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In 1931 Karl Jansky (1905–50) discovered radio emission coming 
from the direction of the constellation Sagittarius. He was 
a radio engineer working for Bell Telephone Laboratories 
in the USA and had designed and built a rotating antenna 
system (Figure 1) to investigate the ‘static’ (random crackling 
and hissing) that interfered with radio communication. His 
discovery marked the beginning of radio astronomy — the 

first branch of astronomy to use radiation outside the visible 
spectrum. 

The strong radio source that Jansky discovered, known as 
Sagittarius A, lies in the centre of the Milky Way galaxy. Its 
radiation over a wide range of wavelengths, from radio to 
X-ray, has been mapped and analysed in great detail (Figure 2). 
The radiation provides strong evidence for a supermassive black 
hole, about 4 million times the mass of the Sun, at the centre of 
our galaxy — about 26 million light years from Earth.

In this issue of Physics Review you can read about the 
exploration of our own astronomical ‘back yard’ — our closest 
planet, Mars. On pages 2–5 James Lees describes how Mars has 
become a planet of robots and looks at the physics involved 
in a robotic mission. Then on pages 6–9 Peter Main discusses 
how recent missions to Mars have been designed for maximum 
fuel efficiency by taking careful account of the Martian and 
Earth orbits. And back on Earth Cassandra Wise examines the 
Star Wars BB-8 robot and the physics underlying its design (pp. 
10–13). You can also find out more about radio waves (At a 
glance, pp. 16–17) and read about another pioneering engineer 
(Who were they?, p. 15). 
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Figure 1 Karl Jansky and his radio antenna

Figure 2 A map of X-ray (blue) and infrared (pink) emissions from 
Sagittarius A and its surroundings
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would happen sometime in the future. The space race was over 
and with that came less attention and funding. That is not to say 
that missions to Mars ended — we continue to send unmanned 
missions to the ‘red planet’. It is important to remember what 
the missions have achieved and how they will help us get to the 
stage when humans become an interplanetary species.

Early attempts
The first attempt to land something on Mars came before even 
the Moon landings, with the Soviet Union’s ‘2MC-3’ mission in 
1962. This mission failed to leave Earth’s orbit. The Soviet Union 
made many other attempts to land on the red planet, managing 
the first landing of an object on Mars (a  crash landing, but a 
landing nonetheless) with Mars 2 in 1971. It attempted many 
other missions, such as Mars 3, 6, 7 and the Prop-M Rover, 
but all of these failed. It would not be until the USA’s Viking 
missions that there would be the first successful landing on 
Mars.

Viking 1 (Figure 1) landed on 20 July 1976. It was equipped 
with a huge array of scientific instruments and even as 
it was coming in to land it measured atmospheric pressure, 
temperature, density and composition. Because the craft was 
designed to analyse the nature of the Martian surface, the 
rocket-assisted, slowed-descent system was designed not to heat 
the surface more than 1°C or move more than a mm of material. 
The obvious way to do this would be with a parachute, but the 
density of Mars’s atmosphere is less than 1% that of Earth. This 

There exists out in the universe a planet of robots — one 
where the only things that move around on its surface 
are made of metal and the only sounds besides the wind 

are the clicks and whirrs of motors. It is also rather closer and 
less science fiction than you might imagine. This planet is Mars.

Mars has captured our imagination for centuries, and it is 
not too hard to see why. The next step in space exploration 
must be to stand on another planet. Almost as soon as Neil 
Armstrong and Buzz Aldrin took their first steps on the Moon 
in 1969, many began to look beyond it towards our next nearest 
neighbour, Mars. However, with Mars being between 146 and 
1043 times the distance to the Moon as it moves round the Sun, 
it looks like an insurmountable challenge to send people there.

Not only was there the far larger technical challenge of 
getting to Mars, but there was a dip in the support of spending 
large sums on space exploration. It became something that 

Mars
Planet of robots

For over half a century we have been sending 
robotic missions to Mars. What did — and do — they 
do there? And what are the particular challenges of 
sending and powering a robotic vehicle?

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.

A remote vehicle must have a reliable power supply. Some space 
missions use photovoltaic panels, but solar radiation intensity 
decreases with distance according to an inverse-square law. Others 
use thermoelectric generators that rely on radioactive decay to 
heat semiconductor materials and generate an emf.

Exam links 

James Lees Artist's impression of 
the Curiosity mission 
approaching Mars
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means that the air resistance is significantly lower and leads to 
a much higher terminal velocity. Whilst many Mars Landers 
are equipped with parachutes for an initial deceleration, they 
also include rocket jets. These rockets provide an upward force, 
allowing a controlled descent thanks to onboard computers.

Despite a few issues with some equipment, Viking 1 was able 
to send back the first colour images of Mars (Figure 2), test the 
soil for composition and look for signs of life. It was even used 
to test some of the predictions of general relativity. Viking 1 
operated for an amazing 2307 Earth days (or 2245 Mars days), 
continually taking and transmitting data.

Sojourner
There were several other ‘Landers’ sent to Mars but the next big 
event was the touchdown of Sojourner, the first Mars Rover, in 
1997. As a Rover, it was the first object to be able to move around 
the Martian surface. It used six wheels to drive around its 11.5 kg 
body and was battery powered. Its solar panels recharged the 
battery (Figure 3).

Although it was equipped with a number of cameras and 
some other scientific equipment, Sojourner was mainly there 
to test how easy moving on the surface was and the feasibility 
of solar power on Mars (Box 1). With a large amount of dust 
in the atmosphere, it was not clear that this would work. The 
experiment was only designed to last at least 7 Martian days, 
but the Rover continued to function for 83 days. This was a huge 
success and paved the way for future missions to Mars.

Spirit
Spirit was a NASA Rover that successfully landed on Mars on 
4 January 2004, and was equipped with a full complement of 
scientific instruments. It was expected to have an operational 
window of around 90 Martian days, but the wind managed 
to keep the solar panels relatively clean and allowed Spirit 
to continue functioning far longer. The cleaned solar panels 
allowed it to continue travelling and experimenting for 2208 
Martian days, covering 7.73 km on the surface rather than the 
planned 0.6 km. The Rover was designed to carry out a large 
number of experiments, including characterisation of different 
types of rock, searching for new minerals and attempting 

Figure 1 The Viking 1 Lander

Figure 2 The Martian surface imaged by Viking 1

Figure 3 Sojourner examines a Martian boulder
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Spirit lost the use of one of its front wheels in mid-March 
2006. This possible calamity fortunately led to an unexpected 
discovery. Whilst passing through a valley about a year later 
the dragging of the ‘dead’ wheel pulled off the top layer of 
the substrate to reveal a white dust rich in silica. This was an 
incredible discovery because silica in such a large quantity can 
only be created by processes that involve a great amount of 

Figure 4 The Spirit Rover acted as a mobile geologist

to discover what Mars was once like through its geological 
landscape (Figure 4).

Throughout its extended lifespan Spirit achieved far more 
than expected and the amount of data it was sending back 
was so great that it was given a software upgrade. This upgrade 
allowed it to independently decide which images were important 
enough to send back. 

Box 1 Solar panels on Mars

Solar panels, more properly called photovoltaic (PV) panels, produce an 
emf when illuminated with electromagnetic radiation (particularly visible, 
infrared and ultraviolet — see Physics Review Vol. 26, No. 1, pp. 2–6). The 
output power from a PV panel, angled so that is face-on to the radiation, 
is proportional to its area and to the intensity, I, of the radiation. 

The intensity of solar radiation (the power arriving per square metre) 
is much weaker on Mars than on Earth. This is described by the inverse-
square law:

I = L
4πr 2

  (1.1)

where L is the Sun’s luminosity (its radiated power) and r is the distance 
from the Sun.

The average Earth–Sun distance is 149.6 million km, and the intensity 
of solar radiation at the top of the atmosphere is 1.4 kW m−2. Mars lies 
at an average distance of 227.9 million km from the Sun. Writing rE and 
rM for the Earth–Sun and Mars–Sun distances, respectively, and IE and 
IM for the intensities, we have:

IE = L
4πrE

2
  (1.1a)

IM = L
4πrM

2
  (1.1b)

We can manipulate these two equations to derive:

IM = ( rE

rM
)
2
 × IE  (1.2)

So:

IM = (149.6
227.9)

2
 × 1.4 kW m−2

 = 0.43 × 1.4 kW m−2 = 0.6 kW m−2

(Notice that, as both distances are in millions of km, we do not need 
to convert them to metres, and the intensity at Mars has the same 
units as we used for intensity at Earth, i.e. kW m−2.)

Since the intensity at Mars is only 43% of that at Earth, solar panels 
used on Mars need to have over twice the area of similar panels used 
in near-Earth orbit if they are to generate the same power.
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instrument deployment device

pancam mast assembly

warm electronics box

navcam (pair)

low-gain antenna

Rocker-Bogie mobility system
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getting involved and planning their own voyages. It is thought 
that by 2040 there will be humans living on Mars. With potential 
bases, colonies and even whole cities may be created. The 
possibilities of new discoveries, further exploration and scientific 
research are endless, and seemingly just within our grasp.

For now, the only human-related noises on Mars come from 
machines going about their business. Once a year Curiosity 
sings Happy Birthday to itself, but only cogs and gears, not 
people, move around the peaks and valleys. Mars remains a 
planet of robots.

water. It thus provided good evidence that Mars once had liquid 
water on the surface, which would be needed to support life.

In the winter of 2008 there was a large dust storm that 
threatened to render Spirit unusable. To protect it, many of 
its systems were turned off and it was effectively put into 
hibernation. In February enough dust was blown off the solar 
panels for the Rover to begin moving again and by mid-April 
it was fully functional. Alas on 1 May 2009 Spirit got stuck 
in some soft ground and could not be moved. After many 
months of testing and simulations, the team at NASA declared 
the following January that the Rover would not be able to move 
again. It continued functioning as a stationary testing facility 
until 22  March 2010, when it sent its last communication to 
Earth.

Curiosity
Probably the most famous of the missions to Mars is Curiosity 
(Figure 5). It touched down on 6 August 2012, and despite being 
planned for only a 2-year mission, it is still operational today. 
Rather than relying on solar panels, which can be covered in 
dust and fail, it is powered by a radioisotope thermoelectric 
generator, which uses the radioactive decay of plutonium-238 
dioxide (Box 2) to generate electrical power for the Rover. 

Curiosity is one of the most incredible pieces of machinery 
ever created. It has a mass of almost 900 kg and is fitted with 
a huge amount of instrumentation, so even landing it on the 
planet was an impressive feat. To avoid any disturbance to the 
surface, Curiosity was held in the Martian atmosphere by rockets 
and then lowered by a ‘sky crane’ gently down onto the surface.

The future
A lot remains to be investigated, including possible traces of past 
life, interpreting the rocks to reconstruct the Martian surface’s 
past, analysis of the atmosphere to see how it changes and 
measuring radiation across the planet. Curiosity has collected a 
huge amount of information and increased our understanding 
of the environment and history of Mars. It has also reignited our 
passion for space travel.

The desire to travel into space has returned stronger than 
ever. In 2013 the first Indian mission to Mars was launched (see 
‘Mission to Mars’, pp. 6–9), and where government agencies may 
lack funding or approval, private companies such as Space X are 

Box 2 Thermoelectric generators

Thermoelectric generators (TEGs) exploit the Seebeck effect. When 
the junctions between two different metals, or semiconductors, are 
at different temperatures, an emf is generated that is proportional to 
the temperature difference. When connected to an external load, the 
emf drives a current, as shown in Figure 2.1. 

Plutonium-238 undergoes alpha decay:
238

94Pu → 234
92U + 4

2α
Each decay releases 6 MeV of energy (1 MeV = 106 eV = 1.6 × 10−13 J), 
raising the temperature of the fuel so that it can heat one of the 
junctions of a TEG. 

The density of plutonium is nearly 20 times that of water, and each 
gram of fuel produces a power output of about 0.56 W. 

The half-life of the decay is almost 88 years, which allows the Rover 
to operate for a minimum of 14 years. 

heater
(e.g. plutonium 

fuel)

p-type semiconductor

n-type semiconductor

load

warm surface

cool
surface

�ow of
electrons

Figure 2.1 The Seebeck effect

Figure 5 A 360° ‘selfie’ by Curiosity on the surface of Mars

James Lees is a freelance science communicator currently 
working on a physics and astrophysics Masters at the University 
of York.
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A spacecraft belonging to the Indian Space Research 
Organisation has recently gone into orbit around Mars. 
Not only is it the first Asian mission to Mars, but India 

is the first nation to succeed in putting a craft into Mars orbit at 
the first attempt.

It has also been praised for being the cheapest Mars mission 
ever, by far. One of the factors that kept the cost down was the 
timing of the mission, which enabled it to use a particularly 
efficient trajectory to the red planet. It was no coincidence that 
NASA sent a spacecraft to Mars at the same time, as they both 
used the most fuel-efficient orbit to get there. Let us see how it 
was done.

Transfer orbit
In 1925 a German engineer, Walter Hohmann, published a 
book on The Accessibility of Celestial Bodies. In it he described 
an orbital manœuvre that transferred a spacecraft from a low 

circular orbit to a higher one in the same plane. It required 
only two engine burns and used the least amount of fuel of 
any other possible orbit. The Hohmann transfer orbit, as it is 
called, is now in constant use for travel to the International 
Space Station, putting communications satellites into orbit 
and putting spacecraft into orbit around other planets or 
the Moon.

Figure 1 shows the Hohmann transfer orbit for a spacecraft 
travelling from Earth orbit to the orbit of Mars. Since we are 
concerned only with orbits, Figure 1 does not show the planets. 
Instead, there is only a spacecraft following the orbit of the 
Earth around the Sun. In addition, the orbits of the Earth 
(black) and Mars (red) are assumed to be circular. This is a good 
approximation and it simplifies the calculations that come later. 
The transfer orbit that takes the craft to Mars is shown in blue.

How it works
To find out how the transfer orbit works, refer to Figure 1 again. 
We start with the spacecraft in a circular orbit around the Sun at 
a speed of v1. The speed of the spacecraft defines the radius of the 
orbit, as shown in Box 1. At the point E, the spacecraft receives 
an impulse that increases its speed by Δv1. This is calculated to 
be just sufficient to raise its potential energy in the gravitational 
field of the Sun and reach the orbit of Mars. However, it does not 
go straight there because it is in orbit around the Sun. According 
to Kepler’s first law of planetary motion, it follows an elliptical 
path with the Sun at one focus.

Mission to Mars
Planning the most efficient route

Two recent missions to Mars were timed to use the most fuel-efficient route. In this 
article we explain how a route path is devised, calculate the speed of the spacecraft 
at various times during the flight and find out how long the journey will take

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 most fuel-efficient trajectory of a spacecraft from Earth to Mars 
is described and calculated using Kepler’s three laws of planetary 
motion, conservation of energy and the mechanics of circular 
motion.

Exam links 

Peter Main

6 Physics Review  September 2017
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It reaches the Mars orbit with a speed of v2 at the point M, 
which is exactly half way round the elliptical orbit from E. If 
nothing is done at this point, the spacecraft would continue 
round the ellipse and complete the orbit when it reached E 
again. It can be seen that, by doing so, it loses potential energy. 
This indicates that its speed of v

2 is insufficient to keep it in the 
Mars orbit. It therefore requires another impulse to increase 
its speed by Δv2, which gives it the right speed for a circular 
orbit at that distance from the Sun. The Mars orbit is therefore 
reached using only two engine burns and the rest of the time the 
spacecraft just coasts.

All these speeds can be calculated using conservation of 
energy and Kepler’s second law of planetary motion, that the 
line from the planet to the Sun covers equal areas in equal times 
(Box 2). This is done in Boxes 2 and 3, where it can be seen that 

Box 1 Circular orbit

We work out the speed of a spacecraft appropriate to a circular orbit 
of a given radius.

Newton’s law of gravitation gives the force, F, between two masses 
M and m a distance r apart:

F = G Mm
r 2

  (1.1)

where G is the gravitational constant. 
In circular motion the centripetal force F required to keep a mass m 

at a speed v on a circular path of radius r is given by:

F = mv 2

r
  (1.2)

In the case of a planet or a spacecraft this force is supplied by gravity, 
so that:

mv 2

r
 = G Mm

r 2
  (1.3)

An algebraic rearrangement of this gives: 

v =  GM
r

  (1.4)

which relates the speed in orbit to the radius.

Box 2 Equations for speeds

Here we apply Kepler’s second law of planetary motion, as in 
Figure 2.1. At E the spacecraft has a speed of v1 + Δv1 in a direction 
perpendicular to the line SE, making the shaded triangle right-angled. 
In one second the craft will travel a distance of v1 + Δv1, so the area 
of the triangle is ½(v1 + Δv1)r1. Similarly, at M with a speed of v2, the 
area of the triangle is ½v2r2. These must be equal, so:

(v1 + Δv1)r1 = v2r2    (2.1)

The total energy of the spacecraft is the sum of the kinetic energy 
due to its speed and the potential energy due to its distance from 
the Sun. The Sun’s gravity experienced by the spacecraft varies 
throughout the orbit, so the correct formula for gravitational 
potential energy, Vgrav , is:

Vgrav = −GMm
r

    (2.2)

where r is the distance from the Sun, M and m are the masses of the 
Sun and spacecraft respectively, and G is the gravitational constant. 
The negative sign means that, by definition, the potential energy rises 
with increasing r and is zero at infinity.

The total energy per unit mass of the craft at E is:

Etotal

m
 = 1

2
(v1 + Δv1)

2 − GM
r1

   (2.3)

and at M the total energy per unit mass is:

Etotal

m
 = 1

2
v2

2 − GM
r2

   (2.4)

Conservation of energy means that these are equal:

1
2

(v1 + Δv1)
2 − GM

r1

 = 1
2

v2
2 − GM

r2

  (2.5)

 

Figure 2.1 Kepler’s second law applied to the transfer orbit — 
the two triangles are swept out in the same time, so they must 
have the same area

M

E

v2

v1 + ∆v1

S

r2

r1

M

E

S

v2 + ∆v2

v1 + ∆v1

Earth orbit

transfer orbit

Mars orbit

Figure 1 The orbits of Earth (black), Mars (red) and the transfer 
orbit (blue) that takes a spacecraft to Mars
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the increments in speed, Δv1 and Δv2, are only small increases in 
the speeds of the spacecraft, v1 and v2.

Time of launch
This journey must be taken at a specific time, because the 
spacecraft and Mars must meet at the position M. Therefore we 
need to know how long the journey takes which, in turn, tells 
us where Mars has to be when we set off — we are aiming at a 
moving target.

Kepler’s third law of planetary motion tells us the time taken 
for a complete orbit. It is most easily expressed in terms of 
symbols as:

T 2 = constant × a3  (1)

where T is the period of the orbit and a is the mean distance 
of the spacecraft from the Sun. The mean distance will be the 
radius if the orbit is circular or the length of the semi-major axis 
if it is an ellipse. 

Box 4 shows that Kepler’s law gives a time of 259 days for the 
spacecraft to travel from E to M and that Mars travels 135.5° 
round its orbit in the same time. This means that Mars should 
be 44.5° ahead of the spacecraft when it is launched, for the two 
to arrive at M at the same time.

It is clear from this discussion that Earth and Mars must be 
in particular relative positions in order to use the Hohmann 
transfer orbit. If you just missed your chance to use the orbit, 

Box 3 Calculation of speeds

Equations 2.1 and 2.5 from Box 2, together with Equation 1.4 from 
Box 1, contain all the information needed to calculate the speeds of 
the spacecraft. We will use the following data:
• radius of Earth’s orbit, r1 = 1.496 × 108 km
• radius of Mars’s orbit, r2 = 2.278 × 108 km
• for the Sun, GM = 1.327 × 1011 km3 s−2

GM is called the gravitational parameter of a heavenly body, and is 
usually known more precisely than either G or M separately.

I have derived the following formulae from the equations, as these 
form the best way to perform the calculations.

From Box 1, speed in the orbit of the Earth is:

v1 =  GM
r1

 = 29.8 km s−1

Additional speed to reach the orbit of Mars:

Δv1 = v1(   2r2

r1 + r2

 − 1) = 2.9 km s−1

Speed on reaching Mars orbit:

v2 = r1
r2

(v1 + Δv1) = 21.5 km s−1

Additional speed to maintain Mars orbit:

Δv2 = v2(   r1 + r2

2r1

 − 1) = 2.6 km s −1

Note that the distances in the values of r1, r2 and GM are in 
kilometres, so the speeds are in km s−1.

Scientists and officials from the Indian Space Research 
Organisation celebrate the success of their Mars orbiter mission
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you would have to wait a bit less than 26 months for the next 
opportunity. On the time scale of space missions, this is not 
very long.

Comment
In this article several approximations have been made to 
simplify the calculations. Nevertheless, the answers we obtain 
are realistic. For example, instead of our estimate of 259 days 
for the space flight, the Indian mission took 298 days. What we 
missed out was the effect of the gravity of Earth, the Moon and 
Mars, as well as the fact that the orbit of Mars is significantly 
elliptical and not in the same plane as Earth’s orbit. 

Our 259 days estimate is the minimum time possible and 
almost any variation of the orbit would increase this time. For 
example, we could not take into account the particular orbit 
around Mars that the spacecraft was aiming for and that could 
have a big effect on the travel time. However, I hope you have 
obtained some idea of the planning that goes into the trajectory 
of a space mission.

Box 4 Time for the journey and the position of Mars

The easiest way to use Kepler’s third law (Equation 1) is to express 
T in years and a in astronomical units (AU), where 1 AU is the mean 
distance of the Earth from the Sun. This will make the constant 
numerically equal to 1:

constant = 1 yr2 AU−3

In these units:

r1 = 1.000 AU    r2 = 1.523 AU 

The length of the transfer ellipse is:

r1 + r2 = 2.523 AU

The semi-major axis is half of this, so that:

a = 1.262 AU 
a3 = 2.008 AU3

From Equation 1:

T = 1.417 years

This is the time for the complete orbit, but from E to M is exactly 
halfway round, which therefore takes 0.7085 years or 259 days.

Given that the period of Mars’s orbit is 1.882 years, how far round 
the orbit will it get in 0.7085 of a year?

The answer is:

360° × 0.7085
1.882

 = 135.5°

This means that, in Figure 1, when the spacecraft is launched from 
E, Mars should be 44.5° ahead of Earth in its orbit. The two will then 
meet at M.

Peter Main is on the academic staff of the University of York 
and is also a member of the Physics Review editorial board.

A model of the Indian Mars orbiter on display in Bangalore
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For those living under a rock, unaware of the recent Star 
Wars relaunch, the team at Disney and Lucasfilm has 
dreamed up a new, even cuter and more expressive 

robot than R2-D2. BB-8 is a fantastic spherical robot with a 
hemispherical head that can move separately from its body. 
This would probably have been much easier to put into the 
film afterwards using CGI (computer generated imagery) but 
they actually built a working robot, which wowed audiences at 
the premiers. So what would you need to do to build a BB-8? 
There are two conditions: we need a sphere that can roll in any 
direction, and we need the head not to fall off. 

Hamster balls
You have probably seen a hamster ball: the hamster runs against 
its inner surface to make it roll along the ground (Figure 1). 
We could replace the hamster with a wheeled robot. Its wheels 
would spin and the ball would move in a straight line until it hit 
an object; the bounce should re-orientate the ‘hamster’, making 
it spin the ball in in a different direction. If we wanted BB-8 to 
roll at different speeds we could replace the ‘hamster’ with a 

remote control car. Now we would have a rolling spherical robot, 
but we need to be able to make it change direction.

Sphero
Sphero is an app-controlled spherical robot that can be 
programed to roll around an obstacle course, changing speed 
and direction. Sphero SPRK+ (www.tinyurl.com/y983v8fl) has 
clear casing, so we can look inside. The robot has a spherical 
shell enclosing a motor, which has several wheels that make the 
sphere spin both horizontally and vertically, allowing the ball 
to roll. If the wheels spin clockwise, the robot rolls clockwise, 
as shown in Figure 2. If we want to change direction, the body 
spins inside the ball horizontally, pushing the sphere in the 
other direction, as shown in Figure 3. The motor is designed 
so that this can happen at the same time, allowing the robot to 
change direction quickly and take tight, circular paths. 

BB-8 itself
Now we have a basic spherical robot, but we need to add the 
most impressive feature of BB-8 — its incredibly expressive 
head. When BB-8 rolls, the head moves around independently 
of the body, otherwise it would hit the ground after half a turn. 
It is not stuck on. Unlike an acrobat balancing on a giant ball, 
the head is not used as the motor to turn the ball. If it were, the 
head would move further backwards when pushing the ball 
forwards more quickly. But BB-8’s head moves to the front when 

How to 
make a 
BB-8

How might we design a robot 
like the Star Wars BB-8? This 
article presents a possible 
design and discusses some of 
the relevant physics

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 control of a BB-8 robot involves sensing acceleration and 
orientation. Springs, piezoelectric crystals and capacitors can all 
be used in accelerometers. Conservation of angular momentum 
underlies the operation of gyroscopes, which are used to sense 
orientation.

Exam links 

Cassandra 
Wise

The Star Wars BB-8 robot
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it is charging forwards. The head can also spin around to look 
in different directions.

To find out how BB-8 is built we need to examine the patent 
covering the design of a similar spherical robot (Figure 4). 
Patents are documents that protect your intellectual property or 
ideas. If you invent something you can apply to the UK Patent 
Office in Wales or the European Patent Office in Munich. They 
check whether your idea is new. If it is, then other companies 
will have to pay to use your ideas. Patent attorneys are the 
lawyers who verify and record these applications. They are 
normally scientists with Masters degrees or PhDs, who have 
trained in law. Albert Einstein worked in the Swiss Patent Office 
for several years after graduating. 

The first feature that is different from Sphero is the use of 
‘multidirectional wheels’. These can be rotated by a motor to 
spin at many angles, removing the need for separate horizontal 
and vertical wheels. 

The patent describes a mast to keep the head on. We want the 
head to stay in the same position with respect to the ground as 

the body moves, so the mast must be able to move separately 
from the motor and not be fixed to it. This could be achieved with 
a counterweight and a pivot to swing the head back into position 
after the sphere starts rolling; the heavier the counterweight, 
the faster it would return to its position (Figure 5). To make the 
head follow the mast, we place magnets in the mast and head so 
that they attract each other, then add wheels to our head so the 
body rolls smoothly underneath it. This is shown in Figure 6. 

Figure 1 A hamster in a ball

Figure 2 The Sphero moves in 
the same sense as the wheels of 
the device inside (side view)

Figure 3 Changing the direction of 
the Sphero by rotating other wheels 
horizontally (view from above)
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Figure 4 Diagram from the BB-8 patent

Figure 5 The movable mast used to keep the head in place

Figure 6 The head is held close to the mast head using magnets
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along the axis of the spring, the spring extends and provides the 
force to accelerate the mass. The resultant force, F, acting on the 
mass, m, is:

F = ma = kx  (1)

where a is the acceleration and k is the spring constant of the 
spring. The extension is proportional to the acceleration. This 
simple system has a disadvantage — when the acceleration 
changes, the mass oscillates and takes a while to settle into its 
new position. 

To sense acceleration in a rolling robot we can use piezoelectric 
crystals. These are crystals (e.g. quartz) that produce an electric 
charge on their surface if a force is applied, so that there is a 
potential difference across the crystal (Figure 9). The size of 
the potential difference depends on the size of the force and 
hence on the acceleration of the crystal. We can measure the 
potential difference in three perpendicular directions to obtain 
information about acceleration in 3D. 

Alternatively we can use an accelerometer based on a parallel 
plate capacitor (Box 1). An accelerating force applied to a capacitor 
at right angles to the plates changes the plate separation. This 
changes its capacitance and, for a given charge on the plates, the 
potential difference between the plates changes in proportion to 
the acceleration.

The mast arrangement is very similar to an ‘inverted pendulum’. 
This would give us a BB-8 whose body would roll underneath its 
head and whose head would move around slightly then return 
to its central position once the movement had finished. 

To convey the full range of emotions and personality required, 
we need to control the movement of the head separately. We 
need to add wheels and a motor to the mast and put it in a ball 
socket so that it can rotate at many angles. We also need to move 
the counterweight lower into the base so that the frame is stable 
and does not topple. Figure 7 shows a suggested design. Finally, 
we need to rotate the head so that BB-8 can look around. This 
could be done by alternating the magnets in a ring around the 
head and mast — north–south–north–south. 

Controlling the robot
What a splendid BB-8 we have! It can move forwards and turn 
corners at various speeds, and its head can spin and move to 
different positions on the body independent of the motion of 
the sphere. However, this is going to be quite difficult to control. 
If the head moves independently, the driver needs to make sure 
it does not fall off. It might be easier if the head stayed in place of 
its own accord and its position could be overridden by the driver. 
So the top of the mast has a range of sensors, accelerometers and 
gyroscopes, so that it knows where it is relative to the ground 
and can turn its wheels to re-orientate itself. 

Accelerometers
BB-8 uses accelerometers to sense how fast it is changing velocity 
and hence how quickly it needs to move the mast and magnet to 
stop the head falling off. 

The simplest accelerometer is a mass on a spring (Figure 8). 
If there is an external force accelerating the tube horizontally 

Figure 7 The head movement is controlled by a separate motor in 
the mast head

equilibrium

direction of acceleration

Figure 8 A simple accelerometer

V

Applying a force to the crystal will induce a voltage

Figure 9 A piezoelectric crystal

Box 1 Capacitors

The simplest capacitors are made from two parallel metal plates 
separated by an insulator. They are used to store electric charge by 
making one plate positive and the other negative. If one plate has 
a charge +Q and the other a charge −Q, then there is a potential 
difference V between the plates that is proportional to Q:

Q = CV  (1.1)

The capacitance, C, of a capacitor depends on the surface area, A, 
of the plates, the material between them and their separation, d:

C = εA
d

  (1.2)

where ε is the permittivity of the material between the plates 
(permittivity describes how a material is affected by electric fields). 

Increasing the plate separation reduces the capacitance, and 
vice versa. If charge cannot flow between the plates or through an 
external circuit, then Q remains constant. If C is reduced, then V 
increases, and vice versa. 
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Because the spinning centre disc maintains a constant 
orientation it can be used in a sensor to monitor an object’s 
orientation. BB-8 can use gyroscopes to work out the angle of 
its head with respect to the ground. The heavy rotating mass is 
now replaced by a tiny vibrating plate of silicon or tiny tuning 
fork, which can reproduce gyroscopic behaviour. 

The final design
You can see that our design in Figure 11 looks a lot like the 
diagram from the patent in Figure 4 and should help remind you 
of the functions of the several parts of our BB-8.

Gyroscopes
A gyroscope usually has a frame holding a rotating object. 
This rotor tries to maintain its orientation in space in order to 
conserve angular momentum (Box 2). You may be familiar with 
the type of gyroscope shown in Figure 10. The central heavy disc 
always spins in the same direction and position regardless of 
whether you turn the gyroscope around or upside down. 

Box 2 Angular momentum

Linear momentum, p, describes motion in a straight line:

p = mv  (2.1)

where m is an object’s mass and v its velocity. If no external force acts 
on an object, or group of objects, the total linear momentum remains 
unchanged — it is conserved. 

Angular momentum, L, is a measure of rotational motion:

L = Iω   (2.2)

where ω is an object’s angular velocity and I is its moment of inertia. 
Angular velocity is usually measured in rad s−1, but can be expressed 

in degrees per second or revolutions per second (rev s−1). 
The moment of inertia depends on the object’s mass and its 

distribution about the rotation axis. For a point mass m whirled on a 

string of length r:

I = mr 2  (2.3)

and for a solid uniform sphere of radius r rotating about an axis 
through its centre:

I = 2mr 2

5
  (2.4)

In the absence of any external turning forces, angular momentum 
cannot change — it is conserved. For example, if you spin round 
on a swivel chair with your arms outstretched, then fold your arms 
close to your body (reducing your moment of inertia), you spin faster 
— your angular velocity increases in order to conserve your angular 
momentum. 

Magnets attract the
head to the mast

Wheels allow
the head to 
slide over the 
spinning body

Multi-directional 
wheels move the 
robot body by
remote control

A frame and heavy
counterweight keep
its centre of gravity
low and at the base
of the body

A ball-and-socket 
joint allows the 
mast to move
to various angles

Motorised wheels allow the
mast to move to new angles;
these can be activated 
automatically to compensate
for motion using sensors, 
or manually to pose 
BB-8’s head

Figure 11 Our final design

Cassandra Wise is a Star Wars fan and physics teacher at 
Kew House School in London. She previously worked in 
optoelectronics.

More on BB-8:  
www.howbb8works.com

The US patent for a spherical robot: 
www.google.com/patents/US8269447

References and further reading 

Figure 10  
A toy gyroscope

www.hoddereducation.co.uk/physicsreview

6739_PhysRev_27_1_Press2.indd   13 19/07/2017   10:34



14 Physics Review  September 2017

(Note that you should never use the meter to measure current, 
voltage, resistance or continuity with the mains electricity 
supply.)

This video shows how to measure the average velocity of a 
glider on an air track using light gates:

www.tinyurl.com/l2tvp8r

And this one discusses using light gates to measure velocity 
and acceleration:

www.tinyurl.com/kgsa2q9 

Small distances, such as diameters of cylinders, or internal 
diameters of rings, can be measured with vernier callipers. This 
video shows how to read a vernier scale:

www.tinyurl.com/lwuzbhe

This video shows how to use a vernier calliper and a 
micrometer:

www.tinyurl.com/ldvwq4g

To investigate water waves you might use a ripple tank:

www.tinyurl.com/lwbsvmu 

The AS and A-level physics specifications have a 
common content set out in a document published by 
the Department of Education. This document includes a 

section on ‘Practical techniques to be gained by the candidate’. 
You can read the document at:

www.tinyurl.com/n2nqfnv

Measuring quantities such as length, temperature, force and 
angle is fairly straightforward and you may have done this at 
GCSE. At A-level it is important to be accurate, and to know 
the uncertainty associated with the technique you are using. 
This video will remind you how to use a measuring cylinder to 
measure the volume of an object by displacement:

www.tinyurl.com/jyjhqoy

Using a set-square to ensure something is perpendicular, and 
a plumb line to make sure something is vertical, are familiar 
techniques. This website has some advice on avoiding errors in 
measurements, including parallax error:

www.tinyurl.com/l2rmwta

In this lecture about simple harmonic motion, Walter Lewin 
does a quantitative test of the period of an oscillating mass on 
a spring. He discusses accuracy of timing and how to improve 
it. To time the pendulum more accurately he could have timed 
from the centre of the swing and used a fiducial mark (a centre 
line behind the pendulum) so that he could have timed more 
accurately when the pendulum crossed the line. However, this 
experiment is done in the context of a lecture and is good 
enough for his purpose. His other demonstrations are worth 
watching too:

www.tinyurl.com/md76jk8

You should know how to use a digital multimeter to measure 
resistance, voltage and current. This video shows how to use one. 

www.tinyurl.com/mfrbgnt 

 physics online

Practical skills
Your physics course gives you the opportunity to use a range of practical techniques.  
Here we look at some websites and YouTube videos that show some of these techniques, 
to remind you of the skills required
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 who were they?

N ikola Tesla has been described as one of the most 
important inventors in history. He was born in a small 
village in what is now Croatia. Although Tesla attended 

school, where he showed an early talent for mathematics, and later 
university, he did not graduate, partly because he had not studied 
Greek. He became interested in electrical phenomena after seeing 
demonstrations by his physics professor at high school.

In 1881 Tesla began to work for a telegraph company in 
Budapest and had an opportunity to put his understanding 
of electricity into practice. He went on to work for the Edison 
electrical company in Paris before moving to New York in 1884.

In the USA Tesla began a very productive career as an inventor. 
Among his most important inventions was the alternating 
current (AC) induction motor. At the end of the nineteenth 
century there was a mains electricity power struggle between 
the direct current (DC) generated by Thomas Edison’s company, 
and the AC produced by the generators of Westinghouse. 
At that time there were no effective AC motors; 
Tesla’s AC motor changed that. Westinghouse 

Nikola Tesla
1856–1943

bought the patents to Tesla’s motor and went on to dominate the 
USA electricity network. Today most of the motors in domestic 
electrical appliances are based on Tesla’s original design. 

In 1889 Tesla heard about Heinrich Hertz and his experiments 
with radio waves generated when a spark crosses a gap (pp. 
16–17). He followed up this idea and went on to develop the Tesla 
coil, which uses coils of copper wire in circuits with capacitors 
to transmit a signal from one coil to another. Tesla recognised 
the potential for the system to be used to communicate over 
long distances, but it was Marconi who went on to develop the 
wireless communications system.

Tesla also used the coils to develop a 
wireless lighting system (the photograph 
shows him holding a lamp lit without 
wire connections), but he could 
never make the system commercially 
viable. Although the induction motor 
developed by Tesla has gone on to be 
used in so many ways, and Tesla went 
on to hold nearly 300 patents, he died 
in relative obscurity with some of his 
later proposals based more on fantasy than 
working models.

In 1960 the SI unit of magnetic field 
strength was named the tesla (T) 
in recognition of his important 

work. In 2003 the Tesla car  
company, at the forefront of 

developing all-electric 
cars, took its name 
from the man whose 
motor is at the heart of 

their cars.

Challoner, J. (2009) 1001 Inventions that Changed the 
World, Cassell.

References and further reading 

Nikola Tesla holding a 
'wireless light bulb'
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In this video an oscilloscope is used to measure the frequency 
and voltage of a signal:

www.tinyurl.com/lveqtpt

If you are using a laser you should make sure that it is not at 
eye level and that you are not wearing a ring, or using any other 
reflective object that could reflect the beam into anyone’s eye. 
This video shows how to do an interference experiment:

www.tinyurl.com/m3papdd

Another skill is using sources of ionising radiation and 
detectors. This video from the University of Birmingham shows 
how to measure the radiation from a source using a Geiger 
counter. When you are using radioactive sources you should 
hold them with forceps and point the opening away from your 
body (and anyone else’s). When you have finished, the sources 
should be replaced in their lead container. Your school will keep 
them safely locked away.

www.tinyurl.com/mcduaz6

Birmingham University offers some other helpful videos of 
experiments that you may come across at A-level: 

www.tinyurl.com/mdhrgpn 

Carol Tear is an A-level physics examiner and a member of the 
Physics Review editorial board.
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4 Radio waves

In the early twentieth century electromagnetic waves with 
frequencies of about 3 kHz–300 GHz (100 km–1 mm wavelength) 
came to be called radio waves. 

Continuous radio waves can be produced by an alternating 
potential difference across a gap between two metal rods (a dipole). 
As the potential difference changes direction, so do the electric field 
lines between the two halves of the dipole, and loops of electric 
field travel outwards from the dipole. The waves can be detected 
when their electric field produces a varying potential difference 
across the gap of another dipole. 

For an animation see: https://en.wikipedia.org/wiki/Radio_wave

Radio
 at a glance

1 Hertz’s electromagnetism experiments

In the 1880s German physicist Heinrich Hertz (1857–94) demonstrated the existence of 
electromagnetic waves. A coil produced a high voltage across a gap, causing a spark, and 
radio waves were detected by a loop antenna. The waves could be refracted by a prism made 
of pitch, and reflected from metal sheets. A transmitter at the focus of a parabolic reflector 
produced a parallel beam, which could be directed onto a receiver by a second reflector.

3 Electromagnetic waves

Maxwell’s equations predict transverse waves in which electric and 
magnetic fields vary at right angles to each other. The waves travel in 
a vacuum at speed c:

c = 
1

 μ0ε0

where μ0 is the permeability and ε0 the permittivity of a vacuum.

μ0 = 4π × 10−7 H m−1 
ε0 = 8.85 × 10−12 F m−1

For an animation see https://i.stack.imgur.com/gktPy.gif

E

B

2 Maxwell’s equations

In the 1860s Scottish 
physicist James Clerk 
Maxwell (1831–79) 
developed four equations 
that describe how charges (ρ 
per unit volume) and currents 
(J per unit area) produce 
electric and magnetic 
fields (E and B), and how 
a changing electric field 
produces a magnetic field 
and vice versa. The symbol 
∇ denotes differentiation of 
vectors in three dimensions. 

∇ ⋅ E = 
ρ
ε0

∇ ⋅ B = 0

∇ × E = − 
∂B
∂t

∇ × B = μ0J + μ0ε0

∂E
∂t
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5 Radio communication

Hertz’s discovery led to the 
idea of using radio waves for 
communication without wires. 
Some people said this would not 
work beyond the horizon because 
the waves travel in straight lines, 
but Italian engineer Guglielmo 
Marconi (1874–1937) sent and 
detected radio signals over long 
distances, including the first 
transatlantic transmission in 1901. 
In the early twentieth century, 
Marconi and other engineers set up 
many long-distance wireless links. 

6 Atmosphere and satellites

Long-distance radio communication is made 
possible by the atmosphere and, nowadays, also 
by satellites. 

The atmosphere’s density decreases with 
height, and so does its refractive index. Radio 
waves refract into regions of higher refractive 
index, changing direction and bending towards 
Earth’s surface. Between altitudes of about 
75 km and 1000 km is the ionosphere, a 
low-density region containing ions and free 
electrons. Radio waves set the electrons in 
motion; electrons re-radiate the waves and 
their path bends away from the regions of high 
electron density. Radio waves below about 
3 GHz can be refracted back to Earth’s surface, 
appearing to be reflected from the ionosphere. 
Satellites can be used to direct high-frequency 
signals around the Earth.

7 Radio transmission masts for phones, 
TV and radio are widely used today

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

PhysicsReviewExtras

6739_PhysRev_27_1_Press2.indd   17 19/07/2017   10:34



18 Physics Review  September 2017

A-level exams include open-ended questions 
requiring answers that are marked according 
to the 'level of response'. This question 
is about projectile motion and material 
properties in the context of archery, and 
includes a 'level of response' section

Bows have been used for warfare, hunting and sport 
for hundreds of years. Those used in the Olympics are 
extremely sophisticated machines, but still rely on 

the energy stored in an elastic material when it is extended 
or compressed.

This question considers a number of aspects of the physics of 
archery and includes a ‘level of response’ section in part (c). It 
is taken from OCR Physics B Paper H157/02, June 2016, and is 
reproduced by kind permission of OCR. The answers that follow 
are the responsibility of Physics Review and have neither been 
provided nor approved by OCR.

The question
This question is about archery.
The bow, originally a weapon, is now used 
for sport. An early bow consisted of a single, 
straight piece of wood about 2.09 m long. When 
the bowstring is attached to the ends of the 
bow it bends the wood into an arc (Figure 1).

Figure 1

(a) An archer pulls back the bowstring a distance of 71 cm with a force 
that increases as he pulls. The maximum force is 84 N.
i Assume that the force is directly proportional to the distance the 

string is pulled back. Calculate the work done. (2 marks)
ii The arrow, of mass 26 g, leaves the bow at 45 m s−1. Calculate its 

kinetic energy, and explain any difference between this value 
and the answer to part a i. (2 marks)

(b) The arrow leaves the bow at an angle of 34° to the horizontal, as 
shown in Figure 2. The arrow strikes a target that is exactly level 
with the height at which it left the bow.

34°

45
 m

 s –1

Figure 2

i Show that the arrow takes about 5 s to reach the target. Ignore 
any effect of the air. (3 marks)

ii Calculate the distance from the archer to the target. (2 marks)
(c) For many centuries, traditional British bows were straight pieces of 

yew wood, which were bent and strung with bowstrings made from 
linen. Environmental conditions, such a moistness, affect both the 
natural materials, particularly the linen bowstring.
One design of a modern competition bow consists of three parts: 
a central handle, an upper limb and a lower limb. The upper and 
lower limbs are composite materials constructed of layers of wood 
and carbon-reinforced plastic. The bow is constructed so that 
the two tips bend forward when the string is attached, as shown 
in Figure 3A, and bend backwards when the bow is drawn, as in 
Figure 3B. The bowstring is a polymer fibre attached to the bow 
limbs at the points marked S.

polymer �bre
bowstring

Slower limb

plastic
hand grip

aluminium
handle

bow before it is drawn

S

bow when drawn

Figure 3A       Figure 3B

In competition archery accuracy, range and consistency are vital. 
Discuss the advantages of this design of bow over the traditional 
yew bow (Figure 1) for competition archery. (6 marks)

 exam talkback

Physics and archery
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The solution
Part a i
This is a fairly straightforward calculation, though you must 
remember to convert all units to SI units. If the force is 
proportional to the distance the string is pulled back, then the 
average force is half of the maximum force exerted.

work done =  average force ×  
distance moved  
in direction of force

W  = ½ Fx
  = 0.5 × 84 N × 0.71 m 
= 29.8 J = 30 J (2 sf)

Notice that this answer — and later ones — should be given to 2 
sf, as the values used in the calculation have only two significant 
figures. 

Part a ii
This is another straightforward calculation:

EK  = ½mv2
 

  = 0.5 × 0.026 kg × (45 m s−1)2 

= 26.3 J = 26 J (2 sf)

The energy stored in the stretched bow is equal to the work 
done, but the values in a i and a ii are different because not all 
the energy stored is transferred to the arrow. The bow and the 
string also gain kinetic energy. Some energy is dissipated and 
warms the surrounding air.

Part b i
This part requires a bit of thinking about. You are not told how 
far away the target is but you can calculate the time it will take 
the arrow to return to the height at which it was fired.

First calculate the vertical component of velocity. With θ 
being the angle to the horizontal (34°), this is:

v sin θ  = 45 m s−1 × sin 34° 
= 25.2 m s−1

Now use:

s = ut + ½at2

for the vertical motion, remembering that s = 0 when the arrow 
is back at its original height and we have taken upwards as 
positive, so a = −9.8 m s−2.

0 = ut + ½at2

at2 = −2ut

t = 
−2u
a

  = 
−2v sin θ

a

  = −2 × 
25.2 m s−1

−9.8 m s−2

  = 5.14 s = 5.1 s (2 sf)

Part b ii
Begin with the horizontal component of velocity:

v cos θ  = 45 m s−1 × cos 34° 
= 37.3 m s−1

This is constant during the flight if air resistance can be ignored. 
So:

distance = horizontal component of velocity × time in flight  
x  = vt cos θ 

= 37.3 m s−1 × 5.14 s  
= 190 m

Part c
This is an example of a level-of-response question. It is really 
worthwhile reading the question carefully to make sure your 
answer will focus on the important and relevant details. In order 
to gain 5 or 6 marks you must show a clear line of reasoning and 
use relevant information to support your ideas. This includes 
considering at least two of the areas mentioned in the question 
(accuracy, range and consistency) and comparing the structure 
and properties of the materials of the old bow and the modern 
bow. 

The examiners marking the paper will have a list of relevant 
points of physics to look for to grade the answer as level 3 (5–6 
marks), level 2 (3–4 marks) or level 1 (1–2 marks).

Some of the points worthy of credit are outlined below.
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Part b

Rishi

i The vertical velocity is 25.2 m s−1. ✓ At the highest point 
the vertical velocity is zero. 0 = u + at, so t = 25.2/9.8 = 2.57 s. 
So time to reach target = 5.14 s. ✓✓

ii distance = 37.3 m ✗

Rishi gains the 2 marks for part b i by a different method 
from the mark scheme. He has calculated the time for the arrow 
to get to its highest point, and doubled this to find the total 
time of flight. Notice that he has not shown all his working, 
perhaps rushing again. In part b ii he seems to have (correctly) 
calculated the horizontal component of velocity of the arrow but 
has confused this with the distance to the target. He would have 
been less likely to make this mistake had he been more careful 
with his presentation.

Alice

i  s = 0 = (45 m s−1 × sin 34°)t + (−)9.8t2 

t = 5.14 s ✓✓✓

ii s = vhorizontal × t because horizontal velocity is assumed to be 
constant over the flight time of the arrow.

 s = (45 m s−1 × cos 34°) × 5.14 s = 190 m ✓✓

Both Rishi and Alice’s responses show confidence in 
arithmetical questions, and good examination technique — 
Alice has written enough to show a complete understanding of 
the situation without wasting time on unnecessary words.

Part c 

Rishi

The new type of bow is much better because it does not use 
natural materials that may not be perfect and might have 
cracks in them, which will concentrate the stress. Also, air 
conditions like temperature affect the old type of bow more, so 
in a competition you might not know how far to draw it back 
— perhaps the string could stretch rather than the bow bend. 
This would mean that the shots would not be consistent — the 
archer might do the same thing each time but the arrow would 
not always end up at the same place. The range of the arrow 
will not be so much with the old bow because you cannot pull 
it back so far.

Remember that this is a 6-mark level-of-response question, 
so the examiner will look at the answer as a whole and assess 
the level, quality and scope of the physics in the response. Have 
a look at the points mentioned above and compare them with 
Rishi’s response, remembering to give credit for correct, relevant 
physics that may not be included in the solution. How much do 
you think his response is worth?

Rishi has made a number of relevant points:
 ■ Natural materials have variability. 
 ■ Natural materials are more susceptible to conditions, which 

in turn can affect the consistency of the shots.
 ■ The range with the old bow will be less because the bow 

cannot be pulled back as far. 

Range of arrow
This depends on the initial velocity and angle of release. The 
initial velocity depends on the mean force exerted and the 
distance the force is exerted over. This distance is greater for the 
composite bow. A bow that is pulled back further will store more 
elastic potential energy.

Accuracy and consistency
Explain what accuracy and consistency mean in this context. For 
example, accuracy in shooting arrows has a different meaning 
from the accuracy of a measurement. It is helpful to begin by 
stating what you mean by the terms you use. In this context, 
accuracy implies that the arrow strikes on or near the target 
area; an accurate bow is one that will allow a skilled archer to 
strike the target.

Consistency, in this context, implies that if the initial 
conditions are the same (such as angle of firing the arrow, the 
distance the bow is pulled back and environmental conditions 
such as direction and strength of wind), then the arrows will 
strike the target near one another.

Structure and properties of bow types
The older bow uses natural materials, which have variations 
within their structure (such as knots in the wood). Temperature 
and humidity changes can affect natural materials, making 
their performance change with time, while the composite bow 
will be more consistent. The yew bow cannot be bent as far as 
the composite bow. The shape change on bending stores more 
energy in the composite bow.

Student answers
Part a
Rishi

i work = 42 × 0.71 = 29.8 J ✓✓

ii K.E. = 0.013 × 452 = 26.3 J ✓

This is less than the work done because heat energy is 
produced. ✓

Although Rishi has met all the marking points, his answers 
lack clarity and he has not given his answers to the correct 
number of significant figures. He seems to be rushing a 
little and the explanation ‘heat energy is produced’ is a little 
superficial.

Alice

i work = ½ × 84 N × 0.71 m = 30 J (to two significant figures) ✓✓

ii kinetic energy = 0.5 × 0.026 kg × 452 m2 s−2 = 26 J ✓

Not all the energy stored in the bow is transferred to the arrow. 
When the arrow is released, kinetic energy is also transferred to 
the string and the bow. The bow may also warm up, a bit like 
when you bend a paper clip. This shows that its internal energy 
has increased. ✓

Alice has produced admirably clear arithmetical responses, 
with correct units. Her explanation shows a good understanding 
of the energy transfers when the arrow is released.
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which is transferred to kinetic energy of the arrow, increasing 
its initial velocity and its range. The shape of the bow might 
help this as well.

Like many students, Alice has written quite a long answer 
for this level-of-response question. You must remember that 
just writing lots of different ideas or facts down is not enough 
to guarantee a good mark — your answer must be focused on 
the physics of the question. In this case, Alice has produced a 
clearly argued answer marked at level 3 for 6 marks. She has not 
only stated the difference in performance between the bows, 
but she has also explained it using her knowledge of the physics 
of the situation. Alice has not covered every possible aspect of 
the situation — for example, she has not discussed accuracy — 
but the examiners are looking for a well-argued answer with 
sufficient physics that is relevant to the question, and Alice has 
provided this.

Improve your answers to level-of-response 
questions
You could try marking some of your friends’ level-of-response 
answers against the mark schemes provided, as this will help 
you gain an understanding of the expectations of the examiners 
in this type of assessment.

So he has considered range and consistency of the two bows 
and has compared some of the properties of the two bows, 
but he has not made all his points sufficiently clearly. His 
explanation of consistency is clear, but he has not explained why 
the fact that the old bow cannot be drawn back so far means that 
the arrow’s velocity will be less.

Rishi gains 4 marks for this part of the question and 11 marks 
on the whole question. He certainly could have scored more 
highly if he had thought carefully about his responses.

Alice 

A bow will be consistent if the path of the arrow is predictable 
— so if you keep the bow in the same position and pull the 
string back the same amount the arrow will take the same 
path each time. This means that the competition archer can 
confidently make adjustments to his aim, knowing that the bow 
will behave in a consistent way.

Composite bows made of synthetic materials are more likely 
behave consistently — for example, they will not have any of 
the internal defects that wooden bows and linen strings could. 
These defects might mean that the increase in stored energy 
will not vary predictably or consistently with how far the string 
is drawn back. Also, a bow might gradually get warmer during 
a competition, which could dry out a linen string and alter its 
performance.

Range is important and if a bow can be drawn further back 
(under the same average force), more energy will be stored, 

Lawrence Herklots is head of science at King Edward VI School, 
Southampton.
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Clues

Across
 3 A series of former USSR artificial satellites. The first was 

launched in 1957. (7)
 7 Natural satellite of Neptune discovered in 1949. (6) 
 9 Non-metric measures still popularly used in the UK and 

USA. (8) 
 10 Phase of matter consisting of electrons and positive ions. 

(6) 
 12 ____ function or value. One that changes very sharply 

from one constant value to another. (4)
 15 Strong architectural structure that channels stress lines 

through itself. (4)
 16 Non-metric unit of area ≈ 4047 m2. (4) 
 17 To catch on a rough surface. Minor problem. (4)
 18 ____ Project. Ecological project housed in tropical biomes 

in Cornwall. (4)
 19 ____ main. Domestic wiring circuit. (4)
 22 English language name for an inconspicuous southern 

constellation, which contains the nearest star to the south 
celestial pole. (6)

 25 Non-organic, non-metallic materials that resist chemical 
attack and break by brittle fracture. (pl.) (8) 

 26 William Henry Fox ______ (1800–77). English inventor of 
improved photographic techniques. (6)

 27 Medieval (and later) forerunner of the study of the 
composition of substances and the changes they 
undergo. (7) 

1 2 3 4 5 6  

 7      

9

 10         

 15 16

17 18

21

22 2423

19 20

25

26

27

8

11

12 13 14

 crossword

Down
 1 Chemical generator of emf. (4)
 2 Device for focusing (or dispersing) light (or other 

radiation). (4) 
 4 Theatrical illusion produced by the reflection of light in a 

plane sheet of glass. (6’1, 5)
 5 Doughnut-shape, often used for the magnetic containment 

vessel for 10 Across. (5)
 6 Produced by 2 Down or 4 Down. (5)
 8 A property of materials that oppose an applied magnetic 

field. (12) 
 10 ______ diode. Produced by growing an oxide layer on a 

silicon substrate, followed by etching, ion diffusion etc. to 
produce active regions and junctions. (6)

 11 Enlightened eighth-century scholar and teacher associated 
with York. (Anag. UNCIAL) (6)

 13 A large, flat, treeless region with permanently frozen 
subsoil. (6) 

 14 Large object orbiting a star. (6) 
 20 Description of a substance or device whose properties 

conform to a simple model, for example a transformer with 
no energy losses or a gas that obeys pV = NkT. (5)

 21 Visual representation of the relationship between variables 
(and hence a type of measuring instrument). (5)

 23 Very soft (1 on the Mohs scale) hydrated magnesium silicate 
mineral a.k.a. soapstone. (4)

 24 A noble gas commonly used in lighting displays. (4)
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the physics department and outside the university. As part of 
the course, I did a project in nuclear astrophysics, looking at 
how the very small (nuclei and their reactions) can drive the 
very big (stars).

At the end of my degree, I still could not get enough of 
physics so I stayed on at York to do a PhD — also in nuclear 
astrophysics. My research involved the radioactive decay of 
proton-rich nuclei in the ‘mass 70’ region [krypton and its 
neighbouring elements in the periodic table] and how their 
decay affects the rapid capture of protons that leads to the 
production of high-mass nuclei in supernova explosions and 
neutron stars.

I spent 4 years doing the research and writing it up, including 
one 6-month spell in Japan and another in Finland. Both 
these were fantastic opportunities to travel — I had always 
wanted to go to Japan — and to use facilities not available in 
the UK. Before going to university, it had never occurred to 
me that doing physics could involve travel. But as well as work 
placements, there are conferences all over the world that people 

go to. Another key part of doing the PhD was developing skills 
such as presentation and communication, which are 

really important in all kinds of physics jobs. 

PR How did you move from astrophysics into medical 
physics? How do you train to be a medical physicist?

LS After the PhD I wondered about doing a post-
doc [further research based in a university] but I 
really wanted a job that had a bit more structure 
— more regular hours, and more of a work–life 
balance. I met some medical physicists and 
noticed that they were happy and passionate 
about what they were doing, using physics 
to help people. Both my parents had health 

issues (my stepfather had cancer treatment 
at the Christie hospital in Manchester) 

and that helped me to decide what 
I wanted to do with my physics.

The main route into medical 
physics is the NHS Scientist 

Training Programme 
(STP). It’s a graduate 

programme and it’s 
quite competitive 
to get into. You 
need at least a 2.1 

degree (or a 2.2 plus 
a Masters degree). It 

runs in various hospitals 

PR What is medical physics? What do medical physicists do, and 
what sort of person might be attracted to a medical physics career?

LS Medical physics is the application of physics to processes 
and techniques within medicine and healthcare. Diagnostic 
imaging techniques such as MRI [magnetic resonance imaging] 
and ultrasound scanning, and treatments such as radiotherapy, 
all involve physics. And there are other areas such as radiation 
safety and reconstructive science. Medical physicists are involved 
in developing new techniques, as well as using existing ones 
with patients. 

It’s not just the physics. Working with people is an important 
part of the job, and that is something that really appealed to me. 
There is a lot of teamwork — working with other professionals. 
And we work with patients, who can sometimes be quite 
surprised to meet a physicist in the medical team. The work is 
very patient-focused, and we have to think about things from 
their point of view, so as well as the physical techniques, it’s 
important to consider such things as waiting areas, access to 
transport and so on. 

The Institute of Physics and Engineering in Medicine 
(IPEM) has a good website with lots of information 
about medical physics. There are outreach events 
and a magazine to help you find out more (the 
magazine is quarterly if you join the IPEM). 

PR Let’s go back to the beginning of your route into 
medical physics. Did that start with A-levels?

LS I went to Pendleton College in Salford 
for my A-levels, after taking time out for 2 
years after GCSEs to care for my mother. I 
chose to study sciences and at first I thought 
I might go into sports science, possibly 
with something medical-related such as 
physiotherapy. But then I just fell in 
love with physics (we had a really 
inspirational teacher!) and I did 
A-levels in physics, maths and 
chemistry, plus AS exams in 
biology and further maths. 

After A-level I wanted to 
do more physics so I went to 
the University of York to do a 
4-year MPhys in Physics with 
Astrophysics. I loved it. As 
well as the lecture programme 
I got involved in outreach 
activities, and I really enjoyed 
working with other people in 

 working with physics

Medical physicist
Laura Sinclair works at Castle Hill Hospital, Hull, where she is training to be a medical physicist. 
She spoke to Physics Review about her work and the route that led her there
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throughout the country, and you apply to the programme rather 
than a specific place. The application asks you to list the places 
where you would like to work, and those you’d rather not go 
to, and you are allocated to somewhere. I was very pleased to 
get Hull as it was one of my first choices — I’d visited it before 
applying and liked the location and the fact that it’s a medium-
sized hospital, so there is a good variety of things going on. 

Looking ahead, there will be a 4–6 week elective placement, 
where you can apply to other hospitals in the UK and and 
overseas. For example, one of my friends did her elective in 
Burma (Myanmar). I will be going to the Peter Mac Centre in 
Melbourne, Australia, where I will be learning new techniques 
for PET scanning to bring back to Hull.

The STP is a 3-year programme, and I’m in the first year. 
While on the programme you are employed by the NHS on quite 
a good salary (with an extra allowance if you’re in London) and 
the programme pays for you to do a part-time Masters degree in 
your chosen area (yes, I know, another degree…). 

After completing the STP you are then a qualified Clinical 
Scientist, and you can apply for jobs in the health service and 
move up the salary scale. 

There is also a Practitioner Training Programme (PTP) that 
you can join straight from A-levels and which gets you a BSc 
qualification. If you are certain that’s the career you want to 
follow, it can be an attractive option. 

The websites listed in References and further reading give 
more information about the STP and PTP programmes.

PR Can you tell us a bit more about what you do from day to day, and 
how it relates to physics? 

LS I work 9–5, Mondays to Fridays (occasionally at weekends), 
but every day is different. On any one day I might be reading 
papers, observing surgery, measuring the output from a 
machine… The advantage of being in a fair-sized hospital is 
that there is a lot of variety and flexibility. For example, the 
other day I went to observe brachytherapy, which is an advanced 
cancer treatment. Small radioactive ‘seeds’ are inserted into the 
tumour, or close to it, so that the tumour gets a high dose but 
the dose to the surrounding tissue is much lower.

One technique that involves some really interesting physics 
is PET [positron emission tomography] scanning (Box 1). This 
is used for brain scanning and cancer imaging. PET scanners 

The Institute of Physics and Engineering in Medicine:
www.ipem.ac.uk
Training programmes with the NHS:
www.healthcareers.nhs.uk
www.nshcs.hee.nhs.uk/join-a-programme

References and further reading 

Box 1 PET scanning

Positron emission tomography (PET) uses antimatter to reveal 
processes within the body. The technique uses radioactive isotopes 
that decay by beta-plus emission, which means that they emit a 
positron, e+. A positron is the antiparticle of an electron: it has the 
same mass as an electron but all its other properties, including 
charge, are the opposite. When a positron meets an electron, they 
annihilate to produce a pair of gamma photons travelling in opposite 
directions:

e+ + e− → γ + γ
PET scanning involves injecting the patient with a compound 

that contains a beta-plus emitter and which is absorbed by certain 
organs. When the positrons are emitted, they immediately encounter 
electrons close to where the tracer has accumulated and annihilate. 
The gamma photons are detected by sensors placed around the body, 
which can locate exactly where the radiation originates (Figure 1.1). 

ring of 
detectors

positron
emitter

gamma
photons

Figure 1.1 Schematic diagram of a PET scanner

Box 2 The isotope 18F

A nucleus of 18
9F contains 9 protons and 9 neutrons. It is unstable, and 

decays by beta-plus decay:

18
9F → 18

8O + 0
1e+ + νe

The particle 0
1e+ is a positron, and νe is an electron neutrino, which 

has no charge or mass and interacts only very weakly with matter.
The half-life of the decay is 110 minutes, meaning that the number 

of 18F nuclei in a sample halves every 110 minutes. So after a few 
hours most of the 18F in a sample will have decayed (Figure 2.1). 

To produce 18F for use in PET scanning, water containing the isotope 
18O is bombarded with high-energy protons produced in a cyclotron 
particle accelerator:

18
8O + 1

1p → 18
9F + 1

0n + γ
The isotope 18O is stable and occurs naturally. 

fr
ac

ti
o

n
 o

f 
o

ri
g

in
al

 a
m

o
u

n
t

hours
0 2 4 6 8 10 12 14 16 18 20 22 24

0.2

0.4

0.6

0.8

1

0

Figure 2.1 18F decays with a half-life of 110 minutes
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Figure 1 A PET brain scan during visual activity

have been around for a while, but the technique is still evolving. 
At the moment, we mainly use the isotope 18F (Box 2). We 
need isotopes with fairly short half-lives, so that the patient 
is not irradiated for a long period. The short half-life means 
that the isotope is not found naturally, and the 18F used in PET 
scanning is made in the hospital just before it is needed. The 
isotope also needs to be non-toxic, and easily incorporated 
into compounds that can be safely injected into patients. The 
search is on for new isotopes that work even better than 18F. 

For example, there is a research programme at CERN [the 
European particle physics laboratory] dedicated to looking for 
new medical isotopes. Something exciting for Hull is that we 
will be building a cyclotron next year.

A PET scan is really good at showing how organs are 
functioning (Figure 1), but less good at showing fine detail of 
their structure. We quite often use a combination of PET and 
CT [computerised tomography] scanning to get the full picture. 
CT scanning uses X-rays to build up an image, so there is some 
risk to the patient. Work is now being done to combine PET and 
MRI, which is quite an exciting new development as MRI is less 
risky for patients than CT. 

PR Thinking back over your time since starting A-levels, is there 
anything that you would say to your younger self? Anything that you 
would do differently?

LS I would tell myself to enjoy the science more, not just to focus 
on the exams. I would not change anything though. I chose to 
go into medical physics because I wanted to use physics to help 
people, and I enjoy working in teams and communicating with 
people. 

I am the first in my family to go to university, and they were 
a bit concerned about getting into debt and whether it would 
all work out well. But I just regard the student loan repayments 
as an extra tax that you pay when you earn more than a certain 
amount, and it really doesn’t worry me. I loved doing my degree 
and PhD, and without that experience, the physics I learned and 
the skills I developed, I would not be where I am now. 
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Powers  
of 10 and 
prefixes
Using powers of 10 and prefixes simplifies the way we 
write and manipulate very large and very small numbers CERN's Large Hadron Collider 

accelerates unimaginably small 
particles at unimaginably high energies

Have a look at Table 1 to see how we can use standard form to 
simplify written work.Scientists, in particular physicists, frequently deal with 

numbers that are mind-bogglingly big or small, often 
at the same time. For example, the Large Hadron 

Collider (LHC) at CERN accelerates hadrons (particles such 
as protons) up to colossal speeds. The mass of a proton is 
0.000 000 000 000 000 000 000 000 001 67 kg. Particles travel 
around the 27 km circumference ring up to 11 000 times 
per second. This gives the particles energies in the order of 
6 500 000 000 000 eV. With some relatively simple maths, which 
we will look at, we can convert this to a unit of energy that you 
will be more familiar with. 

Writing out values such as these in this form is quite clearly 
prone to error. To read and make sense of the number, you 
have to count the zeros (and might easily miscount). It is highly 
likely that in the pressure of an exam you would accidentally 
write an incorrect number of zeros. It is also pretty likely that 
your calculator would not be able to handle this many digits. To 
solve this problem we use powers of 10, sometimes referred to 
as scientific notation or standard form.

Powers of 10
You are probably aware that the speed of light, c, is 3 × 108 m s−1. 
This can be written as 300 000 000 m s−1. As an A-level physics 
(and probably also maths) student you will quite quickly notice 
that there are eight zeros after the 3, which matches the exponent 
in the standard form version of c. What does this actually mean?

We can use powers of 10 to simplify how we write large or 
small numbers. 3 × 108 is clearly significantly quicker and easier 
to write than 300 000 000 — not to mention less prone to error. 

 mathskit

Table 1 Some powers of 10

Number 
written out 
in full

Number expressed in multiples 
of 10

Number 
written in 
standard form

100 000 000 10 × 10 × 10 × 10 × 10 × 10 × 10 × 10 108

10 000 000 10 × 10 × 10 × 10 × 10 × 10 × 10 107

1 000 000 10 × 10 × 10 × 10 × 10 × 10 106

100 000 10 × 10 × 10 × 10 × 10 105

10 000 10 × 10 × 10 × 10 104

1000 10 × 10 × 10 103

100 10 × 10 102

10 10 101

1 1 100

0.1 1
10

10−1

0.01 1
10 × 10

10−2

0.001 1
10 × 10 × 10  

10−3

0.000 000 01 1
10 × 10 × 10 × 10 × 10 × 10 × 10 × 10 

10−8
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You can see from Table 1 that there is a clear link between 
the exponent (the ‘power’) and the number of zeros for positive 
powers of 10. You will also notice that the slightly surprising 
result that 100 = 1 is simply part of the pattern: as the numbers 
go down by a factor of 10 from one row to the next (1000, 100, 
10, 1, 0.1 ...), the powers go down by 1 each time (3, 2, 1, 0, −1…). 

For negative powers of 10, it is a little more complicated. I 
find it easiest to count the number of decimal places and make 
sure the first significant (non-zero) value is in the decimal place 
that matches the exponent. For example, 0.001 = 10−3 because 
the 1 is the third decimal place. I hope you can also see how 
much simpler it is to use the values in standard form than 
written out in long-hand. 

Numbers that are not just simple powers of ten are usually 
written with a single digit before the decimal point, multiplied 
by a power of ten. For example, you could write the number 
7842 as 7.842 × 103.
1 Can you convert the two values in the opening paragraph 
to standard form? Have a go and check your answers in Box 1 
at the end of this article. 

Prefixes
When communicating values, it is sometimes even quicker 
still to use prefixes in front of units. You will do this without 
realising. You know that there are 1000 mm in a metre. Thinking 
about this in a little more depth, there are 1000 equal divisions 
in a metre — each of which is 1/1000th of a metre in length. If 
you look at Table 2, you will see that the prefix for 1/1000th is 
‘milli’ or ‘m’, hence this distance is known as a millimetre (mm).

A useful thing to note is that prefixes that are capital letters 
relate to big powers of 10 whereas lower-case prefixes relate 
to small or negative powers of 10. Also note that the prefixes 
generally go in steps of 103. The exceptions are hecto, deca, deci 
and centi; these are not ‘official’ prefixes in the SI system of 
units, but are used occasionally so I have included them.
2 Use Table 2 to express the hadron energy using prefix 
notation. Check your answer in Box 1. 

Maths with standard form
At A-level, the importance of estimation prior to calculation 
cannot be overstated. You should get into the habit of looking 
at values and thinking about what you expect the answer to be. 
If you expect an answer to be in the order of 1 million (106) 
and it is calculated at 10−6, you will be instantly suspicious of 
your answer. Without doing a quick estimation, you run the 
risk of not spotting a silly (and sadly common) error such as 
not entering a power as a negative in your calculator. Here is 
a summary of how to manipulate and combine powers of 10.

Multiplying

1000 × 100 = 100 000 
(10 × 10 × 10) × (10 × 10) = (10 × 10 × 10 × 10 × 10)
103 × 102 = 105

In general:

xa × xb = x(a + b)  (1)

and

ma × na = mna  (2)

Dividing

100 000 ÷ 100 = 1000 

(10 × 10 × 10 × 10 × 10) ÷ (10 × 10) = (10 × 10 × 10) 
105 ÷ 102 = 103

It might help to think of this being written as follows:

10 × 10 × 10 × 10 × 10
10 × 10

 = 10 × 10 × 10 × 10 × 10 × ( 1
10 × 10 )

From Table 1, you can see that bit in brackets can be rewritten 
as 10−2. Using Equation 1, this becomes:

10(5 + −2) = 103

In general:

xa ÷ xb = x(a − b)  (3)

Once you understand this rule, the result that 100 = 1 will 
appear to be quite obvious. The following example illustrates 
what I mean.

What is 1000 ÷ 1000? The answer is obviously 1.
What is 103 ÷ 103? Potentially less obvious, but it is simply 

standard form for 1000 ÷ 1000. 
In Equation 2, you can see that if (a − b) equals zero, the 

answer will be 1.

Powers

(103)2  = 1000 × 1000  
= 1 000 000  
= 106

(103)3  = 1000 × 1000 × 1000  
= 1 000 000 000  
= 109

In general:

(xa)b = x(a × b)  (4)

Table 2 Common prefixes

Power of ten Prefix Abbreviation

1015 peta P

1012 tera T

109 giga G

106 mega M

103 kilo k

102 hecto h

101 deca da

10−1 deci d

10−2 centi c

10−3 milli m

10−6 micro μ

10−9 nano n

10−12 pico p

10−15 femto f
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for them. As with all machines, the answer out is only a good as 
the information put in. If you do not enter it correctly into your 
calculator, you will not get the correct answer out.

I cannot stress the importance of brackets enough. If you are 
just starting in Y12 you will be getting used to the increasingly 
complicated calculations that your teachers are throwing your 
way. Try to get into the habit of using brackets around values 
in standard form. This way, regardless of how you enter your 
standard form value into the calculator, your calculator will 
know it is all a single value. 

Examples
Finally, here are a couple of examples using the techniques 
explained in this article. 

First, try converting the hadron energy (given at the start of 
this Mathskit) into joules, using:

1 eV = 1.60 × 10−19 J

We can write:

6.5 × 1012 eV = 6.5 × 1012 × 1.60 × 10−19 J 

Start by looking at the power of 10 to find out the sort of 
value to expect:

6.5 × 1012 × 1.60 × 10−19  = 6.5 × 1.60 × 1012 × 10−19  
= 6.5 × 1.60 × 10(12 − 19) 

= 6.5 × 1.60 × 10−7

The value of 6.5 × 1.6 will be a bit bigger than 6 × 1.5, in other 
words a bit bigger than 9, so 10 would be a good estimate. So we 
should expect a value of about 10 × 10−7, which is 10−6. 
4 Do the calculation with a calculator and check your answer 
in Box 1. 

Next try using the equation below to work out escape velocity 
v — the velocity at which something must be thrown upwards 
from the surface of a planet of mass M, radius r, to escape the 
gravitational attraction of the planet.

v =   2GM
r

For example, calculate the escape velocity of an object 
on Jupiter, where the mass of Jupiter is 1.9 × 1027 kg, the 
radius is 7.14 × 107 m and the gravitational constant (G) is 
6.67 × 10−11 N m2 kg−2. This requires the use of several values in 
standard form. 

Try to get into the habit of entering:

v =   ((2 × (6.67 × 10−11) × (1.9 × 1027)
(7.14 × 107)

)
as opposed to:

v =    2 × 6.67 × 10−11 × 1.9 × 1027

7.14 × 107

5 Have a go at doing this calculation and give your answer to 
an appropriate number of significant figures.

Roots
This was always the thing that I struggled to get my head around 
the most. To this day I remember being shown this quick 
illustration — I hope it will make sense to you too:

 10 ×   10   = 10  
= 101

Using Equation 1:

10
1
2  × 10

1
2   = 100.5 × 100.5  

= 101

So:

  10  = 10
1
2   

  x   = x
1
2       

In general:

a  x  = x
1
a   (5)

and

a  x b  = x
b
a   (6)

Equations 5 and 6 are perhaps the most tricky to think about. 
Remember that a square root has an implicit value for a that we 
tend not to write by the root sign — namely the number 2. We 
tend to only write, for example, a 3 (for a cube root) for larger 
values. I cannot think of many times when you might come 
across roots other than a basic square root.
3 What is the standard form equivalent of   16? See Box 1 for 
the answer.

Units
You will be aware that the units for speed or velocity are m/s, and 
will have started to see this written, using standard notation, as 
m s−1. Remember that s−1 is equivalent to 1/s. So we can see that 
m s−1 is the same as m/s. Equally, acceleration is m/s2. This can 
be rewritten as m s−2 for the same reasons. 

It is often easier to write complex units using standard 
notation — just look at the units for the gravitational constant 
(G = 6.67 × 10−11 N m2 kg−2), for example.

Using a calculator
A common issue with standard form is the use of a calculator. 
Students often rely on a calculator to do all of the BODMAS stuff 

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

Box 1 Answers to questions in the article

1 6 500 000 000 000 eV = 6.5 × 1012 eV

 0.000 000 000 000 000 000 000 000 001 67 kg = 1.67 × 10−27 kg

2 6 500 000 000 000 eV = 6.5 TeV 

3    16 = 16½

4 6.5 × 1012 × 1.60 × 10−19 J = 1.0 × 10−6 J

5 v = 6.0 × 104 m s−1
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Mystery: a ‘hidden’ magnetic 
property

Diamagnetism (8 Down)
You have probably played with magnets and been fascinated by 
the forces of attraction and repulsion they exhibit. The magnetic 
elements we commonly use are iron, cobalt and nickel (and, if 
you had some below 20°C, gadolinium). Other materials, such 
as steel and some modern alloys, also show strong magnetic 
properties. All these materials, which are strongly attracted to 
external magnetic fields, are known as ferromagnetic materials 
(Latin ferrum means ‘iron’). 

It appears, from simple observation, that other materials 
are unaffected by magnetic fields, but that is not the case. All 
materials have some magnetic properties, but their magnetism 
is generally a thousand to a million times weaker than that 
of iron.

The strange thing about these weakly magnetic materials 
is that some are attracted towards external fields while others 
are repelled by them. Those materials that are weakly attracted 
are called paramagnetic (e.g. aluminium), while those that 
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Mystery and magic
Solution and notes
The ‘mystery’ in these notes refers to diamagnetism — a subtle magnetic property of materials. 
The ‘magic’ refers to Pepper’s ghost — a theatrical illusion that uses simple optics. The final section 
looks back to a time before modern science, to a great thinker — Alcuin — and to alchemy — a 
subject sometimes dismissed as mystery and magic, but that actually paved the way for modern 
chemistry and physics

A demonstration of 
room-temperature 
diamagnetic levitation
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are repelled (also weakly) are called diamagnetic. One of the 
elements that exhibits diamagnetism with more effect than 
most is bismuth.

How can we explain magnetism? The simplest model of the 
atom is a central, positively charged nucleus surrounded by a 
cloud of moving, negatively charged electrons. This classical 
physics analogy to a solar system is an over-simplification — 
you are probably well aware, for example, that the electrons 
can only have certain energies and that the transition between 
energy levels accounts for line spectra.

There are many quantum mechanical phenomena, such as 
electron spin, and the limit to the number of electrons that 
can occupy a given energy level, which cannot be understood 
using classical physics. It is these subtle quantum effects that 
give rise to the types of magnetic property. When we say that 
the electrons in an iron atom, for example, all move around in 
one plane and so look like a current-loop, and therefore produce 
a strong magnetic field like that of a coil of wire carrying a 
current, we are grossly oversimplifying things. This does not 
mean that we should not try to understand physical phenomena 
using simplistic models, but we should be prepared to change 
our understanding as we become more sophisticated in our 
study of physics. 

We can use the following highly oversimplified classical 
model to get an initial feel for why materials are diamagnetic. 
The spins and motions of the electrons in an atom can cancel out 
any magnetic fields produced within the atom. However, in an 
external magnetic field each electron, which is acting as a small 

current, is subject to a force and its motion is changed. By Lenz’s 
law the change is such as to oppose the change producing it 
(this is a consequence of the conservation of energy), so a small 
magnetic field is produced by those electrons and the atom/
material repels the external field as strongly as it can. This is true 
of all atoms/materials, but the diamagnetic properties are so 
small that they are masked by stronger effects and forces. Notice 
that this simple explanation would suggest that diamagnetism 
is not affected by temperature…and it isn’t. Paramagnetism, 
on the other hand, is temperature dependent, being stronger at 
lower temperatures.

For a more detailed discussion of magnetism, Volume 2 of 
The Feynman Lectures on Physics is highly recommended (see 
References and further reading).

Magic: a theatrical illusion

Image (6 Down) and Pepper’s ghost (4 Down)

When it is dark outside, open the curtains on a window and put 
the lights on in the room. You will be able to see your image 
in the glass. But if it is light outside and dark inside then you 
will not see your reflection — people outside will not be able 
to see into the room, i.e. relative illumination or light intensity 
is necessary.

This idea is the basis of Pepper’s ghost — a theatrical illusion 
that allowed the audience to think they were seeing a ghostly 
figure on stage that could apparently move through solid 

Artist's depiction of Pepper's ghost illusion
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objects, including other actors. It drew gasps of wonderment 
and rapturous applause from the audience because nothing like 
it had been seen before.

The idea behind Pepper’s ghost can be traced back to around 
1558 in a work on ‘natural magic’ by the an Italian scientist, 
Giambattista della Porta. His book was translated into English 
in 1658 and Henry Dircks, an engineer born in Liverpool in 
1806, knew of the work. He developed the idea in 1858, but 
theatre owners were not interested because they would have had 
to redesign their theatres radically.

vertical glass audience on balcony

A1
A1'

A2

stage

Key
A1  = actor acting as a ghost and cannot be seen 
         by the audience
A1' = ‘ghost’, i.e. image of A1

A2  = actor interacting with ‘ghost’

Figure 1 Dircks’s original design viewed from the side. The 
audience is on a balcony above the front part of the stage

A1

A1' A2

stage

inclined glass

audience

A1 must be 
supported 
at an angle

Figure 2 Pepper’s modification, also viewed from the side

lit stage

audience

ghost glass

Figure 3 Another modification, viewed from above. Here, the 
‘ghost’ is at the side of the stage

In 1862 John Henry Pepper (1821–1900) was giving popular 
science lectures in London and realised that a small change 
could make it work in existing theatre buildings. Pepper paid 
Dircks £500 for the rights and was the first to demonstrate a 
‘ghost’ to the public. The effect now bears his name.

Figure 1 shows Dircks’s original idea and Figure 2 shows 
Pepper’s modified design. Figure 3 shows another modification, 
which is sometimes used in theatres nowadays.

Interested readers will enjoy Jim Steinmeyer’s history of 
theatrical magic, Hiding the Elephant, and the video of Disney’s 
Haunted Mansion Ballroom (see References and further reading).

Medieval science and thought

Alcuin (11 Down)

Alcuin of York (c. 735–804) was educated at the cathedral school 
in York and rose to become its head in 778. York is nowadays 
a superb academic centre of many disciplines but in those days 
was particularly known for its religious learning, and Alcuin 
was one of its brightest Latin scholars. He particularly impressed 
the Emperor Charlemagne and was head-hunted by him for the 
Palace School in Aachen. While there, his achievements included 
the revision of the liturgy and the Latin Vulgate Bible, and he 
wrote several influential works on religion and education.

Alcuin is included in these notes for three reasons. First, 
he developed a condensed way of writing, called Carolingian 
minuscule, that allowed as much to be written on a piece of 
expensive parchment as possible and still be legible (this led to 
the lower-case letters that we still use). Incidentally, the anagram 
‘uncial’ is the name of a form of writing in Greek and Latin 
manuscripts of the third–ninth centuries. 

Secondly, under Alcuin’s intellectual influence, there was 
what Isaac Asimov calls ‘a brief graying of the [early Middle 
Ages] darkness’. In Alcuin’s time most thinking, but especially 
scientific knowledge and process, was in a very poor, embryonic 
state, but Alcuin encouraged a mini-renaissance, sadly short 
lived. For this reason Asimov includes him in his Excellent 
Biographical encyclopaedia (see References and further reading).

And thirdly, the intellectual and administrative power behind 
Physics Review is based in Alcuin College at the University of 
York. 

Alchemy (27 Across)
Alchemy has a long history, dating back at least 3000 years, and 
was practised in ancient Greece, Egypt and Asia. It flourished in 
Britain and western Europe from the twelfth century until well 
into the seventeenth century. 

Nowadays, alchemy is sometimes regarded as magical and 
mysterious, and has a bad reputation as pseudo-science, but this 
has not always been the case. Isaac Newton himself (1642–1727) 
studied the subject, performed alchemical experiments and, 
upon his death, was found to have an extensive personal library 
of alchemical works as well as a vast collection of his own notes 
on the subject.

At its purest, alchemy was essentially based on the ideas of 
change or transmutation, and a belief that natural processes 
were not only evidence of the will of the Creator but that 
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The Feynman Lectures on Physics can be read online: 
www.feynmanlectures.caltech.edu

A history of theatrical magic: 
Steinmeyer, J. (2005) Hiding the Elephant: How Magicians Invented 
the Impossible, Arrow books. 

Disney’s Haunted Mansion Ballroom:  
https://tinyurl.com/n5kq9ws

For more on our great scientists: 
Asimov, I. (1976) Biographical Encyclopaedia of Science and 
Technology, Avon Books.

More on alchemy, but also some interesting and critical historical 
accounts of astrology, phrenology, spiritualism etc.: 
Leahy, T. H. and Leahy, G. E. (1983) Psychology’s Occult Doubles, 
Nelson-Hall.

A superb biography of Newton, and one of the clearest descriptions 
of alchemical belief: 
White, M. (1998) Isaac Newton: The Last Sorcerer, Fourth Estate. 

A biography of Paracelsus (1493–1541), who was reputed to own a 
sample of the elixir of life: 
Ball, P. (2006) The Devil’s Doctor, Heinemann. 

References and further reading 

Peter Wade-Wright is a former physics teacher.

the study of alchemy would lead to an understanding of the 
relationship that humans have with the universe. The origins of 
ideas of change are usually attributed to the ancient Greeks and 
their four ‘elements’: earth, air, fire and water. Later a fifth was 
added — the aether. (See Physics Review Vol. 25, No. 3, p. 33 for 
the association of these elements with the five Platonic solids.) 
The belief was that different substances contained different 
amounts of these elements and that by changing the relative 
proportions one substance could be transformed into another.

These ideas about change were then given a confusing twist 
by the inclusion of Arab metallurgists’ beliefs, based on changes 
they made to those of the Greeks, that all metals were made 
of just two basic materials (sulfur and mercury) in varying 
proportions, and the Chinese belief that immortality could be 

achieved by means of a magical liquid known as ‘drinkable gold’. 
There were other names for it, but the word ‘elixir’ was used by 
Europeans who learned of it — hence ‘the elixir of life’. This mix 
of ideas, and a particularly European obsession with turning 
base materials into gold, led to a search for what was called 
‘the philosopher’s stone’, believed to be able to achieve that 
particular transmutation without the need for lengthy, involved, 
smelly, dangerous and particularly unsuccessful experiments. 
One of the reasons often given by those alchemists who claimed 
to have been successful in their own experiments, for the failure 
of others who tried to follow their written instructions, was that 
these new students were not ‘perfected’ enough themselves.

This dependence on the experimenter has been likened to 
the modern quantum mechanical view that an observer is part 
of the experiment, i.e. the act of observation of a quantum state 
makes it flip to one of the permitted values (they are called 
eigenstates and have measured values called eigenvalues). The 
two ideas are totally different in that the spiritual and moral 
characteristics of the observer are not an issue in modern 
science, except perhaps in the use to which scientific advances 
are put.

Newton was interested in alchemy because it offered the 
promise of supplying a unification of the principles that governed 
the universe, and any such area of study was therefore deemed 
important. It is also why he was so interested in religion, writing 
more on biblical matters than he ever did on scientific ones. We 
should not condemn him for this approach — he was a product 
of his time and it is easy, but wrong, to only view history with 
our twenty-first century eyes. It is claimed that he worked on 
alchemy in the belief that others were following the same lines of 
research. For this reason he compiled his Index Chemicus, which 
not only listed chemical names for substances and processes, 
but also the synonyms (such as ‘elixir’ and ‘philosopher’s stone’) 
and the poetical, if confusingly allegorical, descriptions. As an 
example of the alchemical genre, Newton himself wrote this 
(see References and further reading):

May 18. I perfected the ideal solution…two equal salts carry up 
Saturn. Then he carries up the stone and joins with malleable 
Jupiter…and that in such proportion that Jupiter grasps the 
sceptre. Then the eagle carries Jupiter up…

This is not all he wrote on 18 May, but it gives a flavour and 
is certainly the way alchemical notes and ‘recipes’ were always 
written, no matter by whom, and usually in an attempt to 
appear exclusive and knowledgeable, and to mask the writer’s 
lack of success in producing gold.

Alchemy still holds a fascination for some and, on a practical 
note, as late as 1836, the Austrian Government granted money 
to Joseph Anton Rotli to make gold by combining other metals. 
Alchemical fraudsters in earlier times were often executed…I 
wonder what Rotli’s fate was.

This has necessarily been a short and incomplete survey of 
alchemy. See References and further reading for some excellent 
books on the subject.

A seventeenth century painting titled 
'An alchemist in his laboratory'
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