it. We 
have ignored the fact that the Earth’s orbit around the Sun is 
elliptical rather than circular and we have also ignored the fact 
that the Sun’s luminosity varies over time. Both these effects are, 
however, quite small and our approximate value of 1.4 kW m−2 
is quite close to recent measured values. For example, NASA’s 
Solar Radiation and Climate Experiment (SORCE)  quotes the 
average solar flux arriving at the top of the Earth’s atmosphere 
as 1368 W m−2.

The Earth as a black body
We now have a value for the intensity of electromagnetic 
radiation at the surface of the Earth. As well as ignoring the 
Earth’s atmosphere so that we can assume all this solar radiation 
reaches the Earth’s surface, we are also going to model the Earth 
as a perfect black body. This means that we can assume that the 
radiation that reaches the Earth is absorbed completely. We are 
also assuming that the Earth’s surface is not being heated in any 
other way (so we are ignoring any heating due to radioactivity 
in rocks, for example).

As we know the radiation intensity in units of power per unit 
area (W m−2) we need to calculate the area of the Earth that can 
absorb energy, and this will give us the total energy received by 
the Earth every second. In Box 3 we do this by considering the 
area of the Earth that intercepts the radiation, and arrive at an 

answer of 1.8 × 1017 W. So, every second, 1.8 × 1017 J of energy are 
absorbed by our black-body Earth.

We are nearly there, because now we know the rate at which 
energy is pouring into the Earth. All that remains is to figure 
out what temperature the Earth will have to be at to lose energy 
at exactly the same rate. When this occurs we will have reached 
the equilibrium temperature.

Remember that we are treating the Earth as a black body and 
that the energy emitted per second is therefore given by the 
Stefan-Boltzmann law used in Box 1. We need to apply this law 
to the Earth and, when we do, the equlibrium temperature turns 
out to be 280 K (Box 4), which is 7°C. At this temperature we 
have reached an equilibrium where the rate of energy flow into 
the Earth equals the rate of energy flow out.

Conclusion
You might be wondering how good our answer is. It is actually 
quite difficult to measure the Earth’s average temperature (it 
varies markedly from place to place, and in any one place it 
varies over time), but values found in an internet search lie 
in the range 14–16°C (287–289 K). Despite a large number of 
approximations, the answer we got from our calculation is 
informative. It is the simplest possible model for looking at 
planetary climates and using it has, I hope, given you an insight 
into how it could be improved.

Box 3 Radiation absorbed by Earth

To calculate the rate at which Earth receives energy from the Sun 
you can think of the radiation blocked by Earth as it casts a shadow 
(Figure 3.1). The Earth absorbs all the radiation in an area A:

shadow area = πr 
2

solar 
radiation

radius, r

Figure 3.1 Radiation absorbed by Earth

A = πr 2 (3.1)

where r is the Earth’s radius, r = 6400 km.
The rate of energy absorption (the input power Pin) is given by:

Pin  = AI 
= πr 2I (3.2)

where I is the intensity of solar radation reaching Earth. Using the 
value of I from Box 2:

Pin  = 1415 W m−2 × π × (6400 × 103 m)2 

= 1.8 × 1017 W (3.3)

Box 4 Equilibrium temperature

As the Earth is warmed by the Sun, it will itself radiate energy. If we 
assume that we can treat Earth as a black body, we can relate its 
radiated power output, Pout, to its surface temperature TE. Using the 
Stefan-Boltzmann law (Box 1):

Pout = σAT 4 (Equation 1.1)

We need to use the Earth’s surface temperature TE, its surface area A: 

A = 4πr 2 (4.1)

and the Earth’s radius r = 6400 km, so:

Pout = 4πr 2σTE
4 (4.2)

When the energy radiated per second is the same as the energy 
absorbed per second from solar radiation, we have radiative 
equilibrium and the temperature remains constant. By equating the 
output power to the input power (Box 3) we can calculate a value for 
TE, the Earth’s average surface temperature:

Pout = Pin (4.3)

Pin = 1.8 × 1017 W (Equation 3.3)

So:

σATE
4 = 1.8 × 1017 W (4.4)

We can then rearrange Equation 4.4 and put in values:

TE
4 = 1.8 × 1017 W

4πr 2σ

= 1.8 × 1017 W
4π × (6400 × 103 m)2 × 5.67 × 10−8 W m−2 K−4

= 6.17 × 109 K4 (4.5)
So:

TE = 280 K
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As a final point, it is worth noting that if we had tackled the 
problem algebraically rather than putting numbers in from the 
start we would have discovered that, in this simple model, the 
equilibrium temperature of the Earth depends on only three 
variables: the temperature of the Sun, the radius of the Sun and 

the Earth–Sun distance. Box 5 gives further details and I hope 
you might find the simplicity of this relationship as satisfying 
as I do.

Kevin Mosedale teaches physics at Radley College, Oxfordshire.

Box 5 An algebraic approach

You might have noticed that in Box 3 we multiplied by the square of 
Earth’s radius and π, then in Box 4 divided by almost the same thing. 
If we take an algebraic approach to the whole calculation, you can 
see why certain factors cancel out. Here’s how it works, using the 
symbols and equations from Boxes 1–4:

L = 4πR2σTS
4 (Equation 1.3)

I = L
4πd 2

 (Equation 2.2) 

Pin = πr 2I (Equation 3.2)

Pout = 4πr 2σTE
4 (Equation 4.2)

Pout = Pin (Equation 4.3)

Combining Equations 1.1 and 2.2 and cancelling 4π, the intensity of 
solar radiation reaching Earth is:

I = 4πR2σTS
4

4πd 2

= R2σTS
4

d 2
 (5.1)

Substituting for I in Equation 3.2, the radiative power input to Earth 
is:

Pin = πr 2R2σTS
4

d 2
 (5.2)

Using Equation 4.3 and substituting expressions for the radiative 
input and output powers, the condition for equilibrium is:

4πr 2σTE
4 = πr 2R2σTS

4

d 2
 (5.3)

Cancelling πr 2σ and dividing by 4:

TE
4 = R2TS

4

4d 2
 (5.4)

Taking the square root twice:

TE = TS  
R
2d

 (5.5)

So Earth’s equilibrium surface temperature TE calculated using this 
simple model depends only on the Sun’s temperature TS and its radius 
R, and on the Earth–Sun distance d. 
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with a thermal conductivity of 401 W m−1 K−1. We also need the 
heat to be carried away from the processor, say to a distance of 
15 cm. The processor temperature should not rise above 70°C 
and we’ll assume the cool end of the rod is at 20°C. Putting 
these numbers into Equation 2.2 gives:

Φ = 401 W m−1 K−1 × 4 × 10−4 m2 × 
70°C − 20°C

0.15 m
 = 53.5 W

This is clearly not enough, as well as the copper bar being 
heavy, clumsy and expensive. The conductor has to be capable 
of at least 77 W and I wouldn’t be satisfied with anything less 
than 100 W. We need something better.One of my sons recently built his own desktop computer 

and he showed me his arrangement for cooling the 
central processing unit (CPU). The processor is a small 

chip, but it uses 77 W of power when working at its hardest. This 
creates a considerable amount of heat (Box 1) in a small volume, 
which would result in a dangerously high temperature if nothing 
was done about it.

Neither a fan nor conduction through metal cooling fins 
would carry away enough heat from the chip. Instead, he used a 
large heat sink that relied upon heat pipes to do the job properly. 
A heat pipe is an ingenious piece of technology that is solidly 
based in physics, so let’s find out how it works and explore some 
of its uses.

Heat conduction
First of all, I need to be convinced that conduction along a metal 
bar will not carry away enough heat. Box 2 gives the formula for 
calculating the rate of heat flow, Φ, by conduction, so we can 
find out how effective a metal bar would be in removing heat 
from the computer processor.

The area of the processor is about 4 cm2, so we’ll place the 
end of the metal bar with this cross-sectional area on top of 
it. We’ll use copper, as it is one of the best conductors of heat, 

The heat pipe
Heat pipes transfer heat much more rapidly than a copper bar and have uses in 
spacecraft and laptop computers. They can even be found on the Trans-Alaska 
pipeline and the Qinghai–Tibet railway — the highest railway in the world

Peter Main

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and 
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam 
specifications.

Heat conduction alone is not sufficient to cool a powerful desktop 
computer. A heat pipe, which uses the latent heat of vaporisation 
of a working fluid, is much more effective.

Exam links 

Box 1 Heat terminology

Heating is the process of transferring energy from place to place 
as a result of a difference in temperature. We can therefore define 
heat as energy that is capable of being transferred as the result of a 
temperature difference.

Some physicists try to avoid using the word ‘heat’ as a noun, as that 
might imply that we are referring to physical stuff (a fluid perhaps). 
Instead, terms such as ‘thermal energy’ are used, and you might find 
phrases such as ‘thermal transfer of energy’ used in place of ‘heating’.

But trying to avoid the noun ‘heat’ can get very clumsy. Most 
physicists and engineers who work with thermal processes use the 
word without apology, so that’s what I have done in this article.

Box 2 Heat conduction

sample metal rod

cross-sectional area =

d

T1 T2

A

Figure 2.1 An experimental arrangement to examine 
heat conduction

Heat conduction can be examined using the arrangement shown in 
Figure 2.1, where heat travels along a metal rod from a hot region at 
temperature T1 to a cool region at temperature T2. If heat is conducted 
only along the rod and not radiated from the sides, then the rate of 
heat transfer is proportional to the temperature gradient, which is:

temperature gradient = T1 − T2

d
 (2.1)

where d is the length of the rod. Clearly, the greater the difference 
in temperature, the greater the rate of heat transfer. The rate also 
depends upon the cross-sectional area of the rod. A thicker rod will 
transfer more heat in a given time, so we have:

rate of heat flow ∝ area × temperature gradient

So, using the symbol Φ for rate of heat flow, we can write:

Φ = κ  × A × T1 − T2

d
 (2.2)

where A is the cross-sectional area of the rod. The constant of 
proportionality is called the thermal conductivity and given the 
symbol κ . The heat flow is measured in watts and κ  is in watts per 
metre per kelvin (W m−1 K−1).

A temperature difference of 1 K is exactly the same as a difference 
of 1°C, so we do not have to convert T1 and T2 into kelvin when using 
Equations 2.1 and 2.2. 
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Latent heat
A much more effective way of transferring heat is to make use of 
latent heat. You can have ice at 0°C or water at 0°C, so what’s the 
difference? Heat has to be supplied to melt the ice, so the water 
contains more heat than the ice even though it is at the same 
temperature. The heat required to melt the ice without raising 
its temperature is known as the latent heat of fusion. A similar 
situation occurs as the water is turned to steam. Both can exist 
at 100°C and the extra heat required to produce the steam is the 
latent heat of vaporisation.

Heat pipe
Latent heat is used in a heat pipe, the simplest design of which 
is shown in Figure 1. It is an enclosed pipe containing a liquid. 
Different liquids are used, depending on the temperature range 
required. The bottom end is in contact with the heat source and 
the top end is kept cool. The heat supplied at the bottom of the 
pipe vaporises the liquid, and the hot vapour rises up the pipe. 
When it reaches the cold end it condenses into a liquid, which 
flows back down the wall of the tube.

Turning the vapour into liquid considerably reduces its 
volume, which aids the flow of vapour from the hot end. 
Not only does the vapour carry heat up the pipe due to its 
temperature, but it also carries the latent heat of vaporisation, 
which is given up when the vapour condenses. This constitutes a 
very effective means of transporting heat as the vapour, carrying 
the latent heat, rises up the pipe much more quickly than 
conduction occurs along a metal rod.

There is no single value for the thermal conductivity of a 
heat pipe as they come in all shapes and sizes, with different 
working fluids. A heat pipe is at least 10 times more effective 
than ordinary heat conduction and it can be up to 10 000 times 
better. A typical value is about 80 times the thermal conductivity 
of copper. The working fluid governs the temperature range over 
which the heat pipe operates, and almost any temperature range 
is possible. Some examples are given in Table 1.

The heat pipe stops working if all the fluid has been vaporised 
or if there is insufficient heat to evaporate the liquid. It doesn’t 
have to work in a vertical position as in Figure 1 — some heat 
pipes are designed to work horizontally or even upside down. 
In this case the liquid is returned to the hot end by capillary 
action instead of gravity. They are extremely versatile and, with 
no moving parts, there is nothing to go wrong.

Applications
Heat pipes were first developed by NASA for use in spacecraft. 
Normally, one side of the craft receives the Sun’s radiation and 
the other side is exposed to the very low temperature of space. 
Smoothing out the extremes of temperature is necessary for the 
reliable operation of the craft, and this is done by heat pipes. 
They do not consume any power and cause no vibration, so they 
are ideally suited to the job.

Laptop computers also benefit from the use of heat pipes. 
They generate heat in confined spaces and heat pipes are the best 
way of keeping the temperature down to a reasonable level. In 
addition, it is now common to cool the CPU and the graphics 
processor in the more powerful desktop computers using heat 
pipes. That is exactly what my son did. Figure 2 shows the type 
of heat sink he used, with its multiple heat pipes.

Table 1 Temperature ranges of heat pipes

Working fluid Temperature range/°C

Nitrogen −203 to −160

Ammonia −60 to 100

Water 30 to 200

Mercury 250 to 650

Sodium 600 to 1200

cold end

hot end

working �uid

 condensed liquid 
�ows downwardsvapour rises

Figure 1 A simple heat pipe. Liquid evaporates at the hot end 
and condenses at the cold end. This efficiently transports heat up 
the pipe

Figure 2 The heat sink for the CPU of a desktop computer. The 
bottom is in contact with the top of the CPU and the heat pipes 
transfer the heat to a nest of aluminium cooling fins
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Permafrost
An application of heat pipes on a much larger scale occurs on 
the Trans-Alaska pipeline. This transports oil from Prudhoe Bay 
on the north coast to the Valdez Marine Terminal in the south, 
a distance of 1300 km. For much of that distance, the pipeline is 
over permafrost, which is permanently frozen ground. It had to 
be built above ground because the heat of the oil would thaw the 
permafrost if it had been buried. This would make the ground 
unstable, inevitably leading to leakage of the oil.

Even above ground there is a problem. The supports of the 
pipeline are anchored in the permafrost and conduct heat from 
the pipeline into the ground. To keep the ground frozen, the 
heat is transported back up to the atmosphere using four heat 
pipes for each support member (Figure 3). A total of 124 000 
heat pipes is used over the permafrost stretch of the pipeline.

A similar example of the use of heat pipes is on the Qinghai–
Tibet railway, which crosses the Tibetan plateau and is the 

highest railway in the world. With an average altitude of 4500 m, 
it is high enough for passengers who aren’t acclimatised to 
require extra oxygen. Impressively, the train company provides 
oxygen to every seat on the train.

About 500 km of the railway are built on permafrost, bringing 
the risk of reduced stability due to thawing. The rails and 
ballast warm up during the summer and gradually transmit the 
heat into the ground. This is countered by 7 m-long heat pipes 
containing ammonia as the working fluid. They are driven into 
the permafrost on both sides of the track, each with 2 m exposed 
above ground (Figure 4).

The heat pipes don’t work in the summer because the air 
is warmer than the permafrost. This is reversed in the winter 
when the air is much colder and the pipes start working again. 
By this time, the heat accumulated during the summer has 
penetrated to a depth of 2–3 metres. This is ideal for the heat 
pipes to transfer it back into the atmosphere, helping to keep 
the permafrost frozen.

And the CPU?
My son keeps an eye on the processor temperature in his 
computer. Most of the time it is about 30°C and it has never 
exceeded 65°C. As he doesn’t want the temperature to rise above 
80°C, it is clear that the heat pipes are doing a very good job. 
With a nearby fan to help, the heat sink is rated at 130 W, which 
is more than enough to prevent the CPU from overheating.

Figure 3 Heat pipes in use on the Trans-Alaska pipeline. Note the 
cooling fins near the top of each pipe

Figure 4 Heat pipes in use on the Qinghai–Tibet railway

Peter Main is on the academic staff of the University of York 
and is also a member of the PHYSICS REVIEW editorial board.
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 4 Chemical symbol for the element of atomic number 66. (2)
 5 An element essential to our lives and space exploration. (6) 
 6 Richard _____. German physical chemist (1869–1910), who 

pioneered work on the electronic structure of atoms. (5)
 7 Point on a standing wave at which amplitude is zero. (4)
 9 Small astronomical object of very high density formed from 

a supernova. (7, 4)
 13 Terminate a rocket’s flight, for example. (5)
 14 The number of protons in a fluorine nucleus. (4)
 16 _____ Schrödinger (1887–1961). Austrian physicist who put 

forward a key equation in wave mechanics. (5)
 18 The ____ cycle. The working cycle of the four-stroke engine. 

(4)
 20 Abbreviation of the non-SI length unit of 12 inches (about 

30.4 cm). (2)
 21 Abbreviation for a measure of sound pressure level and the 

response/performance of electronic circuits. (2)
 25 Physical quantity having size and direction. (6)
 26 Change…usually in a good way. (6) 
 28 Weapon designed to affect electronic circuits, rather than 

people and buildings, using a pulse of electromagnetic 
radiation. (1-4)

 30 Sounds of constant fundamental frequencies. (pl.) (5) 
 31 Reflected sound. (4)
 34 Seventh letter of the Greek alphabet, and as ___ Aquilae, 

one of the brightest Cepheid variables. (3)
 36 Chemical symbol for the densest element (but only just). (2)

Clues
Across

 1 ______ effect. The splitting of 
spectral lines by strong magnetic 
fields. (6)

 4 Region of a magnetic material with 
saturated polarisation. (6) 

 8 Crystalline silica with layers of 
different colours. (4) 

 10 Planet that orbits the Sun every 165 
years. (7) 

 11 _____ point. The stress at which 
substantial plastic deformation occurs 
under constant or reduced loads. (5)

 12 The point on the celestial sphere 
from which meteor tracks appear to 
originate. (7) 

 15 ____ effect. Deviation of the electric 
field lines from uniformity in a 
parallel-plate capacitor, for example. 
(4)

 17 A ferromagnetic element. (4) 
 19 Abbreviation for the electromagnetic 

frequency range between about 104 Hz 
and 3 × 1012 Hz. (2)

 21 ___ product. ‘Multiplication’ of 25 Down with itself, giving 
information about its size. (3)

 22 A type of logic gate. (3)
 23 Abbreviation for a non-SI mass unit of 112 lb (about 50 kg). 

(3)
 24 Chemical symbol for the halogen element that is reddish 

brown, highly reactive and with a sharp smell. (2)
 25 An opening to allow entry, or escape, of a material. (4)
 27 Prefix, from Greek, meaning ‘at a distance’. (4)
 29 Something that dissolves another. (7) 
 32 A blow or cuff. Hence _____-nail — one with a large, flat 

head for doing this to. (5)
 33 _______ deposits. Materials on the Earth’s surface blown 

there by the wind. (7) 
 35 ____ cloud. A huge, orbiting reservoir of comets surrounding 

the solar system. (4) 
 37 German astronomer Heinrich ______ (1758–1840), famous 

for his work on comets. (6)
 38 Sharp-edged ridges of bare, mountainous rock. (pl.) (6) 

Down
 1 A type of diode allowing a sharp increase in reverse current 

at a certain critical voltage. (5) 
 2 The component of a composite material in which fibres or 

other things are embedded. (6) 
 3 ___-conductor. Electrical insulator in which, under normal 

conditions, there are few free charged particles. (3)
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so the graph of F against ∆l should be a straight line through the 
origin with a gradient, m, given by:

m = 
EA
l0

 (2)

Hence, to determine E you need to measure the gradient m 
and then use:

E = 
ml0

A
 (2a)

where the cross-sectional area A is calculated using:

A = πr2 = 
πd2

4
 (3)

Part b

In this section you need to use equations from the specification to 
develop and use algebraic expressions that you are not expected 
to have met before. The question parts become increasingly 
demanding and there are multiple entry points, so failure to 
answer one part does not mean that later ones are inaccessible.

Part b i
This very straightforward 1-mark question is designed to allow 
you to start interacting with the maths. All you are required to 
do is to substitute Eiron for Ebrass to give:

∆xiron = 
Fl0

AEiron

 (4)

Part b ii

The examiner has made this more accessible by giving you the 
expression for W, the energy stored:

W = 
1
2

 F∆x (5)

This is not strictly necessary as it is an equation provided in 
the data booklet. However, the intention is to allow the level of 
difficulty to increase gradually. This is a ‘show that’ question, 
so the marks are given for the method and not for the final 
equation. Hence, clarity is required.

Material properties has been an optional topic on several 
A-level specifications. It is now in the AS section of 
all the A-level physics specifications in England and 

Wales.
The question discussed in this Exam talkback is from the 

June 2013 WJEC PH5 paper. It starts by looking at the specified 
practical work on determining the Young modulus of a material 
in the form of a wire, before an algebraic section on a composite 
wire. In view of the increased mathematical demand of the new 
specifications, this kind of analysis could appear on either the 
AS or A-level papers.

The question is reproduced by permission of WJEC/Eduqas. 
The answers that follow are the responsibility of PHYSICS REVIEW 
and have neither been provided nor approved by WJEC/Eduqas.

The marking scheme explained
Part a i
This is a gentle introduction to the question but it does require 
familiarity with the specified practical, and there is a trap for 
the unwary.

Using the symbols from the question, the Young modulus, E, 
can be calculated from:

E = 
Fl0

A∆l
 (1)

So, in addition to F and ∆l, the quantities l0 and A must be 
determined. The original length, l0, is measured using a metre 
rule. The cross-sectional area, A, is not measured but calculated 
from the wire’s mean diameter, which is measured using either 
a micrometer or a pair of digital callipers. Even using these, the 
fractional uncertainty in A is greater than that in l

0.

Part a ii
This is an ‘explain’ question, so you need to give all steps in your 
reasoning. Equation 1 can be rearranged to give:

F = 
EA
l0

 ∆l  (1a)

The mechanical 
properties of matter

 exam talkback

The A-level specifications require students 
to tackle questions that have a significant 
mathematical demand. This question involves deriving 
and using an algebraic expression in the context of a ‘core 
practical’ to determine the Young modulus of a material
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The main steps are:
 ■ adding the extensions of the brass and iron wires, using the 

expressions from part b i, to give the total extension, ∆x
 ■ applying Equation 4
 ■ manipulating the algebraic expression correctly to give the 

required expression
The final marks are only given for convincing algebra. The 

total extension is:

∆x = ∆xbrass + ∆xiron (6)

This should be clearly stated in your answer.
Substituting the expressions from part b i gives:

∆x = 
Fl0

A
 ( 1

Ebrass

 + 
1

Eiron
) (7)

Applying Equation 5 gives:

W = 
1
2

 
F 2l0

A
 ( 1

Ebrass

 + 
1

Eiron
) (8)

as required.

Part b iii
All this part of the question requires you to do is to insert the 
values into the equation from part b ii. However, care needs 
to be taken with units, SI multipliers and algebra, especially 

when adding the reciprocals of the Young moduli. The 3 marks 
available here reflect the number of possible mistakes.

You can choose whether to calculate the cross-sectional area, 
A, first and then substitute this, or to put the values of πr2 into 
the equation. Either way, you should convert all quantities to 
basic SI units when substituting. Hence:

W = 
1
2

 
(47 N)2 × 2.0 m

π × (5.0 × 10−4 m)2  ( 1
100 × 109 Pa

 + 
1

200 × 109 Pa
 )

= 0.042 J

Note that the data are given to 2 s.f., so you should give your 
answer to this precision. However, on this occasion the mark 
scheme did not penalise additional figures. Also, you should 
always give the unit of your answer. The mark scheme will 
sometimes penalise missing or incorrect units.

Part b iv
Assuming that you have found W in part b iii, this is a ‘thank 
you very much’ mark. All you need to do is to apply Equation 5 
to calculate ∆x. Rearranging Equation 5:

∆x = 
2W
F

 = 
2 × 0.042 J

47 N

= 0.0018 m (= 1.8 mm; unit conversion not required)

The question
(a) The diagram shows apparatus that may be used to obtain a value for 

the Young modulus of a metal in the form of a long wire. A known 
load, F, is applied to one end of the wire. The extension, ∆x, of the 
wire is measured using the pointer and metre ruler.

secure clamp
long wire

pointer

metre
ruler

known
load, F

table

(i) To obtain a value for the Young modulus, two other 
measurements must be made. State what these measurements are 
and what equipment you would use. (2 marks)
(ii) A graph of load, F, against extension, ∆x, may be obtained from 
the experiment.

0

F

∆x

Explain how a value of the Young modulus may be obtained by using 
the measurements in part a i and information from the graph. 
 (3 marks)

(b) Two wires, one of brass and one of 
iron, each of length l0 and each with the 
same diameter, are joined end to end 
and hung from a rigid support. A force, 
F, is applied as shown in the diagram. 
(i) The extension in the brass wire, 
∆xbrass, is given by:

∆xbrass = 
Fl0

AEbrass

where A and Ebrass represent the cross-
sectional area of the wire and the 
Young modulus of brass respectively. 
Write down a similar expression for the 
extension of the iron wire.  (1 mark)
(ii) The strain energy, W, in the wire 
due to the stretching force, F, is given 
by 12F∆x, where ∆x represents the total 
extension in the wire combination. 
Show that:

W = 
F2l0

2A
 ( 1

Ebrass

 + 
1

Eiron
) (2 marks)

(iii) Calculate W when F = 47.0 N. Assume the diameter of both wires 
is 1.0 mm and each has an unstretched length, l0, of 2.0 m.  
[Ebrass = 100 GPa; Eiron = 200 GPa] (3 marks)
(iv) Hence, or otherwise, determine the overall extension of the 
combination of wires when F = 47.0 N. (1 mark)
(v) Explain, using the Young moduli given, which of the two wires 
has undergone the greater extension and hence determine the ratio 
∆xbrass/∆xiron. (4 marks)

rigid
support

brass

iron

F

l0

l0
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Siân obtains marks for the first two points on the marking 
scheme but does not pick up the last one because she has not 
made it clear how she will use her value of gradient in the final 
calculation. She needs to say that the gradient is the value of  
F/∆x.

Rhodri

To calculate Young’s modulus we pick a pair of values of F 
and ∆x from the graph ✓ and substitute them in the equation 
E = Fl0/A∆x ✓.

The length l0 is the one measured in part i and A is calculated 
from the diameter of the wire using πd2/4. ✓

Generally, measuring the gradient is preferred to picking a 
pair of values from the line, but for a straight line through the 
origin the result is the same. Rhodri has correctly specified the 
method.

Part b i

Siân

∆xiron = 
Fl0

AEiron

 ✓

Rhodri

∆x = 
Fl0

AEiron

 ✓

In line with the vast majority of the candidates, both students 
give the obvious (correct) answer — the presence or absence of 
the subscript (iron) is not important.

Part b ii

Siân

∆x = ∆xbrass + ∆xiron 

= 
Fl0

AEbrass

 + 
Fl0

AEiron

 ✓

= 
Fl0

A
 ( 1

Ebrass

 + 
1

Eiron
)

So:

W = 
1
2

 
F2l0

A
 ( 1

Ebrass

 + 
1

Eiron
) 

Siân starts well and clearly knows what she is doing, but in 
a ‘show that’ question there needs to be no room for doubt 
because the final equation is given. Writing W = ½F∆x =… in the 
last line would have given her the second mark. The examiner’s 

 mark indicates a missing step in the answer.

Rhodri

Strain energy in brass:

Wbrass = 
1
2

 F∆xbrass 

= 
1
2

 
F2l0

AEbrass

 

Part b v
To do this you need to spot that you can use Equation 4 for the 
two materials:

∆x = 
Fl0

AE
 (Equation 4)

You are told that l0 
and A are the same for the two materials 

and should realise that the tension in the two, F, is also the 
same. Hence:

∆x ∝ 
1
E

 (9)

and, because Eiron > Ebrass, it follows that ∆xiron < ∆xbrass.

∆xbrass

∆xiron
  = 

Eiron

Ebrass
 

  = 
200 GPa
100 GPa

 = 2.0

This is the neatest solution. However, if you are not 
algebraically confident, you could obtain full marks by directly 
calculating the two extensions using Equation 4:

∆xbrass = 12 mm  
∆xiron = 6 mm 

and giving the appropriate responses.

Student answers
Part a i
Siân

The two measurements are:
•  the original length, l0, of the wire from the clamp to the 
pointer using a metre rule ✓
•  the diameter of the wire using a micrometer ✓

Siân’s response is short and correct.

Rhodri

Young’s modulus can be calculated using: 

E = 
Fl0

A∆x
 

So, as well as F and ∆x, we need to measure the length l0 using 
a ruler and A. To find A we measure the diameter of the wire 
using a calliper.

Under a strict interpretation, Rhodri has not gained either mark. 
For each measurement it must be clear what is being measured 
and what instrument is used. He does not specify that l0 is the 
original (unstretched) length of the wire and he needs to specify 
a vernier or digital calliper. He is likely to be awarded 1 mark as 
both omissions are minor.

Part a ii

Siân

First the gradient of the graph is measured. ✓

Then the area A of the wire is calculated using A = πr2, using 
the diameter from part i. ✓ 

These values are substituted into the equation: 

E = 
Fl0

A∆x
 

to calculate E. ✗
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So:

Wiron = 
1
2

 
F2l0

AEiron

 

Therefore:

W = Wbrass + Wiron 

= 
1
2

 
F2l0

AEbrass

 + 
1
2

 
F2l0

AEiron

 ✓

= 
1
2

 
F2l0

A
 ( 1

Ebrass

 + 
1

Eiron
) ✓

Rhodri has come up with an unexpected but legitimate answer. 
Instead of adding the extensions, he has added the strain 
energies in the two parts. His algebra is convincing and he 
scores both marks.

Part b iii

Siân

W = 
1
2

 
472 × 2.0
π × 0.0012  ( 1

1 × 1011  + 
1

2 × 1011) 
 = 0.000224 J ✗✓✗

Siân’s answer is incorrect (it should be 0.042 J) because she has 
made two mistakes:

 ■ She has used the diameter of the wire instead of the radius.
 ■ She has made a calculator slip in forgetting to square the 47 N 

in working out the answer.
The use of diameter rather than radius in πr2, for calculating 

cross-sectional areas, is penalised but does not invalidate the 
rest of the calculation — otherwise the score would have been 
0 instead of 1.

Rhodri

cross-sectional area  = πr2 = π × 0.5 mm2 = 0.785 mm2  
= 7.85 × 10−7 m2

So:

W = 
1
2

 
(47 N)2 × 2.0 m
7.85 × 10−7 m2  ( 1

100 × 109 Pa
 + 

1
200 × 109 Pa ) 

 = 14.1 J ✓✓✗

Rhodri has done everything right apart from the final calculation 
— he has made a mistake with one of the powers of 10 in the 
bracket — so obtains both the method marks but drops the final 
answer mark.

Part b iv

Siân

∆x = 
2W
F

 = 
0.000448

47
 = 0.000 009 5 m ✓ (e.c.f.)

Rhodri

W = ½F∆x

So:

∆x = 
2W
F

 =  
2 × 14.1 J

47 N
 = 0.6 m ✓ (e.c.f.)

These are two very different answers, but they both get the mark 
on the error carried forward (e.c.f.) principle — i.e. a mistake in 
one part of a question is not penalised in a subsequent part. 
They have both correctly used their wrong answers to part b iii. 
Rhodri should have realised that his answer was very unlikely 
and gone back to check his answer to part b iii, but perhaps he 
was short of time.

Part b v

Siân

∆xiron = 
Fl0

AEiron

 = 
47 × 2.0

π × 0.0012 × 2 × 1011  = 0.000 149 6 m

∆xbrass = 
Fl0

AEbrass

 = 
47 × 2.0

π × 0.0012 × 1 × 1011  = 0.000 299 2 m

So:
∆xbrass

∆xiron

 = 
0.000 299 2 m
0.000 149 6 m

 = 2.0 ✗✗✓✓

Siân’s answer is not very elegant and she has made the same 
mistake as in part b iii, i.e. she has used the diameter instead 
of the radius. Her conclusion is correct, however, because the 
areas cancel out when finding the ratio of the extensions (as do 
the force and original length). She has not actually answered the 
first bit of this question part in that she has not stated that the 
brass extends more than the iron because its Young modulus is 
less. Hence she obtains 2 marks out of 4.

Rhodri

The brass extends more than the iron because it has a smaller 
Young modulus and ∆x = Fl0/AE. ✓✓

∆xbrass

∆xiron

 = 
Fl0/AEbrass

Fl0/AEiron

 = 
Eiron

Ebrass

  = 
200
100

  = 2 ✓ b.o.d. ✓

Rhodri obtains all 4 marks — just. The greater extension of 
the brass also depends upon the fact that F, l0 and A are the 
same for the two wires. He applies this in the calculation, 
by implication, when he cancels them. This interpretation is 
perhaps a little generous on this ‘explain’ question, as indicated 
by the examiner’s ‘b.o.d.’ (benefit of doubt) annotation.

A final couple of points
It is very easy to make a mistake in questions that involve a series 
of calculations but the e.c.f. rule means that a mistake early on 
need not cost you many marks. You can take advantage of this 
even if you fail to obtain an answer in one part of a question 
that you subsequently need. For example, if you are short of 
time, making up an answer to part b iii — say 0.1 J — and then 
using it in part b iv would enable you to pick up the single mark. 

‘Explain’ answers always need approaching carefully, 
especially when the result you are asked to explain is given: 
the examiner needs to be convinced that you know what you 
are doing.

Following a career as a physics teacher Gareth Kelly spent 
10 years as an examinations officer for physics and electronics, 
where he was responsible for the setting and marking of GCSE 
and A-level examinations.
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Henry Moseley’s experiments with X-rays showed that a 
graph of frequency emitted from an atom against its atomic 
number was a much better straight line than the graph of 
frequency emitted against atomic mass (‘Not the Nobel prize’, 
PHYSICS REVIEW Vol. 26. No. 2, pp. 18–21). You can compare the 
graphs here:

www.tinyurl.com/zofs6xw

Moseley’s results could be explained if the charge on the 
nucleus increased by one unit from element to element in the 
periodic table, suggesting the nucleus was formed of a number 
of identical positive particles. 

In 1919 Rutherford’s research group produced the first 
artificially induced nuclear transmutation, which is described 
on this page:

www.tinyurl.com/zo3xgph

These experiments showed that a hydrogen nucleus could 
be released from another element. Rutherford deduced that 
this was the positively charged particle found in all nuclei. He 
named it the proton (after the Greek word for ‘first’). 

Physicists wanted an explanation of how positive particles 
could overcome their electrostatic repulsion and stick so close 
together. Rutherford suggested that there was a neutral massive 
particle in the nucleus, and proposed the name neutron. In the 
1930s James Chadwick showed that there was such a particle. 
The experiment is described on this PhysicsLAB website:

www.tinyurl.com/2f2ovs5            

This YouTube video describes the gold foil experiment and 
Chadwick’s experiment:

www.tinyurl.com/z5g5zho            

This nuclear power webpage is about nuclear stability, and 
explains that neutrons are required so that the strong nuclear 
force can balance the electrostatic force to produce stable 
nuclides:

www.tinyurl.com/zjltqtp

The University of York has a project called ‘Binding Blocks’, 
in which an 8-metre-long, 3D nuclear chart is built out of Lego 
bricks. Find out about it here:

www.tinyurl.com/hzypzdr            

This page explains all the different colours and sizes of the 
bricks, and relates it to the graph of nuclear binding energy per 
nucleon:

www.tinyurl.com/js3p363

The first indication that the atom had a nucleus came 
from experiments in which alpha particles were scattered 
by gold foil. The experiments were carried out by Hans 

Geiger and Ernest Marsden, starting in 1909. These web 
pages of the Cambridge Physics site explain how they did the 
experiments:

www-outreach.phy.cam.ac.uk/camphy/nucleus/nucleus4_1.htm

The experiments and results are often called Rutherford 
scattering because Ernest Rutherford suggested the experiments 
and the explanation of the results. To explain how some alpha 
particles could be scattered through very large angles while most 
passed straight through the foil, Rutherford proposed that most 
of an atom’s mass is concentrated into a very tiny dense nucleus, 
which is surrounded by almost-empty space. The S-cool revision 
site gives the details:

www.tinyurl.com/hulstax

Atoms were known to contain electrons, which have negative 
charge, so Rutherford proposed that the nucleus had a positive 
charge. He used his model of the massive, positively charged 
nucleus to make detailed calculations of the paths of alpha 
particles through metal foil. Using his model, he predicted the 
effects of using different metal foils, and alpha particles with 
different energies. The National High Magnetic Field Laboratory 
in Florida USA has a java applet on its website that allows you to 
control a simulation of alpha scattering:

http://micro.magnet.fsu.edu/electromag/java/rutherford/

Geiger and Marsden carried out several experiments to test 
Rutherford’s predictions and the results were all consistent with 
the nuclear model. In 1911 Rutherford published this paper 
about the modelling and the experimental results:

www.tinyurl.com/zx2xby7

 physics online

The atomic nucleus
This Physics online looks at the development of the atomic nucleus model that we use today
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 who were they?

William Thomson, later Lord Kelvin, was born in 
Belfast, moving to Glasgow when his father was 
appointed professor of mathematics at the university 

in 1833. Thomson was a bright student, winning prizes for 
classics studies as well as science and mathematics. However 
it was science that captured his imagination, and he used 
mathematical analysis to tackle some of the physical problems 
of the day. 

The SI unit of temperature, the kelvin, was named in his 
honour in 1954. Over 100 years earlier Thomson had heard 
Joule argue for the equivalence of heat and work (‘Who were 
they?’, PHYSICS REVIEW Vol. 24, No. 4, p. 27). He was initially 
sceptical of Joule’s theory, however, he began to collaborate with 
Joule, and the combination of Joule’s meticulous experimental 
work and Thomson’s mathematical analysis helped the theory 
to be accepted. 

In 1883 Thomson gave a lecture to the Institute of Civil 
Engineers in which he described the importance of experimental 
work to the development of science ideas:

William Thomson, 

Lord Kelvin
1824–1907

 In physical science a first essential step in the direction of 
learning any subject is to find principles of numerical reckoning 
and practicable methods for measuring some quality connected 
with it. I often say that when you can measure what you 
are speaking about, and express it in numbers, you know 
something about it; but when you cannot measure it, when 
you cannot express it in numbers, your knowledge is of a 
meagre and unsatisfactory kind…it may be the beginning of 
knowledge, but you have scarcely, in your thoughts, advanced 
to the stage of science, whatever the matter may be.

As well as a brilliant theoretical physicist Thomson was a 
practical man; he became scientific adviser to the company 
laying the first transatlantic telegraph cable and also developed 
a better compass for use in ships.

William Thomson, Lord Kelvin

15www.hoddereducation.co.uk/physicsreview

Carol Tear is an A-level physics examiner and a member of the 
PHYSICS REVIEW editorial board.

The Schoolphysics site has a good description of binding 
energy per nucleon:

www.tinyurl.com/huekwnv

Finally, as you know, the story doesn’t end there because 
the standard model suggests that protons and neutrons — and 

many other particles — are made of quarks. This YouTube video 
describes them and the particles they form:

www.tinyurl.com/mggkxfd
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A figure of 4.5 billion years (4.5 × 109 years) is often 
quoted for the age of the Earth (1). But how can the 
Earth’s age be measured?

The Archbishop of Ireland, James Ussher (1581–
1656), famously used statements in the Bible to 
calculate that Earth had been created in 4004 BC, on 
Sunday 23 October. Many scientists disputed this 
figure. Some people preferred to believe that Earth 
was infinitely old and unchanging, but studies of 
fossils (2) by geologists including William Smith 
(1769–1839) showed otherwise. Smith’s nephew 
John Phillips (1800–1874) used fossil records to 
estimate that the Earth is about 96 million years 
old. 

French naturalist Georges Louis Leclerc (1707–
78) (3) assumed that Earth had formed of molten 
rock, which gradually cooled. He made a small 
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globe with a similar composition to Earth and measured its rate of cooling, 
leading him to estimate an age of about 75 000 years. 

William Thomson, Lord Kelvin (see p. 15) modelled the cooling Earth 
mathematically. He knew that Earth’s temperature increases with depth at 
a rate of about 1°F for every 50 feet (about 1°C for every 40 m). He used a 
starting temperature of 7000°F (about 3870°C) and assumed that the only 
energy transfer was by thermal conduction (4). His estimates of Earth’s 
age ranged from 20 million to 400 million years. He did not know that 

5 Potassium–argon dating

The isotope 40K is unstable and can decay by electron capture to produce argon:
40
19K +  0−1e → 40

18Ar + 
_
νe

If the rock melts, the argon can escape, but if the rock remains solid the argon 
accumulates at the same rate as that at which the number of potassium nuclei 
decreases, with a half life of 1.251 × 109 years (Figure 5.1). By measuring the ratio 
of argon to potassium, geologists can work out the time since the rock was last 
molten, setting a lower limit on Earth’s age. 
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Figure 5.1 The potassium-40 clock

4 Thermal conduction

If there is a temperature difference ∆T across a slab of material with thickness ∆x, 
then there is a temperature gradient ∆T/∆x. The rate of energy transfer per unit 
area of the slab (P/A) depends on the temperature gradient and on the material’s 
thermal conductivity, κ :

P
A

 = κ  ∆T
∆x

 (4.1)

The thermal conductivity of granite is about 3 W m−1 K−1.

6 Mica is used in potassium–argon 
dating

Download this poster at  
www.hoddereducation.co.uk/ 
physicsreviewextras 

PhysicsReviewExtras

convection occurs in the Earth’s mantle, which 
would increase the rate of cooling, leading to an 
even lower estimate of Earth’s age.

Thomson and Leclerc assumed that Earth has 
no internal source of heating. They were unaware 
of radioactivity (discovered in 1896). Radioactive 
decay of nuclides within the rocks that make up 
Earth is responsible for heating the planet’s interior, 
so Earth cools very much more slowly than Leclerc 
or Thomson thought possible.

Radioactivity underpins the methods now most 
widely used for dating the Earth, pioneered in the 
1920s by Arthur Holmes (1890–1965). As unstable 
nuclei decay over time, their concentration in rocks 
decreases while the concentration of their decay 
products increases. Techniques such as potassium–
argon dating (5) use argon trapped in rocks such 
as micas and clay minerals (6). Other radiometric 
methods use the decay of uranium, samarium or 
rubidium. By bringing together the results from 
several different radioactive decays, geologists can 
estimate the Earth’s age. 
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Since the first extrasolar planet (exoplanet) was discovered 
back in 1995 astronomers have refined the techniques used 
to detect these objects and pushed technology further in 

order to resolve smaller and more Earth-like bodies. Ultimately 
the quest has been to find a planet made from rock (rather than 
a gas giant) orbiting within the habitable zone of a temperate 
star. (See Box 1 for definitions of terms printed in bold.)

Postcard  
from Proxima

In August 2016 the discovery of a planet within the habitable zone of a 
nearby star made headline news. Could we go there? This article gives 
some facts and figures about technologies that might be used to power 
spacecraft in the future

Jonathan Allday

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and 
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam 
specifications.

The presence of an extrasolar planet is detected from the 
Doppler shift in its radiation. Possible spacecraft of the future 
might exploit ion drives, nuclear propulsion or solar sails, all of 
which can be explained using Newton’s third law of motion and 
conservation of momentum.

Exam links 

Artist's impression of Proxima b, with its star Proxima Centauri 
and the Alpha Centauri binary system in the background

In 2009 NASA launched the Kepler satellite (Figure 1) 
equipped with a sensitive photometer designed to continually 
measure the brightness of 145 000 main-sequence stars in a 
fixed portion of the Milky Way. Whenever an extrasolar planet 
crosses in front of its parent star and hence cuts through our 
line of sight, the brightness of the star drops slightly. By tracing 
the pattern of such fluctuations, scientists can eliminate other 
factors that might interfere with the brightness and ultimately 
discern the size and orbit of any planets detected.

As of September 2016 Kepler’s data had led to 2330 
confirmed exoplanets being discovered and a further 2366 
objects that are highly likely to be planets, but that do not 
currently meet the stringent observational criteria applied to a 
confirmed discovery.

Despite the stunning success of the Kepler mission, European 
scientists using ground-based telescopes in Chile have recently 
made what may turn out to be the most significant discovery 
since that of the very first exoplanet. They have detected an 
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Earth-like body orbiting within the habitable zone of the red 
dwarf star Proxima Centauri (part of the Alpha Centauri star 
complex) just 4.2 light years from Earth.

Following up from hints uncovered in 2013, astronomers 
subjected Proxima to intensive study between January and 
April 2016: the Pale Red Dot project. By 24 August 2016 there 
was sufficient confidence in the observations to announce the 
discovery of the planet, now named Proxima b, with a likely 
mass 1.3 times that of the Earth (such a ‘low-mass’ planet 
is very likely to have a a rocky composition) and an orbital 
period (‘year’) of 11.2 days.

At 7.5 million km Proxima b’s orbit is much closer to its 
parent star than we are to the Sun (150 million km) but, given 
that Proxima is much cooler than the Sun, this places the 
orbit right in the habitable zone. The inclination of the orbit 
means that the planet does not transit across our line of sight, 
so its detection came from a study of the Doppler shift of the 
spectral lines from the star. As star and planet orbit around 
their common centre of mass, the velocity of the star’s motion 
imposes a shift in the wavelength of the absorption lines 
present in the star’s spectrum — a small but detectable signal 
(Figure 2). You can find out more about how this was done at:

https://palereddot.org/696-2/

At this time not much else is known about Proxima b. 
Orbiting that close, it is very possibly ‘tidally locked’, so that 
its day and year are the same duration, with the planet always 
presenting the same face to the star, just as our Moon is tidally 
locked to the Earth.

Its parent star does produce intense bursts of X-rays, which 
would certainly be hazardous to life and, unless the planet 
has a magnetic field to help shield it from the solar wind, the Figure 1 The Kepler satellite before its mission

Box 1 Terminology

Extrasolar planet A planet in orbit around a different star from our 
Sun. An exoplanet.

Gas giant A planet with no rocky core, composed entirely of gas 
held together by self-gravity. In our own solar system, Jupiter, Saturn, 
Uranus and Neptune are all gas giants. The first extrasolar planets to 
be discovered were gas giants because their size makes them easier 
to detect either by their influence on the brightness of the star as 
they pass across our line of sight in their orbit, or by the manner by 
which their mass exerts a gravitational pull on the star, causing it to 
‘wobble’.

Habitable zone The region between the nearest and furthest 
distance from a star within which a planet can orbit and have a 
surface temperature that allows water to be in liquid form. Although 
more exotic forms may be possible, scientific research on Earth-
based life suggests that the most likely scenario for the evolution of 
biological organisms is for liquid water to be present on a planet. 
Rocky planets (which have a definite surface) within the habitable 
zone form the best chance for us of finding life.

Light year The distance travelled by light in a vacuum in 1 year. It is 
approximately 9.5 × 1012 km.

Main sequence The portion of a star’s lifetime during which nuclear 
reactions in its core fuse hydrogen into helium, providing energy and 

outward pressure that stabilises the star against the tendency for it to 
collapse under its own gravity. Our Sun is about half way through its 
span as a main-sequence star.

Pale red dot The name chosen for the sequence of observations 
of Proxima Centauri leading to the discovery of Proxima b. In 1990 
the space probe Voyager 1 took an iconic image looking back into 
the solar system from well beyond Pluto. In this image, Earth can be 
seen as a single-pixel ‘pale blue dot’. Any planet in orbit around the 
red dwarf Proxima Centauri would certainly pick up a red tinge in its 
reflected light, hence the name coined for the project: 
https://palereddot.org

Proxima Centauri The closest star to the Sun. Proxima is a red dwarf 
and very probably gravitationally bound to the double-star Alpha 
Centauri system. Proxima’s extended orbit around the Alpha Centauri 
system is thought to last in excess of 500 000 years. 

Red dwarf A small and relatively cool star on the main sequence. 
Red dwarfs are typically between 10% and 60% of the mass and 
radius of our Sun. Their surface temperatures are between 2000 K and 
4000 K, which contrasts with 5700 K at the Sun’s surface. Red dwarfs 
are thought to be by far the most common type of star in the Milky 
Way and, as they evolve slowly due to their low mass and hence 
temperature, they have ages measured in trillions of years, rather 
than billions for main-sequence stars like the Sun.
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prospects for evolution are challenging. However, there is great 
excitement in the community as the surprising closeness of this 
planet opens up two prospects: that future observations with 
more advanced telescopes will provide direct images of the 
planet, and that projectable technology might allow a probe 
mission to fly to the system.

Imagination in a strait-jacket
Both scientists and science fiction writers have explored the 
possibility of travelling to another star, and in some cases far 
beyond. The key difference is that scientists have to work within 
the known laws of nature and the projectable technologies that 
they underpin.

The great physicist Richard Feynman used to explain how 
his imagination had to ‘work in a strait-jacket’: his job was to 
use the laws of nature to project their possible consequences in 
different situations. He did not allow himself to try to design 
an anti-gravity machine, for example, when everything that he 
knew about the laws governing how gravity works suggested that 
such a project would be impossible.

Much as we would like to be able to trek to the stars using 
warp drive, or to explore time and space in a TARDIS, there is 
nothing in our current understanding of physics that suggests 
that these flights of imagination would be possible.

The challenges surrounding interstellar flight are enormous 
and would have to be met with technologies considerably more 
advanced than our current abilities, but not magical in their 
scope. Even with Proxima Centauri being the closest neighbour 
at 4.2 light years, that still represents something like 4 × 1013 km 
from us. The Apollo astronauts covered the distance to the Moon 
in a few days, but that was only 380 000 km — at similar speeds 
it would take nearly a million years to get to the Proxima system. 
However, a probe that is light enough might be able to achieve 
significantly greater speeds and hence cover the journey in a 
few decades.

In 1977 the Voyager 1 space probe was launched on a mission 
to Jupiter (1979) and Saturn (1980). It is now about 2 × 1010 km 
from us and, 39 years after launch, is still operating and regularly 
in contact with the Deep Space Network on Earth.

Given this impressive example of 1970s technology, it is not 
surprising that engineers are confident that a probe could be 
designed to survive and operate on a journey to a nearby star. 
However, speed is still the key and some propulsion system has 
to be developed capable of accelerating a probe towards 5% 
of the speed of light (an 84-year journey) or hopefully more 
like 10% (42-year journey). There are quite a few options for 
advanced propulsion systems, but their application to a journey 
to a star is not always promising.

Ion drives
NASA has been working on an ion drive for deep-space missions 
since 1959 (Figure 3), although the idea goes back much further. 
In its modern form, the engine takes xenon gas (which is easily 
ionised, relatively inert and can be stored in small volumes) and 
ionises the atoms by electron bombardment. The positive xenon 
ions are then expelled in a beam, producing thrust as described 
by Newton’s third law of motion: the spacecraft exerts a force 
in order to accelerate the beam so the beam exerts an equal 
force in the opposite direction on the spacecraft. Put another 
way, the beam is given momentum in one direction and the 
spacecraft acquires equal momentum in the opposite direction 
so that, overall, the momentum of the spacecraft plus xenon 
is unchanged. 

A beam of electrons is also expelled, ensuring that the 
spacecraft does not built up a negative charge, which would 
attract the xenon ions and reduce thrust. The Deep Space 1 
probe used its 2.1 kW prototype ion drive between 1998 and 
2001 to manoeuvre and accelerate, allowing it to rendezvous 
with a comet and asteroid. Ion thrusters are currently being 
used to keep over 100 satellites in their geosynchronous 
positions.

Ion drives are fuel efficient and effective around our solar 
system. They only produce a gentle thrust, but as they can operate 
for long periods, considerable speeds can accumulate. Deep 
Space 1 reached 56 000 km h−1 by accelerating for 10  months 
using about 100 g of xenon per day. That sort of speed would 
make Proxima 81 000 years away. With more propellant, the 
acceleration could last longer, reaching higher speeds, but the 

Figure 2 The motion of Proxima Centauri reveals the presence of an orbiting planet. The numbers 
on the y-axis indicate the velocity of the star towards and away from us in km h−1
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mass of xenon required for an interstellar journey would reduce 
the acceleration and be impractical.

Nuclear thermal
In this concept, the heat generated by a nuclear reactor is used 
to boil liquid hydrogen and the escaping hydrogen ‘steam’ 
generates thrust. Like the ion drive, the thrust is gentle but can 
be maintained for long periods, allowing useful speeds to build 
up, but only on scales appropriate for exploring our solar system. 
Like the ion drive, it does not scale easily to the demands of 
interstellar flight.

Nuclear pulse
The idea here is to explode atomic bombs beneath a spacecraft 
and use the force of the detonation to propel it forward. 
Amazingly, this bizarre concept was given serious consideration 
by a team of scientists in project Orion between 1958 and 1963. 
Detailed calculations were done and designs produced for a 
manned craft capable of reaching Saturn ‘before the 1980s’. 
Test flights used small projectiles and chemical explosives. In 
principle, such a design could reach 5% of the speed of light, 
but projections estimated that the craft would have a mass of 
between 400 000 and 4 000 000 tonnes, of which ¾ would be 
the mass of the warheads. 

Development stopped on project Orion when an international 
treaty outlawed the testing of nuclear weapons in Earth’s 
atmosphere. As a concept, it could potentially be made to work for 
a probe but not for a manned craft as people would be unlikely to 
queue up to take a flight, on the grounds of safety, if nothing else.

Solar sail
In 1984 an American physicist, Robert Forward, proposed that 
a powerful laser could be used to propel a space probe equipped 
with a large mirror (Figure 4). This method uses the fact that 
photons have momentum: a photon of radiation with wavelength 
λ has momentum h/λ, where h is the Planck constant. So, when 
photons are reflected or absorbed by a surface, they transfer 
momentum to it. 

Forward conceived of a ground-based laser beaming photons 
at a 1000-tonne spacecraft surrounded by a 1000 km-radius 
mirror. Given the thrust produced by photons bouncing off 
the mirror’s surface, Forward calculated that Barnard’s Star, 
which is about 6 light years away, could be reached in 10 years. 
The snag was that the laser would need a power output of 
107 GW, which is 10 000 times the total power output humanity 
currently generates.

A year later, in a follow-up paper, Forward suggested that a 
1 km sail could be made of microfine wires with a total mass of 

Figure 3 Engineers in 1959 installing an ion drive
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Figure 4 Artist’s impression of a solar sail in use

Jonathan Allday teaches physics at Woodhouse Grove School.

16 g. Then with a much more realistic 10 GW microwave laser, a 
4 g space probe could be propelled to a star in 20 years.

While these ideas may sound far-fetched, Forward was 
using his imagination to conceive of ways in which interstellar 
journeys could be made possible using projectable technology 
within the known laws of nature.

The solar sail proposal has been taken forward as one of 
a suite of Breakthrough Initiatives conceived in 2015 by the 
Russian billionaire Yuri Milner and his wife Julia. Breakthrough 
Listen is a $100 million project to make a complete survey 
of the 1 000 000 nearest stars, the plane and center of our 
galaxy, and the 100 nearest galaxies, both optically and in radio 
wavelengths, to look for artificial signals. 

Breakthrough Message, on the other hand, is a $1 million 
competition to design a message to be sent to the stars that 
adequately represents Earth, life and humanity, as well as being 
potentially understood by another civilisation. One of this 
project’s laudable aims is to encourage the human race to think 
together as one world, and to spark public debate about the 
ethics of sending messages beyond Earth.

Breakthrough Starshot aims to take Forward’s solar sail 
principle and make it a practical proposal. Again, $100 million 
are being dedicated to the engineering developments needed 
to manufacture an ultra-light probe capable of reaching 20% 
of the speed of light and carrying out a fly-by mission to Alpha 
Centauri within a generation. Given the discovery of Proxima 
b, it seems very likely that the mission would be diverted to a 
fly-by of that system instead.

The project calls for the construction of a km-scale ‘light 
beamer’ at a location in dry conditions at high altitude. It would 
need to generate and store a few GW of power per launch. A 
mothership would be launched conventionally, carrying 1000s 
of ‘nanocraft’ into a high orbit. The light beamer would then be 
used to accelerate each nanocraft with their metre-scale ‘light 
sail’ to a target velocity within a few minutes. Each nanocraft 
would be composed of a ‘star chip’ (a gram-scale wafer, carrying 
cameras, photon thrusters, power supply, and navigation and 
communication equipment) and a light sail of meter-scale, no 
more than a few hundred atoms thick, and a mass of a few grams. 

Such a mission would be tasked to fly through the target 
system at high speed, imaging the environment (and certainly 
looking to catch pictures of Proxima b), and relay the data back 
to Earth. 

These serious proposals are open to the public to access the 
engineering designs and contribute ideas:

https://breakthroughinitiatives.org

With physicist Stephen Hawking and Mark Zuckerberg, 
founder and CEO of Facebook, on the board, the Breakthrough 
Initiatives need to be taken seriously. Considerable engineering 
challenges need to be met first, but who would bet against 
the first postcard from Proxima being delivered by solar sail 
sometime in 2086?
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is feasible, but tedious. Better to leave a data logger running 
continuously, monitoring how the pressure is changing on a 
minute-by-minute basis and providing an ongoing graph of the 
pressure and other required parameters. 

Where sensors and loggers really come into their own is 
where the change occurs over a relatively small time; long-
period events are relatively easy to measure — you just have 
to remember to take them. But what about investigating, for 
example, rapidly changing forces and accelerations in collisions 
between trolleys or balls bouncing on the floor, pH changes in 
acid–alkali reactions or temperature changes in exothermic or 
endothermic chemical reactions? With the power of modern 
computing these data are readily analysed and can be presented 
both numerically and graphically. More importantly, using the 
mathematical functions available, the data can be compared 
with previously calculated models; most software allows you 
to predict what should happen and compare it with the actual 
data. Those of us who started with the ZX80/ZX81 and the BBC 
Micro could not have dreamt of the power that students would 
have available to them 30+ years later.

The sensors
Many students assume that because a sensor is connected to a 
computer it is more accurate than other instruments; this is not 
always true. Sensors, like other scientific apparatus, have a given 
resolution (the smallest difference between readings that they 

At some point you will be asked to carry out an experiment 
that has a variable (or multiple variables) that 
 either changes over a long period of time (growth of 

a plant or atmospheric air pressure) or changes so rapidly that 
you cannot hope to measure it reliably. In these circumstances 
you are likely to reach for a data logger. You may already have 
these in school, so your choice is limited, or you may be able to 
borrow them from another institution.

The variety of data loggers available is much better than it 
was 30 years ago (Figure 1). Many educational manufacturers/
vendors either sell their own brand or market another brand. 
There are several major brands available and each has its 
own distinctive 'flavour', which gives it the edge in certain 
circumstances (Figure 2).

In many experiments the data arrive either too fast or 
too slow, or it may be inconvenient to obtain the data in the 
traditional way. Imagine the early pioneers of nuclear physics 
— in one observation of the oil drop in Millikan’s experiment, 
a single oil drop was said to have been observed for 18 hours. 
Today we can connect the experiment to a computer and leave 
it; the computer will monitor its position and change the electric 
field accordingly. 

We also have the problem of our reaction times. If we allow, 
typically, a reaction time of ±0.2 s, then any reading that takes 
close to this amount of time will be subject to large errors. 
Where readings are required at high frequency, we cannot hope 
to acquire the data reliably or at the intervals required to see 
rapidly changing events. This is true for long-period events 
— if we are measuring atmospheric pressure levels, such as in 
monitoring the weather, then taking readings over many weeks 

 skillset

Data logging

Figure 2 The range of data-logging times is substantial: from 
milliseconds to days on this loggerFigure 1 VELA logger, circa 1981

The requirements for ‘Use of apparatus and techniques’ 
are common to all A-level specifications. Here John 
Kinchin discusses: ‘11. Use ICT such as computer 
modelling, or data logger with a variety of sensors to collect 
data, or use of software to process data’
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can detect), usually dependent on cost. ‘You get what you pay 
for’ is very true in this context. Also, remember that a data logger 
cannot tell whether a reading is good or bad; it will just keep on 
logging even if the experiment is going badly wrong.

Whilst school sensors have got much better over 30 years, 
they still are not as good as industry-standard sensors. Most 
manufacturers quote the resolution of their sensors; this can 
be crucial when the experiment has very small changes and 
needs to be taken into account. If you are expecting a resolution 
of ±0.1°C, then there are very few school-based temperature 
sensors at a reasonable cost that can reliably deliver this degree 
of accuracy. You might need to think about this when you 
design your experiment; perhaps choose larger variable values 
to obtain bigger temperature changes.

Some sensors have a maximum data collection cycle; there is a 
minimum time between readings, which can also be dependent 
on other factors such as the conductivity of the metal or glass 
sheath around a temperature sensor. Don’t expect all sensors to 
be able to measure several thousand readings a second. Look at 
the data sheet that comes with the sensor. 

The other major contraint is the number of sensors that 
you can connect. Bluetooth-connected sensors can only be 
associated with one host — one sensor, one computer. With 
Bluetooth there is also a maximum range — 30 m is typical, 
though some will only work over 10 m. Wi-Fi can be much 
better. Often the loggers, which can sample up to four sensors, 
act as Wi-Fi sources, publishing their results to a browser or 
other software on a computer or tablet.

Hosting the data
So you have decided what you want to log and have the right 
sensors. What do you use to host the data?

Many loggers have their own built in memory and can store 
data away from a host. Many do not and require a tablet or 
computer to store the data. Check the memory of the sensor — 
in many cases it will not be that much, if any; manufacturers 
are aware of technological change. It may be very expensive to 
upgrade the built-in memory and hence much cheaper to use a 
computer with significant storage space. If it has a memory, how 
many files will it hold? Other students might use it before you 
can download your data and you may find them overwritten.

The birth of tablet computers, mobile smart phones and the 
internet has opened up data logging to the masses. As already 
stated, a number of modern data loggers are wireless — either 
Wi-Fi or, more commonly, Bluetooth. This allows sensors to 
be used with computers, tablets and mobile phones, the latter 
having GPS, Bluetooth and accelerometer facilities. If you have 

a smart phone you have a data logger that is significantly more 
powerful than the ones that I used 30 years ago.

Tablet/phone-based data loggers are becoming the norm. 
Many manufacturers supply the software as an app, usually 
free. Some, such as SPARKvue from PASCO (see References 
and further reading), actually use the sensors in your phone 
and tablet, so you already have a free data logger that will work 
with the built-in accelerometer or camera. The sensors you can 
connect to a manufacturer’s software are usually only the ones 
manufactured by them. 

On top of this there are sensors available to connect to 
your mobile phone/tablet via the 3.5 mm jack plug as well as 
Bluetooth/Wi-Fi. The camera on your phone or tablet is also 
a data logger. Software such as Tracker2 (see References and 
further reading) is able to turn video into motion graphs. It can 
also analyse light from a spectral tube, it is free and is very well 
supported (but only on Windows, Mac and Linux computers). I 
use this with my students for almost all mechanics experiments, 
simply because most students have their own camera on their 
phone. This does have its own resolution issue; the maximum 
frame rate limits the minimum time resolution of the event, but 
for most typical events this is quite fast enough.

Analysing the data
Once you have the data then the next stage is to do something 
with them. The software available today will allow you to 
plot graphs (Figure 3), manipulate the data and even create 
reports, all without leaving your mobile phone or tablet. More 
sophisticated software allows for modelling of the event; you 
can predict what the results should be like before carrying out 
the experiment and compare the actual to the predicted results.

Whether you choose a computer or a tablet/mobile depends 
on what is available. There was no choice 30 years ago, but I 
rarely use a computer now as most of my logging is carried out 
on an Android or IOS tablet. Software for Windows tablets is 
also available and is the same or similar. Some software will not 
work on older versions of these tablets, so it is worth checking 
beforehand.

So which is the best data logger?
The one you have is probably the best. Having road tested very 
many of them, I find that they all have their own quirks and 
specialities. I do like tablet-based software, simply because I 

Figure 3 Data-logging software can also plot graphs

Visit these links to find out more about some of the data loggers and 
projects referred to in the article.

Tracker: http://physlets.org/tracker/

Pasco SPARKvue: www.pasco.com/sparkvue/

Internet of School Things: http://iotschool.org 
http://exploratory.sciencescope.uk/exploratory/

References and further reading References and further reading
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can take it into the real world. Carrying a laptop is not always 
possible; I carry my smart phone/logger with me all the time. 
This limits the amount of sensors I can use, but that is the nature 
of good design.

Many of the Wi-Fi-enabled loggers also allow the data to be 
broadcast to several other computers or tablets, with the logger 
acting as a Wi-Fi source. Using a dedicated IP address allows 
others to monitor the data live as they are being collected.

The future
In my own lab we have wired four sections of the lab wall, each 
with a different insulation between the inside and outside walls, 
to show which insulator is best. During the day in summer it is 
common to observe that the heat flow changes from a net energy 
flow outwards, as the room is warmer than the outside, to a net 
energy flow inwards, as the outside of the building warms up. 
If this is coupled with the output of the school weather station, 
then it is easy to observe the switching point.

If we then link this with the power of the internet, we can 
monitor these observations anywhere in the world; this is the 
aim of the Internet of School Things (IOST), a programme that 
allows data to be shared on the internet by anyone who has 
an interest in them (see References and further reading). The 
IOST will allow all data to be shared in this way eventually. 
I can watch my experimental results developing at any time 
of the day: at home, at school or even on the top of a remote 
mountain in northern Scotland, which won me a small wager 
at the time.

There are GPS-enabled data loggers, either self-contained or 
using separate GPS units. These allow logged data to be plotted 

onto Google Earth in the Google Earth format, which is ideal if 
you wish to incorporate geographical information, as in many 
GIS systems (Figure 4).

The development of the Raspberry Pi- and Arduino-based 
boards means that you can add control into your data logging; 
the use of a simple, cheap relay allows mains apparatus to be 
switched on or off once certain criteria have been reached. The 
software is readily available and with a few tweaks at a very 
simple level a working solution is very quickly achieved. An 
Arduino board and relay can be acquired for around £10.

I have no doubt that the students of tomorrow will have even 
more power at their disposal. Be assured that I cannot think of 
a school-based experiment that could not be done today with 
the wide range of sensors available. Many manufacturers also 
supply back-up apparatus to allow an even greater range of 
experiments.

There is no need to purchase expensive apparatus. Your 
mobile phone camera will do many experiments and you can 
build sensors relatively easily, especially if all you have is a 
voltmeter sensor or Arduino/Raspberry Pi board. If you can 
find a component whose resistance (or some other electrical 
property) is affected by your variable, and that can produce a 
change in voltage in a circuit, then you have a sensor. An LDR 
or thermistor in a potential divider circuit produces a basic light 
or temperature sensor. Think of how many devices produce a 
voltage output; this is how we built our sensors 30 years ago.

John Kinchin teaches physics at the King's School Peterborough. 
He has been using data loggers throughout his 36-year 
teaching career.

Figure 4 Data logging with a GPS allows data to be plotted onto Google Earth
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combustion products are discharged from the engine at constant 
volume. The whole process then starts again.

Work is done by the engine during 3 → 4 (given by the area 
under the p–V graph) and work is done on the air/fuel mixture 
during 1 → 2. The area under 1 → 2 is less than 3 → 4, so work 
is done over all.

It can be shown that the theoretical efficiency, η, of an Otto 
engine is:

η = 1 − 
1

rc
γ − 1

where rc is the compression ratio and γ is the ratio of the specific 
heats of air at constant pressure and constant volume:

rc = 
Vmax

Vmin

γ = 
Cp

Cv
 = 1.4 

For air, γ = 1.4 over a surprisingly wide range of conditions; 
for an air/fuel mixture γ is slightly less than 1.4.

In practice the efficiency falls substantially short of the 
theoretical value, because of energy losses due to friction of 
moving parts, incomplete combustion of the air/fuel mixture, 
loss of gas through seals and the fact that 100% efficient 
adiabatic conditions are never met. It’s still a very useful engine 
though.

Aeolian (33 Across), tones (30 Down) and edge 
(15 Across)
In Greek mythology Zeus entrusted the government of the 
winds to the God Aeolus. Aeolus appeared in Homer’s Odyssey 
as a king who entertained Odysseus and his fellow travellers 

Gas and air

Otto (18 Down) and evolve (26 Down)

Nikolaus August Otto (1832–91) was an inventive German 
engineer who built his first gas engine in 1861. While working as 
a travelling salesman in 1876 he came across a newspaper article 
about a theoretical new type of internal combustion engine 
based on a four-stroke cycle. He built the first one and patented 
it in 1877. By 1890 almost no-one bothered with other types of 
engine, improvements were made and they evolved into the first 
car and plane engines.

Graphs of pressure against volume (p–V graphs) are often 
used to depict the operation of engines that are driven by 
expansion and compression of gases in a cycle of events. The 
Otto cycle is shown in Figure 1. It ideally takes in an air/fuel 
mixture at position 1 and then compresses it adiabatically (i.e. 
with no heat energy exchange) to position 2. The volume of the 
gas is then kept constant but is ignited and its pressure rises to 
position 3. From 3 to 4 it then expands adiabatically and the 

 crossword

Clouds
Solution and notes
These notes begin with processes involving gases, including internal combustion and winds. They 
go on to clarify the distinctions between comets, meteoroids, meteors, asteroids and meteorites, 
and end with a look at electrons and electronics
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during one stage of their journey and sent them on their way 
with a bag containing dangerous winds, so that only favourable 
ones would speed them homewards. Unfortunately the bag was 
opened and the winds escaped, driving them back to Aeolus. 
Odysseus was not best pleased — and Aeolus was furious!

The term Aeolian has been used ever since to represent any 
phenomena caused by air currents, hence ‘Aeolian deposits’ for 
wind-blown sand etc.

Another well-known Aeolian effect is the ‘singing’ of wires 
as air flows over them. This is caused by the air-flow being fast 
enough that it is disturbed and breaks up into eddies or vortices 
(Figure 2). If the frequency of the wind-induced note is the same 
as one of the overtones of the wire, the sound produced can be 
intense. The frequency is given by:

f = 
Kv
d

where v is the speed of the wind, d is the diameter of the wire 
and K is a constant found from experiment to be about 0.2. This 
has led to the construction of Aeolian harps. The simplest such 
harp is a set of wires of various diameters all tuned to the same 
fundamental frequency. As air passes over the strings, one (or 
more) of them resonates and a series of tones is produced.

In the same way air moving past an edge (a slit or opening of 
any kind can be thought of as at least two edges) produces eddies 
and sounds known as edge tones. It is by this method that organ 
pipes can be made to produce sound.

Small solar system bodies

Oort (35 Across), radiant (12 Across), eta (34 Down) and 
Olbers (37 Across)

In 2006 the International Astronomical Union agreed that all 
bodies in the solar system, other than planets, dwarf planets and 
satellites, should be referred to collectively as ‘small solar system 
bodies’. Within this category, the terms comet, meteoroid, 
meteor, asteroid and meteorite are often confused. So…

Comets are essentially dirty snowballs (about a third of 
which is rocky dust) that move in highly elliptical orbits 
around the Sun. Most originate in a vast sphere known as the 
Oort cloud, which surrounds the solar system. The Oort outer 
edge is about 1.6 light years from the Sun and it is estimated 
to contain over a trillion comets, which are only seen if one 
leaves the cloud, perhaps because of a collision, and travels 
towards the Sun. There is another region of comet-like objects 
closer to the Sun (but still beyond Neptune’s orbit) called the 
Kuiper belt, and this is thought to be the main source of short-
period comets.A modern Aeolian harp

Figure 2 Air moving past a wire breaks up into eddies

A meteor, or shooting star

A meteorite
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the observer. The point in the sky from which the meteor shower 
appears to come is called the radiant and each regular shower is 
named after the constellation that contains that radiant.

Table 1 lists the most prominent meteor showers. Note that 
the actual position of any shower’s radiant drifts slightly due to 
the Earth’s motion in its own orbit.

Heinrich Olbers was a medical doctor who followed his 
passion for astronomy in his spare time. He discovered five 
comets and worked out how to calculate their orbits. The one he 
observed in 1815 is named after him.

Electrons and electronics

Abegg (6 Down)
Richard Abegg (1869–1910) followed an academic career 
in chemistry, being appointed professor of chemistry at the 
University of Breslau in 1899. He was interested in the electron 
structure model of the atom and it occurred to him that it 
explained why atoms might form bonds. We are now used 
to such an idea, but it was people such as Abegg who did the 
groundwork.

He wondered if an electron could be transferred from a 
sodium atom, for example, to a chlorine atom, and, if so, then 
the sodium would be left positively charged and the chlorine 
negatively charged and chemical bonds would then be the 
electrostatic attraction of these objects…we now call them ions. 
Other scientists took the idea further because Abegg died in a 
ballooning accident in 1910 before he could complete his work.

Zeeman (1 Across)
By the late nineteenth century it was well known that elements 
produced emission and absorption spectra involving ‘lines’ of 
distinct frequencies that were unique to each element. Such 
spectra were the subject of much experiment.

In 1896 Dutch physicist Pieter Zeeman (1865–1943) observed 
that, in a strong magnetic field, the lines split so that more lines 
appeared either side of those normally seen; this is known as 
the Zeeman effect. The stronger the field, the wider the gaps 
between the original line and the additional ones. A similar 
effect is seen in the presence of a strong electric field, first 
observed in 1913 by German physicist Johannes Stark (1874–
1957) and known as the Stark effect. 

As a comet moves towards the Sun some of its material 
is blasted away. These particles are generally small and are 
known as meteoroids. If these fast-moving particles enter Earth’s 
atmosphere there is immense and sudden heating and they burn 
up, producing a short-lived trail of light that we call a meteor (or 
‘shooting star’).

Asteroids are dry lumps of rock and/or metal that orbit the 
Sun and which failed to form planets in the early solar system. 
If they collide with other asteroids then they can break up or 
just be deflected from their original paths. If they enter Earth’s 
atmosphere then they will also start to burn up but, being larger 
than meteoroids, are not necessarily completely destroyed. If 
a lump survives and lands on Earth’s surface, we call it a 
meteorite. These are the objects that can cause great damage to 
our lovely planet, and such an impact is believed to be the major 
catastrophe that wiped out the dinosaurs.

Because it is a comet that produces the meteoroids that in 
turn produce meteor showers, and as each comet has a regular 
motion around the Sun, we expect to observe these showers on 
a regular basis (Table 1). Also, the (roughly) parallel paths of the 
meteoroids would appear to come from a particular point in the 
sky. This is merely a matter of perspective: two parallel railway 
lines appear to converge to a point the further away they are 
from the observer, or alternatively come from that point towards 

Table 1 Prominent meteor showers

Name Dates seen
Constellation 
(i.e. radiant)

Quadrantids 1–6 January Boötes*

Lyrids 19–24 April Lyra

Eta Aquarids 1–8 May Aquarius

Delta Aquarids 15 July – 15 August Aquarius

Perseids 25 July – 18 August Perseus

Orionids 16–27 October Orion

Taurids 20 October – 30 November Taurus

Leonids 15–20 November Leo

Geminids 7–15 December Gemini

* Some faint stars in Boötes used to be considered a separate constellation called 
Quadrans Muralis. The name is no longer used but the meteor shower keeps its 
memory alive.

Large meteorites have struck Earth in the past, as this crater in Arizona shows

6597_PhysRev_26_4_press2.indd   28 22/02/2017   09:46



29www.hoddereducation.co.uk/physicsreview

We now understand these effects in terms of atomic energy 
levels. A strong magnetic or electric field slightly splits the 
permitted energy levels of the electrons, giving more than one 
possible energy drop for any electron and hence more than one 
energy of the emitted photons, i.e. more than one frequency 
of emitted light. But in 1896 the ideas that electrons orbit a 
nucleus, that only certain energy levels are possible, and that 
transitions between levels involve emission or absorption of 
photons whose energies are in turn related to the frequency of 
radiation…were all still to come. 

Once the basic structure of the atom had been suggested as 
a positive nucleus surrounded by negative electrons moving 
around in some sort of cloud (early in the twentieth century), 
it was thought possible that those electrons would be affected 
by magnetic or electric fields, or perhaps a combination of both 
types. It was known that magnetic or electric fields exerted 
forces on moving charged particles, so why not those moving 
around a nucleus? Experiments were performed and effects 
were seen.

However, the detailed understanding of these phenomena 
only came after the development of quantum mechanics. If you 
are lucky enough to pursue physics to a higher level, you have a 
treat in store as the elegance of the explanation of those details 
is revealed.

Zener (1 Down)
There are several types of semiconductor diode and a particularly 
useful one is the Zener diode. In ordinary junction diodes the 
reverse current is very small, i.e. they only allow conduction 
in one direction (Figure 4). However, if the reverse voltage 
is made too large then they undergo permanent damage. In 
the Zener diode the reverse current (I

R) is small, until the 

reverse voltage reaches a particular value called the breakdown, 
Zener or ‘reference’ voltage (VZ). The value of IR now increases 
considerably and sharply, as shown in Figure 5. Notice that the 
value of the voltage across the diode remains almost constant at 
V

Z for a wide range of IR values.
Zener diodes are used when there is a need to stabilise power 

supplies. Suppose a Zener diode has a reference voltage of 10 V 
(they come in a range of reference voltages) and is connected in 
reverse bias in the circuit shown in Figure 6, where the supply 
voltage is 12 V. If the supply voltage should change slightly for 
any reason (cells do run down with use) there will be a constant 
10 V across the load (R

L). 
The value of R is chosen so that the maximum current 

through the diode is less than the maximum that the diode can 
pass. For example, a 10 V Zener diode with a power rating of 
0.5 W can pass a maximum current given by:

P = VI

So:

I = 
0.5 W
10 V

= 0.05 A  
= 50 mA

In the circuit in Figure 6 10 V across the diode means there 
could be a maximum p.d. of 2 V across R: 

R = 
V
I

= 
2 V

0.05 A
= 40 Ω

Figure 3 Part of an emission line spectrum, showing the Zeeman 
effect
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Figure 4 Forward and reverse bias
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Figure 5 I–V graph for a Zener diode
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Peter Main is a retired physics teacher.
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International d’Unités). There are seven SI base units, and the size 
of any quantity can be expressed using some combination of 
these base units. 

How many SI base units can you list? Compare your list with Table 1.

The seven base units are defined independently of each other 
using fundamental quantities (such as the speed of light) and 
the definitions include precise statements of the experimental 
techniques involved. You can find out more about these 
definitions on the website of the National Physical Laboratory:

www.npl.co.uk/reference/measurement-units/si-base-units/

There are several common units known as the SI derived units. 
These are units, such as the joule, that we regularly use and are 
combinations of SI base units. 

How many SI derived units can you think of? Compare your list with 
Table 2.  

In the scientific world the units we use are important. 
In  engineering they can be the difference between 
something working or not. NASA famously lost its 

$125 million Mars Climate Orbiter due to a maths error with 
units. An Air Canada employee forgot to convert between 
metric and imperial units, which caused them to under-fill 
by 50% and run out of fuel mid-flight (nobody was killed). 
Christopher Columbus used Roman miles rather than nautical 
miles to measure distance — he landed in the Bahamas 
thinking it was Asia.

Understanding the relationships between base and derived 
units can be very helpful, leading to a greater understanding 
of why things behave the way they do (either in a practical 
task or in a calculation). I regularly stress the importance of 
knowing and understanding the units with which we work. As 
part of this, I insist that students learn the units that accompany 
the formulae. 

Anecdotal evidence from my A-level students suggests that 
they find it easier to learn units for quantities rather than the 
formulae with which to calculate the value. Moreover, they also 
say that in higher-demand, maths-based questions they are 
better equipped to figure out what to do by knowing the units 
and then finding information that gets them to these units 
rather than trying to remember a specific equation. 

Throughout this article you will be prompted to jot down an 
answer that can then be compared with the information given 
here or even to quiz your friends for revision if you wish. Now 
would be a good time to grab some paper and a pen.

SI units
There are countless units available to us for use, but as you will 
no doubt be aware there is a group of units that underpins all 
the units that we normally use in science — the SI units (Système 

 mathskit

What’s in  
a unit?
Marks in exams are often awarded for 
specifying the units of a quantity. Many students 
are comfortable with quoting units in answers, 
but view it as an afterthought. This Mathskit is 
about learning to work with units

Table 1 SI base units

Unit name* Unit symbol Quantity

ampere A Electric current

candela cd Luminous intensity

kelvin K Temperature

kilogram kg Mass

metre m Length

mole mol Amount of substance

second s Time

* Note that the full names of all SI units are written with an initial lower-case letter, 
including those named after people such as the physicists Ampère and Kelvin. If a unit 
is named after a person, then the unit symbol has a capital letter.
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Manipulating base and derived units
Many multiple-choice questions ask you to identify the base 
units that make up an SI derived unit. Let’s look at an example:

How can the newton be expressed in SI base units? 

In tackling this type of question, the first step is to identify 
the quantity that is measured in the given unit and think about 
how it relates to other quantities whose base units you already 
know or can easily work out. 

We know that the newton is the SI unit of force, F. We also 
know the familiar equation:

F = ma (1)

where m is mass and a is acceleration. A key point is that both 
sides of an equation must have the same units, so:

unit of force = unit of mass × unit of acceleration (2)

We can spot immediately that the unit of mass (kg) is a base 
unit. But what about acceleration?

Acceleration is the rate of change of velocity:

a = 
v − u

t
 (3)

where u is the initial velocity and v the final velocity after a time 
interval t. So we can write:

unit of acceleration = 
unit of velocity

unit of time
 (4)

And so we can write:

unit of acceleration = 
m s−1

s
 = m s−2 (5)

We can now rewrite Equation 2 using SI base units:

N = kg × m s−2 = kg m s−2 (6)

So a newton is equivalent to kg m s−2.

What are the SI base units of the following derived units:
(a) pascal 
(b) joule 
(c) watt?
Check your answers in Box 1. 

Units as a clue to what to do
You might find remembering the units of a quantity easier 
than remembering equations — and if quantities are given as 
part of an exam question, or in a list of data, their units will be 
included, so you might not even need to rely on memory. 

The units can give you a big clue about how a quantity is 
calculated. A simple example is speed, with units of m s−1, in 
other words, metres (length) divided by seconds (time). So to 
calculate speed, you must divide a length by a time.

A slightly less simple example is specific heat capacity, which 
has units J kg−1 K−1 (or J kg−1 °C−1). These units remind you that 
to calculate specific heat capacity you divide energy (J) by mass 
(kg) and by a change in temperature (K or °C). So you can now 
write down an equation involving specific heat capacity c, mass 
m, temperature change ∆T and energy ∆Q transferred by heating:

c = 
∆Q

m∆T
 (7)

This can be rearranged using algebra, for example to give:

∆Q = mc∆T (7a)

Or, if you want to calculate the temperature change:

∆T = 
mc
∆Q

 (7b)

Here is another example:

A data sheet provided with an exam paper lists the Stefan-Boltzmann 
constant:

σ = 5.67 × 10−8 W m−2 K−4

Use the units of σ to help you to write down an equation relating the 
power, P, radiated by a hot object to its temperature, T, its surface area, 
A, and the constant σ. (The actual value of σ is unimportant — just 
focus on its units.)
Check your answer in Box 2. 

A word of warning — this method of working out an equation 
tells you nothing about any unitless quantities that might be 
involved. For example, if you use units to work out how kinetic 
energy is related to mass and speed, you do not find the factor 
½ in the formula ½mv2.

Conclusion
I hope that this article has helped you get to grips with the 
important skill of using SI base units. My final word of advice 
is learn the units. 

As a final challenge:

Show that the ohm (Ω) has base units kg m2 s−3 A−2.
Check your working in Box 3.

Table 2 SI derived units used in physics

Unit name Unit symbol Quantity

hertz Hz Frequency

newton N Force

pascal Pa Pressure, stress

joule J Energy, work

watt W Power

coulomb C Charge

volt V Potential difference, emf

farad F Capacitance

ohm R Electrical resistance

siemens S Electrical conductance

weber Wb Magnetic flux

tesla T Magnetic flux density

henry H Inductance

degree celsius °C Temperature

lumen lm Luminous flux

lux lx Illuminance

becquerel Bq Activity (of radioactive source)

gray Gy Radiation dose

sievert Sv Radiation dose
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Box 3 The ohm

The ohm is the SI unit of electrical resistance. The simplest equation 
that relates resistance, R, to other quantities is:

R = 
V
I

 (3.1)

where V is potential difference (SI unit volt, V) and I is current 
(amp, A). So in terms of units we have:

Ω = 
V
A

 (3.2)

The amp is itself a base unit. To find the base units of potential 
difference we can use the equation:

V = 
W
Q

 (3.3)

where W is work (with units of joule, J) and Q is charge (coulomb, C). 
So our next unit equation is:

V = 
J
C

  (3.4)

We already have the base units for work (Box 1):

J = kg m2 s−2 (Equation 1.4)

but there is one more step. To find the base units of charge we can 
use:

Q = It (3.5)

The units of current (A) and time (s) are both base units. Our next 
unit equation is:

C = A s  (3.6)

We now have everything we need broken down into base units, and 
just need to put it all together. Combining Equations 3.4, 3.6 and 1.4: 

V = 
J
C

 

= 
kg m2 s−2

A s
 

= kg m2 s−3 A−1 (3.7)

And finally, substituting Equation 3.7 into Equation 3.2:

Ω = 
V
A

 = 
kg m2 s−3 A−1

A s
 

 = kg m2 s−3A−2 (3.8)

Other routes are also possible. For example, you might have 
remembered the equation:

P = I2R  (3.9)

which involves a quantity, power, whose SI base units we have 
already worked out (Box 1).

R = P
I2

So:

Ω  = 
kg m2 s−3

A2

= kg m2 s−3A−2

as before.

Sandy Loynd is subject leader for physics at South Hunsley 
School, Yorkshire, and a member of the PHYSICS REVIEW editorial 
board.

Box 2 Power radiated by a hot object

Look at the units of the Stefan-Boltzmann constant:

σ = 5.67 × 10−8 W m−2 K−4

They are made up of the SI derived unit of power (the watt, W) and 
the base units m and K.

The unit m−2 represents dividing by m2, in other words dividing by 
an area.

The kelvin, K, is the base unit of absolute temperature. K−4 means 
dividing by kelvin raised to the 4th power (kelvin4). 

So we can write:

units of σ = 
units of power

units of area × units of temperature4  

Using the symbols P (power), A (area) and T (absolute temperature) 
we get:

σ = 
P

AT4
  (2.1)

This can be rearranged using algebra. For example, if we want P as 
the subject of the equation:

P = σAT 4 (2.2)

Box 1 The pascal, joule and watt

The pascal is a unit of pressure, p. A familiar equation is:

p = 
F
A

 (1.1)

where F is force and A is area. We have already worked out the 
base units of force (Equation 6). Area is calculated by multiplying 
length × length, so the SI base units of area must be m2. We can 
write:

unit of pressure = 
unit of force
unit of area

Pa = 
kg m s−2

m2

= kg m−1 s−2 (1.2)

The joule is a unit of energy and work. There are many equations 
involving energy and work, but the one that relates most directly to 
base units and to derived units that we have already analysed is:

W = Fx (1.3)

where W is the work done by a force F as it moves through a distance 
x. By referring again to Equation 6, we can write:

unit of work = unit of force × unit of distance

J  = kg m s−2 × m 
= kg m2 s−2 (1.4)

The watt is a unit of power, P, which is the energy, E, transferred 
per unit time interval, t:

P = 
E
t

 (1.5)

So we can refer to Equation 1.4 and write:

unit of power = 
unit of energy
unit of time

 

W = 
J
s

 

= 
kg m2 s−2

s
= kg m2 s−3 (1.6)
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Hot and cold
Absolute zero, 0 K (−273.15°C), is the lowest possible 
temperature. Achieving temperatures close to absolute zero 
is challenging, as energy must be transferred to warmer 
surroundings. In 2015 scientists at the Massachusetts Institute 
of Technology (MIT) in the USA reached a record low of just 
500 nK (500 × 10−9 K) by cooling sodium–potassium molecules 
(NaK, Figure 1), which can exist only at low temperatures. 

Perhaps surprisingly, there is also an ‘absolute hot’. 
At 1.42 × 1032 K, known as the Planck temperature, this is the 
highest possible temperature according to the standard model 
of particle physics. For anything to reach this temperature, 
the entire universe would need to be in thermal equilibrium 
(everything at the same temperature). It is thought that this 
occurred about 10−42 s after the Big Bang, but cannot happen 
again. In 2010, in an experiment at the Brookhaven National 
Laboratory, USA, collisions between gold nuclei reached 4 × 
1012 K (Figure 2) and set a record for the highest temperature 
yet produced on Earth. 

In this issue of PHYSICS REVIEW you can read more ‘hot and cold’ 
articles. In ‘The heat pipe’ (pp. 6–8) Peter Main explains how 
vaporisation of fluids can be exploited to produce rapid heating 
and cooling, and in ‘Modelling the Earth's climate’ (pp. 2–5) 
Kevin Mosedale shows how modelling the Earth and 
Sun as black-body radiators can predict the Earth’s 
temperature. Heating and cooling have also 
played a part in methods used to estimate the 
Earth’s age (At a glance, pp. 16–17), and here 
potassium makes another appearance as its 
radioactive decay underpins an important 
technique for dating rocks. 
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