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Figure 8.1

n atomic bomb test. The first atomic test Atook place at Alamogordo in New 
Mexico at 5.29.45 am, 16 July 1945. William 
Laurence, the official journalist and only 
‘outsider’ present at the test stated, ‘It was 
like the grand finale of a mighty symphony of 
the elements, fascinating and terrifying, 
uplifting and crushing, ominous, devastating, 
full of great promise and great forebodings’.

Remember
Before beginning this chapter, you should be able to:
• use equations to model radioactive decay 

processes, where changes are made to the number 
of nucleons

• recall the long- and short-term effects of α, β and γ 
radiation on humans and the environment

• explain how neutron absorption can affect the 
stability of a nucleus.

Key ideas
At the end of this chapter, you should be able to:
• explain the stability of nuclei in terms of the 

particles in the nucleus and the forces between 
them

• explain nuclear fusion and the conditions required 
for fusion reactions to be initiated

• describe and explain nuclear fission reactions 
initiated by fast and slow neutrons, the products of 
a fission reaction and the energy released during 
the reaction

• model fission chain reactions and describe the 
conditions required to sustain a chain reaction

• explain how energy from the nucleus can be used 
to generate power

• evaluate the risks and benefits of using nuclear 
energy

• analyse a computer simulation of the operation of a 
nuclear power plant.
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CHAPTER 8 NUCLEAR ENERGY 199

THE STABILITY OF NUCLEI
The stability of any nucleus depends on the number of protons and neu-
trons. For small nuclei to be stable, the number of protons must roughly
equal the number of neutrons. As the number of protons increases, how-
ever, more neutrons are needed to maintain stability.

The complex nature of figure 8.2 indicates that there is more to the
question of stability than a simple ratio.

What holds the nucleus 
together?
The force that holds electrons around a nucleus is called an electro-
static force. Electrostatic forces increase as charges move closer
together. Electrostatic attraction exists between unlike charges; electro-
static repulsion exists between like charges. So, it seems strange that
the positive charges inside a nucleus don’t repel each other so strongly
that the nucleus splits apart. In fact, two protons do repel each other
when they are brought together, but in the nucleus they are so close to
each other that the force of repulsion is overcome by an even stronger
force — the strong nuclear force. While the strong nuclear force is, as
its name suggests, a very strong force, it is able to act over only incred-
ibly small distances. Inside a nucleus, the nucleons are sufficiently close
that the pull of the strong nuclear force is much greater than the push
of the protons repelling each other, and therefore the nucleus remains
intact.
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Figure 8.2 This 
graph shows which nuclei are 
stable (red) and which are 
unstable (blue).

The strong nuclear force is the 
force that holds nucleons 
together in a nucleus of an 
atom. It acts over only very 
short distances.
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(10–15 m)1 2 3 4Figure 8.3 The graph 

shows how the strong nuclear 
force between two nucleons 
varies with the separation of the 
nucleons.
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Binding energy
The amount of energy needed to overcome the strong nuclear force and
pull apart a nucleus is known as the binding energy. This is the amount of
energy that would have to be added to a nucleus to split it into its indi-
vidual nucleons: that is, to reverse the binding process. For example, it
would take 2.23 MeV of energy to split a hydrogen nucleus into a
separate proton and neutron.

Each isotope has its own specific value of binding energy. Nuclei with
high binding energies are very stable as it takes a lot of energy to split
them. Nuclei with lower binding energies are easier to split. Of course, it
is difficult to supply sufficient energy to cause a nucleus to split totally
apart. It is much more common for a nucleus to eject a small fragment,
such as an α or β particle, to become more stable.

To compare the binding energies of various nuclei, and therefore their
stability, it is easiest to look at the average binding energy per nucleon. The
average binding energy per nucleon is calculated by dividing the total
binding energy of a nucleus by the number of nucleons in the nucleus.

It can be seen from figure 8.4 that iron has the highest binding energy
per nucleon. This means it is the most stable of all nuclei. In order to
become more stable, other nuclei tend to release some of their energy.
Releasing this energy would decrease the amount of energy they con-
tained, and therefore increase the amount of energy that must be added
to them to split them apart.

he forces that hold the nucleus together are much stronger than
the forces that hold electrons to the nucleus. This means that

changes to the nucleus can release much more energy than changes to
the electrons; therefore, nuclear reactions are much more powerful
than chemical reactions. Nuclear changes in a baseball-sized lump of
uranium-235 can release a similar amount of energy to the chemical
changes in 20 000 tonnes of TNT!

T
AS A MATTER OF FACT

The binding energy of a nucleus 
is the energy that would need to 
be provided to split a nucleus 
into individual nucleons.
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Figure 8.4 This 
graph of binding energy versus 
mass number shows that iron has 
the most stable nucleus.
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Nuclear energy
When a nucleus releases energy to become more stable, the emitted
energy is called nuclear energy. It is the source of energy utilised in
nuclear power plants, nuclear bombs, and even the stars.

Einstein’s famous equation, E = mc2, can be used to calculate the
energy released from a nucleus. If the masses of individual nucleons were
added together, the result would not be the same as the mass of the same
number of nucleons held together in a nucleus. The difference between
these two masses is the m in Einstein’s equation. The c is the speed of
light and E is the nuclear energy released.

The way in which nuclear energy can be released may be broadly separ-
ated into two categories — fusion and fission.

Nuclear fusion
Nuclear fusion is the process of joining two smaller nuclei together to
form a larger, more stable nucleus. Fusion occurs only under very
extreme conditions with incredibly high temperatures and pressures,
such as those inside the Sun.

The Sun’s core has a temperature of more than 15 million K, just per-
fect for fusion to occur! Inside the Sun, hydrogen nuclei are fusing
together to form helium. As helium is more stable than hydrogen, the
excess nuclear energy is released. This energy is emitted from the nuclei
as γ radiation, and is eventually received on Earth as light and heat.

In other stars, fusion reactions are also taking place. Stars which are
bigger than our sun have such severe conditions that larger, more stable
nuclei such as silicon and magnesium can be produced from the fusion
of smaller nuclei. A star about 30 times more massive than our sun would
be needed to produce conditions that would enable the formation of
iron by fusing smaller nuclei together.

Our sun
The chain of events occurring in the Sun is quite complex. The major
component of the Sun is ; that is, nuclei consisting of only one proton
and no neutrons. When collisions occur between  nuclei, they fuse
together in an unusual way. One of the protons is changed into a neu-
tron (in much the same way as a neutron is changed into a proton and
an electron during β− decay). This forms a  nucleus. One of the by-
products of this process is a positron.

Nuclear energy is the energy 
emitted by a nucleus as it 
becomes more stable.

Nuclear fusion is the process of 
joining together two nuclei to 
form a larger, more stable 
nucleus.
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Figure 8.5 Fusion

Cold fusion
n 1989 Martin Fleischmann and Stanley Pons
caused a rush of excitement and media atten-

tion. They claimed to have achieved what had
been thought to be impossible — fusion at room
temperature. In their attempt to achieve ‘cold
fusion’, they used a metal called palladium that
was known to absorb surprising amounts of
hydrogen, believing that there might be enough
force on the hydrogen nuclei within the palladium
to overcome the electrostatic repulsive force

between them, allowing fusion to occur. When
they tried the experiment they got the results they
wanted, including large quantities of energy being
released. Scientists around the world rushed to
verify the experiment, but found that it simply did
not work. If it had, the implications for the world’s
energy supply would be enormous. Unfortunately
the results were just misinterpreted in the rush for
fame and fortune.

I

PHYSICS IN FOCUS
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Positrons are produced when some artificially produced isotopes
undergo radioactive decay. Positrons are the opposite of electrons; they
have the same mass, but carry a positive charge. When a positron and an
electron collide, they immediately annihilate each other. The only thing
that remains of either is a gamma ray.

When a  nucleus and a  nucleus collide, they form a more stable
 nucleus, and release the extra energy as a γ ray. If two  nuclei

collide, they complete the process of turning hydrogen into helium. The
collision results in the formation of a  nucleus and two  nuclei.
Again, energy is released. The energy released during nuclear reactions
inside the Sun provides energy for life on Earth.

Nuclear fission
When a nucleus undergoes nuclear fission, two smaller nuclei, often
referred to as fission fragments, are produced. In addition, two or three
free neutrons are released. The fission fragments are each more stable
than the original nucleus. The extra energy is released.

Only one naturally occurring isotope will spontaneously undergo fission.
That isotope is uranium-235. It is far more common for fission to be initi-
ated when nuclei are bombarded with slow-moving neutrons. Three
isotopes are fissionable under these circumstances — naturally occurring
uranium-235, and artificially produced uranium-233 and plutonium-239.

When a slow-moving neutron collides with one of these nuclei, it is
temporarily absorbed, producing a very unstable isotope with an incred-
ibly short half-life. This isotope then splits into the two fission fragments.
The fission fragments are not always the same, even when the same initial
nucleus is used, although some pairs occur more frequently than others.
One fragment often has a mass of approximately 140, while the other
fragment has a mass of about 90. Some possible equations for the fission
of uranium-235 set off by the absorption of a neutron are:

Each of these reactions releases a slightly different amount of energy,
but all release about 200 MeV of energy. This is a huge amount of

H1
1 H2

1
He3

2 He3
2

He4
2 H1

1

ll the atoms that make up your body (and the rest of the atoms in
the Earth) were originally produced in a star. Fusion in stars

caused all the atoms to be formed. Those nuclei with atomic
numbers up to that of iron were produced in regular stars. However,
when large stars stop producing energy from fusion of elements up
to iron, they implode, or collapse in on themselves. This causes con-
ditions in which even large atoms will fuse together to produce very
heavy elements such as gold, lead and uranium. (This is not energet-
ically favourable, but does occur in very extreme circumstances.) If
these stars later explode as supernovas, they spread the elements they
have made out into space. It is believed that the Earth was formed
from a cloud consisting of the remnants of an old supernova.

AS A MATTER OF FACT

A

Nuclear fission is the process of 
splitting a large nucleus to form 
two smaller, more stable nuclei.
Fission fragments are the 
products that result from a 
nucleus that undergoes fission. 
The fission fragments are 
smaller than the original 
nucleus. 

Figure 8.6 Fission

U235
92 n1

0 U236
92 La148

57 Br85
35 3 n1

0 energy+ + +→ →+

U235
92 n1

0 U236
92 Ba141

56 Kr92
36 3 n1

0 energy+ + +→ →+

U235
92 n1

0 U236
92 Xe140

54 Sr94
38 2 n1

0 energy+ + +→ →+

Jac Phys 1 2E - 08  Page 202  Friday, October 24, 2003  2:30 PM



CHAPTER 8 NUCLEAR ENERGY 203

energy to be released by one nucleus, as can be seen when it is com-
pared with the burning of coal in power plants. Each atom of carbon
used in this process releases only 10 eV of energy — about 20 million
times less!

The energy released in a fission reaction comes from the difference
between the mass of the original nucleus and the combined mass of the
fission fragments. In fission reactions, the mass of the original, large
nucleus and the absorbed neutron is greater than the combined mass of
the fission fragments.

Chain reactions
Once the initial fission has occurred, the free neutrons it produces can
instigate fission in surrounding nuclei. This is called a chain reaction,
and is similar to the effect of knocking over the first in a line of
dominoes.
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Fission animation

PHYSICS IN FOCUS

Lise Meitner (1878–1968)
ise Meitner was the physicist who coined the term fission and,
along with her nephew Otto Frisch, explained the splitting of

uranium nuclei into barium and lanthanum.
Born in Vienna, Lise was fascinated by the world around her from

an early age. A talented student, she wanted to understand the things
she observed in nature. Having decided that she would like to pursue
her interest in physics and mathematics, Lise engaged a private tutor
to prepare her for the university entrance exams, as schools which
taught such subjects would not accept girls at that time. She was the
second woman to be granted a Doctorate in Physics from the Univer-
sity of Vienna, conferred in 1906.

Lise then moved to the Institute of Experimental Physics in Berlin
to work with Otto Hahn. Initially, this proved difficult. Lise was
forced to work in a converted workshop as females were not per-
mitted to use the facilities available to male students. As the place of
women in the institute became more accepted, Lise was given pos-
itions of responsibility, finally being made a professor in 1926.
During her time at the institute, Lise made many important con-
tributions to atomic and particle physics, including the co-discovery
with Otto Hahn of the radioactive element protactinium.

In 1938 Berlin became a dangerous place for Jews and Lise moved
to Sweden. It was there she and Otto Frisch interpreted the results of
experiments conducted by Otto Hahn and Fritz Strassman to come
up with the first explanation of the fission process. In doing so, Lise
was the first person to use Einstein’s Theory of Mass–Energy Equiva-
lence to calculate the energy released during fission.

Her international reputation led to an invitation to join the Man-
hattan Project in 1941 and work on the development of the atomic
bomb. Lise objected to the project and declined the offer. She con-
tinued to work in Sweden until moving to England in 1960, finally
retiring at the age of 82.
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Chain reaction with

dominoes

A chain reaction occurs when 
neutrons, emitted from the 
decay of one atom, are free to 
initiate fission in surrounding 
nuclei. 
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It is possible that some, or all, of the free neutrons could be absorbed by
a material that is not fissionable. This would mean that the absorbed neutron
would not cause another fission. Depending on the number of absorbed
neutrons, the chain may continue at a slower rate or simply die out.

Figure 8.8 Less explosive chain reactions

A situation such as that shown in figure 8.8(a) occurs in natural
uranium deposits in the Earth’s crust. Natural uranium ore contains
about 0.7% uranium-235 (fissionable uranium). The other naturally
occurring isotope of uranium, uranium-238, will absorb free neutrons
without undergoing fission. This prevents an uncontrolled chain reaction
occurring in underground deposits.

Figure 8.8(b) is the ideal operating scenario for a nuclear power plant.
The amount of energy produced in this situation is reasonably constant,
because each fission triggers one more fission only. This is called a
controlled chain reaction.

release of
energy

neutron

fission
products

Figure 8.7 This is 
what happens if every free 
neutron goes on to produce 
another fission. A situation such 
as this quickly releases an 
enormous amount of energy. It is 
called an uncontrolled chain 
reaction and is what happens in 
a nuclear bomb.

An uncontrolled chain reaction 
occurs when every free neutron 
goes on to produce another 
fission reaction. It occurs in 
nuclear bombs and releases an 
enormous amount of energy. 

neutron
causes fission

(b)

neutron absorbed
by non-fissile material

release of
energy

fission
products

neutron

release of
energy

neutrons 
absorbed by 
non-fissile 
material

fission products

(a)

neutron

fissile
material

A controlled chain reaction 
occurs when only some of the 
emitted neutrons are able to 
instigate further fission 
reactions, and the remaining 
neutrons are absorbed by a 
material that is not fissionable. 
In this situation energy can be 
released at a constant rate.
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Enriched uranium
Natural uranium ore cannot be used for nuclear bombs or power plants
because it contains only small amounts of fissionable uranium-235. The
other components of the ore absorb free neutrons and prevent a sustain-
able chain reaction from occurring. A process called enrichment must be
carried out to increase the percentage of uranium-235 in the ore.
Because uranium-235 and uranium-238 are chemically identical, the pro-
cess of separating out the isotopes is difficult. A number of enrichment
methods have been discovered, but all are complex and costly. Enriched
uranium for nuclear power plants must contain between 1% and 4% of
uranium-235. For nuclear bombs the percentage of uranium-235 must be
closer to 97%, because an uncontrolled chain reaction is required.

NUCLEAR POWER PLANTS
Generating electricity
There are many energy sources that can readily be converted into elec-
tricity. In Australia, coal and hydroelectricity are used to generate com-
mercial quantities of electricity. Australia does not have any nuclear
power plants that produce electricity for use by the community. Other
countries, such as France, Britain, the USA, Japan, Finland and the
members of the former Soviet Union, use nuclear power to supply part of
their domestic power needs.

Enrichment is the process of 
increasing the percentage of 
uranium-235 in a sample of 
uranium. Enrichment is 
important because naturally 
occurring uranium does not 
have a high enough percentage 
of uranium-235 to sustain a 
chain reaction. 

Figure 8.9 France 
uses nuclear power for 76% of its 
electricity. 
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Whatever the energy source used to generate electricity, the power
plant is surprisingly similar. By some means, the energy source is used to
turn a turbine. The kinetic energy of the turbine is then converted into
electrical energy by a generator. The electrical energy is distributed to
the community via a series of transformers and transmission lines.

Power plants that use coal are very similar to those using nuclear
energy. In both cases, the energy is used to heat water and produce
steam, which is then used to turn the turbine.

0

10

20

30

40

50

60

70

80

90

C
hina

P
akistan

India
M

exico
N

etherlands
B

razil
S

outh A
frica

A
rgentina

R
om

ania
C

anada
R

ussia
W

O
R

LD
C

zech R
epublic

U
S

A
Taiw

an
U

nited K
ingdom

S
pain

G
erm

any
F

inland
Japan
S

w
itzerland

K
orea R

O
 (S

outh)
S

lovenia
H

ungary
B

ulgaria
S

w
eden

U
kraine

S
lovak R

ep.
B

elgium
France
Lithuania

13
1516

2020
2223

293131
34

36
393939

42
44

46

53

58

7778

11

3.7

8.26.7
4.3 4.2 3.7 2.91.1

P
er

ce
nt

ag
e 

of
 to

ta
l e

le
ct

ric
ity

 fr
om

 n
uc

le
ar

 p
ow

er
 in

 2
00

2

Figure 8.10 
Graph showing the percentage 
of various countries’ electricity 
needs supplied by nuclear power 
Source: Data derived from 
Uranium Information Centre Ltd, 
‘World nuclear power reactors 
2001–02’, at www.uic.com.au/
reactors.htm

(a) Thermal power stations. Burning fuel or nuclear reactions release energy. This heats water 
     and produces steam, which travels through pipes and spins the turbines.

steamwater

burning fuel

(b) Hydro-electric power stations. Water rushing down from the dam spins the turbines.

dam

steamwater

reactor

(i) Gas or coal 

(ii) Nuclear

turbine
generator

turbine
generator

turbine
generator

Figure 8.11 Various 
methods can be used to turn the 
turbines that allow electricity to 
be produced.
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Nuclear reactors
There are many different styles of nuclear reactor. The pressurised water
reactor (referred to as PWR for short) is the most common. It uses the
fission of uranium-235 to produce its energy. Generally, nuclear fission
reactors have the same basic components. Figure 8.13 shows the arrange-
ment of a typical nuclear reactor.

Australia’s nuclear reactors
Australia has two small uranium-235 reactors which are used for research
and the production of medical isotopes. They are called HIFAR (which
stands for ‘high flux Australian reactor’) and Moata (an Aboriginal word
meaning ‘gentle heat’ or ‘firesticks’). Both reactors are located at Lucas
Heights in Sydney. They have been designed not for high power production,
but for high neutron flux, because their purpose is to irradiate various sub-
stances with large amounts of neutrons. A pinhead inside HIFAR’s core
would be hit by roughly one million million (1 × 1012) neutrons each second! 

Fast breeder reactors
Like coal and gas, the world’s supply of uranium-235 is limited. To over-
come this problem, fast breeder reactors have been developed. These
reactors use plutonium-239 as the energy source. Plutonium-239 is not a
naturally occurring isotope; rather, it is produced when uranium-238 cap-
tures a neutron and becomes uranium-239. This unstable isotope releases
a β− particle and becomes neptunium-239. Another β− particle is then
released and the nucleus becomes plutonium-239, a fissionable isotope.
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n 1972 scientists discovered a site in Gabon,
West Africa, which is believed to be the rem-

nants of a natural fission reactor that operated
about 2000 million years ago! Scientists sus-
pected that a natural arrangement of uranium
ore and water had acted like a modern fission
reactor when they noticed lower than expected
amounts (0.44% instead of the usual 0.72%) of
uranium-235 in the ore of a mine. It took some

good scientific detective work to solve the
puzzle.

The main evidence for the existence of a natural
reactor was the presence of fission products.

The graphs in figure 8.12 below show the distri-
bution by mass number of the isotopes of the fis-
sion product neodymium (Nd). This evidence
leaves little doubt that a natural reactor really did
exist: (a) and (c) are virtually identical.

I

Figure 8.12 Evidence for a natural reactor in Gabon: (a) natural reactor site
(b) regular ore and (c) spent fuel rods from a nuclear power plant.
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Figure 8.13 A nuclear power plant

Fuel rods in a fast breeder reactor consist of 20% plutonium-239
surrounded by 80% natural uranium. As the plutonium undergoes
fission, it actually produces plutonium when the uranium-238 is bom-
barded with neutrons. In this process more plutonium is produced than
is used. This is why they are known as ‘breeder’ reactors. Uranium-238 is
much more plentiful than uranium-235, so fast breeder reactors are an
attractive alternative to conventional reactors.

There is another major difference between reactors that use enriched
uranium-235 and fast breeder reactors. Plutonium-239 readily absorbs
fast-moving neutrons (hence the name ‘fast’ breeder). It is therefore not
necessary for these reactors to have a moderator to slow down the free
neutrons. Generally they use liquid sodium as a coolant.

Fast breeder reactors are still largely in the experimental phase of their
development. They produce only small amounts of electricity. Fast
breeder reactors in France, Germany and Japan have been closed
because of expensive technical problems.

moderator

control rods

pump

water

reactor core

pressure vessel

steam
generator
(heat exchanger)

containment vessel

fuel
rods

Reactor core
The reactor core is where the fission takes place to 
produce energy. It contains the nuclear fuel, control 
rods, moderator and coolant. A shield of concrete and 
steel surrounds the core to prevent radiation 
from escaping.

Fuel rods
Fuel rods consist of a number of thin tubes full of 
pellets of the fissionable material. Usually the 
fissionable material is enriched uranium-235. Fission 
occurs inside the fuel rods, releasing the nuclear 
energy. As the uranium-235 is used up in the process 
of fission, the fuel rods must be replaced regularly.

Control rods
The purpose of these cadmium boron control rods is to 
absorb neutrons. This allows the chain reaction to be 
controlled. When the reactor is just starting, the rods 
can be raised to allow the number of nuclei being split 
each second to increase. Once the desired level is 
reached, the rods are lowered part way into the reactor 
core until they absorb sufficient neutrons to maintain 
the fission at a constant rate. In case of emergency, 
safety rods drop fully into the core, absorbing lots of 
neutrons, and shutting down the chain reaction.

Moderator
A moderator is used to slow down the neutrons 
released during fission. Collisions between the 
moderator material and the neutrons slow the neutrons 
down. Slow moving, or ‘thermal’, neutrons are more 
likely to be absorbed by a uranium-235 nucleus than 
fast moving neutrons. Using a moderator means each 
neturon released during fission has a greater chance of 
causing another nucleus to undergo fission. Water is 
most often used as a moderator. Sometimes graphite 
is used, but it may catch fire if an accident occurs 
inside the reactor core. For this reason, water-
moderated reactors are the only type used in the 
Western world.
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Nuclear power plant
simulation
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Fusion reactors
Stars are giant fusion reactors, and many people have proposed that fusion
reactors could be the answer to our energy needs. The fusion of hydrogen
isotopes to form helium releases a large amount of energy. (Figure 8.4
shows the large difference in the binding energies of , and helium.) In
addition, the  used for fuel is plentiful, and the fusion produces very
little radioactive waste.

The practicalities of a fusion reactor, however, are proving difficult. To
initiate fusion of hydrogen, the forces of repulsion between the positive
nuclei must be overcome. One way to do this is to give the nuclei large
amounts of kinetic energy by heating them to extremely high tempera-
tures. It is incredibly difficult to contain material at such temperatures.
Currently, scientists are using magnetic fields to contain the hydrogen,
while laser beams are used to heat it. This method has proved successful,
but for only very short periods of time so far. Viable production of energy
using a fusion reactor is still many years away.

pump

steam

turbine
generator

coolant

electricity

Coolant
The coolant keeps the temperature constant 
throughout the reactor core, and is also used 
to transfer heat energy from the reactor core to 
the heat exchanger. Water is the most  
commonly used coolant. Often it is pumped 
under high pressure in between the rods, and 
through the rest of the system. Water under 
high pressure does not turn into steam, even 
when the reactor operates at temperatures 
exceeding 300°C. In reactors which do not use 
graphite as a moderator, the water acts as 
both a coolant and a moderator. In those 
which are graphite moderated, carbon dioxide 
(under enormous pressure) is used as a 
coolant.

Containment vessel
The portions of the nuclear power plant which 
contain radioactive material are housed in a 
containment vessel. This is an airtight, 
concrete and steel structure that isolates the 
reactor from the environment. It prevents any 
radioactive material escaping if an accident 
occurs. For safety reasons, containment 
vessels are designed to withstand a plane 
crashing into them!

Heat exchanger
In this section of the power plant, heat is 
transferred from the reactor coolant to a 
secondary water system which is used to turn 
the turbines. The purpose of the heat 
exchanger is to keep the water which runs 
through the reactor core separate from the 
water which travels outside the containment 
vessel. This is a safety precaution as the 
coolant water itself can become radioactive.

W
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Fusion basics

H2
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1
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Figure 8.14 The stars in Omega Centauri, like all other stars, are 
giant fusion reactors.

Disaster at Chernobyl
s in any other industry, many accidents have
occurred in the nuclear industry since the

introduction of nuclear power. In most cases the
damage has been minimal, and was contained
inside the reactor without posing danger to
nearby communities. This was due to the large
number of safety features incorporated into the
reactor design. Unfortunately, on 26 April 1986, a
major accident happened at Chernobyl, near
Kiev — then part of the Soviet Union.

The Chernobyl nuclear power plant reactors
are graphite moderated and water cooled. Unlike
those in Western countries, Soviet reactors were
sometimes built without a containment vessel,
and the Chernobyl reactors are of this kind.

On the day before the accident, one of the
reactors at the power plant had been reduced to
running at about 50% of its usual power output,
and the emergency core cooling systems had been
switched off, to allow tests to be carried out. The
tests were to measure the effectiveness of modifi-
cations that had been made to the generators, and
were not due to concerns about the reactor core.

Just after 1 am on 26 April, the operators had
to make changes to the system in order to get the
reactor to behave in a way that would allow the
test to continue. When another change was made
to the system to set it up for the tests, the reactor
became more unstable and could no longer be
controlled. The operator tried to insert the con-
trol rods fully to stop the reaction. In four sec-
onds the power had risen to 100 times its normal
level and a steam explosion occurred.

The temperature of the core reached about
5000 K, one-third of the fuel was destroyed by the
explosion, and about one-tenth of the core (mostly
the graphite moderator) was burned, releasing
about 4% of the fuel into the atmosphere because
there was no containment vessel. Two staff were
killed at the time of the accident — one was hit by
a jet of steam, and the other by a block of concrete.
A further 300 reactor staff and emergency workers
were treated in hospital, and 29 of them died of
acute radiation poisoning. Some of the wider
effects of the Chernobyl disaster are discussed in
the articles on pages 90–91 (chapter 4).

PHYSICS IN FOCUS
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Nuclear wastes
High-level waste
Fission reactors do not produce as much waste as coal or gas power
plants, but the waste they do produce is highly radioactive. When
fission occurs inside the fuel rods, the fission fragments produced are
unstable. These fragments then undergo a series of radioactive decays
to become more stable. Commonly the fission fragments release β−

particles in order to increase the number of protons in the nucleus.
Some of the isotopes produced have very short half-lives, while others
have longer half-lives.

Two frequently produced fission fragments and their decay chains are:

The used (or spent) fuel rods can be reprocessed. During this pro-
cedure any unused fuel is removed from the rods for reuse. Plutonium
produced in the fuel rods is also separated. The remnants are classified
as high-level waste. While such waste does not take up a lot of space, it is
highly radioactive. It has been estimated that high-level waste will take
about 1000 years to return to the same level of radioactivity as the
uranium ore that was originally mined, and at least 5 million years before
there is no longer any significant radiation. High-level waste must be
stored in shielded containers to prevent radiation escaping into the
environment. It must also be cooled to stop overheating.

The International Nuclear
Safety Group investigated the
causes of the Chernobyl disaster.
They concluded that there were
problems with the design of the
reactor, and with the test pro-
cedures, which contributed to
the accident. In addition, they
felt that operators were not fully
aware of safety issues, due to a
poor ‘safety culture’, both locally
and nationally. As a result of the
investigation, much has been
learned about design and safety
of reactors in general, and about
Soviet reactors in particular.

Figure 8.15 The
Chernobyl nuclear reactor after

the accident

Sr94
38 Y94

39 Zr 94
40→ →

Xe140
54 Cs140

55 Ba140
56 La140

57 Ce 140
58→ → → →

(stable)

(stable)

The waste produced in a 
nuclear power plant can be 
classified as high, medium or 
low. High-level waste needs to 
be stored in shielded containers 
and cooled to stop overheating. 

he USA has so far refused to reprocess spent fuel rods. The
reason is concern that the plutonium-239 that is removed during

reprocessing may be illegally used to manufacture nuclear weapons.
T
AS A MATTER OF FACT
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Medium-level waste
In addition to the fuel rods, all other material in the reactor core is exposed
to a huge amount of radiation. Some of this radiation can be absorbed by
the material, which itself becomes radioactive. The fuel containers, pipes,
gauges and other reactor components are classified as medium-level waste.
This waste does not require cooling, but still needs to be shielded.

Radioactive isotopes used in medicine and industry are classified as
medium-level waste once their useful life is over.

Low-level waste
Used protective clothing, water from showers and the cleaning of protective
gear, and old plant equipment all make up low-level waste. Often such waste
contains levels of radiation that are just above safe levels, or isotopes with
very short half-lives or low activities. Sometimes these wastes can be released
into the environment after being diluted, or simply stored for a short time.

Waste disposal
Because of the long life of high- and medium-level radioactive waste,
careful consideration must be given to its storage. At present it is planned
that most waste will be stored underground, in geologically stable areas
away from underground water.

Some of the waste is simply placed in steel storage canisters. Another
option is to fuse the waste into glass blocks — a process called vitrification.
Australian scientists have developed a process by which wastes are encapsu-
lated in an artificial rock dubbed ‘Synroc’. In this synthetic substance, the
waste is incorporated into the crystal lattice, making it resistant to high tem-
peratures and water. These properties make Synroc ideal for underground
storage of nuclear wastes. It can resist the high temperatures that are pre-
sent very deep in the Earth’s crust, and heat produced by radioactive decay.
Underground water supplies will not break down Synroc, thus avoiding the
possibility that the waste will contaminate water supplies. Natural rocks with
similar composition to Synroc have been known to survive harsh conditions
for millions of years. It is hoped that Synroc will do the same.

Underwater storage of nuclear waste, deep in the oceans, has also been
used by some countries. While this is mostly used for lower-level wastes, it
is still a source of concern for environmentalists because the metal
storage canisters will corrode in time, allowing the radioactive contents to
leak into the world’s oceans.

Suggestions have been made that nuclear waste should be shot away
from the Earth in rockets, possibly into the Sun’s core (although the
amount of energy needed to do this makes it prohibitive). It is not
known, however, what effect this might have on the stability of the Sun!
In addition, the possibility of a rocket carrying nuclear waste exploding
in our atmosphere, or crashing back to Earth, is not something most
governments would be prepared to risk.

NUCLEAR BOMBS
Fission bombs
Immense amounts of energy are available in a very short space of time
from the splitting of large nuclei — just perfect for making bombs. A
nuclear fission bomb is simply a lump of fissionable material in which an
uncontrolled chain reaction is allowed to occur. Fortunately, this
happens only under fairly specific conditions.

Medium-level waste requires 
shielding, but not cooling. 
Low-level waste is either stored 
for a short time and then 
released into the environment, 
or released immediately, 
without first being stored.
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The chain reaction
To help an uncontrollable chain reaction occur, a large proportion of
fissionable nuclei is necessary. If uranium is to be the energy source,
weapons-grade enriched ore (about 97% uranium-235) is used. This
means that there are very few nuclei present that can absorb the free
neutrons without undergoing fission themselves. Therefore more of the
available neutrons cause an energy release.

Critical mass
A large ball of weapons-grade material makes a large nuclear bomb, but
a small ball of weapons-grade material may not make a small nuclear
bomb! The difference lies in the volume-to-surface-area ratio. A small
ball has a small ratio of volume to surface area. This means a low
proportion of the free neutrons stay inside the ball where they can
initiate a fission. Large balls of weapons-grade material will have a higher
ratio of volume to surface area, therefore a higher proportion of the free
neutrons stay inside the ball to produce further fissions.

Critical mass is the smallest mass of a fissionable substance which,
when formed into a sphere, will sustain an uncontrolled chain reaction.
This mass varies according to the percentage of fissionable nuclei in the
material, and the fissionable isotope used. Any mass less than the critical
mass is known as subcritical.

Figure 8.16
An uncontrolled chain reaction

A large surface area compared to
volume does not allow neutrons
to stay in the material, so a small 
sphere may not be able to sustain
a chain reaction.

A flat sheet of weapons-grade material cannot
sustain a chain reaction. A flat sheet has a very
low volume-to-surface-area ratio.

Figure 8.17 

(b) (c)

The critical mass of a 
fissionable substance is the 
smallest spherical mass that will 
sustain an uncontrolled chain 
reaction.

A large ball has a large volume-to-surface-area 
ratio. A large ball can sustain a chain reaction.

(a)
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Bomb design
All fission bombs rely on two or more subcritical masses being brought
together to form a critical mass. The joining of the subcritical masses is
usually instigated by the detonation of a small, conventional bomb.

Figure 8.18 This gun style bomb is similar to ‘Little Boy’, the bomb 
dropped on Hiroshima on 6 August 1945. It uses the fission of enriched uranium-
235 as its energy source.

Figure 8.19 This implosion bomb is similar to ‘Fat Man’, the bomb 
dropped on Nagasaki on 10 August 1945. It uses several subcritical pieces of 
plutonium-239 as its energy source.

Fusion bombs
The extreme conditions necessary for the fusion of hydrogen can be
created by the detonation of a small fission bomb. This means a fusion
(or hydrogen) bomb is actually two bombs — a small fission bomb which
triggers a much larger fusion explosion. Such weapons are known as
thermonuclear, because the initial explosion creates the intense heat
necessary to overcome the repulsion between positive nuclei and allow
them to get close enough for the fusion to occur.

The effects of nuclear 
weapons
Nuclear weapons are measured according to the mass of TNT needed to
produce a similar blast. Both bombs dropped on Japan in 1945 were
about 20 kiloton bombs. Weapons currently stockpiled around the world
are much larger than this, with 20 megaton bombs being usual.

The devastating damage caused by nuclear weapons can be classified in
two ways: immediate and long-term effects.

(a) Before firing

explosive chargetwo pieces of enriched
uranium-235, both less
than the critical mass

separating tube

(b) Detonation

(c) Compressed piece of uranium created 
which exceeds critical mass

(d) Atomic explosion

(c) Atomic explosion(a) Before firing

small pieces of
plutonium-239 (each
less than the critical mass) 
and separating material

detonators

beryllium shell
compressed small ball of plutonium-239 
which exceeds critical mass

(b) Detonation

Thermonuclear weapons are 
those whose initial fission 
explosion provides the heat 
required for the more massive 
fusion explosions to occur.
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Immediate effects
Thermal flash. The high temperatures generated by a nuclear blast cause a
flash of thermal (heat) radiation to spread out from ground zero (the
centre of the blast). The thermal radiation takes the form of an enor-
mous fireball. A 10 megaton bomb would produce a fireball about 4.3 km
in diameter, and the thermal flash emitted would cause second-degree
burns up to 32 km away. Eyesight may also be damaged in any creatures
looking at the fireball. When exposed to such large amounts of thermal
radiation, dry grass, material and paper may spontaneously ignite, setting
fires which may be fanned by the accompanying high winds. Close to
ground zero, most substances are melted, burned or exploded.

Shock wave. Immediately after the detonation of a nuclear bomb, a shock
wave spreads out from the centre of the blast. This high-pressure wave
moves out at speeds which may be greater than 3000 km h−1. It is esti-
mated that a 10 megaton bomb would irreparably damage houses within
a 17.7 km radius, and moderately damage homes up to 24 km away.

Electromagnetic pulse. The huge amounts of γ radiation emitted by the
nuclear explosion can ionise atoms in the air. The numerous free elec-
trons produced cause strong electromagnetic fields to form. These fields
are capable of destroying electric and electronic systems, including power
distribution systems, telecommunications and computer networks. Data
stored electronically would be wiped from memory chips and data tapes.

Initial nuclear radiation. Enormous amounts of γ radiation and free neu-
trons would irradiate everything near the blast. While the radius of
damage due to nuclear radiation would not be as great as for the shock
wave or thermal blast, the severity of the radiation received by people
and animals would cause immediate death in most.

Figure 8.20 The 
immediate after-effects of the 
nuclear bomb explosion in 
Hiroshima, Japan, August 1945
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Long-term effects
Radioactive fallout. In the days and weeks after a nuclear blast, the radio-
active products of the fission reaction, floating as dust in the atmosphere,
would start to return to Earth. Many of these isotopes have long half-lives,
ensuring that their effects would remain for months and years. The
fallout from fusion bombs is less than for fission bombs because radioiso-
topes are not produced by fusion reactions. (A fusion bomb does still
require a small fission bomb to initiate the fusion reaction.)

The radiation from the fallout would ensure that any remaining
people would continue to receive a greater than normal radiation dose
for many years.

Nuclear winter. Some scientists have predicted that a so-called nuclear
winter may follow large-scale nuclear detonations, such as a nuclear war.
The dust and smoke brought into the atmosphere by the explosions
would gather as clouds covering great expanses of the sky. Sunlight would
be blocked from the Earth’s surface, resulting in lower temperatures and
the destruction of plant life until the clouds finally settled. The ozone
layer could be damaged, leaving the Earth without protection from the
sun’s ultraviolet rays once the dust clouds cleared.

A nuclear winter describes the 
blocking of sunlight by the 
smoke, dust and soot produced 
by a nuclear explosion. The 
reduction of sunlight would 
lead to a drop in the Earth’s 
temperature and interrupt vital 
processes such as photosynthesis.
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• The force that holds nucleons together in a
nucleus of an atom is called a strong nuclear
force. It acts over a very short distance and is
strong enough to overcome the electrostatic
force of repulsion that exists between the pro-
tons of a nucleus.

• The nuclei of different atoms have varying
degrees of stability. The binding energy of a
nucleus is the energy required to completely
separate a nucleus into individual nucleons.
Therefore the binding energy is a measure of
the stability of a nucleus. Iron is the most stable
of all nuclei.

• In order for a nucleus to become more stable,
it emits energy called nuclear energy. The
amount of energy released is related to the size
of the difference between the mass of a nucleus
and the mass of the individual nucleons.

• Fusion reactions generally occur between
nuclei smaller than iron. Fusion occurs in our
sun, where it converts hydrogen nuclei into
helium nuclei and releases large amounts of
energy.

• Fission reactions occur when a nucleus is split
into smaller, more stable fission fragments. If
every neutron released in fission is free to
initiate more fission reactions, an uncontrolled
chain reaction occurs. Controlled chain
reactions occur when some of the free neutrons
are absorbed by non-fissionable substances.

• Nuclear reactors use the energy generated by
controlled chain reactions to heat water. The
steam produced turns the turbines that pro-
duce electricity.

• The fuel in some nuclear reactors is more likely
to undergo fission when it absorbs slow-moving
neutrons. Moderators are used in these reactors
to slow down neutrons.

• The amount of uranium-235 in natural
uranium is not enough to sustain a chain
reaction. In order for it to be used in some
types of nuclear reactors and nuclear weapons,
the percentage of uranium-235 needs to be
increased to 1−4% (for nuclear reactors) and
97% (for weapons).

• The fuel in fast breeder reactors undergoes
fission when it absorbs fast-moving neutrons. Its
fuel does not need to be enriched, because it

uses plutonium-239 derived from uranium-238
as the fuel source. The reaction is:

 +  →  →  + β–  →  + β–

• Nuclear weapons are designed so that
subcritical masses of fissionable materials com-
press into critical masses after detonation. The
critical mass is required for the uncontrolled
chain reaction in a nuclear weapon.

Understanding and 
application

1. Explain how individual nucleons are held
together in a nucleus, given that like charges
repel.

2. (a) Define the terms fusion and fission.
(b) Which of these reactions occurs in our sun?

3. Why does the splitting of uranium-235 nuclei
release energy, but the joining of hydrogen
atoms also release energy?

4. Use the graph of binding energy per nucleon
(see figure 8.4 on page 200) to estimate the
amount of energy released when a uranium-235
nucleus is split into barium-141 and krypton-92.
Think carefully about the number of significant
figures in your answer. How well does your answer
agree with the measured value of 200 MeV?

5. Explain why a large spherical mass of uranium
may be able to sustain a chain reaction while the
same mass, spread into a flat sheet, could not.

6. Why is energy released in the process of fusing
two small nuclei together?

Application
7. Make a list of the similarities and differences

between the way electricity is produced in a
nuclear power plant and the way it is produced
in a coal-burning plant.

8. How do control rods allow the fission chain
reaction to be controlled?

9. Explain why fast breeder reactors are likely to
be the main producers of nuclear power in the
future.

10. Why is a moderator used to slow down the
neutrons in a uranium-235 reactor, whereas it
is not necessary in a fast breeder reactor?

11. Make a list of the risks and the benefits of
nuclear power.

SUMMARY
U238

92 n1
0 U239

92 Np239
93 Pu239

94

QUESTIONS
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12. How can a nuclear bomb contain sufficient
fissionable material to explode, but be trans-
ported without exploding? (Use the term
critical mass in your answer.)

More of a challenge
13. Australia needs somewhere to store the

nuclear waste produced by the reactors at
Lucas Heights in Sydney. Suggest a possible
location, and justify your choice. Write a news-
paper article to convince local residents that
the storage site will be safe. Mention in the
article the precautions that will be taken to
ensure safety.

14. Write a pamphlet that could accompany a tour
of a fictitious nuclear power plant. The oper-
ation of the plant should be explained in

simple terms which someone who had never
studied physics could understand.

15. In the 1960s atmospheric testing of nuclear
weapons was banned, but underground testing
was allowed to continue. Why might this have
been the case?

16. Lise Meitner refused to be a part of the team
of scientists who worked on the Manhattan
Project to develop nuclear bombs during
World War II. Some scientists who did work on
the project, such as the Australian physicist, Sir
Mark Oliphant, have since expressed regret
that they were involved, while others feel it was
necessary in order to end the war. Imagine you
were a scientist who was asked to work on the
Manhattan Project. Would you accept the
offer? Why?
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