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Since the first extrasolar planet (exoplanet) was discovered 
back in 1995 astronomers have refined the techniques used 
to detect these objects and pushed technology further in 

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

Postcard  
from Proxima

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

Jonathan Allday

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

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

Exam links 

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

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

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

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

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

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

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

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

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

Box 1 Terminology

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Jonathan Allday teaches physics at Woodhouse Grove School.

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

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

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

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

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

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

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

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

https://breakthroughinitiatives.org

With physicist Stephen Hawking and Mark Zuckerberg, 
founder and CEO of Facebook, on the board, the Breakthrough 
Initiatives need to be taken seriously. Considerable engineering 
challenges need to be met first, but who would bet against 
the first postcard from Proxima being delivered by solar sail 
sometime in 2086?
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International d’Unités). There are seven SI base units, and the size 
of any quantity can be expressed using some combination of 
these base units. 

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

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

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

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

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

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

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

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

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

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

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

 mathskit

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

Table 1 SI base units

Unit name* Unit symbol Quantity

ampere A Electric current

candela cd Luminous intensity

kelvin K Temperature

kilogram kg Mass

metre m Length

mole mol Amount of substance

second s Time

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

How can the newton be expressed in SI base units? 

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

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

F = ma (1)

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

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

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

Acceleration is the rate of change of velocity:

a = 
v − u

t
 (3)

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

unit of acceleration = 
unit of velocity

unit of time
 (4)

And so we can write:

unit of acceleration = 
m s−1

s
 = m s−2 (5)

We can now rewrite Equation 2 using SI base units:

N = kg × m s−2 = kg m s−2 (6)

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

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

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

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

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

c = 
ΔQ

mΔT
 (7)

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

ΔQ = mcΔT (7a)

Or, if you want to calculate the temperature change:

ΔT = 
mc
ΔQ

 (7b)

Here is another example:

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

σ = 5.67 × 10−8 W m−2 K−4

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

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

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

As a final challenge:

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

Table 2 SI derived units used in physics

Unit name Unit symbol Quantity

hertz Hz Frequency

newton N Force

pascal Pa Pressure, stress

joule J Energy, work

watt W Power

coulomb C Charge

volt V Potential difference, emf

farad F Capacitance

ohm R Electrical resistance

siemens S Electrical conductance

weber Wb Magnetic flux

tesla T Magnetic flux density

henry H Inductance

degree celsius °C Temperature

lumen lm Luminous flux

lux lx Illuminance

becquerel Bq Activity (of radioactive source)

gray Gy Radiation dose

sievert Sv Radiation dose
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Box 3 The ohm

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

R = 
V
I

 (3.1)

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

Ω = 
V
A

 (3.2)

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

V = 
W
Q

 (3.3)

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

V = 
J
C

  (3.4)

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

J = kg m2 s−2 (Equation 1.4)

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

Q = It (3.5)

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

C = A s  (3.6)

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

V = 
J
C

 

= 
kg m2 s−2

A s
 

= kg m2 s−3 A−1 (3.7)

And finally, substituting Equation 3.7 into Equation 3.2:

Ω = 
V
A

 = 
kg m2 s−3 A−1

A s
 

 = kg m2 s−3A−2 (3.8)

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

P = I2R  (3.9)

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

R = P
I2

So:

Ω  = 
kg m2 s−3

A2

= kg m2 s−3A−2

as before.

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

Box 2 Power radiated by a hot object

Look at the units of the Stefan-Boltzmann constant:

σ = 5.67 × 10−8 W m−2 K−4

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

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

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

So we can write:

units of σ = 
units of power

units of area × units of temperature4  

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

σ = 
P

AT4
  (2.1)

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

P = σAT 4 (2.2)

Box 1 The pascal, joule and watt

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

p = 
F
A

 (1.1)

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

unit of pressure = 
unit of force
unit of area

Pa = 
kg m s−2

m2

= kg m−1 s−2 (1.2)

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

W = Fx (1.3)

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

unit of work = unit of force × unit of distance

J  = kg m s−2 × m 
= kg m2 s−2 (1.4)

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

P = 
E
t

 (1.5)

So we can refer to Equation 1.4 and write:

unit of power = 
unit of energy
unit of time

 

W = 
J
s

 

= 
kg m2 s−2

s
= kg m2 s−3 (1.6)
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