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Week 1: Into the atom
Introduction

Week 1: Into the atom
Introduction
Welcome to this free course, The science of nuclear energy.
In the following video, course authors Sam Smidt and Gemma Warriner introduce
themselves and do some experiments with a Geiger counter to show radioactivity.
Video content is not available in this format.
In Week 1 you’ll learn about the science behind nuclear energy. This learning will set you
up for the rest of the course as you consider nuclear energy in context.
Before you start, The Open University would really appreciate a few minutes of your time
to tell us about yourself and your expectations of the course. Your input will help to further
improve the online learning experience. If you’d like to help, and if you haven’t done so
already, please fill in this optional survey.

1.1 The structure of atoms

Figure 1 A layer of gold atoms on the surface of a crystal obtained by scanning tunnelling
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microscopy.
To gain a good understanding of the processes behind nuclear energy and radioactivity,
you’ll need first to consider the atom.

What are atoms?
If you look around you all the matter in the world is made up of very tiny building blocks
called atoms.
Atoms are very small. The diameter of an average atom is a ten-billionth of a metre (or 1010
m if you are familiar with scientific notation). This means that 10 million atoms would fit
between a millimetre division on a ruler. It is only recently that technology has progressed
enough to enable us to see atoms. Figure 1 was produced with a type of microscope that
enables us to distinguish individual gold atoms.
Different types of atoms combine in a number of ways to form the varying substances of
matter. You might think there would need to be a huge number of different sorts of atoms
to account for all the substances that exist and that can be made, but in fact there are just
118 different types of atom that have been observed. These are known as the chemical
elements and of those 118, only about 90 occur naturally. Each element is represented by
a chemical symbol, consisting of one or two letters, for example, H is for hydrogen and He
is helium. An element important in Week 2 is uranium (U).

What is inside an atom?

Figure 2 The inside of an atom.
At the centre of an atom is a nucleus. If the atom was the size of a football stadium the
nucleus would be the size of an orange at the centre! The diameter of a nucleus is about
one ten-thousandth of that of an atom (or 10-14m). Pretty much all the matter in each atom
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is concentrated in this tiny volume and so nuclei are super dense and packed with energy.
In this course we will be concerned with nuclei (NB nuclei is the plural of nucleus) and the
release of this energy.
The nucleus itself is made up of smaller particles called protons and neutrons. These
have similar (and very tiny) masses. The proton is positively charged and the neutron is
neutral giving an overall positive charge to the nucleus. Protons and neutrons can be
referred to collectively as nucleons.
The rest of the atom is taken up with the orbital electrons. These are much lighter than the
proton or the neutron and are negatively charged, balancing out the positive charge of the
nucleus.

What is an element?
Much of the matter around you is made up of compounds. Compounds are made up of
molecules where there are two or more different atoms bonded together. Elements are
made up of just one type of atom. You may be familiar with the periodic table which gives
the full list of elements.
The number of protons in the nucleus of an atom is known as its atomic number and given
the symbol Z. It is this number that determines the chemical element. Elements are
defined by their chemistry, and chemistry is all about the interactions of the electrons of
the atom, not the nuclei. The number of electrons in a neutral atom is always the same as
the number of protons in its nucleus.
You may be wondering what role neutrons play and you’ll find that out in the next section.

1.1.1 Isotopes
So, the properties of a given element are determined by the number of electrons and
protons within its atoms.
The number of protons determines what the element is. For example, all atoms of carbon
have six protons, and any atom containing six protons must be carbon.

What role do the neutrons play?
An element can have different forms wherein the atoms have the same number of protons
but a different number of neutrons. These different forms are called isotopes. The number
of neutrons in an atom can be worked out from the mass number given the symbol A. The
mass number is equal to the number of protons in a nucleus plus the number of neutrons.
So:
Mass number = number of neutrons + number of protons
A = number of neutrons + Z
Number of neutrons = A−Z
The number of neutrons in an isotope can be found from the difference between the mass
number and the atomic number.
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As a shorthand, isotopes of each element may be represented by using the following
notation . X is the symbol for the element itself and two numbers are used to indicate the
atomic number (lower number, Z) and mass number (upper number, A).
So, a normal hydrogen atom is represented as and an atom of a heavier isotope,
deuterium, as . Isotopes of some other light atoms are shown in Figure 3.

Figure 3 A schematic diagram of the nuclei of some isotopes.
An alternative notation is to use the name of the element followed by a hyphen and then
the mass number. For example, helium would usually be denoted by helium-4, but the
lighter isotope referred to above would be given as helium-3. These can also be
abbreviated to just the chemical symbol and mass number, for example, He-4 and He-3.
In the next section, you will discover more about isotopes.

1.1.2 Common isotopes
Table 1 shows some of the isotopes of the eight lightest elements. Isotopes of the same
element have the same atomic number but a different mass number.

Table 1 Common isotopes
Atomic number Z Mass number A Isotope name
1

1

hydrogen

1

2

deuterium

2

3

helium-3

2

4

helium-4

3

7

lithium-7

4

7

beryllium-7 (unstable)
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4

8

beryllium-8 (unstable)

4

9

beryllium-9

5

11

boron-11

6

12

carbon-12

6

13

carbon-13

6

14

carbon-14 (unstable)

7

14

nitrogen-14

8

16

oxygen-16

Only the isotopes of hydrogen have their own names. All the H isotopes have one proton
but hydrogen has no neutrons, deuterium has one neutron and tritium has two neutrons.
It is worth mentioning that protons and neutrons do themselves have an internal structure
and are comprised of even smaller particles, known as quarks.
You will have noticed that some isotopes in the table are labelled unstable. You’ll find out
the reason for this later this week. Next, take a short quiz about what you’ve learned
so far.

1.1.3 Structure of atoms
Test what you’ve learned about atoms so far in this short quiz.

Activity 1
Which of the following sentences describes a proton?
¡

This particle has no charge and exists in the nucleus

This describes a neutron not a proton. Consider the nature of the other particles in the
nucleus.
¡

This particle has a positive charge and exists in the nucleus

Yes! The proton is positively charged. The nucleus is made up of positively charged
protons and neutral neutrons.
¡

This particle is in orbit around the nucleus

Electrons are in orbit around the nucleus, not protons. Consider the nature of the other
particles in the nucleus.
¡

This particle has a negative charge

Protons are not negatively charged. Consider the nature of the other particles in the
nucleus.
Use Table 2 to work out which of the following particles make up an atom of carbon-13.

Table 2
Atomic number Z Mass number A Isotope name

Isotope symbol

1

1

hydrogen

H

1

2

deuterium

H

2

3

helium-3

He
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2

4

helium-4

He

3

7

lithium-7

Li

4

7

beryllium-7 (unstable) Be

4

8

beryllium-8 (unstable) Be

4

9

beryllium-9

Be

5

11

boron-11

B

6

12

carbon-12

C

6

13

carbon-13

C

6

14

carbon-14 (unstable)

C

7

14

nitrogen-14

N

8

16

oxygen-16

O

¡

6 electrons, 6 protons, 6 neutrons

The number of protons and neutrons has to add up to 13 in carbon-13.
Take a look at Isotopes.
¡

6 electrons, 7 protons, 6 neutrons

The number of protons has to equal the number of electrons.
Take a look at Isotopes.
¡

6 electrons, 6 protons, 7 neutrons

Well done! The number of protons and neutrons add up to 13 to make carbon-13.
Take a look at Isotopes.
¡

7 electrons, 7 protons, 6 neutrons

Carbon has atomic number = 6. This is equal to the number of protons.
Take a look at Isotopes.
Using Table 3, what is the difference between an atom of beryllium-8 and beryllium-9?

Table 3
Atomic number Z Mass number A Isotope name

Isotope symbol

1

1

hydrogen

H

1

2

deuterium

H

2

3

helium-3

He

2

4

helium-4

He

3

7

lithium-7

Li

4

7

beryllium-7 (unstable) Be

4

8

beryllium-8 (unstable) Be

4

9

beryllium-9

Be

5

11

boron-11

B

6

12

carbon-12

C

6

13

carbon-13

C

6

14

carbon-14 (unstable)

C

7

14

nitrogen-14

N
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8
¡

16

oxygen-16

O

They are different isotopes of beryllium

Yes, the different numbers indicate they are different isotopes of beryllium.
Take a look at Isotopes.
¡

They have different numbers of protons

All atoms of beryllium have the same number of protons in their nuclei. Think about
what it is that the different numbers tell us.
Take a look at Isotopes.
¡

They have the same number of neutrons

The different numbers (8 and 9) indicate differing numbers of neutrons. Think about
what it is that the different numbers tell us.
Take a look at Isotopes.
¡

They have different atomic numbers

All atoms of beryllium have the same atomic number in their nuclei. Think about what it
is that the different numbers represent.
Take a look at Isotopes.

1.1.4 The nature of the nucleus
You have now learned about the particles that make up atoms, protons, neutrons and
electrons.
These are collectively termed subatomic particles and are summarised in Table 4.

Table 4 The constituents of atoms: subatomic particles

Electron

Electric
charge

Notes

−1 unit

In a neutral atom, number of electrons = number of protons

Nucleons

Mass number = number of nucleons

Proton

+1 unit

Atomic number = total number of protons

Neutron

0

Isotopes of the same elements have different numbers of neutrons

In the next sections you will find out how the nature of the nucleus and the nucleons within
lead to radioactivity and the fission reactions that power nuclear reactors.

11 of 53

Friday 20 December 2019

Week 1: Into the atom
1.2 Radioactive atoms

1.2 Radioactive atoms

Figure 4 A schematic diagram of the nucleus of the carbon-12 isotope.
What does it mean for an atom to be radioactive? What forces are at play within the
nucleus?

Forces within the nucleus
Consider a nucleus of carbon-12 shown in Figure 4. It contains six positive protons and
six neutral neutrons, crammed into an extremely small volume.
You may already know that like charges repel, this is an aspect of the electromagnetic force. Therefore, you would imagine that the positively charged protons would
mutually repel each other and the nucleus would fly apart! The fact that nuclei hold
together suggests the presence of another force within the nucleus that pulls the nucleons
together. The force in question is the strong force. It is beyond the scope of this course to
give a full explanation of the strong force, but the key idea for us is that it pulls nucleons
together within the nucleus.
So, to summarise:
●

There is a repulsive electromagnetic force within the nucleus that acts between
protons.

●

There is an attractive strong force within the nucleus that acts between both protons
and neutrons.

Neutrons are necessary to hold the nucleus together. In Table 5, notice that as nuclei get
bigger the ratio of neutrons to protons increases – the uranium nucleus needs significantly
more neutrons than protons to hold together.
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Table 5 The number of protons and neutrons
within isotopes
Element

Isotope

Number of
protons

Number of
neutrons

carbon

6

6

calcium

20

20

zinc

30

35

iodine

53

74

uranium

92

146

Stability and instability
We can now visualise the nucleus as an energetic and dynamic environment; densely
packed with two opposing forces acting on the particles within it.
Within many nuclei, the two forces reach an equilibrium. Such nuclei are able to hold
together and are said to be stable. In other nuclei the interaction between the forces can
make the nuclei unstable. To gain stability, the unstable nucleus will emit particles and
energy, and such nuclei are called radioactive. When it emits a particle, the nucleus is said
to decay.
Most elements within the periodic table have both stable and radioactive isotopes. For
example, carbon-12 is stable while carbon-14 is radioactive. The stable form of each
element tends to be the form that is most abundant. It is possible to quantify how
radioactive an isotope is by how many particles are emitted in a given time – you will
examine this later in the course when you’ll consider half-life.
The emitted particles have enough energy to detach electrons from atoms or molecules
that they interact with. This turns the neutral atoms or molecules into charged ions and
hence the emitted particles are sometimes called ionising radiation.
Radioactivity and nuclear energy are not the same thing but they are linked – if it were
possible to somehow get the energy without having to worry about the radioactivity,
nuclear energy would be a lot less problematic! But the radioactive particles that are
emitted mean that there are all sorts of problems associated with generating nuclear
energy.
Radioactivity isn’t new – it has been around longer than humans and has always been
part of the environment. In fact, it is radioactive decay that provides the majority of the
Earth’s internal heat that causes volcanoes to erupt and drives plate tectonics.
Radioactive materials are all around you!
Watch the video in the next section for some background to the discovery of radioactivity.

1.2.1 Radioactivity
Now watch the following video.
Video content is not available in this format.
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Radioactivity was discovered in 1896 by Henri Becquerel who noticed that the radiation
from uranium salts had similar characteristics to X-rays that had been discovered the
previous year by Wilhelm Röntgen. The uranium salts emitted particles that reacted with
photographic plates.
Over the following 20 years, Marie and Pierre Curie, Ernest Rutherford, and many others
worked on identifying the different emissions called initially ‘uranic rays’. Marie Curie was
working with a uranium ore called pitchblende, and managed to isolate two new elements
within the pitchblende – polonium and radium. This was no mean feat as within a tonne of
pitchblende there was less than a gramme of these new, highly radioactive elements.
It was discovered that radioactive materials emit particles of three distinct types and that
these had differing masses and charges. These three types of emission were called
alpha, beta and gamma particles.
You’ll look at these particles in the next section.

1.2.2 Alpha, beta and gamma radiation
The imbalance of forces within unstable nuclei leads to the emission of particles.
Here you’ll find out about three types of particle that can be emitted; α, β and γ
or alpha, beta and gamma particles. Collectively they are often referred to as radiation
from a radioactive substance.

Alpha particles
Alpha particles are the largest of the emitted particles and are positively charged. They
are composed of two protons and two neutrons that are bonded together, which is the
same as a helium-4 nucleus. This makes them the most massive of the types of
radioactive emission.
The nucleus therefore loses two protons and becomes a different element!
For example, if emits an α particle it will become ; uranium has transformed into thorium.
Alpha particles are easier to stop than other forms of radiation because they are bigger
than the other forms and because they have a double positive charge (remember that a
proton has a single positive charge). They can be stopped by a sheet of paper or by
clothing. This is important because they cause a lot of damage if they interact with
biological tissue. Even when they are travelling in air, their positive charge means that
they attract electrons and quickly become nothing more than harmless helium.

Beta particles
Beta particles are negatively charged and turned out to be an electron ejected from a
nucleus. They have a much lower mass than alpha particles. In neutral atoms, electrons
exist outside the nucleus, and have a negative charge equal and opposite in magnitude to
the positive charge on a proton.
In β-decay, a neutron inside a nucleus changes into a proton and emits an electron, that is
the β-particle (another particle called an antineutrino is also emitted but it has no charge
and almost no mass, and can be ignored in the present context).
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In this case the initial nucleus has gained a proton and so again a new element may be
formed. Note that the mass number doesn’t change as the number of nucleons is the
same. The number of neutrons has reduced by one, and the number of protons has
increased by one.
For example, if emits a β particle it will become ; caesium has transformed into barium.
A β-particle has more kinetic energy than a normal electron and carries a single negative
charge. It’s harder to stop than an α-particle and can get through paper or clothing but is
stopped by denser materials such as water or aluminium. Once they are stopped, the βparticles simply become part of the material they are in, like any other electron.

Gamma particles
Gamma rays are high-energy electromagnetic radiation emitted by radioactive elements.
They possess energy but no mass. The electromagnetic spectrum, shown in Figure 5, is
the range of all possible energies of electromagnetic radiation. A photon can be defined
as the basic unit, or elementary particle, of electromagnetic radiation. Like visible light, a
γ-ray is just energy but a γ-photon has more energy than a photon of visible light or even
of X-rays.

Figure 5 The electromagnetic spectrum (the energy scale is given in two units; both the
electronvolt (eV) and the joule (J) are explained later).
Unlike α or β radiation, loss of a γ particle does not change the composition of the
nucleus, although it does lose energy. Gamma emission usually occurs together with α- or
β-emission and it is rare to get gamma rays emitted on their own.
Because they have no mass or charge and high energy, γ-rays are more difficult to stop
than β- or α-particles and it takes dense materials such as lead, or concrete, to absorb
their energy and stop them. This is an issue you’ll consider in Week 2 when you’ll hear
about the storage of radioactive waste.
All three types of radiation can damage human cells and this damage can lead to cancers
developing in the area affected. All three types of radiation can be detected by a Geiger
counter.
Next, you will find out where radiation is found.
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1.2.3 Doses of radiation
Radioactive materials are all around you. They are in the air that you breathe and the food
that you eat. They are in the materials with which we build our houses and the rocks in the
ground.
You are radioactive yourself! Radioactive carbon-14 is decaying within you, as is
potassium-40.
This means that we are subject to a constant bombardment of alpha, beta and gamma
particles. This is called background radiation. There is no avoiding background radiation
and we have evolved within it. The amount of background radiation that we experience is
generally so low that it is highly unlikely to do us any harm.
The amount of background radiation at a given place is called the background count. This
is due, mainly, to the radioactive elements in the sources. The amount of radiation you
experience is called the dose of radiation and is based on both the radiation present and
on you and the tissue (bones, organs) involved; the unit is the mSv (milliSievert). The
average annual dose from background radiation in the UK is 2.7mSv.
If the radiation locally is raised above the background count then you may receive a
bigger dose. For instance, some medical procedures involve the use of radiation and
flying increases your exposure to cosmic rays. Cosmic rays are composed of radiation
from the Sun and other stars.
In the activity below, you’ll find eight activities that would expose you to radiation. Decide
which you think would give you the highest annual dose of radiation and sort the items
from highest to lowest by dragging the names up and down the list. The computer will tell
you when you’ve got it right, and will offer you help after you’ve made a certain number of
moves.
Interactive content is not available in this format.
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1.2.4 Precise doses of radiation

Figure 6
How did you get on with the ordering activity in the previous section? Were you surprised
with the results?
The measures were:
●

smoking every day (13mSv)

●

one chest CT scan (12mSv)

●

cooking with natural gas (10mSv)

●

living in Cornwall (7.8mSv)

●

working for an airline (3 to 9mSv)

●

working in nuclear power (0.18mSv)

●

eating a banana a day (0.036mSv)

●

one dental X-ray (0.014mSv).

In the next section, discover uses for radioactivity.

1.2.5 Some uses of radioactivity
The radioactive nature of some isotopes and the emission of particles can be put to
good use.
Four examples are given below but there are many more applications. You will be shown
more in the activity at the end of the week – Isotope trumps!
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Figure 7

Americium-241
Americium-241 is used in smoke detectors. It is an alpha emitter and the alpha particles
ionise the air molecules in a chamber open to the air, so that the air molecules now carry a
charge. The charged ions allow a tiny current to flow. If smoke particles enter the chamber
this current is disrupted and an alarm sounds.
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Carbon-14

Figure 8
Carbon exists in the organic molecules that make up the cells of living organisms and
some of this carbon will be radioactive carbon-14, a beta emitter.
Plants can fix carbon from the air so that the amount of carbon-14 in living organisms is
roughly constant throughout their lifetime and reflects the amount of C-14 in the
atmosphere at the time. Once an organism dies, the C-14 will start to decay – the rate of
this decay is known.
If you measure the amount of C-14 in a sample today it is possible to trace back and work
out how old the sample is. This has been very useful in archaeology and palaeontology.
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Iodine-131

Figure 9
Iodine-131 emits beta and gamma radiation and can be used to treat thyroid problems,
such as thyroid cancer or an overactive thyroid, where treatment requires destruction of
some of the cells within the thyroid.
When a capsule of I-131 is swallowed, it is absorbed into the bloodstream before
concentrating in the thyroid gland. The radiation from the I-131 will destroy the cells locally
– which, in this case, is the desired effect.
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Technetium-99

Figure 10
If technetium-99 is introduced into the body it can be used as a tracer. For example, it can
show the blood flow through the heart or the brain. The Tc-99 will flow with the blood and
emit gamma radiation that can be detected and imaged. This can build up a picture of how
the blood is flowing and into what areas. The Tc-99 decays at a good rate for this use and
only lasts in the body for a day, with a very low risk of damage.
Tc-99 is produced from the decay of molybdenum-99. In turn, this Mo-99 is usually
created commercially by fission of uranium in nuclear reactors. It is a fission product, and
these are discussed in the next section.

1.2.6 Myths of radiation
Watch the following video.
Video content is not available in this format.
Radium was discovered by Marie and Pierre Curie at the end of the nineteenth century
and was one of the first radioactive elements to be identified.
While scientists endeavoured to understand the nature of radioactivity, some were quick
to capitalise on its perceived properties. Radium was a brand new element unlike any that
had been seen before and seemed to have near magical properties.
Many of these inventions seem bizarre to us today! We have come a long way in our
understanding but misconceptions still swirl around radioactivity nowadays.
You’ll have a chance to consider the public perception of radioactivity in the next section.
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1.2.7 Ideas about radioactivity

Figure 11
Many bold claims were made in the video about the health benefits of contact with
radioactive materials.
In the intervening years the scientific community has learned much about radioactivity, but
not all of these ideas are well understood by the wider community.

Activity 2
Consider the following questions:
●

Can you contrast the attitude to radioactivity a hundred years ago to our attitude
today?

●

Do you think that people are better informed today?
Provide your answer...
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1.3 Nuclear processes

Figure 12
So far, you have looked inside the nucleus and determined its composition. You have
learned that the composition of the nucleus and the forces at play can lead to instability
and emission of particles.
In fact, something even more dramatic can happen to the largest nuclei such as uranium
and plutonium. They can split apart into smaller fragments and release energy as they do
so. This process is called fission and is the basis of the current nuclear industry.
In the next sections, you will learn about the process of fission and how it may be induced.
There is another process where smaller nuclei can bind together called fusion. You will
come back to fusion during Week 4.
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1.3.1 Uranium

Figure 13
Since uranium is an element that you are going to learn more about, it is worth spending a
little time now outlining its properties.
Uranium is a naturally occurring element found mainly in small quantities everywhere on
Earth. Uranium has played a vital role in the evolution of the Earth. Its natural radioactivity
is believed to have provided the heat source powering such processes as plate tectonics
and the maintenance of the Earth’s molten core. It is likely that without the energy
released by radioactive decay, the Earth would have cooled long ago causing it to have a
Mars-like environment. Indeed, without uranium it is probable that there would be no life
on Earth as the core would have cooled to a point where the Earth’s magnetic field would
have collapsed, allowing the solar wind to strip away the atmosphere and the oceans.
Uranium is the main fuel used in nuclear reactors. Natural uranium has three isotopes:
uranium-238, uranium-235 and uranium-234. All of the isotopes are radioactive and so
are sometimes called radioisotopes or radionuclides. Uranium-238 forms about 99.3%
of all natural uranium, with uranium-235 forming around 0.7% and uranium-234 just
0.0055%, so U-238 is by far the most common uranium isotope.
The properties of the U-235 were crucial to the development of nuclear energy and we are
concerned with this particular isotope in this course.

1.3.2 Isotope trumps!
Fancy a hand of cards? Have a go at our Isotope trumps game!
We’ve placed the same five attributes (proton number, neutron number, half-life, the
speed of the emitted particle and the energy of the emitted particle) for a number of
isotopes for you to compare.
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Half-life will be explained more fully next week but consider it as a measure of how rapidly
an atom decays. A short half-life means that it decays very quickly and a long half-life
indicates a slower decay.
You win a turn by choosing an attribute that has a higher value than on the card held by
your opponent, the computer. You can choose how smart the computer is. Normally,
whoever wins a turn plays first in the next turn, but you can give yourself an extra
advantage by forcing the computer to always play second.
You will need to take an ‘educated guess’ in many cases. We hope this will improve your
feel for the nature and uses of many different isotopes. When you’ve had enough, move
on to the next section. You can come back any time you like and try to beat the computer
as your knowledge grows.
Interactive content is not available in this format.

1.3.3 What is fission?
Fission is the splitting of large nuclei into smaller nuclei with the release of energy.
Spontaneous fission is rare and generally fission is induced by bombarding the heavy
nucleus with neutrons.
In the late 1930s it became evident that bombardment of uranium-235 by neutrons could
lead to fission. The U-235 nucleus is able to absorb the neutron to become (very briefly)
U-236. The U-236 then undergoes fission to form two new nuclei called fission products.
Fission also produces neutrons and energy. Neutron induced fission is illustrated in
Figure 14. Bombarding the uranium-235 nucleus with a neutron leads to the formation of a
uranium-236 nucleus, which very quickly undergoes fission. Fission products are formed,
and neutrons are emitted. Note that gamma radiation is also emitted.

Figure 14 The particles and types of radiation involved in fission
Neutrons are shown as using the same notation as for isotopes. The fission products
themselves can vary but examples would be xenon-140 and strontium-93. An equation
representing this particular fission would be:
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In words this would be: ‘A uranium-235 atom absorbs a neutron to become uranium-236
which then undergoes fission to form the products xenon-140 and strontium-93 with three
neutrons.’
Some important points to note:
●

Fission products tend to be radioactive. These by-products of nuclear power form the
majority of the radioactive waste that we will consider next week.

●

The fact that neutrons are also produced means that these neutrons can go on to
induce further fissions. Once started, fission can become self-sustaining – this is
called a chain reaction.

●

For fission to occur the neutrons must be going at the right speed – too fast and they
will bounce off rather than be absorbed. The neutrons may need to be slowed down
and are then referred to as thermal neutrons. Both the number and speed of the
neutrons is crucial within a working reactor.

●

The energy released per fission is relatively large. It is 50 million times more energy
than burning the equivalent amount of carbon. We will consider where the energy
comes from in the next section.

While uranium-235 is the isotope that undergoes fission it is worth noting that uranium238 atoms can absorb neutrons to become plutonium-239 which is another atom that can
undergo fission.

1.3.4 The chain reaction
A fission chain reaction can proceed without intervention, as the free neutrons created by
one fission event go on to trigger the next fission event.
As two or three neutrons are produced by each fission event, it is easy to see that a chain
reaction could get out of hand and ‘runaway’, producing too much energy too quickly.

Terminology
●

Criticality: the number of fission events is steady and the chain reaction releases a
steady amount of energy.

●

Sub-critical: the number of fission events decreases and the chain reaction
releases progressively less energy.

●

Super-critical: the number of fission events increases and the chain reaction
releases progressively more energy.

In Figure 15, the left image shows a mass that is too small to sustain a chain reaction, as
too high a proportion of neutrons escape by passing out of the mass. The right image
shows that increasing the mass to the ‘critical mass’ causes a higher proportion of
neutrons to stay within the volume long enough to induce further fissions.
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Figure 15 On the left, a mass too small to sustain a chain reaction; on the right, increasing
the mass to ‘critical mass’ has enabled further fissions
As you will discover, the requirement in a nuclear power station is to maintain the reaction
at, or close to, criticality. If it is sub-critical, the fission reaction will gradually reduce; if
super-critical the reaction could run out of control.
In order for a fission reaction to go ‘critical’ it needs a critical mass of uranium. Effectively,
the important property is size rather than mass and the fact that small objects have a
greater surface area to volume ratio. If the amount of uranium-235 is too small the
neutrons will escape from the surface and the chain reaction will peter out.

1.3.5 Energy from fission
Nuclear power is based on the energy that is released each time a uranium nucleus
undergoes fission.

Energy and mass
In nuclear reactions, the energy released can be understood from Einstein’s most famous
equation:
E = mc2
Here E is energy; m is mass and c the speed of light.
This shows that there is a clear equivalent relationship between mass (m) and energy (E).
The speed of light is shown as c and it is has a large value. Light travels at 300 million ms
−1
. In fact, the speed of light is squared in the equation giving an even bigger number, 90
million billion! (The units of this would be (ms−1)2 but we don’t need to worry about this.)
Suffice to say, to work out the amount of energy bound up in a mass we multiply the mass
by a huge number – a small mass converts into a very large energy.
This equation holds true if you can convert mass into pure energy – although this is easier
said than done! One place that this conversion takes place is within the nucleus, so if we
can master nuclear reactions we can tap into this energy.
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Binding energy
Imagine you had a marble and knew its mass was 5g. If you then received a bag of 20
identical marbles and were asked the total mass of these marbles you may reason that it
is 20 × 5g = 100g. And you would be correct!
Mass of 20 marbles = 20 × mass of one marble

Now imagine you had a nucleon and knew it was a certain mass m (protons and neutrons
have pretty much the same mass) and you were then asked the mass of a nucleus
containing 20 nucleons. You may reason, as before, that its mass would be 20m. But in
fact the mass of the nucleus would be less than this – the mass of the nucleus is less than
the mass of the constituent parts! This is represented in Figure 16.
Mass of a nucleus containing 20 nucleons < 20 × mass of one nucleon

The difference in mass is called the mass defect.
Mass defect = Mass of separate nucleons − Mass of nucleus

Figure 16
Where has the missing mass gone? It has been converted into energy – this is called the
binding energy of the nucleus. The binding energy is associated with the forces that bind
the nucleus together.
From E = mc2
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Binding energy = mass defect × c2

Different nuclei have differing amounts of binding energy. In fission, a large nuclei is split
into smaller parts. The total mass of these parts may be lower than the initial large
nucleus. This difference in mass is due to the difference in binding energy between the
nuclei and is released as energy.

Energy from fission
The mass of the fission products and the three neutrons is less than of the U-236,
although the number of nucleons is the same. This missing mass is released as energy –
generally taken away by the fission products, the neutron and the gamma radiation.
The energy released from one fission is small but with many nuclei, the energy adds up to
far exceed the amount from the equivalent chemical reactions. The fission of 1kg uranium
provides a million times more energy than the burning of 1kg of coal. Fission can provide
a great deal of heat energy.
It was this knowledge, before the ability to harness this energy had been developed, that
led nuclear physicist Leo Szilard, in 1934, to speculate about planned experiments that, if
successful, would lead to:
Power production … on such a large scale and probably with so little cost that a
sort of industrial revolution could be expected; it appears doubtful for instance
whether coal mining or oil production could survive after a couple of years.
(Quoted in Weart and Szilard, 1978, p. 39)

Next week, you will be learning more about the use of fission as an energy source to
generate electricity.
In the next section is a video outlining the development of working nuclear reactors.

1.3.6 The early days of fission
The following video outlines the early days of induced fission and the development of
nuclear reactors based on induced fission.
The timeline of development is:
●

In 1948 and 1951, electricity was first generated by a nuclear reactor in the US in two
experiments.

●

In June 1954, the Soviet of City of Obninsk opened the world’s first nuclear power
plant to generate electricity for a power grid.

●

In October 1956, the first full scale nuclear power station opened at Calder Hall in
Cumbria, England.
Video content is not available in this format.

Next week, you will be examining nuclear power stations, how they function and some of
the problems associated with them.
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1.4 Quiz for Week 1
Now take the quiz for this week, which allows you to test and apply your knowledge of the
material in Week 1.
Week 1 quiz
Open the quiz in a new window or tab and return here when you have finished.
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1.5 Summary of Week 1
In this week, you have examined the science behind nuclear energy. You’ve learned that
atoms are made up of a much smaller nucleus with electrons in orbit around it. The
nucleus contains positively charged protons and neutral neutrons, collectively known as
nucleons.
The same elements contain atoms that always have the same number of protons within
them but can have differing numbers of neutrons. These different forms are called
isotopes.
The interplay of forces within a nucleus leads to some isotopes being stable while others
are unstable. Unstable nuclei emit particles to gain stability and are called radioactive.
Alpha, beta and gamma radiation can be emitted from radioactive substances.
Radiation is all around us and is measured by the background count. The radioactive
nature of some elements is put to good use.
Some heavy isotopes (such as uranium-235) can undergo fission. Fission involves the
nucleus splitting into smaller nuclei and releasing energy. The products from fission are
very radioactive and must therefore be disposed of with care.
In Week 2, you will examine how the energy from fission can be harnessed into a
workable energy resource that can be used to generate electricity. You will look at the
National Grid and the components of a nuclear power station.
One of the most contentious issues surrounding nuclear power is that of nuclear waste.
You will look at the different types of nuclear waste and current ideas on how to deal
with it.
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Week 2: Using nuclear
energy
Introduction
In the following video, Sam and Gemma discuss our energy needs, where our power
comes from and how it is delivered.
Video content is not available in this format.
In the next section, you will find out about the principle of the conservation of energy.

2.1 Energy and power

Figure 1
One of the most fundamental principles in physics is that of the conservation of energy.
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This means that in any process energy cannot be created or destroyed; it can only be
transformed from one form into another. The total amount of energy is therefore said to be
conserved.
This might or might not be a familiar concept to you, but here are a couple of examples to
help explain it.
●

Chemical energy stored in food is transformed when you digest what you eat into a
form of energy that your body can use as ‘fuel’.

●

Solar energy, from the Sun, is used in photosynthesis by plants to create chemical
energy that enables the plants to grow and to perhaps produce food for the previous
process!

The standard unit that energy is measured in is the joule (J). To get an idea of the size of
the joule, look at these examples:
●

energy content of a cereal bar: 800,000J

●

energy stored in an AA battery: 9000J

●

energy required to climb a flight of stairs: 3000J.

These are rough values and may vary a bit in reality, but they can give a general idea. In
this course, you’ll be concerned with the transfer of nuclear energy into heat energy and
then to electrical energy.
Power is the rate at which energy is transferred. For example, an electric fire transfers
energy in the form of heat to its surroundings.
Energy can be related to power and time by the equation:
energy = power × time
power = energy/time

A watt (W) is the unit of power and it corresponds to an energy transfer of 1 joule per
second. Many domestic appliances have their power given in thousands of watts, or
kilowatts (kW), and electricity power stations normally have their outputs rated in millions
of watts, that is, in megawatts (MW). The energy requirement for the UK as a whole is
often given in gigawatt (GW). Each gigawatt is 1 billion (1 000 000 000) watts.
Appliances around your home will have power ratings on them which indicate how many
joules of energy they transform every second.
For example, an average kettle is rated at 3kW. That means that it uses 3000J every
second it takes to heat up and boil water. To make one cup of tea, the amount of water
needed takes one minute to boil.
So using:

It takes 180,000J of energy to make a cup of tea. This is equivalent to the energy required
to climb 60 flights of stairs!
When you plug in a kettle, this 180,000J is provided by the electrical energy supplied from
the National Grid. Modern life requires a great deal of electrical energy to be produced
and it is sometimes difficult to get a tangible idea of how much energy this is.
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In the next section, you will be asked to estimate the energy requirements of appliances
found around the home.

2.1.1 What uses most energy in the home?
Most of us are aware of the need to be careful of how much energy we use in our homes.
Do you know which electric appliance would use the most energy if it was switched
on for an hour?
Have a look at the power rating on some of your own appliances then see if you can put
the list of domestic appliances in order. Put those using the most energy at the top by
dragging the names up and down the list. The computer will tell you when you’ve got it
right, and will offer you help after you’ve made a certain number of moves.
Interactive content is not available in this format.
In the next section, you will watch an experiment where human cyclists were used to
provide the electrical energy to run a house.

2.1.2 Human power station
In the following clip, Bang goes the Theory demonstrates how much electricity we use
without even thinking about it.
Video content is not available in this format.
In the experiment, cyclists were used to provide the electrical energy to run a house.
When Bradley Wiggins broke the hour record recently, his average power over the hour
was 400W.
In the next section, you’ll think about where the energy in the video came from.
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2.1.3 Generating electricity

Figure 2 Pylons taking electricity away from the Sizewell A and B nuclear power stations
From the human power station video, it is apparent how much energy is required for one
short power shower!
The shower is 8kW which means that 8000J of energy is required every second.
Chemical energy within the cyclists themselves is being converted into the kinetic (or
moving) energy of the pedals. It is then converted to electrical energy via dynamos in the
bicycles. In a dynamo, a magnet is rotated within some coils of wire and the changing
magnetic field induces a current within the wire and electricity is produced.
Electricity production within power stations is on a much larger scale, but is based on the
same essential principle as the dynamo. Rather than pedals, a turbine is spun and this in
turn spins a magnet. Again, the changing magnetic field induces a current within the wire
– this is the origin of the electricity you use within your home.
All the electrical appliances in your home need an input of electrical energy to work. For
the most part we get this electrical energy from the National Grid and its network of pylons
and generators maintaining the flow of electricity around the country.
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Figure 3 A steam turbine with the case opened revealing the turbine blades
The electricity is produced in power stations. Most power stations (but not all) employ
similar processes. They use fuel to heat water to produce steam under pressure. The
steam is then used to turn the blades of a turbine (in Figure 3), causing the central shaft to
rotate. This in turn rotates a generator, which produces electrical power.
Next, find out about the different fuels used.

2.1.4 Energy sources
Power stations use different resources to produce energy. Each method has environmental and technical issues associated with its use.
Some sources of energy, such as nuclear and fossil fuels, are finite and will run out at
some point in the future. The finite nature of fossil fuels in particular will be examined
further in Week 4. Other sources are renewable and are naturally replenished on a small
enough timescale to be useful to us. These sources include solar, wind, hydroelectric and
geothermal. You’ll consider both types of energy source below.
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Fossil fuels
The majority of the power stations in the UK use fossil fuels. They create steam from the
heat produced from burning coal or gas.
The remains of living organisms, plants and animals, buried and compressed over
millions of years, have formed the fossil fuels, coal, oil and natural gas. Plants absorb
solar radiation and use it in a process called photosynthesis to produce new plant
material.
The issues associated with the burning of fossil fuels will be discussed further in Week 4.

Nuclear

Figure 4 The basic design of a nuclear power station
The fission of uranium or other heavy elements produces a great deal more energy than
fossil fuels but needs additional safeguards. However, the basic structure of the power
stations is very similar. The use of fission will be discussed more fully later this week. A
schematic diagram of a nuclear power station is shown in Figure 4.

Biofuel
Organic materials, collectively called biofuel, can be used to generate electricity. Biofuel
can be obtained directly from plant material, such as peat and wood, or indirectly from
agricultural, commercial, domestic and industrial waste.
It can be burned directly, in the same way as fossil fuels in a power station, or used to
produce gas (biogas) that can then be burned. It is generally used in vehicles and not in
power stations.
There are problems surrounding the technology, economics and the environmental impact
of biofuel. Nonetheless, the constructive use made of waste material makes this a
worthwhile field to develop.

38 of 53

Friday 20 December 2019

Week 2: Using nuclear energy
2.1 Energy and power

Wind power

Figure 5 Wind turbines
The rotation of the blades in windmills harness kinetic energy from the wind and so wind
farms are able to produce electrical energy. Clearly, the position of the windmills is an
important consideration. They can be installed both onshore and offshore.
Single wind turbines generate in the order of 2.5 MW of electricity – enough to power the
needs of over a thousand households. In 2015, it was the most productive of the UK’s
renewable energy resources.
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Hydroelectric and wave power

Figure 6 The Hoover Dam in Nevada
Most hydroelectric power comes from dammed water being allowed to fall and then turn a
turbine. The falling water loses gravitational energy and this is converted to kinetic energy
of the turbine. It is the most widely used form of renewable energy but the damming of
rivers can have huge impact to those communities situated downstream.
There are plans to harness ocean wave power to generate electricity, but this is proving
difficult to do on a commercial basis. Waves, of course, are also produced largely by wind.
Tidal power can be obtained from barrages built across estuaries.

Solar energy
Solar energy is the ultimate source of nearly all the energy sources! Solar energy can be
harnessed directly via the use of photovoltaic cells which produce electricity. There have
been great advances in the efficiency of photovoltaic cells in recent years.
Solar energy can also be used to heat water directly, replacing the need for heating by gas
or electricity derived from other sources.

Geothermal power
Another source of electricity is hydrothermal power, which usually depends on water
being pumped down into the ground, heated by hot rocks deep below the surface and the
steam produced is then used to run turbines.
In Iceland, the Svartsengi geothermal power station uses naturally occurring hot water (at
about 90 °C), which gushes to the surface of the volcanically active island at a rate of over
400 litres per second. The steam from this hot water is used to run turbines. Access to
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geothermal energy is only possible in a tectonically favourable setting so not all countries
can use this source of energy.
The job of those running the National Grid in the UK is to utilise these different energy
sources to provide electrical power to all our homes and businesses.
In the next section you will find out about how the National Grid runs.

2.1.5 Running the National Grid
Maggie Philbin spends the morning in one of Britain’s most secret locations, the control
room of the National Grid where she monitors our demand for electricity with supply.
Video content is not available in this format.
In the next section, you will look in more detail at where the UK’s power stations are sited.

2.1.6 The National Grid

Figure 7 The UK’s power stations
As you saw in the video in the previous section, the majority of power stations in the UK
use fossil fuels – oil and gas – as their energy source. In Week 4 you will consider the
implications of these fossil fuels running out.
The video mentioned Ironbridge and West Burton power stations, which are coal fired and
gas fired respectively. Figure 7 shows the distribution of the different power sources
across the UK.
After fossil fuels, nuclear and renewable sources contribute roughly equal amounts to the
National Grid.
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In the next section, check out what the National Grid is doing right now.

2.1.7 Peak output

Figure 8 The National Grid
The UK’s National Grid provides information about its status right now on their website.
There is a great deal of information on this page and it is updated every ten minutes!
In Activity 1, you are asked to visit the page and gather information.

Activity 1
You will see the total demand in GW or gigawatt. One gigawatt is 1 billion watts. The
dials along the top show the proportion from the different energy sources. You should
see four:
●

coal

●

nuclear

●

CCGT – the energy source here is natural gas

●

wind.

For each, the number of GW used can be seen on the dial and also underneath. On
the left you can see graphs of the demand in GW. The daily, weekly, monthly and
yearly demands are shown. The other graphs show more detailed information on how
the different sources meet demand over these timescales.
Visit Gridwatch.
At the time that you looked:
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●

What was the total UK demand? How much was supplied by nuclear power
stations?

●

When was peak demand that day? Why do you think that was the case?

●

When was peak demand in the previous year? Why do you think that was the
case?

Look at the French National Grid. What differences do you notice?
In the next section, you’ll move on to learn more about nuclear power stations.
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2.2 Components of a nuclear power
station

Figure 9
In essence, a nuclear power station is a system for maintaining a fission chain reaction
and extracting the resulting heat.
The key to creating so many fission events is the two or three free neutrons that are
typically released by each fission event. The chain reaction takes place in the core of the
reactor, and the resulting heat passes into a fluid, or coolant, which is pumped through the
core. The different components of a nuclear reactor are described below.

The fuel
The elements that undergo the fission are generally uranium (U) or plutonium (Pu). The
fuel itself is normally in the form of uranium or plutonium dioxide (UO2 or PuO2). In
UO2 the uranium is bonded to two oxygen atoms via its electrons but the nucleus of the
uranium is still free to undergo fission, and the same is true of the plutonium in PuO2. The
fuel is referred to as the fissile material as it undergoes fission.
The fuel is arranged in the form of a cylindrical rod (or a stack of cylindrical pellets) in a
thin-walled metal container; often the metal is zirconium. The containing material is known
as cladding and works as a physical barrier, preventing the fission products and fuel from
entering or reacting chemically with the coolant. In practice, a nuclear fuel element will
produce energy for three to six years before it needs to be replaced.
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You will recall from last week that the majority of the products of fission are radioactive,
and it is obviously important to prevent them from escaping from the reactor. The simplest
way to do this is to keep them in the fuel and this is the purpose of the cladding.

The control rods
A nuclear fission reaction at criticality can be maintained by controlling the critical mass
(as you heard about in Week 1). However, the critical mass will change as fuel is used up
or even as the temperature fluctuates so a dynamic method is needed that can adapt to
changing circumstances and control the neutron population.
The standard method for controlling a chain reaction in a nuclear power station is by
control rods. Control rods are made from a material that absorbs neutrons. As the rods
are inserted further into the fissile material, more neutrons are absorbed and so fewer
fission events are triggered.
Other control methods may be used in addition to inserting rods. For example, some
reactors have the option of introducing neutron absorbing material into the coolant in
order to reduce the rate of fission.

The moderator
As you learned last week, induced fission is often more likely with neutrons of lower
energy (slower) rather than higher energy (faster). If this seems counter-intuitive, imagine
a golfer trying to putt a ball. The ball is more likely to be ‘captured’ by the hole if it is not
going too fast.
If the free neutrons created by fission are not slowed down, they are described as fast
neutrons. If they are slowed down to lower energies (the process of moderation), they are
called thermal neutrons.
In the moderation process, fast neutrons are slowed down by interaction with a moderator.
The moderator is a volume of a material such as hydrogen. The neutrons collide with the
nuclei of the moderator and, in the process, are slowed down to the same average speed
as those of the moderator. If the moderator is at room temperature, the neutrons emerge
with a range of velocities typical of a material at this temperature.
The three most important isotopes used as moderators are:
●

hydrogen in the form of light water H2O

●

deuterium in the form heavy water D2O

●

carbon in the form of graphite.

The coolant
The coolant is a gas or liquid that passes through the hot reactor core and carries away
the heat produced. It flows around the fuel rods and is in contact with the cladding, rather
than with the fuel itself. Apart from being able to remove heat from the fuel rods efficiently,
coolants should not react chemically with the cladding, or with any other part of the
cooling circuit, and they should not absorb too many neutrons. The coolant should also
not be too expensive because a lot of it is used.
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Taking all these factors into consideration, the coolants used in the majority of reactors
are the gases carbon dioxide and helium, and liquid water.
If water is used as the coolant, it may be allowed to boil, and hence to produce steam
directly for use in the turbine: this is called a direct steam cycle. Alternatively, the light
water may be prevented from boiling by keeping it under very high pressure, and the hot
water pumped to a steam generator, where steam is produced by heating a separate
water supply: this is called an indirect steam cycle.
If a gas coolant is used, the gas that has been heated by the core is pumped to the steam
generator, where steam is produced – this is also anindirect steam cycle.
Note that water can be used as both a coolant and a moderator – some nuclear reactors
use water for both purposes.
In the next section you will see a diagram of a nuclear power station.

2.2.1 Looking inside a nuclear reactor

Figure 10 A nuclear reactor
Figure 10 shows the basic components of a nuclear power station.
The control rods that determine the number of neutrons are shown within the fuel
elements. Note the moderator that controls the speed of the neutrons is close to the fuel
rods too. This reactor works on an indirect steam cycle and so heat energy from the
coolant is used to heat water to produce steam that turns the turbine.
In the next section, you will watch a video which shows inside a real nuclear reactor.
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2.2.2 Inside a nuclear reactor
The video shows Jem Stansfield looking around the Zwentendorf nuclear power plant in
Austria.
This reactor was designed as a boiling water reactor (BWR). In this type of reactor, the
reactor heats the water which produces steam that then turns the turbine. The steam is
then cooled back to water and returned back to cool the core. The water is also used as a
moderator.
The Zwentendorf reactor was built but never used; it was prevented by a vote within a
referendum on the issue. Since 1978 Austria has banned using fission as an energy
source in power stations.
Video content is not available in this format.
In the next section you’ll consider the distribution of nuclear power stations around the
world.

2.2.3 Types of nuclear reactor

Figure 11
There are many different types of nuclear reactor and the list below is not exhaustive! By
far the most common type of nuclear reactor is the pressurised water reactor or PWR.
The main types of reactor currently in use (or used in the past) to generate electricity are:
●

Pressurised water reactor (PWR): pressurised water reactors are the most
common – about two-thirds of all reactors in the world are of this type. These work on
an indirect steam cycle.
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●

Boiling water reactor (BWR): boiling water reactors are a popular alternative to
pressurised water reactors – both are used in the USA and in Japan. These work on
a direct steam cycle.

●

Advanced boiling water reactor (ABWR): advanced boiling water reactors
incorporate improvements on earlier boiling water reactors and are used in Japan,
with new reactors planned in Japan and Taiwan.

●

Pressurised heavy water reactor (PHWR): pressurised heavy water reactors use
heavy water as the coolant and the moderator, and natural uranium as the fuel. They
were developed in Canada and are sometimes called CANDU reactors.

●

Gas-cooled reactor (GCR): a gas-cooled reactor has a graphite moderator and a
carbon dioxide gas coolant. It is only found in the UK. Early models were known
as Magnox reactors and later versions as the advanced gas-cooled reactor (AGCR
or more commonly AGR).

●

Light water-cooled graphite-moderated reactor (LGR): these water-cooled,
graphite moderated reactors were used mainly in the former Soviet Union. They are
sometimes known as RBMK (reaktor bolshoy moshchnosty kanalny) reactors and
there were four such units at the Chernobyl plant at the time of the accident there
(in 1986), about which you will read more later.

The various reactor types are mainly defined by the materials used as moderator and
coolant and, although these factors affect the design of the reactor, the basic principles
are common to all nuclear power stations.
Another type of reactor worth noting is the EPR – the European pressurised reactor. The
EPR is a pressurised water reactor designed to improve on safety and security, and
enhance economic competitiveness. It is not fundamentally different from the pressurised
water reactors described earlier but it is the most widely discussed reactor under
consideration for new nuclear power stations. The design was developed by a consortium
of French and German companies. An EPR is under construction in the UK at Hinkley
Point C in Somerset.
Next, find out more about where new power stations are planned.
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2.2.4 The world’s nuclear power stations

Figure 12
In January 2015, 30 countries worldwide were operating 437 nuclear reactors for
electricity generation and 71 new nuclear plants are under construction in 15 countries.
Nuclear power plants provided 12.3% of the world’s electricity production in 2012
according to the Nuclear Energy Institute.

Activity 2
Find out for yourself the distribution of nuclear power stations across the world and
what type of reactors they are using via the
Guardian nuclear power station interactive map (Clark, 2012).
Note the colour coding at the top which distinguishes between active and non-active
power stations and those that are being built. As with street view you can drag the
orange figure to the vicinity of the power stations and have a look around!
●

Find a power station that is planned or under construction. What type of reactor
will be used?

●

At a glance, estimate which countries have the most nuclear reactors under
construction.

●

Contrast the situation between France and Italy. Why do you think that the
situation differs between these two countries?

Next, you’ll move on to think about nuclear waste.
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2.3 Waste produced by nuclear power
Video content is not available in this format.
The reactor at Calder Hall, which was on what is now the Sellafield site in Cumbria, was
the first operating nuclear power station in the world.
It connected to the grid in 1956 and was a Magnox type reactor. Initially its main purpose
was the production of plutonium from uranium-238, but the secondary process of
electricity production soon took over and became the primary function of the site. Calder
Hall was closed in March 2003 and decommissioning began.
Older reactors produced a great deal of radioactive waste, 20 000 tonnes were produced
from Calder Hall.
The video states that ‘Some of that radioactive waste has to be stored for tens of years,
some for hundreds of years and some for thousands of years.’ These timescales are
obviously problematic! To understand why such forward thinking is involved we need to
look again at the nature of radioactivity and the concept of half-life. You’ll do this in the
next section.

2.3.1 Half-life

Figure 13
When quantifying the risk posed by a particular isotope, it’s important to consider the
amount of time that it will remain radioactive and its activity during this time. Both of these
quantities relate to the half-life of the isotope.
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Last week, we defined activity as a measure of the number of particles (alpha, beta or
gamma) that are emitted in a given time. As the particles are emitted, the isotope is said to
decay and changes into an isotope of another element.
Let’s consider the alpha emission that you looked at last week:
emits an α particle and decays to .
If there are a certain number of uranium-238 atoms in a particular sample, the half-life is
the time taken for half of these radioactive atoms to decay. After another half-life, half of
the remaining atoms will decay and so on.
Imagine you were given 1200 atoms of uranium (in reality it would be a much larger
number). After one half-life, half the uranium atoms will have decayed into thorium, so you
will only have 600 uranium atoms left. After another half-life, another half will have
decayed so you will have 300 uranium atoms, after another half-life you will have 150
uranium atoms. After four half-lives you would be left with 75 atoms of uranium and 1125
atoms of thorium.
Now, in fact, the half-life of uranium is 4.5 billion years so you would have to watch your
atoms for a long time to see them decay! Half-lives can vary from billions of years to
nanoseconds. Some half-lives are shown in Figure 14.
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