
In 1905 Albert Einstein theorised that mass and energy are
equivalent through the equation E = mc2. This led to the
realisation that vast amounts of energy lay unharnessed within

the nuclei of atoms. However, it was not until 1932 that Einstein’s
theory could be verified. Chadwick’s discovery of the neutron in
this year enabled scientists to fire these particles at stationary
atomic nuclei and, in some circumstances, to ‘split the atom’. The
ramifications of Einstein’s work and this discovery of nuclear
fission were not seen until 1945 when the first atomic bomb was
exploded in the Alamogordo Desert of New Mexico, USA. Today a
more peaceful application of nuclear fission exists with the use of
nuclear power in many countries around the world.

The use of nuclear energy is an issue that has been debated for
many years. Whilst yielding a great deal of energy from a small
amount of fuel, there are obvious problems associated with the
use of nuclear energy for power production. The waste from
nuclear reactors is highly radioactive. Serious nuclear accidents
have occurred at Chernobyl and Three Mile Island. There is also
great concern about the proliferation of nuclear weapons and the
prospect of nuclear fuel falling into the hands of terrorist groups.

Against this there are positive uses for nuclear energy. Nuclear
fission reactors produce radioisotopes that have many appli-
cations in industry, medicine, agriculture and scientific research.
They also generate electricity without releasing the vast amounts
of greenhouse gases that coal-fired power stations emit.

Inside our Sun another type of nuclear reaction is occurring. 
Hydrogen nuclei are being squeezed together in a process known
as nuclear fusion. Enormous quantities of energy, but no radio-
active waste products, are released during fusion. It is possible
that, within a few decades, fusion reactors will be generating
electricity on Earth.

We live in a nuclear age. This presents both possibilities and
difficulties. An understanding of nuclear fission and nuclear fusion
is important when developing an informed opinion on these issues.
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You will be familiar with the basic model of the atom as discussed in Chapter
4, Heinemann Physics 11. Nucleons (protons and neutrons) are in the nucleus
of the atom. Electrons are in orbit around the nucleus and the electron cloud
makes up nearly all of the volume of the atom. The nucleus contributes most
of the mass of the atom but accounts for almost none of the atom’s size. The
diameter of a nucleus is typically about one ten-thousandth of the diameter
of the electron cloud.
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3.1 Splitting the atom—nuclear fission 

Nucleus

electron cloud

neutronproton

Figure 3.1 This model of the atom was first developed in the early decades of the
last century. Protons and neutrons are found in the nucleus. Electrons orbit the
nucleus and this electron cloud comprises most of the atom’s size. If a tennis ball
were used to represent the nucleus of an atom, the electron cloud would have a
diameter of around 600 m! 

In this section, we will be examining the structure of the nucleus and the
forces that exist within it.

Inside the nucleus
Uranium is one of the largest atoms. It has 92 protons and over 140 neutrons
in its nucleus. Even so, about 100 000 000 000 such uranium nuclei could be
lined up across 1 mm! This gives you an idea of how small atomic nuclei are
and why it has been so difficult to examine them. Our current understanding
of the basic properties and structure of the nucleus is the result of intense
scientific investigation in the early part of the 20th century. Physicists such as
Geiger, Marsden, Rutherford, Harkins and Chadwick were instrumental in the
development of the model of the nucleus that we are familiar with today. 
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Figure 3.2 (a) In 1896 Henri Becquerel
discovered radioactivity in uranium. This
marked the birth of nuclear physics. (b) In
1911 Ernest Rutherford and his students
Hans Geiger and Ernst Marsden
performed an experiment which
suggested that atoms had a small, heavy
nucleus. In 1914 Rutherford also
discovered the proton. (d) In 1932
James Chadwick discovered the neutron.

(a)

(b)

(c)



A model known as the ‘liquid drop model’, proposed by Neils Bohr in 1936,
is a useful way of visualising a nucleus. Nuclei are generally spherical in shape,
but are quite fluid and can wobble like jelly.

Within the nucleus, there are protons in close proximity with other protons.
This should seem odd since protons exert strong electrostatic forces of
repulsion on each other. Shouldn’t the nucleus simply blow apart? It obviously
doesn’t—so there must be something else going on. Another force, known as
the strong nuclear force, is also acting and this is a force of attraction that acts
to hold the nucleus together.

• Electrostatic forces act between charged particles and can act over
relatively large distances. Within a nucleus, this means that each proton
is strongly repelling every other proton, so this force is trying to make the
nucleus disintegrate. Neutrons are unaffected by electrostatic forces.

• The strong nuclear force is a force of attraction that acts between every
nucleon. This force acts like a nuclear cement. However, this force only
acts over relatively short distances. Neutrons are attracted to nearby
neutrons and protons. Protons are similarly attracted to nearby neutrons
and protons. However, for nucleons on opposite sides of a large nucleus,
this force is not significant.

When two protons are side by side in a nucleus, forces of attraction and
repulsion are acting at the same time. The strong nuclear force of attraction is
much greater than the electrostatic force of repulsion that they exert on each
other. However, when the protons are on opposite sides of a large nucleus, the
short-range strong nuclear force will be weaker than the electrostatic force.

In small nuclei, where the protons and neutrons are all relatively close
together, the strong nuclear forces are dominant. The nucleus is held together
very strongly and so is very stable. In large nuclei, the size of the nucleus
reduces the influence of the strong nuclear force. For a proton located on the
outside of the nucleus, the forces of attraction and repulsion would be smaller.
This nucleus would be less stable as a result.

Now let us imagine that you were trying to construct a uranium nucleus, so
you attempted to combine 92 protons and 92 neutrons. As shown in Figure 3.4,
your attempt at a nucleus would spontaneously blow apart. It is inherently
unstable because there are 92 protons all repelling each other and the size of
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Figure 3.3 Proton A both attracts and repels
proton B, but the attraction is greater
because the strong nuclear force is very
strong over short distances. Proton A also
both attracts and repels proton C, but
because of the greater distance between
them, the force of repulsion is larger.
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The existence of the strong nuclear
force was first proposed by Japanese
theoretical physicist Hideki Yukawa in
1935. The properties of this force
are so complex, however, that it took
until 1975 for physicists to develop 
a mathematical model that could
successfully describe it.

 6p, 6n

92p, 92n 92p, 146n

(a) (b) (c) (d)

Figure 3.4 (a) A small nucleus such as carbon-12 is stable. This is because the electrostatic force of repulsion that acts between the
protons is overwhelmed by the strong nuclear force of attraction. (b) and (c) A large nucleus with equal numbers of protons and neutrons
cannot exist. The electrostatic forces of repulsion between the protons would overwhelm the strong nuclear forces. (d) Additional
neutrons increase the stability of large nuclei. The extra neutrons increase the influence of the strong nuclear force and act like a ‘nuclear
cement’, holding the nucleus together. 



the nucleus means that the effect of the strong nuclear force of attraction is
diminished. To make your nucleus reasonably stable, more neutrons are
required. In nature, uranium nuclei are only reasonably stable when they 
have over 140 neutrons. These isotopes of uranium are still unstable and are
radioactive. In fact, every nucleus with more than 83 protons, i.e. above
bismuth (Bi) in the periodic table, is similarly radioactive.

Nuclear fission
Until 1932, scientists used alpha particles from radioactive sources as probes
to explore the nature of atomic nuclei. The alpha particles, acting as high-
speed ‘bullets’, bombarded target nuclei, and the resulting interactions were
analysed. The problem with this method was that both the alpha particles 
and target nuclei were positively charged and so repelled each other. It was
possible for very energetic alpha particles to actually smash into the nuclei of
small atoms such as nitrogen and aluminium. However, target nuclei with
atomic numbers above 19, i.e. larger than potassium, repelled the alpha
particles so strongly that collisions were not possible.

The discovery of the neutron by James Chadwick in 1932 enabled scientists
to explore the behaviour of larger atomic nuclei. Being neutral, a neutron is
not repelled by the target nucleus, and can be absorbed into the nucleus of the
target atom. This makes it very useful as a form of bombarding radiation, and
it is used in many experiments to artificially transmute different isotopes 
(e.g. 10n + ba X → b + 1

a X).

Enrico Fermi, an Italian-born scientist working in the United States, was
conducting one such experiment in 1934. He bombarded uranium nuclei with
neutrons and obtained some unexpected results. Some of the uranium nuclei
absorbed the neutrons and split in two! Fermi was the first to observe nuclear
fission, although the mechanics of this process was not determined until 1938.

NUCLEAR FISSION occurs when an atomic nucleus splits into two 
or more pieces. This is often triggered by the absorption of a neutron.

Nuclides that are capable of undergoing nuclear fission after absorbing a
neutron are said to be fissile. Fissile nuclides are very uncommon. Uranium-
235 and plutonium-239 are readily fissile. Uranium-238 and thorium-232 are
only slightly fissile, requiring a very high-energy neutron to induce fission.
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Figure 3.5 There are about 400 stable
nuclei. The dots on this graph show the
number of protons and neutrons that they
have. For small stable nuclei, it can be
seen that the numbers of protons and
neutrons are roughly equal. In larger 
stable nuclei, there are many more
neutrons than protons. The largest stable
nucleus is bismuth-209 with 83 protons
and 126 neutrons. 
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Figure 3.6 (a) Alpha particles are repelled so
strongly by large atomic nuclei that collisions
are not possible. (b) Neutrons, having no
charge, are capable of colliding directly with
the nucleus of an atom.
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Figure 3.7 When a fissile nucleus absorbs 
a neutron, the nucleus splits in two, releasing
a number of neutrons. This is an example of
nuclear fission.



The release of neutrons during fission
Uranium-235 and plutonium-239 are the fissile nuclides most commonly
used in nuclear reactors and nuclear weapons. This is because they release
energy upon fission. When a uranium-235 or plutonium-239 nucleus absorbs
either a slow or a fast moving neutron, it becomes unstable and spontaneously
undergoes fission. However, fission is more likely to be induced by a slow
moving neutron.

A typical fission reaction for uranium-235 is:
1

0n + 235

92U → 236

92U → 91

36Kr + 142

56Ba + 31

0n + energy

Krypton-91 and barium-142 are known as the fission products or fission
fragments. Three neutrons are freed from the uranium nucleus when it splits.
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Figure 3.8 When a fissile nucleus such
as uranium-238 is (a) struck by a
neutron, the nucleus actually (b) wobbles
about like a water droplet and (c)
elongates. (d) If the nucleus stretches
beyond a critical point, the electrostatic
forces will overcome the strong nuclear
forces and it will break into two. This is
nuclear fission. Several neutrons are also
released during this process. The fission
fragments and neutrons have a large
amount of kinetic energy.
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Figure 3.9 When a uranium-235 nucleus absorbs a neutron, nuclear fission 
occurs. The uranium nucleus splits in two, forming in this example krypton-91 and
barium-142. Three neutrons are released.

A uraniun-235 nucleus may split in many different ways, so when a sample
of uranium-235 undergoes fission, a wide variety of fission products are
produced. Usually either two or three neutrons are released. For uranium-235,
an average of 2.47 neutrons per fission has been determined. Over 40 different
pairs of fission fragments of uranium-235 have been found, and most of these
are radioactive beta emitters. Other fission fragment pairs produced in the
fission of uranium-235 nuclei include xenon-54 and strontium-94, and tin-
132 and molybdenum-101. Some of these fission fragment isotopes can
themselves be struck by and absorb a neutron, forming a different radio-
isotope again. In the end, the decay products of the nuclear fission process
form a lethal cocktail of radioactive isotopes. It is these radioactive fission
fragments that comprise the bulk of the high-level waste produced by nuclear
reactors. Radioactive waste is discussed in detail in Section 3.3.

Plutonium-239 will also undergo fission in a variety of ways. It releases an
average of 2.89 neutrons per fission, slightly more than uranium-235.



The energy released during nuclear fission
The chemical reactions that you have probably performed at school typically
release only a few electronvolts of energy. Compared with this, an enormous
amount of energy, about 200 MeV, is released during each fission reaction. This
energy is mainly in the form of the kinetic energy of the fission fragments, with
the neutrons and emitted gamma radiation also having some energy. It was
Albert Einstein who provided the explanation of the origins of this energy. 
He showed that mass and energy, instead of being completely independent
quantities, were in fact completely equivalent. This does not mean that mass 
can be transformed into energy, rather that mass has energy and energy has
mass.

In any fission reaction, the combined mass of the incident neutron and the
target nucleus is always greater than the combined mass of the fission
fragments and the released neutrons. For example, in Figure 3.9 the mass 
of the incident neutron and the uranium-235 nucleus is greater than the
combined masses of the fission products—barium-142, krypton-91 and three
neutrons. The energy released as a result of this mass decrease is given by
Einstein’s famous equation: E = mc 2.

It is important to note that only a very small proportion of the original mass
of nuclei is available as usable energy—typically around 0.1%. The energy
released during the fission process is usually expressed in either joules (J) or
electronvolts (eV).

Plutonium-239 is a fissile material. When a plutonium-239 nucleus is struck by and
absorbs a neutron, it can split in many different ways. Consider the example of a nucleus
that splits into barium-145 and strontium-93 and releases some neutrons. The nuclear
equation for this is:

1
0n + 239

94Pu → 145
56Ba + 93

38Sr + x 1
0n + energy

a How many neutrons are released during this fission process, i.e. what is the value
of x?

b During this single fission reaction, there was a loss of mass (a mass defect) of 
3.07 × 10–28 kg. Calculate the amount of energy that was released during fission
of a single plutonium-239 nucleus. Answer in both electronvolts and joules.

c The combined mass of the plutonium nucleus and bombarding neutron was 
3.99 × 10–25 kg. What percentage of this initial mass was related to the energy
produced during the fission process?

Solution
a Two neutrons are needed to make the mass numbers balance.
b The energy released during the fission of this plutonium nucleus can be found by

using E = mc2.
= 3.07 × 10–28 × (3.0 × 108)2

= 2.76 × 10–11 J
To determine the energy released in electronvolts, it is necessary to convert
joules into electronvolts.

The energy released is: 2.76 × 10–11

= 1.73 × 108 eV or 173 MeV
1.6 × 10–19

c Percentage of mass decrease = (mass defect/initial mass) × 100/1

= 3.07 × 10–28

× 100   
3.99 × 10–25           1     

= 0.0769%
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Worked example 3.1Af

Figure 3.10 Albert Einstein displayed little of
his intellectual capability as a schoolboy, and
was once told by a teacher that he would
never amount to anything. However, he was
extremely curious about physics and
mathematics and used thought experiments 
to help him understand difficult concepts 
and situations.
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Enrico Fermi and nuclear fission

PHYSICS IN ACTION

Enrico Fermi was born in Italy in 1901. He completed his
doctorate and postdoctorate work in physics at the
University of Pisa and in Germany. Fermi had emigrated to
the United States by the time the nuclear age dawned in the
1930s. The neutron had just been discovered in 1932,
which enabled scientists for the first time to fire neutral
particles at atomic nuclei. Fermi was at the forefront 
of this research. He bombarded uranium atoms with
neutrons and found that uranium nuclei absorbed the
neutrons and formed a radioactive isotope of uranium.
This isotope then decayed to neptunium and then
plutonium, two completely new elements. Fermi had
successfully produced the world’s first artificial and
transuranic (i.e. after uranium) elements. The nuclear
reactions for this process are:
1

0n + 238

92U → 239

92U           (neutron absorbed)
239

92U → 239

93Np + 0

–1β (β decay)
239

93Np → 239

94Pu + 0

–1β (β decay)

In 1938, following on from Fermi’s work, two German
scientists Otto Hahn and Fritz Strassmann were also
bombarding uranium (Z = 92) in an attempt to produce

some transuranic elements (Z > 92). They found that,
rather than producing larger elements, they were getting
isotopes of barium (Z = 56). Hahn wrote to his colleague
Lise Meitner about this unexpected result. She then
discussed this with her nephew Otto Frisch, a nuclear
physicist, and realised that the bombarding neutrons were
causing the uranium nuclei to split. If barium (Z = 56) was
one of the products, then krypton (Z = 36) must be another.
This was found to be the case. It was Frisch who coined the
term ‘fission’ and Meitner who proposed that energy would
be released during this process.

After the commencement of the Second World War,
Enrico Fermi was commissioned by President Roosevelt to
design and build a device that would sustain a nuclear 
chain reaction. In 1942, Fermi succeeded in this task. A
squash court at the University of Chicago was used as the
site for the world’s first nuclear reactor. It produced less
than 1 watt of power—not even enough to power a small
light globe! The reactor was later modified to produce
about 200 W. Fermi died of cancer in 1954. One year after
his death, the element with atomic number 100 was
artificially produced and named fermium, Fm.

Figure 3.11 Enrico Fermi was awarded the Nobel Prize in
Physics for producing the first transuranic elements.

Figure 3.12 Lise Meitner was instrumental in explaining the
process of nuclear fission. Even though her colleague Otto
Hahn was awarded a Nobel Prize, Lise Meitner’s contribution
was controversially overlooked. Element 109 in the periodic
table is meitnerium, Mt.
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• Within a nucleus, forces of repulsion and attraction
are acting. An electrostatic force of repulsion acts
between the protons over relatively long distances. 
A strong nuclear force of attraction acts between
every nucleon over relatively short distances.

• Nuclear fission occurs when a nucleus is caused to
split and release a number of neutrons. This can
happen after a fissile nucleus has been struck by a
neutron. A relatively large amount of energy is
released during this fission process.

• Elements that are capable of undergoing nuclear
fission are known as fissile materials. Only a 
handful of isotopes have this property, including
uranium-235 and plutonium-239. These are the
most common nuclear fuels.

• When a nucleus splits during nuclear fission, a
number of neutrons are released. There are many
different fission fragments that are produced
including isotopes such as 91Kr, 94Sr, 142Ba and 85Br.
These fission fragments are usually radioactive.

• The fission fragments can themselves be struck by
neutrons, forming yet more types of radioactive
isotopes.

• When a nucleus undergoes fission, the mass of the
fission fragments is always less than the mass of the
original particles. This decrease in mass is
equivalent to the energy that is released during each
fission and can be determined by using E = mc2.

3.1 SUMMARY SPLITTING THE ATOM—NUCLEAR FISSION

3.1 QUESTIONS

1 In stable nuclei, the forces acting between the
nucleons are relatively large.
a Comment on the relative strength of these

forces in fissile atoms.
b Explain why a collision with a single neutron is

enough to split a fissile nucleus.
2 Tin has an atomic number of 50. Is an isotope of

tin, 100Sn, likely to exist? Explain.
3 Determine the number of neutrons, x, released

during each of these fission reactions:
a 1

0n + 235
92U → 148

57La + 85
35Br + x 1

0n

b 1
0n + 235

92U → 142
54Xe + 90

38Sr + x 1
0n

c 1
0n + 235

92U → 127
50Sn + 104

42Mo + x 1
0n

4 Determine the value of the unknown mass number
x and atomic number y in this fission reaction:
1
0n +  x

94Pu → 130
54Xe + 106

y Zr + 41
0n

5 Which one of the following particles is best able to
split a fissile atomic nucleus?
A a proton
B a neutron
C an electron
D an alpha particle

6 Which one of the following statements is correct?
A Nuclear fission is more likely to occur in small

nuclei.
B It is possible to produce fission in any nucleus

provided the bombarding particles have enough
energy.

C All radioactive nuclei are fissile.
D Only a few nuclei are fissile.

7 Einstein said that mass and energy are equivalent.
In one particular nuclear fission reaction, a
decrease in mass of 3.48 × 10–28 kg occurs.

a Express the energy equivalent of this in terms of
joules and MeV.

b The highest amount of energy that is released
during a single radioactive decay is around 
10 MeV. Comment on the energy released
during nuclear fission in comparison to this.

8 During the radioactive decay of cobalt-60, a
gamma ray with 1.33 MeV of energy is released.
Calculate the decrease in mass (in kg) of the
cobalt-60 nucleus as a result of this emission.

9 When James Chadwick discovered the neutron in
1932, he was irradiating a sample of beryllium-9
with a radioactive emission. The equation for 
this is:
9
4Be + X → 12

6C + 1
0n

By balancing the equation, determine the nature of
the bombarding particle.

10 When a uranium-235 nucleus absorbs a slow
moving neutron, one of its possible fission
reactions is:
1
0n + 235

92U → 148
57La + 85

35Br + 31
0n + energy

The mass defect during this fission reaction is
2.12 × 10–28 kg.
a Calculate the energy (in joules) that has been

released during this fission process.
b Express this energy in electronvolts (eV).
c When Enrico Fermi used uranium-235 to

establish the world’s first nuclear reactor in
1942, he was able to generate just 0.60 W 
of power. How many fission reactions were
occurring each second in his reactor?



In the years after the discovery of nuclear fission, an intensive scientific and
military endeavour was undertaken to investigate all of the ramifications. The
two main aspects of this investigation related to the use of nuclear fission for
nuclear weapons and in the generation of electricity. 

Nuclear fission weapons release an enormous amount of energy in a split
second; they are capable of causing death and devastation on a massive scale.
This was tragically evident in the bombing of Hiroshima and Nagasaki in 1945.
The energy released in the one bomb dropped over Hiroshima was equivalent
to 20 000 tonnes of TNT but involved a fission reaction in only 40 kg of
uranium. The explosion is estimated to have killed around 150 000 people.
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3.2 Aspects of fission 

The properties of uranium-235, uranium-238 and 
plutonium-239
Uranium-235 is most likely to undergo fission when struck by a slow moving,
or thermal, neutron with energy as low as 0.01 eV. A slow moving neutron can
be absorbed into a uranium-235 nucleus, forming the highly unstable
uranium-236 isotope. This then undergoes fission and releases energy.

A fast, high-energy neutron is not easily captured by a uranium-235 nucleus
and so is less likely to induce fission. It is difficult for the nucleus to capture a
fast neutron because the neutron does not stay close to it long enough for the
strong, short-range nuclear force to drag it in.

Figure 3.13 Atomic bombs use the process
of nuclear fission to release vast amounts of
energy with devastating effects.

235U

fission!n1
0

235U92+ 236U92

slow
neutron neutron absorbed

Figure 3.14 A slow neutron is absorbed by a
uranium-235 nucleus, converting it into
uranium-236 which is highly unstable. This
nucleus then undergoes nuclear fission.



Uranium-238 is only slightly fissile. It requires a neutron with a large
amount of energy (about 1 MeV) to cause fission in a uranium-238 nucleus.
Because of its effectively non-fissile nature, uranium-238 is not suitable for use
as a nuclear fuel, but it does have a role to play in nuclear energy production.
A uranium-238 nucleus is far more likely to simply capture a neutron and
become uranium-239. This then goes through a series of radioactive decays to
become plutonium-239, itself a fissile substance. Uranium-238 is known as a
fertile material because of this ability to capture a neutron and transform into
a fissile substance.

Plutonium-239 is fissile in the same manner as uranium-235. However,
plutonium nuclei require fast neutrons to bring about nuclear fission. Slow
moving, or thermal, neutrons do not cause fission in plutonium-239 nuclei.
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Chain reaction
The scientists working on the Manhattan Project during the Second World War
knew that nuclear energy could be released from a single fissile nucleus. The
problem that they faced was how to obtain energy from a vast number of 
fissile nuclei. The nuclear fission bomb that was dropped with such devastat-
ing effect over Hiroshima in 1945 exploded as a result of an uncontrolled 
chain reaction in its uranium-235 fuel. When uranium-235 undergoes fission,
it releases two or three neutrons each time. Each of these neutrons is then 
able to cause fission in another uranium-235 nucleus, which in turn will 
also release two or three neutrons. Within a very short time, the number of
released neutrons and fission reactions has escalated in a process known as a
chain reaction.

In Figure 3.16, two neutrons are released during the fission reaction. The
number of nuclei undergoing fission doubles each generation and within a
small fraction of a second an enormous number of nuclei have undergone
fission. Only a miniscule amount of energy (of the order of 10–13 J) is released
by each fission reaction, but in this uncontrolled chain reaction there are 
so many reactions occurring in such a short time that an explosion results. In
1 kg of uranium-235, so many reactions occur that about 8 × 1013 J of energy 
is released in just over one-millionth of a second!

240Pu239Pu

239Pu

fission!n1
0 94+ 94

fast
neutron 240Pu

239Pu

239Pu

n1
0 94+

slow
neutron 240Pu

(a)

(b)

240Pu94

Figure 3.15 (a) When a plutonium-239
nucleus absorbs a slow neutron, the isotope
plutonium-240 is formed. (b) The additional
energy possessed by a fast moving neutron
causes the plutonium-240 nucleus to distort
and split into fission fragments.
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nuclei

. . .1

21

2

3

4

4 5

8 16

Generation

Number of
neutrons

etc.

Figure 3.16 A single slow moving neutron
causes fission, and two neutrons which are
both capable of splitting another nucleus are
released. After five nuclear generations, 16
neutrons are capable of triggering fission.



Nuclear fuel
In the 4.5 billion years since the Earth was formed, the radioactive isotopes
that are naturally present in the Earth itself, its oceans and the atmosphere
have been decaying to form more stable isotopes. By far the two most com-
mon isotopes of uranium present in the Earth’s crust are uranium-238 and
uranium-235. These have half-lives of 4.5 billion years and 710 million years
respectively, and so uranium-235 has been decaying at a faster rate than
uranium-238. This means that far less uranium-235 remains in the Earth’s
crust so that today the uranium that is mined from the ground consists of:

• 99.3% uranium-238—the non-fissile isotope

• 0.7% uranium-235—the readily fissile isotope.

This means that a chain reaction cannot occur in a sample of uranium taken
from the ground because the proportion of fissile uranium-235 is too low. 
To be useful as a nuclear fuel, uranium ore has to be enriched. This involves
increasing the proportion of uranium-235 relative to uranium-238, a very
difficult and expensive process. The slightly different masses of the isotopes
enables separation to be achieved. The three common enrichment methods
are the ultracentrifuge, electromagnetic and gaseous diffusion separation
techniques.

Nuclear weapons require fissile material that has been enriched to over 90%
purity. The bomb that was dropped over Hiroshima contained 40 kg of 95%
purity uranium-235. Nuclear reactors require fissile material enriched to
about 3% uranium-235.

Critical mass
In their efforts to produce an explosion, the scientists working on the
Manhattan Project during the Second World War had to establish a nuclear
chain reaction in a sample of nuclear fuel. They found that the explosive ability
of a sample of fissile material depended on its purity and size.

In a sample of nuclear material where the concentration of uranium-235 or
plutonium-239 is too low, a chain reaction cannot be established. This is
because the neutrons have only a small chance of being absorbed by a fissile
nuclei and causing a further fission reaction. The chain reaction will die out.
The fuel used in nuclear fission weapons is enriched to a high degree of purity
so that a chain reaction can be sustained.

The shape of the nuclear fuel is an important factor in its explosive ability.
A 20 kg sample of enriched uranium-235 in the shape of a sphere will
spontaneously explode, whereas 20 kg of enriched uranium-235 flattened into
a sheet will not. The flat piece has a very large surface area and so an enormous
number of neutrons are able to escape from the uranium into the air. These
neutrons do not cause further fission reactions and so the chain reaction will
die out. In the spherical piece of uranium, the surface area is much smaller 
and a greater proportion of neutrons remain in the uranium to sustain the
chain reaction.
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(a) (b)

20 kg 235U: subcritical 20 kg 235U: supercritical!

Figure 3.17 (a) The large surface area of the
flat piece of uranium-235 enables a large
proportion of neutrons to escape into the air,
causing the chain reaction to die out. (b) In the
spherical piece of uranium-235, a sufficient
proportion of neutrons remains inside the
material to maintain the chain reaction,
leading to an explosion.



The minimum amount of enriched fissile material in the shape of a sphere
that leads to a sustained chain reaction is known as the CRITICAL MASS.

The explosive ability of a fissile material also depends on its physical size. For
example, a piece of uranium-235 the size of a marble will not explode but a piece
the size of a grapefruit most definitely will. The small piece has more surface area
compared with its volume than the large piece. In the marble-sized lump, a
greater proportion of neutrons escape into the air and so the chain reaction dies
out. This is a subcritical mass. In the sample the size of a grapefruit, a higher
proportion of neutrons is available to continue the chain reaction within the
material. This is a supercritical piece, capable of causing a nuclear explosion.
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Figure 3.18 In each of these fission
reactions, two neutrons are released. (a)
When a high proportion of these neutrons
escape or are absorbed by atoms apart from
235U, the chain reaction is not sustained. This
is a subcritical situation. (b) When there are
just enough neutrons available to keep the
chain reaction going at a steady rate, the
situation is described as critical. This is what
should happen in a nuclear reactor. (c) When
a high proportion of released neutrons are
available to continue the fission process so
that the chain reaction grows, it is described
as supercritical. Nuclear weapons make use
of supercritical reactions.

Nuclear weapons

PHYSICS IN ACTION

The design of a fission bomb is really quite simple. It has to
contain separate subcritical masses of a fissile material,
which are then combined at the desired time to make one
supercritical mass when the explosion is required.

The nuclear bomb that was dropped on Hiroshima
contained two hemispherical subcritical pieces of 95%
pure uranium-235. This bomb, known as Little Boy, was
dropped by a B29 bomber called the Enola Gay on 6 August
1945. When it reached an altitude of 580 m, an explosive
charge fired one piece into the other creating one super-
critical mass of uranium-235, which exploded within 
one-millionth of a second after this.

Three days after the bombing of Hiroshima, a second
bomb was dropped over Japan. The target city was
originally Kokura, but low cloud and fog resulted in the
attack being changed to Nagasaki. This bomb, nicknamed
Fat Man, contained many small subcritical pieces of
plutonium-239. It used a spherical implosion to force 
these pieces together and make one supercritical mass. 
As with Little Boy, this led to an uncontrolled fission
reaction and consequent nuclear explosion that killed or
maimed almost 100 000 people. Twelve hours after the
explosion, pilots could see Nagasaki burning from over 
300 km away.
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Figure 3.19 (a) A replica of Little Boy, the uranium-235 bomb
that was dropped on Hiroshima on 6 August 1945. (b) A simple
fission bomb contains two subcritical pieces of uranium-235.
The two pieces are kept separate until they are forced together,
creating a supercritical mass and leading to an explosion within
one-millionth of a second.
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Figure 3.20 (a) A replica of Fat Man, the plutonium bomb that
was dropped on Nagasaki on 9 August 1945. (b) Fat Man was a
spherical fission bomb. In this type of bomb, an implosion forces
a large number of subcritical pieces of plutonium-239 into one
supercritical mass, producing a nuclear explosion. The beryllium
shell reduces the loss of neutrons from the core.
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• Uranium-235 is readily fissile when it is struck by a
slow neutron. Plutonium-239 is fissile when struck
by a fast moving neutron.

• Uranium-238 is effectively non-fissile. It is more
likely to absorb stray neutrons and become
plutonium-239, itself a fissile material, by
radioactive decay. For this reason, uranium-238 
is known as a fertile material.

• If a fission reaction that releases at least one neutron
per fission is taking place, a chain reaction may be
established.

• The critical mass is the least amount of material 
that will sustain a chain reaction. The critical mass
for a material depends on its concentration, shape
and size.

3.2 SUMMARY ASPECTS OF FISSION

3.2 QUESTIONS

1 Which one of the following isotopes is most suitable
as a fuel for a nuclear reactor?
A 238U
B 235U
C 234U
D 236U

2 The uranium ore that is dug from the ground
contains two different isotopes: 235U and 238U.
Explain why uranium in this form is not immediately
suitable as a fuel for a nuclear reactor.

3 The uranium that is used as the fuel for a nuclear
reactor has been enriched so that its uranium-235
content is around:
A 0.7%
B 3%
C 10%
D 95%

4 Uranium-238 is not really fissile, yet is known as a
fertile material. What does this mean?

5 Plutonium-239 is fissile when struck by a fast
moving neutron, but non-fissile when struck by a
slow moving neutron. Use the liquid drop model to
explain why this is so.

6 Uranium-235 releases an average of about 2.5
neutrons during each fission, whereas plutonium-
239 releases an average of about 2.7 neutrons.
Which isotope will have the lower critical mass?

7 Discuss how the chain reaction that releases the
energy in a nuclear fission explosion is established.
Explain why the chain reaction grows rather than
dies out.

8 The critical mass of uranium-235 is about 1 kg.
Explain then why it is that a 5 kg piece of 235U that
is flattened like a sheet is not capable of exploding.



Since the 1950s, it has been possible to control nuclear fission within a 
nuclear reactor for the purpose of producing electrical power for domestic 
use. Australia does not produce any electricity in this way, but in over 30
countries around the world there are about 400 nuclear power plants in
operation. Many more reactors have been constructed for medical, military
and research purposes.

A nuclear power plant will produce electricity in much the same way 
as a coal-burning power plant. The primary difference is how the heat is
produced. The power stations in the La Trobe Valley generate electricity by
burning coal to produce heat that creates the steam which is used to turn the
generator turbines. A nuclear power station simply has a different way of
producing heat—nuclear fission.

Table 3.1 Percentage of electricity produced by nuclear power plants in 2002.

Country Percentage of electricity produced by nuclear power plants

France 75
South Korea 38
Japan 30
Britain 23
USA 20
Canada 12
Australia 0

Thermal nuclear reactors
In their endeavours to harness the energy from the nuclear fission reactions,
nuclear reactor designers had to overcome three major difficulties.

First, the neutrons released from uranium-235 when it undergoes fission
are travelling at very high speeds—around 20 000 km s–1. Uranium-235 is most
fissile when irradiated by slow moving neutrons. Thus, these emitted neutrons
needed to be slowed down. Second, the fission of each uranium-235 nucleus
releases an average of 2.47 neutrons. This can lead to a chain reaction that
results in an explosion. A way had to be found to absorb some of these 
emitted neutrons and maintain a steady chain reaction. Third, the heat
generated in the reactor by the fission process had to be somehow collected
and used to create steam to drive the turbine and generate electricity.

A thermal nuclear reactor generates energy through the fission of uranium-
235, an isotope that is most likely to undergo fission when it is hit by slow
moving, or thermal, neutrons. There are many different varieties of thermal
nuclear reactors, but they all include the following design elements:

• fuel rods—long, thin rods containing pellets of enriched uranium

• a moderator—a material that slows the neutrons

• control rods—a material that absorbs neutrons

• a coolant—a liquid or gas to absorb heat energy that has been produced
by nuclear fission

• radiation shield—a thick concrete wall that prevents neutrons escaping
from the reactor.
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3.3 Nuclear fission reactors 

Physics file

Australia’s only nuclear reactor is at
Lucas Heights in Sydney. This has
been operating since 1958 and
produces radioisotopes that are 
used for medical and industrial
applications. Funding has been
granted for the construction of 
a new reactor that will replace the
original reactor by 2005.



Nuclear fuel rods
Uranium-235 is used as nuclear fuel since it is readily fissile with slow moving
neutrons. However, this isotope comprises only 0.7% of naturally occurring
uranium, not enough to sustain a chain reaction. The predominant (99.3%)
isotope, uranium-238, is effectively non-fissile and has the property of
capturing slow moving neutrons. Therefore, the proportion of uranium-235 in
the ore has to be increased. That is, the uranium ore has to be enriched before
it can be used as reactor-grade fuel. Uranium enriched for use in a thermal
nuclear reactor contains about 97% uranium-238 and 3% uranium-235.

The proportion of uranium-235 is increased from 0.7% to about 3%, i.e. the
uranum is enriched by a factor of about four. By comparison, the fuel for a
nuclear weapon is enriched to at least 90% uranium-235—a far more expensive
and technically difficult procedure. The fuel used in a nuclear reactor is thus
not suitable for use in nuclear weapons.

The enriched uranium, in pellet form, is then packed into a thin aluminium
tube, known as a fuel rod. This is usually 3–5 m long. A large nuclear reactor has
over 1000 fuel rods in its core. A fuel rod will eventually become depleted in
uranium-235. This means that over time the concentration of 235U falls to a level
where it is not able to sustain the fission chain reaction. Each fuel rod needs to
be replaced every 4 years or so, and a typical 1000 MW reactor produces around
30 tonnes of spent fuel each year. The disposal and reprocessing of this waste
is discussed more fully at the end of this section.

The moderator
In a nuclear reactor, the problem of fast moving neutrons is overcome by
including a material that slows down, or moderates, the speed of the free
neutrons. It has been found that substances whose nuclei are small will slow
the neutrons down to speeds at which neutron capture will occur. When the
emitted neutrons collide with these small nuclei, the neutrons lose most of
their kinetic energy and so slow down. After many collisions, the neutrons have
been slowed down to about 2 km s–1 and have less than 1 eV of energy.

Some materials that are commonly used as moderators are:

• normal water—H2O

• heavy water—containing deuterium (2

1H), an isotope of hydrogen

• carbon dioxide—CO2

• graphite—consisting of carbon atoms.

Each of these materials works well as a moderator because not only does it slow
the neutrons, but it does so without absorbing a significant number of them. Heavy
water is the most effective moderator, but is also the most expensive. Water is
obviously the cheapest material, but absorbs more neutrons than the others and
so reduces the extent of the chain reaction. Nevertheless, water is the moderator
that is used in the most common type of reactor in use today—the pressurised
water reactor (PWR). Graphite is less effective than water because carbon nuclei
are heavier than hydrogen nuclei. In losing their energy, the emitted neutrons have
to collide with about 120 carbon nuclei, but only about 25 water molecules.

Control rods
A nuclear fission bomb can produce vast quantities of energy. The number 
of neutrons released during the uncontrolled fission chain reaction grows
exponentially, releasing enormous amounts of energy in a split second. 
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Figure 3.21 Loading a nuclear fuel rod with
uranium pellets. The pellets are in the
foreground.
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A nuclear reactor can also produce great amounts of energy. However, a
steady controlled energy release is required. This is achieved by controlling 
the number of neutrons that are involved in the fission chain reaction of
uranium-235. This task is performed by the control rods.

A control rod contains material that has the ability to absorb neutrons.
Cadmium and boron steel are commonly used in control rods. When a neutron
strikes the nucleus of either of these atoms, it is absorbed into the nucleus and
so takes no further part in the chain reaction.

Putting it all together
In pressurised water reactors, the core of a thermal nuclear reactor consists of
the moderating material with fuel rods and control rods placed in it. These
rods are immersed into a volume of water. The outdated reactor that blew 
up at Chernobyl in the then Soviet Union had a graphite core with about 1600
fuel rods and over 200 control rods.

When a neutron is released during the chain reaction, it is slowed by the
moderating material. This enables it to be absorbed by a further uranium-235
nucleus, induce fission, and so continue the chain reaction.

The rate of the chain reaction is controlled by raising or lowering the control
rods. If the operators wish to reduce the energy output of the reactor, or even
shut it down completely, they will lower the control rods further into the core.
This has the effect of absorbing more neutrons and reducing or stopping the
chain reaction.

The fission reaction in the reactor core produces an enormous amount of
heat energy. The core of a reactor is typically at temperatures of 500–1500°C.
Heat energy is removed from the core by pipes that contain a coolant. Water is
usually used as a coolant, although advanced gas-cooled reactors use carbon
dioxide gas and some fast breeder reactors use liquid sodium. Reactors are
designed with a back-up coolant system should the primary coolant system
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Figure 3.22 (a) A schematic diagram of a pressurised water reactor. The heat is removed from the core of the reactor by the coolant. The
coolant then heats steam that turns the turbine that drives the generator. In this way electricity is generated. The primary difference between
this and a coal-fired generator is in the way the heat is produced—a nuclear reactor uses the fission process and a coal generator burns
coal. A typical 1000 MW power plant consumes about 6 000 000 tonnes of black coal each year, or about 25 tonnes of enriched uranium
that has been obtained from around 75 000 tonnes of ore. (b) The energy stored in the nuclear fuel undergoes a number of transformations.
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fail. This greatly improves the safety of the reactor by stopping the coolant
from overheating and therefore preventing meltdown of the core from
occurring. Another safety aspect of modern pressurised water reactors is that
the moderator (water) also acts as the coolant, and so if there is a loss of coolant
from the core, the nuclear reaction will also stop. The heat energy that the
coolant extracts from the core is used to generate electricity. A heat exchanger
first transfers this energy into pipes containing water. The water is converted
into steam which is then used to rotate the turbines that drive the generator.

The core of the reactor is encased in a protective radiation shield about 2 m
thick. This consists of layers of concrete, steel, graphite and lead. The function
of this shield is to prevent neutrons and gamma rays from escaping from the
reactor core, and so protect the workers at the plant from damaging radiation.
The layers of graphite in the shielding act to reflect escaping neutrons back
into the core to take part in the chain reaction. The workers at a nuclear power
plant are continually monitored to ensure that they are not exposed to
unacceptably high levels of radiation. However, their allowed dose would still
be much higher than that of the general population.

Fast breeder reactors
There are over 400 nuclear reactors operating in the world at present. A handful
of these are fast breeder reactors. When they were first designed, it was thought
that fast breeder reactors would be the solution to the Earth’s energy problems.
They make use of the most abundant isotope of uranium, uranium-238, to breed
another fissile element, plutonium-239, for use in further nuclear reactions.
However, they have been beset by safety and technical problems and have proved
very expensive to operate. The political climate and concerns about terrorist
groups obtaining the plutonium and producing nuclear weapons have also been
major factors in governments deciding not to construct this type of reactor.

Uranium-238 is only slightly fissile and comprises over 99% of naturally
occurring uranium. It is not suitable for use as a fuel in a thermal nuclear
reactor because it is only likely to split when it captures a high-energy neutron.
There is only a low probability of this happening. However, despite its non-
fissile properties, uranium-238 can play an important role in the production
of nuclear energy. This is due to its ability to absorb neutrons. In a thermal
nuclear reactor, there are many slow moving neutrons flying around. About
40% of these are captured by uranium-235 nuclei and induce fission, but 35%
are captured by the non-fissile uranium-238. The remainder of the thermal
neutrons are absorbed by other materials or escape from the core.

The neutrons that are captured by uranium-238 nuclei may cause the
uranium to change into a highly unstable isotope, uranium-239. This decays
almost immediately by beta emission to form neptunium-239 which has 
a half-life of 2.35 days and decays by beta emission to form the artificial
element plutonium-239. The decay series for this process is:

1

0n + 238

92U → 239

92U            t1/2 (239U) = 23.5 minutes
239

92U → 239

93Np + 0

–1e       t1/2 (239Np) = 2.35 days
239

93Np → 239

94Pu + 0

–1e       t1/2 (239Pu) = 24 400 years

In other words, plutonium is a by-product of nuclear reactors; but it is a 
by-product that has great significance. Plutonium is a fissile material but 
only when it captures fast moving neutrons. The slow moving neutrons in 
most nuclear reactors do not induce fission of the plutonium nuclei that 
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Physics file

Plutonium is not a naturally occurring
element in the Earth’s crust. Any
plutonium that exists has been
created in a nuclear reactor. Since
there are only a few fast breeder
reactors in operation, most of the
plutonium that is produced by thermal
nuclear reactors is not re-used as
nuclear fuel, but is stored as nuclear
waste. Plutonium is an alpha emitter
and so it is not difficult to protect
against its emissions. However, it has
a half-life of over 24 000 years. Fur-
thermore, plutonium is an extremely
toxic substance. This means that it
must be safely stored for many
thousands of years. At present, the
plutonium is kept underground in
bunkers and salt mines. However,
many people are concerned that this
is not an entirely satisfactory solution.

Technically, it is relatively easy to
use plutonium as fuel in a nuclear
weapon. There is great concern that
a terrorist group could steal a
quantity of plutonium from a reactor,
or while it is being transported for
disposal, and use it to manufacture
an atomic bomb. Countries that use
plutonium are required by the Atomic
Energy Commission to account for
every gram of the material, yet
despite every safeguard, quantities 
of plutonium have gone missing.



have formed there. Plutonium is extracted from the spent fuel rods of these
nuclear reactors and used as the fissile material in a different type of reactor—
a fast breeder reactor—which uses fast neutrons and actually breeds more
plutonium than it uses!

A fast breeder reactor has many similarities to a standard nuclear reactor.
It has control rods to control the rate of the fission reaction. A coolant flows
through the core of the reactor, removing the heat energy. This energy is then
used to produce the steam that drives the turbines to generate electricity.
However, a fast breeder reactor does not require a moderator since fast
neutrons are needed to trigger fission in the plutonium.

The fuel rods in a fast breeder reactor contain a core of plutonium and it is
in this core that the fission process takes place. Fast neutrons released during
fission are captured by plutonium nuclei to produce further fission. A great
deal of heat energy is generated by this chain reaction.

The breeding of new plutonium occurs in the following way. The plutonium
core of the fuel rods is surrounded by a ‘blanket’ of uranium-238. Many
neutrons from the chain reaction escape into this uranium-238 and are
absorbed by these nuclei, leading to the formation of plutonium-239. Thus, as
the plutonium in the core of the fuel rod is used up as it undergoes fission,
more plutonium is bred in the surrounding uranium-238. This plutonium is
eventually extracted for use in the next generation of fuel rods.

Disposing of nuclear waste—the nuclear fuel cycle
A major problem facing the nuclear power industry is the disposal of radioactive
waste. There are about 400 nuclear reactors generating electricity around the
world, producing large quantities of radioactive waste. A typical 1000 MW reactor
will produce about 25 tonnes of spent fuel rods annually. The safe disposal of this
waste is a serious concern to many around the world. However, it needs to be
remembered that the coal-burning power stations that we use in Australia also
have a significant detrimental effect on the environment. A 1000 MW coal-fired
power station produces millions of tonnes of carbon dioxide and sulfur dioxide
annually, gases that are major contributors to the greenhouse effect.

Radioactive waste products are classified into the following three
categories: low level, intermediate level and high level.
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Figure 3.23 The core of a fast breeder
reactor does not include a moderator. The
plutonium in the fuel rods is surrounded by
uranium. It is here that new plutonium is bred.

Figure 3.24 Containers of low-level
radioactive waste, being permanently housed
in an underground storage facility in the United
States. Many people are concerned about the
long-term use of this practice.



Low-level waste is generated primarily from hospitals, industry and
laboratories and consists mostly of tools, clothing, used wrapping material
and other items that have been contaminated with short-lived radionuclides.
These materials make up 90% of the volume but only 1% of the radioactivity
of all radioactive waste. Low-level waste solids are usually compacted or
incinerated, then buried in shallow pits on land or at sea. Low-level liquid and
gas waste is usually released into the environment.

Intermediate-level waste typically consists of reactor components,
chemical sludges, and contaminated materials from reactors that have been
decommissioned. Intermediate-level wastes are solidified in bitumen or
concrete, then buried or stored in deep trenches.

High-level waste is waste from contaminated reactor parts, as well as liquid
waste from the reprocessing of spent fuel rods. This waste contains highly
radioactive fission products and transuranic elements, and so requires special
shielding during handling and transport. High-level waste holds 95% of the
radioactivity but only 3% of the volume of all radioactive waste. It is the disposal
of high-level waste that is of major concern to governments around the world.

Initially, a spent rod from a nuclear reactor must be stored in water for several
years while the level of radioactivity decreases. Their high level of radioactivity
generates heat that must be removed in a cooling pond. In the United States and
Canada, a spent fuel rod is regarded as waste and they are stored permanently in
cooling ponds. This is known as an open fuel cycle. The problem with this system
is that large amounts of waste are produced. Only about 1% of the energy content
of the uranium is actually converted to electricity in this open fuel system. 

France, Japan and the UK have adopted a closed fuel cycle where the 
spent fuel is reprocessed. This system doubles the amount of energy that is
recovered from the fuel and removes most of the long-term radioactive
isotopes from the waste.
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Figure 3.25 Forty per cent of the world’s
spent fuel rods are permanently stored in
cooling ponds.
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Figure 3.26 The open fuel cycle in which the
uranium is used once in a reactor, then
disposed of as waste is shown in red. This
system is used in the USA and Canada. The
closed fuel cycle is shown in blue. In this
system, spent fuel rods are reprocessed and
the retrieved uranium and plutonium are re-
used as nuclear fuel. This approach of
recycling uranium is used in France, UK,
Russia, Japan and Germany.



During reprocessing, the spent fuel is first dissolved, then chemically
separated into uranium, plutonium and radioactive fission fragments. The
uranium has been depleted to 0.8% uranium-235 and so must be sent to an
enrichment plant before it can be re-used as fuel. The plutonium is also
removed and used in new fuel rods, stored as waste, or used as fuel in a fast
breeder reactor. This leaves about 700 kg of liquid high-level waste from the 
25 tonnes generated annually. 

These liquid wastes are currently stored in multiple-walled stainless steel
tanks inside reinforced concrete chambers. This is recognised as being a
potentially hazardous arrangement and so much research has been devoted
to developing a solidification process. This involves the liquid being evapor-
ated, mixed with glass-forming materials, melted and then poured into
stainless steel drums. This solidification method has been used in Europe 
for over 25 years.
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Chernobyl

PHYSICS IN ACTION

In the early morning of 25 April 1986, electrical engineers
at Reactor 4, Chernobyl, in the then Soviet Union, began
conducting a series of tests. They were trying to determine
whether the generator would, as it was running down,
continue to power the emergency systems in the plant.
Over the next 24 hours, in performing the tests, they
violated six different safety procedures. At one stage 
during the tests, the control rods were almost completely
withdrawn from the core of the reactor. At 1:23 a.m. on 
26 April the power output began to rise rapidly, so the
engineers decided to fully insert the control rods and shut
down the reactor. However, each control rod was designed
with 5 m of graphite on its end. This acted as an additional
moderator and sped up the reaction even more. Within 4 s,
the power had surged to 100 times the reactor’s capacity,
and an enormous steam explosion occurred. This lifted the
concrete and steel dome many metres into the air and
started a fire that burned out of control for 5 days. More
than 50 tonnes of radioactive fallout was carried by the
northerly winds across Ukraine, Byelarus, Scandinavia and
Europe. This was almost 100 times that of the waste from
the bombs dropped at Hiroshima and Nagasaki in 1945.

The Chernobyl reactor stands in what is now Ukraine,
close to the border of Byelarus. Vast regions within these
countries now stand empty. Approximately one-quarter of
Byelarus is considered to be uninhabitable. Thousands of
villages lie abandoned, livestock has been slaughtered and
schools have been closed. The immediate toll from the
explosion was 31 deaths. This included firefighters and
workers at the power plant. Far more serious has been the
toll from the radioactive fallout. The incidence of cancer in

the region has risen dramatically. For example, in the 1980s
there were just seven reported cases of thyroid cancer
among children in Byelarus. From 1990 to 1996, this has
increased to over 300. Not many of these have been fatal,
but it does indicate that the problems wil be long term, and
projections vary from 4000 to 75 000 deaths. There is
currently a 30 km exclusion zone around the plant;
however, this did not apply to workers who were still
operating the other reactors at the power plant. Reactor 2
was shut down after a fire in 1991, Reactor 1 was closed in
1997 and Reactor 3 was closed in 2000 due to international
pressure related to its safety.
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Figure 3.27 This map shows how the radioactive fallout from
the nuclear accident at Chernobyl spread across Europe.
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At present, the remains of Reactor 4 are buried under
5000 t of material designed to absorb neutrons, act as a
radiation shield and prevent the graphite core from
burning. This is further encased in a huge concrete shell, 
or sarcophagus. However, the shell is already leaking
radiation, so there are plans to entomb the original

sarcophagus within a new shelter. This involves building 
a 12 m thick concrete hull more than 100 m high over
Reactors 3 and 4. The construction of this would take until
about 2007. Once complete, robot machinery would be
used to remove radioactive materials from the reactors,
and this waste would then be treated on site.

The new shelter will be built 
alongside the old sarcophagus Once completed, it will be moved

on tracks to enclose the reactor site

sarcophagus

foundation

new shelter
1 2

113 m

245 m

12 m

Existing sarcophagus shelter

New shelter

Figure 3.28 In what could be the world’s
most expensive environmental clean-up
operation, an international consortium
plans to entomb the stricken Chernobyl
reactor in a giant containment shelter.

• A nuclear reactor uses enriched uranium as its fuel.
The fuel rods in a nuclear reactor contain uranium
that has been enriched to about 3% uranium-235.

• The core of the reactor consists of a material 
(e.g. graphite, water) that acts to slow the neutrons
that are emitted during fission. This material is
called a moderator. These slowed neutrons are then
able to induce fission in the uranium-235 nuclei.

• The rate of the nuclear reaction in the reactor core is
determined by the control rods. These consist of a
material (e.g. cadmium, boron steel) that absorbs
neutrons. The control rods are raised and lowered to
control the chain reaction and so produce a steady
release of energy.

• The coolant is a fluid that flows through the reactor
core. It extracts heat energy from the core. This
energy is then used to produce steam that drives
turbines to produce electricity.

• A fast breeder reactor uses plutonium as its fuel.
Plutonium-239 is fissile when struck by fast moving
neutrons. A fast breeder reactor does not need a
moderator.

• Uranium-238 is also placed in the core of a fast
breeder reactor. It absorbs neutrons and transmutes
into plutonium-239 which can then be used as fuel
for a fast breeder reactor.

• Large quantities of nuclear waste are produced by
the nuclear industry each year. This is to be weighed
up against the millions of tonnes of CO2 and other
greenhouse gases that are released into the
atmosphere each year by coal-fired power stations.

• Low-level radioactive waste is generally burnt or
buried in pits, intermediate-level waste is buried in
deep trenches, and high-level waste is either
permanently stored in ponds of water or
reprocessed before being stored in reinforced
stainless steel drums. 

3.3 SUMMARY NUCLEAR FISSION REACTORS
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3.3 QUESTIONS

1 The moderator in a nuclear reactor has the ability
to:
A absorb neutrons
B slow neutrons
C relase energy
D remove heat energy.

2 The function of the control rods in a nuclear
reactor is to:
A reduce the energy of the neutrons
B make the neutrons more likely to cause fission
C prevent the reactor core from overheating
D absorb neutrons and maintain a controlled chain

reaction.
3 a Outline the process by which a nuclear power

plant produces electricity.
b Discuss the primary difference between how

electricity is produced in a nuclear power station
and in a coal-burning power station.

c What aspects of the production of electricity do
coal-fired and nuclear power stations have in
common?

4 Explain why lead (Z = 82) would be unsuitable for
use as a moderator.

5 Describe the effect on the operation of a nuclear
reactor if the number of neutrons per fission that
can continue the chain reaction is:
a equal to one
b less than one
c greater than one.

6 The fissile material that is used in a nuclear
reactor is uranium-235. What is the effect on the
nuclei of this isotope when bombarded with:
a fast neutrons?
b slow moving neutrons?

7 Approximately 97% of the uranium in the fuel rods
of nuclear reactors is uranium-238. When struck
by a neutron, a uranium-238 nucleus is most likely
to absorb the neutron.
a In what way does this change the uranium

nuclei?
b Why does this lead to problems in disposing of

the nuclear waste from the reactor?
8 A fast breeder reactor is a simpler design than a

thermal nuclear reactor.
a What fuel is used in fast breeder reactors?
b Why is it called a ‘fast’ reactor?
c Why is it called a ‘breeder’ reactor?

d In what way is the design of a fast breeder
reactor different from that of a thermal nuclear
reactor?

9 During the fission of plutonium-239, the average
number of neutrons released is 2.91 per fission.
This is higher than the average of 2.47 released
during the fission of uranium-235. How is this of
benefit in a fast breeder reactor?

10 During the lifetime of a reactor, the control rods
need to be gradually removed over a period of
months in order to maintain the energy production
at a constant rate. Explain why this procedure is
necessary.

11 The activity of 1 tonne of high-level nuclear waste 
is shown in the graph. The activity of the waste is
the sum of the fission products and transuranic
elements that it contains. By way of comparison,
the activity of 1 tonne of uranium ore is 
8 × 1011 Bq.

a Approximately how long does it take for the high-
level nuclear waste to return to the level of
radioactivity of an equal quantity of uranium ore?

b The activity decreases rapidly during the first
thousand years. What is the reason for this?

12 Two different approaches have been adopted in the
treatment of used fuel rods—the open and closed
fuel cycles.
a What happens to uranium from spent fuel rods

in the open fuel cycle?
b What happens to uranium from spent fuel rods

in the closed fuel cycle?
c What are the benefits of the closed fuel cycle?
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3.4 Nuclear fusion 
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Figure 3.29 (a) Each fission of a uranium-235 nucleus releases about 200 MeV of
energy. (b) The fission fragments have a lower combined mass than the uranium
nucleus. The missing mass is related to the 200 eV of energy by the equation E = mc2.
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Figure 3.30 (a) When two isotopes of
hydrogen (deuterium) are fused together to
form a helium nucleus, energy is released. 
(b) The binding energy of the nucleus appears
as a loss in mass which can be calculated
using E = mc2.

In our study of nuclear fission, we saw how Einstein’s idea of mass–energy
equivalence was used to explain why energy was released during the splitting of
a nucleus. When fission occurs, the mass per nucleon of the particles in the fission
fragments is lower than that of the parent nucleus. Einstein’s famous equation, E
= mc2, can be used to calculate the amount of energy that is related to this missing
mass. Recall that m in this equation is called the mass defect and represents the
difference in mass of the nucleons in the parent and daughter nuclei.

Binding energy 
In order to change water into vapour, it is necessary to add lots of energy to the
water. This energy acts to break the bonds between the water molecules so that
they are able to move around freely. This added energy is a kind of ‘binding
energy’. The free molecules of water vapour have more energy than the liquid
water molecules and so, as described by Einstein, have slightly more mass. 

In order to change a helium nucleus into individual protons and neutrons,
you would also need to add an amount of energy. This energy would act to
separate the particles, enabling them to move around freely and is called the
binding energy of the nucleus. The free particles have more energy and so,
according to Einstein, have greater mass. Conversely, it also means that if you
could force the individual nucleons together to form a helium nucleus, you

(a) 

(b) 

(a) 

(b) 



would lose some mass. This lost mass appears as energy and can be calculated
from E = mc 2. This is the principle behind nuclear fusion. Fusion is taking place
at an awesome rate in the stars around the Universe.

Even though the number of protons and neutrons is the same both before
and after fusion, the mass per nucleon is lower after fusion has occurred. The
binding energy of the nucleus corresponds to this missing mass and can be
calculated by using E = mc 2.

It would seem as though obtaining energy from nuclear fusion should be
quite straightforward. Unfortunately this is not the case. The main problem
with nuclear fusion is that nuclei are positively charged. They exert an electro-
static force of repulsion on each other and so it is not easy to force the nuclei
together. Remember that the electrostatic force is a long-range force and the
strong nuclear force of attraction acts at much shorter distances. 

As two nuclei approach each other, the electrostatic force will cause them to
be repelled. For slow moving nuclei, this means that they will not be able to get
close enough for the strong force to come into effect and so fusion will not
happen. If the nuclei are travelling towards each other fast enough, however, they
may have enough energy to overcome the repulsive force and get close enough
for the strong nuclear force to start acting. If this should happen, fusion will occur. 

The graph in Figure 3.32 shows the effect of the electrostatic force and the
strong nuclear force on the potential energy of a pair of deuterium (2H) nuclei.
At large separations, the electrostatic force dominates and the nuclei repel each
other. At small separations, the strong nuclear force dominates and the nuclei
fuse together. To get the nuclei to this point, however, they need an enormous
amount of energy. Temperatures of the order of hundreds of millions of degrees
are required! This enormous amount of energy enables the nuclei to overcome
the energy barrier or energy hill shown in Figure 3.32 and fuse together.

Fusion in the Sun and similar stars
On the Sun, there are many different fusion reactions taking place. The main
reaction is the fusion of hydrogen nuclei to form helium. Each second, about
657 million tonnes of hydrogen and hydrogen isotopes are fused together to
form about 653 million tonnes of helium. The missing 4 million tonnes is
related to the energy released by the equation E = mc 2. A tiny proportion of this
energy reaches Earth and sustains life as we know it. 

The sequence of fusion reactions shown in Figure 3.33 has been occurring
on the Sun for the past 5 billion years and is expected to last for another 
5 billion years or so. Hydrogen nuclei are fused together and after several steps
a helium nucleus is formed. This process releases about 25 MeV of energy.

Our Sun is a second- or third-generation star and was formed from the
remnants of other stars that exploded much earlier in the history of our galaxy.
As this giant gas cloud contracted under the effect of its own gravity, the
pressure and temperature at the core reached extreme values. This is what
enabled nuclear fusion to begin about 5 billion years ago. 
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fusion!

(a)

(b)

Figure 3.31 (a) Slow moving nuclei do not
have enough energy to fuse together. The
electrostatic forces cause them to be repelled
from each other. (b) If the nuclei have plenty of
energy, they will overcome the repulsive forces
and move close enough together for the strong
nuclear force to come into effect. At this point,
fusion will occur and energy will be released.
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Figure 3.32 If hydrogen (deuterium) nuclei
are to get close enough for the strong nuclear
force to act, they must overcome the energy
barrier presented by the electrostatic force.
Temperatures of around 400 000 000 K are
required to provide this amount of energy! 

NUCLEAR FUSION is when two light nuclei are combined to form a
heavier nucleus. This is the process by which energy is produced in stars.



When much of the hydrogen in the Sun has been converted into helium, the
Sun will collapse in on itself, raising the temperature, and helium will then
undergo fusion to form larger elements such as carbon and oxygen. Further
collapses will follow and elements as large as iron will be formed. Elements
larger than iron are only formed when stars very much larger than the Sun end
their days in a spectacular explosion called a supernova!

26 Physics 11

neutrino

positron

gamma ray

(a)

(b)

(c)

H +  H  H +    e  +   ν1
1

1
1

2
1

  0
+1 

0
0 

He  +   He  He  +   H  +   H3
2

3
2

4
2

1
1

1
1

H +  H  He +   γ1
1

2
1

3
2

0
0 

Figure 3.33 These are three of the main
fusion reactions that are taking place on the
Sun right now. (a) Two protons (hydrogen
nuclei) fuse together forming a hydrogen
isotope, deuterium. Note that one of the
protons has decayed, forming a neutron, 
a neutrino, a positron and releasing energy. 
(b) During the fusion of a proton and
deuterium (2H) into helium-3, the nucleons
lose mass and energy is released. (c) The
fusion of helium-3 nuclei results in the
formation of a helium-4 nucleus and releases
two protons and energy. 

Physics file

In both fission and fusion reactions,
less than 0.1% of matter is related
to energy production. The fission of
each uranium-235 nucleus releases
about 200 MeV of energy. When
hydrogen fuses to form a helium
nucleus, about 25 MeV of energy is
released. In 1952, a fusion reaction
was used to power the world’s first
hydrogen bomb. It had five times 
the destructive power of all the
conventional bombs that were
dropped during the whole of the
Second World War.

Nuclear fusion reactors
Since the 1950s, a great deal of research has been devoted to recreating nuclear
fusion in a laboratory. The attractiveness of nuclear fusion as a source of
energy is that few radioactive by-products are created. However, major
technical problems have been encountered in trying to initiate ongoing 
fusion reactions on Earth. Replicating the reactions that take place on the 
Sun is extraordinarily difficult. This is because extremely high densities,
temperatures and pressures are required. Fusion researchers are instead using
two isotopes of hydrogen, deuterium 2

1H and tritium 3

1H as fuel. Deuterium 
can be extracted in vast quantities from lakes and oceans, but tritium is
radioactive with a half-life of 12.3 years and must be artificially produced. The
nuclear reactions used in current fusion reactors are as follows:

2

1H + 21H → 3

2He + 10n
2

1H + 21H → 3

1H + 11H
2

1H + 31H → 4

2He + 10n

The main obstacle to the development of a successful fusion reactor is
related to the extremely high temperatures that must be achieved before
fusion can commence. This has been the major difficulty facing researchers.
Temperatures of over 100 million degrees are needed to trigger a self-
sustaining fusion reaction and this must then be contained inside the reactor.
Current fusion reactors have achieved temperatures of about 100 million
degrees, but only for very short periods.

A commercial nuclear fusion reactor is perhaps four or five decades into
the future. At present, research is being carried out into tokamaks—
doughnut-shaped reactors that use magnetic fields to contain the plasma of
fusion reactants away from the reactor walls. The Joint European Torus, or

Figure 3.34 The gold atoms in your jewellery and the nickel atoms in the coins in
your pocket were formed during stellar explosions. One such exploding star or
supernova occurred in a neighbouring galaxy in 1987.



JET, is in England. Another, called the Mega Amp Spherical Tokamak, or
MAST, is also being built in the UK. 
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Physics file

The temperature at the surface of the
Sun is about 5500°C, hot enough to
vaporise any known material. The Sun
is much, much hotter at the core
where temperatures reach around 
15 million degrees. As hot as this 
is, however, it is still well below the
hundreds of millions of degrees
needed to sustain nuclear fusion! The
fact that fusion occurs at these low
temperatures cannot be explained by
classical physics. Quantum mechanics
must be used—treating the protons
as waves rather than particles. The
process by which relatively slow
moving protons can undergo fusion is
called the tunnel effect and is beyond
the scope of this course.

Another technique called inertial confinement is also being investigated.
Here, a pellet of fusion fuel is zapped by powerful lasers, causing the fuel to
implode and initiating the fusion reaction.

Nuclear fusion may perhaps be the ultimate energy solution. The fuel for
nuclear fusion, deuterium, can be readily obtained from seawater. Vast
quantities of energy are released during the fusion process, yet a relatively
small amount of radioactive waste—consisting of the reactor parts that have
suffered neutron irradiation—is created. Of course, the easiest way to use
fusion power is to collect solar energy!

Physics file

Nuclear fusion reactions have 
been achieved on Earth during the
explosion of nuclear weapons. In
hydrogen bombs, the high
temperatures achieved by the
explosion of fissile fuel were used to
initiate the fusion reaction. In other
words, an atomic bomb was used as
the fuse for a hydrogen bomb.

Physics file

In 1989 chemists at the University 
of Utah reported that they had
performed an experiment in which
nuclear fusion had taken place at
room temperature. When other
scientists attempted to repeat this
experiment, they were mostly
unsuccessful and so the notion of ‘cold
fusion’ was widely discredited. There
are, however, groups of scientists who
have made some quite puzzling
observations that no existing theory
can explain. These scientists are still
investigating cold fusion and trying to
make sense of these observations.

Figure 3.36 The doughnut shape or torus 
of the JET fusion reactor can be clearly seen
in this photograph. Temperatures of hundreds
of millions of degrees have been achieved in
the torus. 
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Figure 3.35 This design of a tokamak reactor shows the doughnut shape of the core
where the plasma of fusion fuel and products should be situated. The fusion reaction
is held in place by a powerful magnetic field and lithium and water are used to extract
the heat energy from the core. It is intended that this energy could then be used to
generate enormous amounts of electricity.
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• Nuclear fusion is the combining of light nuclei to
form heavier nuclei. Extremely high temperatures
are required for fusion to occur.

• A small amount of mass is lost during fusion
reactions. This mass is related to the energy
produced according to E = mc 2. 

• Nuclei are positively charged and so repel each
other due to electrostatic forces. Approaching nuclei
must have enough speed to overcome the
electrostatic forces and get close enough for the

strong nuclear force to take effect. The energy that is
required is called the energy barrier.

• Fusion occurs in the Sun and the other stars in the
Universe. Hydrogen nuclei are being fused together
in several steps to form helium nuclei. This process
is releasing energy on a massive scale.

• Nuclear fusion reactors are being tested, but face
enormous technical difficulties before the successful
production of electricity can be established. This
may take decades.

3.4 SUMMARY NUCLEAR FUSION

3.4 QUESTIONS

1 Which one of the following is an example of nuclear
fusion?
A A plutonium nucleus splitting into two smaller

nuclei.
B A boron nucleus absorbing a neutron.
C A uranium nucleus emitting a helium nucleus.
D Two deuterium (21H) nuclei forming a helium

nucleus.
2 The fusion reaction that is the most promising for

use in nuclear fusion reactors is:
2
1H + 3

1H → 4
2He + 1

0n
Which one of the following best explains why
energy is released during this fusion reaction?
A Nucleons are created during this reaction.
B Nucleons are lost during this reaction.
C The nucleons lose mass during this reaction.
D The nucleons gain mass during this reaction.

3 Where is deuterium obtained from?
4 Discuss the major difficulties that are facing the

designers of nuclear fusion reactors at present.
5 Describe the two techniques that are currently

being used in nuclear fusion reactors.
6 In its early stage of development before it began to

shine, the Sun was once a protostar. Its matter
was spread out over a vast area many times larger
than the Solar System. 
a If two hydrogen nuclei approached each other in

such a protostar, would nuclear fusion occur?
Explain.

b Discuss the effect of the electrostatic force and
strong nuclear force on these hydrogen nuclei
as they approached. 

c Discuss the effect of the electrostatic force 
and strong nuclear force on two hydrogen nuclei
as they approach each other inside the Sun as 
it is now.

7 Stars that are much more massive than the Sun
glow much brighter, but do not last for nearly as
long as the Sun. Explain why this happens.

8 Consider this nuclear fusion reaction:
1H + 3He → 4He + 0

+1e + ν
Hydrogen and helium-3 nuclei are being fused
together and a helium-4 nucleus is being created,
along with a positron and a neutrino. 21 MeV of
energy is also released.
a How does the combined mass of the hydrogen

and helium-3 nuclei compare with the combined
mass of the helium-4 nucleus, positron and
neutrino?

b Where has the energy come from?
c Convert the energy into joules.
d What is the mass decrease during the fusion of

this one helium nucleus?
e One of the original protons is no longer present

after fusion. What has happened to it?
9 Discuss two major advantages of using nuclear

fusion rather than nuclear fission to generate
electricity.

10 How do scientists stop the enormously high
temperatures that are achieved in tokamak fusion
reactors from melting the reactor itself?
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STUDY REVIEW

1 Which one of the following explains why it is easier
to trigger nuclear fission with a neutron rather than
an alpha particle?
A Neutrons are more massive than alpha particles.
B Neutrons have more energy than alpha particles.
C Neutrons are uncharged and are not repelled by

the nucleus.
D Neutrons are not impeded by electrons but alpha

particles are.
2 Uranium ore that is mined from the ground contains

uranium-235 and uranium-238.
a Which of these isotopes is the more prevalent?
b Which of these isotopes is the more fissile?
c Explain why a chain reaction does not occur in

uranium ore.
3 Determine the number of neutrons released as a

result of this fission reaction:
1
0n + 235

92U → 140
54Xe + 94

38Sr + x1
0n

4 One kilogram of uranium-235 is capable of releasing
6.8 × 1013 J of energy during nuclear fission. In
comparison, the burning of 1 kg of coal releases
around 2.5 × 107 J. Calculate the number of tonnes
of coal that is burnt to provide an energy equivalent
to that released by 1 kg of uranium-235.

5 The fuel rods that are used in a thermal nuclear
reactor:
A consist mostly of uranium-235
B consist mostly of uranium-238
C contain about 50% uranium-235 and 50%

uranium-238
D consist mostly of plutonium-239.

6 Only about 40% of the neutrons that are released
during the fission process in the core of a thermal
nuclear reactor continue to produce further fission.
What becomes of the remaining 60%?

7 Imagine that uranium-238 was the highly fissile
isotope, instead of uranium-235. What would be the
ramifications of this in a uranium mine?

8 a Which has the greater surface area: a whole
orange or an orange sliced in two?

b Which will lose more neutrons to the surrounding
environment: a spherical sample of uranium or
the same sample cut into two hemispherical
pieces?

c In which is a chain reaction more likely to
continue: a spherical 2 kg lump of uranium or two
spherical 1 kg lumps of uranium?

d Discuss the significance of your answer to part c
in the design of a weapon relying on nuclear
fission.

9 When nuclear fission takes place in the core of a
nuclear reactor, a great quantity of heat energy is
produced.
a What is the source of this heat energy?
b How is this heat energy converted into electrical

energy?

10 If a slow moving neutron strikes a uranium-238
nucleus, the neutron is likely to be absorbed. After
two beta decays, plutonium is formed.
a Write the nuclear equations for these nuclear

transformations.
b The daughter nucleus, plutonium-239, does not

exist naturally on Earth. Explain why not.
11 The diagrams below show the nuclei of carbon-12

and uranium-238. One of the protons in each
nucleus is labelled.

a Discuss the proportion of protons and neutrons in
a small stable nuclide such as carbon-12.

b Discuss the proportion of protons and neutrons in
a large unstable nuclide such as uranium-238.

c Discuss the sizes of the electrostatic and strong
nuclear forces that are acting on proton X.

d Discuss the sizes of the electrostatic and strong
nuclear forces that are acting on proton Y. How
do these compare with the forces acting on
proton X?

12 Some low-level radioactive waste is currently sealed
in drums and dumped in the ocean.
a Why do the proponents of this method consider it

to be a safe means of disposal?
b Discuss some of the arguments against this

method of disposal.
13 About 17% of the world’s electricity is generated in

nuclear reactors that use uranium for fuel. Many of
these power plants use water under high pressure
as the coolant.
a What is the function of the control rods in a

reactor?
b Explain how a reactor produces electricity.
c What is the advantage of keeping the coolant

under high pressure?
14 The liquid drop model of the nucleus was proposed

by Neils Bohr in 1935. 
a Describe the main features of the liquid drop

model of the nucleus.
b Use the liquid drop model to explain why a

uranium-235 undergoes fission when struck by 
a neutron.

15 Explain the meaning of:
a fissile
b fertile.

16 A typical fission of uranium is:
1
0n + 235

92U → 141
56Ba + 92

36Kr + 31
0n

carbon-12 uranium-238

proton X proton Y
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a For the fission to occur, should the incident
neutron be slow or fast?

b Why is uranium used in this process rather than
a less dangerous element such as iron?

c A large amount of energy is released by this
reaction. What is the source of this energy?

d Explain the importance of the three neutrons that
are released.

17 During one of the fusion reactions that is taking
place in the Sun, two helium-3 nuclei fuse together
to form helium-4 and two protons. 
a How does the mass of the reactants compare

with that of the fusion products?
b Energy is released in this reaction. What form

does it take?
c Discuss the forces that are acting as the two

helium-3 nuclei approach each other and fuse
together.

18 Consider this fission reaction of uranium-235:
1
0n + 235

92U → 141
55Cs + 93

37Rb + 21
0n

During this fission reaction there is a mass defect of
4.99 × 10–28 kg.
a How much energy (in joules) is released by this

fission?
b What is this energy release in electronvolts?
c Caesium-141 and rubidium-93 are the fission

fragments or decay products of this reaction.
Why do fission fragments present a problem in
the disposal and treatment of reactor fuel rods?

19 Which one of the following best explains why fast
breeder reactors do not need moderators?
A Fast breeder reactors use uranium as fuel, and

so rely on slow neutrons.
B The control rods in fast breeder reactors slow the

neutrons down.
C The neutrons that are released during the fission

of plutonium-239 are slow moving.
D Plutonium requires a collision with a fast moving

neutron in order to induce nuclear fission.
20 a Two slow moving protons are travelling directly

towards each other. Will the protons collide and
fuse together? Answer this question by making
reference to the forces acting on the protons and
the energy barrier.

b Two fast moving protons are travelling directly
towards each other. The protons collide and fuse
together. Discuss the forces that act on the
protons and make reference to the energy barrier
in your answer.
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3.1 Splitting the atom—nuclear fission
1 a In fissile nuclei, the forces that act between the nucleons are not
as large.
b The energy of the additional neutron makes the nucleus wobble
and the electrostatic forces cause the nucleus to break apart.
2 No, the electrostatic forces of repulsion between the protons
would be much greater than the strong nuclear forces of attraction
acting between them. 
3 a 3   b 4   c 5   4 x = 239, y = 40   5 B   6 D
7 a 3.1 × 1011 J, 196 MeV   b About 20 times more energy is released in
the fission reaction.
8 2.36 × 10–30 kg   9 alpha particles
10 a 1.91 × 10–11 J   b 119 MeV   c 3.14 × 1010

3.2 Aspects of fission 
1 B   2 It doesn’t have a high enough concentration of the fissile
isotope, uranium-235.
3 B   4 238U itself is not very fissile. However, when 238U absorbs a
neutron it decays to form 239Pu, which is fissile.   
5 When a slow neutron strikes the nucleus, the nucleus is made to
wobble around slightly, but not enough to disturb the balance
between the repulsive electrostatic and attractive nuclear forces.
However, when a fast neutron strikes the nucleus, it has enough
energy to make the nucleus wobble and elongate. This upsets the
delicate balance between the strong and electrostatic forces and the
electrostatic forces cause the nucleus to separate. 
6 239Pu, a smaller amount of this isotope is capable of exploding.
7 First, a neutron causes fission to occur in a uranium-235 nucleus,
thus releasing 2 or 3 more neutrons. These then go on and induce
fission in more uranium-235 nuclei, each resulting in the release of
2 or 3 neutrons and so on. The chain reaction grows very rapidly
and energy is released in each fission reaction.
8 As a result of its shape, a very high proportion of neutrons can
escape from the material, and so the chain reaction dies out.

3.3 Nuclear fission reactors
1 B   2 D   3 a The fission process in the reactor core produces heat.
This heat energy is conducted into the coolant which is flowing
through the core. The energy is used to produce steam which drives
a turbine to generate electricity.   b The difference is that the heat
energy that makes the steam is produced by burning coal instead of
a nuclear fission reaction.   c They both use steam to turn a turbine
to generate electricity.
4 The nucleus is too heavy. When a neutron collides with a lead
nucleus, the neutron will keep almost all of its energy, and so not
slow down sufficiently to be captured by a fissile nucleus.
5 a The chain reaction will be self-sustaining, i.e. critical, and a
steady release of energy will result.   b The chain reaction will die 
out because it is subcritical. This will lead to a decrease in the
amount of energy produced.   c The chain reaction will grow,
causing an increasing amount of energy to be produced. This may
be dangerous and could result in an explosion.
6 a Fast neutrons are most unlikely to be captured by the nuclei. 
b Slow neutrons are likely to be absorbed by the nuclei and cause
fission.
7 a It results in the uranium-238 transmuting into plutonium-239. 
b Plutonium is highly radioactive and has a half-life of about 
24 000 years.
8 a plutonium-239   b They rely on fast, high-energy neutrons to
induce fission in plutonium nuclei.
c They produce, or breed, more of their own fuel, plutonium-239,
when neutrons are absorbed by uranium-238 nuclei.   d Fast
breeder reactors do not have moderators.
9 Since only one neutron is required to sustain the chain reaction,
the remaining neutrons are able to breed more plutonium.

10 Over a period of months, the fissile nuclei in the fuel rods
become depleted, the number of fissions decreases, and so fewer
neutrons are flying around in the core. In order to maintain the
chain reaction, the control rods must be gradually withdrawn.
11 a about 100 000 years   b The fission fragments, which have
relatively short half-lives, have decayed.
12 a The uranium stays in the spent fuel rod, which is initially stored
in water, then kept underground in storage tanks.   b The fuel rod is
initially stored in water, then the uranium is extracted from the fuel
rod. It then undergoes enrichment and fabrication before being
used as fuel again.   c More energy is extracted from the fuel and a
much smaller quantity of high-level waste is produced.

3.4 Nuclear fusion
1 D   2 C   3 Water in lakes and oceans   4 Achieving temperatures
high enough for fusion to take place and containing the extremely
hot fusion material within the reactor.   5 The tokamak style of
reactor has a torus-shaped core where the plasma of the fusion fuel
is located. This fusion material is held away from the reactor wall by
magnetic fields. The heat energy that is produced is carried from the
reactor core by lithium and water. Inertial confinement is a
technique where a pellet of fusion fuel is struck by high-intensity
laser beams. This creates temperatures high enough to sustain
nuclear fusion.   6 a No—the hydrogen nuclei would not be
travelling fast enough.   b The nuclei would only experience the
electrostatic force of repulsion as they approached.   c When the
nuclei are widely separated, only the electrostatic force will be
acting. Then when the nuclei move close together, the strong
nuclear force of attraction will overwhelm the electrostatic force
and bring the nucleons together.   7 Inside a massive star, the
gravitational pressure and so the temperatures will be greater than
inside a star the size of the Sun. As a result, fusion will take place at 
a greater rate, causing these stars to shine more brightly, but also
causing them to run out of nuclear fuel more quickly.   8 a The
hydrogen and helium-3 nuclei have more mass than the products of
the reaction.   b The total mass of the products is less than that of
the original nuclei. The difference in mass is the energy released. 
c 3.4 × 10–18 J   d 3.7 × 10–35 kg   e It has decayed into a neutron, a
positron and a neutrino.   9 The fuel that is used for fusion is readily
available and easily extracted from water. The waste products of
fusion are not highly radioactive.   10 They use magnetic fields to
confine the plasma in which the fusion process is taking place to the
middle of the doughnut-shaped reactor core—away from the wall of
the reactor.

STUDY REVIEW 
1 C   2 a uranium-238   b uranium-235   c The concentration of the
fissile uranium-235 is too low.
3 2   4 2.7 × 103 tonnes   5 B   6 They are mostly absorbed by
uranium-238 nuclei, absorbed by the moderator, or escape from 
the reactor core.
7 The uranium deposits would have spontaneously exploded
millions of years ago.
8 a sliced   b two hemispherical pieces   c a 2 kg lump   
d The material is carried as small subcritical pieces, then combined
at the time of detonation.
9 a The kinetic energy of the fission fragments.   b The heat energy is
removed from the reactor core by a coolant. This then is used to
create steam which is used to turn a turbine and generate electricity.
10 a 1

0n + 238
92U → 239

92U
239

92U → 239
93Np + 0–1e

239
93Np → 239

94Pu + 0–1e
b It has a relatively short half-life (24 400 years) and so has 
completely decayed since the formation of the Earth.

SOLUTIONS
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11 a There are about the same number of protons and neutrons. 
b There are more neutrons than protons.   c The forces are relatively
large, so the nuclide is very stable.   d The forces are not as large as
those on proton X. This nuclide is less stable.
12 a The oceans are so vast that any radioactivity leaks would be
greatly diluted. The radioisotopes also have relatively short half-
lives.   b The radioactivity could leak and cause damage to fish and
other marine life.
13 a The control rods absorb neutrons and control the rate of the
fission process.   b The coolant, after being heated by the fuel rods,
is used to produce steam. This is in turn used to drive a turbine
around and generate electricity. c It can reach higher temperatures
when under pressure.
14 a The nucleus is not rigid. Rather, it can move and wobble like a
drop of water.   b The neutron causes the nucleus to wobble around
and neck in the middle. At this point, the repulsive forces
overwhelm the attractive forces and the nucleus splits.
15 a Able to split in two when hit by a neutron.   b Able to absorb a
neutron and become a fissile isotope.
16 a slow   b Iron is not fissile.   c The decrease in the binding energy
during fission.   d They also cause fission and so produce a chain
reaction.

17 a The reactants have more mass than the fusion products. 
b The difference in potential energy represented by the missing
mass has appeared as the kinetic energy gained by the fusion
products.   c As the nuclides approach, an electrostatic force of
repulsion is acting on them, but their speed enables them to
overcome this force and fuse together. At this point, electrostatic
forces of repulsion and larger nuclear forces of attraction are acting
on the protons. The neutrons experience only strong nuclear forces
of attraction.
18 a 4.49 × 1011 J   b 280 MeV   c Fission fragments are usually
radioactive.   19 D
20 a Electrostatic forces of repulsion act on the protons. They do not
have enough energy to overcome this force and fuse together and so
the strong nuclear force does not come into effect. These protons
have not jumped the energy barrier.   b Electrostatic forces of
repulsion act on the protons initially, but they have enough energy
to push past these forces and get close enough for the strong
nuclear forces of attraction to take effect. This force enables the
nucleons to fuse together. These protons have overcome the energy
barrier. 
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