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TOPIC 15
Properties of the nucleus

15.1 Overview
15.1.1 Module 8: From the universe to the atom
Properties of the nucleus
Inquiry question: How can the energy of the atomic nucleus be harnessed?
Students:

• analyse the spontaneous decay of unstable nuclei, and the properties of the alpha, beta and gamma
radiation emitted (ACSPH028, ACSPH030)

• examine the model of half-life in radioactive decay and make quantitative predictions about the activity
or amount of a radioactive sample using the following relationships:
– Nt = N0e−𝜆t

– 𝜆 =
ln (2)
t 1

2
where Nt = number of particles at time t, No = number of particles present at t = 0, 𝜆 = decay
constant, t1/2 = time for half the radioactive amount to decay (ACSPH029)

• model and explain the process of nuclear fission, including the concepts of controlled and uncontrolled
chain reactions, and account for the release of energy in the process (ACSPH033, ACSPH034)

• analyse relationships that represent conservation of mass-energy in spontaneous and artificial nuclear
transmutations, including alpha decay, beta decay, nuclear fission and nuclear fusion (ACSPH032)

• account for the release of energy in the process of nuclear fusion (ACSPH035, ACSPH036)
• predict quantitatively the energy released in nuclear decays or transmutations, including nuclear fission

and nuclear fusion, by applying: (ACSPH031, ACSPH035, ACSPH036)
– the law of conservation of energy
– mass defect
– binding energy
– Einstein’s mass–energy equivalence relationship (E = mc2)

FIGURE 15.1 The International Fusion Energy Organization (ITER) is developing the tokamak, which is an
experimental machine designed to harness the energy of fusion. (a) The coils winding facility (b) The tokamak fusion
reaction chamber.

(a) (b)
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15.2 Radioactivity
15.2.1 Naturally occurring radioactivity — the spontaneous decay of
unstable nuclei
For over a hundred years, humans have burned fossil fuels to meet their energy demands, a practice that is
driving climate change. Is it possible that our knowledge of atomic nuclei could be used to solve this dilemma,
using naturally occurring radioactive materials, to provide us with the energy we need without polluting our
world or changing its climate?

Henri Becquerel discovered radioactivity in 1896 when he was studying the radiation emitted from
phosphorescent substances that had previously been exposed to sunlight. Becquerel found by accident that a
salt of uranium, potassium–uranyl sulfate, continuously emitted radiation regardless of whether or not it had
been exposed to sunlight. This radiation penetrated matter, passing through black paper (opaque to light) and
causing a photographic plate to become darkened. It seemed to be similar in nature to X-rays, which had been
recently discovered by Wilhelm Roentgen (1845–1923).

In 1898, Rutherford showed that there were two components (alpha and beta rays) of the radiation
discovered by Becquerel, and in 1900 Paul Villard (1860–1934) discovered the third component
(gamma rays).

The properties of alpha, beta and gamma radiation can be summarised as follows.

Penetrating power

FIGURE 15.2 The relative penetrating powers of alpha, beta
and gamma radiation.

γ rays — barely affected
by air; absorbed in many 
centimetres of lead

α particles — absorbed in a few
centimetres of air, or by a piece
of paper or layer of dead skin

β particles — absorbed in
about 100 cm of air or a few
centimetres of aluminium

Paper

Aluminium
Lead

Concrete

Figure 15.2 shows that the penetrating
power is lowest for alpha particles, which
can be stopped by a sheet of paper or a
few centimetres of air. Beta particles will
be stopped by many metres of air or a sheet
of aluminium about a centimetre thick.
Gamma rays may pass through a few cen-
timetres of lead or many metres of concrete
before being stopped.

Ionising power
As might be expected, the ionising power is
the inverse of the penetrating power. Alpha
particles interact most strongly with matter
and hence have a low penetrating power and
high ionising power. The ionising power of
beta particles is lower and that of gamma
rays is very low (see figure 15.3).

Deflection by a magnetic field
The paths of the different types of radiation through a magnetic field proved to be harder to observe, but once
detected they indicated that alpha particles were positively charged, beta particles were negatively charged
and gamma rays were neutral.
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FIGURE 15.3 Ionisation caused by radioactive emissions passing through gas

(a) Alpha particles cause
 intense ionisation in 
 a gas.

(b) Beta particles ionise a
 gas much less than alpha
 particles do.

(c) Gamma rays ionise a 
 gas even less than beta 
 particles.
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FIGURE 15.4 The paths of alpha, beta and gamma rays through magnetic
fields

Lead shield

Magnetic �eld

Detection apparatus
(e.g. photographic �lm)

α particles

γ rays

β particles

Source of
radioactivity

TABLE 15.1 Summary of properties and identities of alpha, beta and gamma radiation.

Type of radiation Penetrating
power

Ionising power Path through
magnetic field

Nature of radiation
(in today’s terms)

Alpha Very low Very high Curved path of
positive charge

Helium nucleus

Beta High Moderate Curved path of
negative charge

Electron

Gamma Extremely high Very low Not deflected High energy photon
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15.2.2 Naturally occurring radioactivity explained
In 1902, Rutherford and the English chemist Frederick Soddy (1877–1956) published a paper proposing that
the emission of radioactivity was the result of ‘radioactive transformation’. When a radioactive atom emitted
an alpha particle or beta particle, the atom split into two. The alpha or beta particle was emitted and what
remained was a heavy leftover part that was chemically and physically different from the parent atom (see
figure 15.5).

This ‘transformation’, ‘disintegration’, ‘decay’ or ‘transmutation’ was responsible for turning one element
into another.

After the discovery of the nucleus, the transmutation was identified as the emission of alpha or beta particles
from the nucleus.

FIGURE 15.5 The release of an alpha particle from an atomic nuc-
leus is called alpha decay. Similarly, the release of a beta particle is
called beta decay. In each case, the number of
protons in the nucleus changes and hence the nucleus transmutes
into a different element.

Proton

Neutron

Radium-226

88 protons
138 neutrons

86 protons
136 neutrons

Radon-222

α particle Proton

Neutron

Thorium-234

90 protons
144 neutrons

91 protons
143 neutrons

Protactinium-234

β particle

PHYSICS FACT
Writing nuclear equations
The formulas for nuclei are written in the form XA

Z where X is the symbol for the element, A is the mass number
(number of protons plus neutrons) and Z is the atomic number (number of protons).
The term nuclide is used to denote a nucleus characterised by particular values of Z and A. If a group of

nuclides share the same atomic number but have different mass numbers, they are referred to as isotopes of
that element.
In any nuclear reaction, the sum of the mass numbers before the reaction must be equal to the sum of the

mass numbers after the reaction. The sum of the atomic numbers before the reaction must likewise be equal to
the sum of the atomic numbers after the reaction. This can be slightly complicated by the fact that if a beta decay
is involved, the electron is assigned an atomic number of negative 1. It may be necessary to look up a periodic
table to determine the element formed if not all the information is supplied.
The equations for the transmutations associated with some common examples of alpha decay and beta

decay are:

U238
92 → T234

90 h + H4
2 e

T234
90 h → P234

91 a + e0
−1 .

We can see that alpha decay reduces the atomic number by two and the mass number by four, and beta decay
increases the atomic number by one and leaves the mass number unchanged.
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15.2 SAMPLE PROBLEM 1

Write the nuclear equation for the beta decay of lead-209 into bismuth-209.

SOLUTION:

P209
82 b → B209

83 i + e0−1

15.2 SAMPLE PROBLEM 2

It is possible to bombard beryllium−9 with apha particles and force it to form a new substance. In doing
so, a neutron is ejected. Write the nuclear reaction for this process and identify the new substance.

SOLUTION:

B94 e + H42 e → C12
6 + n10

In a nuclear reaction, the superscripts (mass numbers) and subscripts (atomic numbers) must balance on
the left and right sides of the equation. By doing this, the new substance is identified as carbon-12.

15.2 Exercise 1
Write the equations for:
(a) alpha decay of americium-241
(b) β− decay of platinum-197

 

15.3 The model of half-life in radioactive decay
15.3.1 Half-life of a radioactive isotope
Not all radioactive isotopes decay at the same rate. The rate of decay is measured by the half-life of the
radioisotope. This is the time taken for half the radioactive material to decay.

Half-lives can vary significantly. Uranium-238 has a half-life of 4.5×109 years whereas polonium-218 has
a half-life of only 1.5 × 10−4 seconds.

A radioisotope with a very long half-life is unsuitable for medical diagnosis as it lingers in the patient
after all necessary measurements are taken. This can pose a danger to the patient and people in close contact
because of the radiation emitted. On the other hand, if the half-life is too short, the radioisotope either loses
its useful radiation before measurements can be taken or has to be administered in a dangerously large dose.
Radioisotopes with half-lives ranging from several minutes to days are used for medical diagnosis.

The decay of a radioisotope can be plotted on a graph from which the half-life can be read. In the graph
in figure 15.6, we see that there is initially 100 g of sodium-24. From the graph, the mass has halved to 50 g
after 15 hours. The half-life (T1/2) of sodium-24 is therefore 15 hours.
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15.3 SAMPLE PROBLEM 1

RADIOACTIVE DECAY OF IODINE-123
FIGURE 15.6 The radioactive
decay of sodium-24
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A 20 mg sample of iodine-123 is to be used as a radioactive tracer in
the body. The half-life of the iodine-123 is 13 hours.
(a) How long will it take for 17.5 mg to decay?
(b) Calculate how much iodine-123 will remain after 26 hours.

SOLUTION:

(a) In 1 half-life, 10 mg of iodine-123 will decay. This will
leave 10 mg iodine-123.
In the second half-life, 5 mg iodine-123 will decay,
leaving 5 mg iodine-123.
In the third half-life, 2.5 mg iodine-123 will decay.
Altogether, 17.5 mg(10 + 5 + 2.5 mg) iodine will have
decayed in 3 half-lives or 39 hours.

(b) 26 hours is 2 half-lives (2 × 13 hours).
After 1 half-life, 10 mg of iodine-123 will decay leaving 10 mg iodine-123.
After 2 half-lives, 5 mg iodine-123 will decay leaving 5 mg iodine-123.
5 mg iodine-123 will remain after 26 hours.

15.3 SAMPLE PROBLEM 2

RADIOACTIVE DECAY

A radioisotope sample has a half-life of 10.0 minutes.
(a) Calculate the time it will take the activity to drop from 8.0 MBq (mega becquerels) to 4.0 MBq.
(b) Calculate the time it will take for its activity to be 1.0 MBq.

SOLUTION:

(a) When half the sample has decayed the activity will also halve. This assumes that the atoms
formed are not radioactive. Hence the time needed to reduce the activity to 4.0 MBq is one
half-life, or 10.0 minutes.

(b) Halving the activity each half-life means 3 half-lives have passed before the activity is 1.0 MBq.
The time taken is 30.0 minutes.

The relationship graphed in figure 15.6 can be expressed mathematically by first noting that the rate of
decay of a certain number of atoms is proportional to the number of atoms present. This can be expressed
using a derivative function:

dN
dt

= −𝜆N (where 𝜆 is known as the decay constant, units s−1)

This equation can be integrated to give

Nt = N0e
−𝜆t

where N0 = the number of atoms present at time t = 0 (that is, at the start), and
Nt = the number of atoms present at time t.
The same expression can be used for the decay rates R:
Rt = R0e

−𝜆t
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From this expression, it is possible to derive the following expression for half-life t 1
2

:

t 1
2
= ln 2

𝜆
≈ 0.6931

𝜆
This formula can also be rearranged to give 𝜆 =

In 2
t 1

2

so that the decay constant can be calculated if the

half-life is known.

15.3 SAMPLE PROBLEM 3

The activity of a radioactive source is initially 600 counts per minute but drops to 100 after 6 hours.
Determine the half-life and decay constant for this source.

SOLUTION:

Nt = N0e−𝜆t

100 = 600e−6𝜆

100
600

= e−6𝜆

ln(
100
600)

= −6𝜆

⇒ 𝜆 =
ln ( 100

600)
−6

= 0.299 s−1

And hence the half-life can be found using t 1
2
= 0.6931

𝜆
=

0.6931
0.299

= 2.32 hours

 

15.3 Exercise 1
1 A 20mg sample of iodine-123 is to be used as a radioactive tracer in the body. The half-life of iodine-123 is

13 hours.
(a) How long will it take for 17.5 mg to remain undecayed?
(b) Calculate how much iodine-123 will remain after 24 hours.

2 A radioisotope sample has a half-life of 10.0 minutes. Calculate the time it will take the activity to drop from
8.0MBq (mega becquerels) to

4.0MBq(a) 3.0MBq(b) 2.0MBq(c)
3 The activity of a radioactive source is initially 350 counts per minute but drops to 100 after 4 hours. Determine

the decay constant and half-life for this source.

 

Watch this eLesson: Nuclear stability and radiation
Searchlight ID: eles-2518
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15.4 Nuclear stability
15.4.1 What holds the nucleus together?
The force that holds electrons around a nucleus is called an electrostatic force. Electrostatic forces increase
as charges move closer together. Electrostatic attraction exists between unlike charges; electrostatic 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 — strong nuclear force. While the strong nuclear force is, as its name suggests, a very strong
force, it is able to act over only incredibly 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.

FIGURE 15.7 The graph shows how the strong nuclear force
between two nucleons varies with the separation of the nucleons.
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15.4.2 The proton to neutron ratio FIGURE 15.8 This graph shows which

nuclei are stable (black) and which are
unstable (other).
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The stability of any nucleus depends on the number of pro-
tons and neutrons. For small nuclei to be stable, the number
of protons must roughly equal the number of neutrons. As
the number of protons increases, however, more neutrons are
needed to maintain stability.

In larger nuclei, the cumulative repulsion of the protons
makes the nucleus less stable. Neutrons do not have a charge
and so do not add to that repulsion, but do still share the
strong nuclear force. Hence, in order to be stable, it becomes
necessary for larger nuclei to possess more neutrons than pro-
tons. This is an increasing trend with an increasing number of
protons.

15.4.3 Radioactive decay series
In its ‘quest’ to become stable, an isotope may have to pass
through many stages. As a radioactive isotope decays, the
daughter nucleus is often radioactive itself. When this isotope
decays, the resulting nucleus may also be radioactive. This
sequence of radioisotopes is called a decay chain or decay
series.
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Uranium-238 undergoes 14 radioactive decays before it finally becomes the stable isotope lead-206. Two
other decay chains, one starting with uranium-235 and another with thorium-232, also end with a stable
isotope of lead. Another decay chain once passed through uranium-233, but this chain is almost extinct in
nature now due to its shorter half-lives.

FIGURE 15.9 Radioactive decay series of uranium-238. The
half-life is given beside each decay.
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15.4 SAMPLE PROBLEM 1

RADIOACTIVE DECAY

The decay series starting with uranium-238 proceeds by alpha decay and beta decay until the stable
isotope of lead-206 is reached.
(a) How many alpha decays are involved in this series?
(b) How many beta decays are involved in this series?

SOLUTION:

(a) As alpha decay is the only decay that reduces the mass number, and each alpha decay causes a

decrease in mass number of four, there must be
238 − 206

4
= 8 alpha decays.

(b) The atomic number of uranium is 92 and that of lead is 82. As there are eight alpha decays, these
would reduce the atomic number by 16. However, it decreased only by 10. Hence, there must
have been six beta decays, each one increasing the atomic number by one.

15.4 Exercise 1
1 Referring to figure 15.8, identify each of the following nuclides, whether or not they are stable, which nuclear

decay will bring them closer to stability and explain your reasoning:

X28
14 , X42

14 , X56
28 , X78

28 , X100
50 , X222

90 .

2 Referring to figure 15.9, write out the three successive nuclear decays that lead from Pb-210 to Pb-206.

 

15.5 Mass defect and binding energy of the nucleus
15.5.1 Mass defect
Most nuclear reactions involve an energy change — either an input (endothermic) or an output (exothermic)
of energy. Some reactions, such as those used in nuclear bombs and nuclear power reactors, can release huge
amounts of energy.

The key to the large energy involved in nuclear reactions is the fact that mass and energy are equivalent
and are linked by Einstein’s relationship, E = mc2. The other important fact is that the mass of any nucleus
is not the sum of the masses of its constituent protons and neutrons. The difference between the mass of
a nucleus and the total mass of its constituent nucleons is called the mass defect of the nucleus. Rather
than define mass in kilograms, it is usual to use atomic mass units for the masses of nuclei. The conversion
factor is:

1 atomic mass unit, u = 1.661 × 10−27 kg.
The masses of protons, neutrons and electrons in atomic mass units are:
mass of a proton, mp = 1.007 276 u
mass of a neutron, mn = 1.008 665 u
mass of an electron, me = 0.000 548 580 u.
The mass of a deuterium atom, an atom of the isotope of hydrogen, with a neutron as well as a proton in

its nucleus, is 2.014 102 u.
Therefore, the mass of a deuterium nucleus is 2.014 102 − 0.000 549 = 2.013 553 u (the mass of the

atom − the mass of the electron).
The total mass of an isolated proton and an isolated neutron would be 1.007 276 + 1.008 665 = 2.015 941 u.
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If this proton and neutron combined to form a deuterium nucleus, they would have to lose 2.015 941 −
2.013 553 = 0.002 388 u.

The mass defect of deuterium is 0.002 388 u and if a proton and a neutron combined, energy equivalent to
a mass of 0.002 388 u would be released.

If more nucleons could be added to build bigger nuclei, energy would be released and the total mass defect
would increase.

15.5.2 Binding Energy
If we now tried to do just the opposite, that is, to split our deuterium nucleus into an isolated proton and
neutron, we would find that it was not possible. There would not be sufficient mass for an isolated proton
and neutron to exist. If we really wanted to accomplish the separation, we would have to provide the missing
mass, the mass defect of the deuterium nucleus. Somehow, we would have to supply energy to the deuterium
nucleus and have that energy converted into mass. The exact amount of energy that would have to be converted
into mass would be the energy equivalent of the mass defect. We call this energy the binding energy of the
deuterium nucleus.

It is possible to convert the mass defect in atomic mass units to a mass in kilograms and then use E = mc2

to find the energy in joules that would be released. This energy in joules can then be converted to an energy in
MeV. However, it is much easier to use the standard conversion factor where the energy equivalent of a mass

of 1 u is 931.5 MeV. On data sheets this is stated as 1 u = 931.5
MeV

c2
.

The mass defect of the deuterium nucleus was 0.002 388 u. The equivalent energy is 0.002 388 × 931.5 =
2.224 MeV. The binding energy of a deuterium nucleus is 2.224 MeV.

If a proton and neutron combined to form a deuterium nucleus, 2.224 MeV of energy would be released:

1
1p +1

0 n →2
1 H + 2.224 MeV.

If we wanted to split a deuterium nucleus into an isolated proton and neutron, we would have to supply
2.224 MeV of energy that could be converted into mass.

Since binding energy must be supplied to a nucleus to separate it into its constituent parts, this missing
energy gives stability to a nucleus. The measure that is most closely related to nuclear stability is average
binding energy per nucleon.

FIGURE 15.10 A graph of average binding energy per
nucleon plotted against mass number
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This gives a measure of how strongly an average
nucleon is bound to a particular nucleus. The graph
of average binding energy per nucleon against mass
number (figure 15.10) shows that the most stable
nuclei have a mass number of about 50 to 60. The
most stable nucleus is, in fact, iron-56.

We can see from figure 15.10 that if we were able
to join together light nuclei, we would produce nuc-
lei with a higher average binding energy per nucleon
and, hence, energy would be released. This is the
process of nuclear fusion. Some atomic masses for
light nuclides are given in table 15.2.

Also, if we were able to take a large mass number
nucleus and split it in two, we would produce two
nuclei with higher average binding energy per nuc-
leon than the original nucleus. Again energy would
be released. This is the process of nuclear fission.
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TABLE 15.2 Atomic masses for some light nuclides.

Element and
isotope

Neutron number, N Atomic number, Z Atomic
mass (u)

Mass
number, A

Hydrogen (11H) 0 1 1.007 825 1

Deuterium (21H) 1 1 2.014 102 2

Tritium (31H) 2 1 3.016 049 3

Helium (32He) 1 2 3.016 029 3

Helium (42He) 2 2 4.002 603 4

Lithium (63Li) 3 3 6.015 121 6

Lithium (73Li) 4 3 7.016 003 7

Beryllium (94Be) 5 4 9.012 182 9

Boron (105 B) 5 5 10.012 937 10

Boron (115 B) 6 5 11.009 305 11

Carbon (126 C) 6 6 12.000 000 12

Carbon (136 C) 7 6 13.003 355 13

Nitrogen (147 N) 7 7 14.003 074 14

Nitrogen (157 N) 8 7 15.000 109 15

Oxygen (168O) 8 8 15.994 915 16

Oxygen (178O) 9 8 16.999 131 17

Oxygen (188O) 10 8 17.999 160 18

15.5 SAMPLE PROBLEM 1

DETERMINING MASS DEFECT AND BINDING ENERGY

The mass of a helium atom is 4.002 603 u.
(a) Calculate the mass defect of the helium nucleus.
(b) Calculate the total binding energy of the helium nucleus.
(c) Calculate the average binding energy per nucleon of helium.

SOLUTION:

(a) The total mass of the constituents of a helium atom (two protons, two neutrons and two
electrons) is:

2 (1.007 276 + 1.008 665 + 0.000 549) = 4.032 980 u

Mass defect = 4.032 980 − 4.002 603
= 0.030 377 u

(b) Binding energy = Mass defect × 931.5
= 28.30 MeV

(c) Average binding energy per nucleon =
28.30

4
= 7.08 MeV per nucleon
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Energy change in nuclear reactions
When we considered the formation of a deuterium nucleus from a proton and neutron, we were really dealing
with the nuclear reaction:

H1
1 + n1

0 →2
1 H + energy.

We know that energy was released because the product nucleus had less mass than the two reacting nucleons.
We can treat any nuclear reaction in the same way. If the mass of the products is less than the mass of the

reacting nuclei, energy will be released. The energy released will be the energy equivalent to the decrease in
mass.

15.5 SAMPLE PROBLEM 2

CALCULATING THE ENERGY RELEASED IN NUCLEAR FISSION

A possible fission reaction for uranium-235 is given below. Find the energy (in MeV) released when one
uranium-235 nucleus undergoes such a fission.

U235
92 + n1

0 → L139
57 a + M95

42 o + 2 ( n1
0 ) + 7 ( e0

−1 )
Atomic masses:

L139 a = 138.8061 u

M95 o = 94.9057 u
U235 = 235.0439 u

SOLUTION:

Total mass of reactants = 235.0439 + 1.008665
= 236.0526 u (to four decimal places)

Total mass of products = 138.8061 + 94.9057 + 2 × 1.008665 + 7 × 0.000549

= 235.7330 u (to four decimal places)
Decrease in mass = 236.0526 − 235.7330

= 0.3196 u

Energy released = 0.3196 × 931.5
= 297.7 MeV

15.5 Exercise 1
1 Calculate the binding energy of C12

6 , which has a nuclear mass of 11.996706 amu.
Data: protonmass = 1.007276 amu; neutronmass = 1.008665 amu

2 The isotope N12
7 has a nuclear mass of 12.014770 amu. Calculate its:

(a) mass defect
(b) binding energy
(c) binding energy per nucleon.

3 Element X has an atomic number of 29, a mass number of 64 and a nuclear mass of 63.913843 amu.
(a) What is the identity of element X?
(b) Calculate its binding energy.

 

Try out this Interactivity: Making nuclei
Searchlight ID: int-6393
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15.6 Spontaneous transmutations
15.6.1 Alpha decay
Spontaneous transmutations occur naturally, such as alpha and beta decay. We will look closer at each of these
reactions now to see how the mass and energy changes.

During alpha decay, an unstable nucleus ejects an alpha particle, consisting of two protons and two neutrons
(much the same as a helium nucleus). In doing so, the parent nucleus becomes a different, more stable,
daughter nucleus.

FIGURE 15.11 An alpha decay.
Parent

nucleus
Daughter
nucleus

Alpha
particle

The number of protons in the nucleus determines the elemental
name of the atom. The daughter nucleus is therefore of a dif-
ferent element. For example, uranium-238 decays by emitting
an 𝛼 particle. The uranium-238 atom contains 92 protons and
146 neutrons (238 − 92 = 146). It emits an 𝛼 particle, with
two protons and two neutrons. The original nucleus is left with
four less nucleons: 90 protons (92 − 2 = 90) and 144 neutrons
(146 − 2 = 144). As the daughter nucleus now has 90 protons, it is called thorium and has the symbol
Th. This particular isotope of thorium has 234 nucleons (90 protons and 144 neutrons) and is more correctly
written as thorium-234.

The information in the previous paragraph can be written much more effectively in symbols. This is called
the A decay equation:

238
92 U → 234

90 Th +4
2 He + energy

or238
92 U → 234

90 Th + α + energy

The ejected α particle is relatively slow and heavy compared with other forms of nuclear radiation. The
particle travels at 5 − 7% of the speed of light: roughly 2 × 107 metres each second. Every object that moves
has a form of energy known as kinetic energy, or energy of motion. Because the α particle is moving, it has
kinetic energy. That energy is written into the decay equation.

The energy can be calculated by first finding the mass lost during the decay. That mass can then be converted
into energy.

Mass of 238
92 U = 238.050 79 u = initial mass

Mass of 234
90 Th = 234.043 63 u

Mass of 4
2He = 4.002 60 u

∴final mass = 238.046 23 u

Mass defect = 238.050 79 − 238.046 23 = 0.004 56 u

∴ energy released = 0.004 56 × 931.5 = 4.25 MeV

Note that the masses provided are atomic masses and so the electrons in the electron shells are included. In
this calculation, it is not necessary to take these into account as they automatically cancel out.

15.6.2 Beta decay
Two types of β decay are possible. The β− particle is a fast moving electron that is ejected from an unstable
nucleus. The β+ particle is a positively charged particle with the same mass as an electron, and is called a
positron. Positrons are mostly produced in the atmosphere by cosmic radiation, but some nuclei do decay by
β+ emission.

In β− decay an electron is emitted from inside the nucleus. Since nuclei do not contain any electrons,
this might seem strange, but it is in fact true! There is no change whatsoever to the electrons in the shells
surrounding the nucleus.

14 Jacaranda Physics 12

UNCORRECTED P
AGE P

ROOFS



i
i

“c15PropertiesOfTheNucleus” — 2018/4/4 — 20:52 — page 15 — #15 i
i

i
i

i
i

Some very interesting changes take place inside a nucleus to enable it to emit an electron. One of the
neutrons in the nucleus transforms into a proton and an electron. The proton remains in the nucleus and the
electron is emitted and called a β− particle:

1
0n →1

1 p +0
−1 e

The resulting daughter nucleus has the same number of nucleons as the parent, but one less neutron and
one more proton.

An example of β− decay is the decay of thorium-234. This isotope is the result of the α decay of uranium-
238. The nucleus is more stable than it was before the emission of the α particle, but could become more stable
by emitting a β− particle. During this second decay, the mass number of the nucleus is unchanged (234). The
number of protons, however, increases by one when a neutron changes into a proton and an electron. There
are now 91 (90 + 1) protons in the nucleus, so the atom must be called protactinium-234. The decay equation
is written as:

234
90 Th → 234

91 Pa + β− + energy

or 234
90 Th → 234

91 Pa + e0
−1 + energy.

In β+ decay, the positron is also emitted from inside the nucleus. In this case, strange as it may seem, the
proton changes into a neutron and a positron with the neutron staying in the nucleus.

1
1p → n1

0 + e0
+1 + energy

The resulting nucleus has one less proton, but the same number of nucleons. An example of β+ decay is
sodium-22 decaying to neon-22:

22
11Na → N22

10 e + e0
+1 + energy

Beta particles are very light when compared to alpha particles. They travel at a large range of speeds —
from that of an alpha particle up to 99 per cent of the speed of light. Just like α particles, β particles are
deflected by electric and magnetic fields.

15.6 SAMPLE PROBLEM 1

Write down the complete decay equation in each case:
234
92 U → 230

90 Th + ? + energy

210
82 Pb → 210

83 Bi + ? + energy[2]
11
6 C → 11

5 B + ? + energy[3]

SOLUTION:

In [1] the number of particles in the nucleus has decreased by 4, while the number of protons has by 2.
This implies that an α particle, or helium nucleus, has been released. The full equation is:

234
92 U → 230

90 Th +4
2 He + energy.

Equation [2] cannot show an α emission, as the mass number remains constant. The atomic number has
increased, indicating that a proton has been formed, and therefore β− decay has occurred. The equation
becomes:

210
82 Pb → 210

83 Bi + e0−1 + energy.
In equation [3], the mass number stays the same, but there is one less proton, so it must be β+ decay.

The equation becomes:
11
6 C → 11

5 B + e0+1 + energy.
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15.6.3 Neutrinos
Alpha particles are emitted with particular energies that are unique to the host nucleus, whereas beta particles
are emitted with any energy up to a maximum. When examining decay reactions, scientists found that not all
of the energy was accounted for. The possible explanations were:

• the Law of Conservation of Energy, one of the foundations of physics, did not apply in nuclear processes
• a second particle, as yet undetected, was emitted. This idea was proposed by Wolfgang Pauli, who

said the particle must have no charge, as all the charge was accounted for, and have negligible mass.
Enrico Fermi named the particle ‘neutrino’, from the Italian for ‘little neutral one’. Fermi incorporated

Pauli’s suggestion into a theory of β decay that not only built on Dirac’s work but also derived a mathematical
relationship between the half-life of a particular decay and the maximum energy of the emitted β particle. This
relationship matched the experimental data, which was convincing evidence for the existence of the neutrino,
although it was not actually detected until 1956.

The neutrino has the symbol 𝜐, which is the Greek letter nu. The complete β− decay process is:

1
0n → 1

1p + e0
−1 + v

The word ‘energy’ in β decay equations should be replaced by 𝜐 in β+ decay and 𝜐 in β− decay (𝜐 represents
an antineutrino). For example:

234
90 Th → 234

91 Pa + e0
−1 + v

15.6 SAMPLE PROBLEM 2

Calculate the kinetic energy of the beta particle in the beta negative decay of Pb-210 in the sample
problem 1.

P210
82 b → B210

83 i + e0
−1 + 𝜈

Data table

Object Mass (amu)

P210
82 b 209.984 19

B210
83 i 209.984 12

e0
−1 0.000 55

Note that the masses stated for Bi-210 and Pb-210 are atomic masses.

SOLUTION:

In this calculation, the electron masses included in the atomic masses will need to be considered.

Initial mass = mass of 210
82 Pb − 82 electrons = 209.984 19 − (82 × 0.000 55)

= 209.939 09 amu
Final mass = (mass of Bi-210 − 83 electrons) + mass of electron (mass of the neutrino is negligible in
this problem)

= mass of 210
83 Bi − 82 electrons

= 209.984 12 − (82 × 0.000 55) = 209.939 02 amu

Mass loss = 209.939 09 − 209.939 02 = 0.000 07 amu

Energy released = 0.000 07 × 931.5 = 0.065MeV
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15.6 SAMPLE PROBLEM 3

Calculate the kinetic energy of the beta particle in the beta positive decay of C-11 in sample
problem 1.

C11
6 → B11

5 + e0
+1 + 𝜈

Data table

Object Mass (amu)

C11
6 11.011 43

B11
5 11.009 31

e0
+1 0.000 55

Note that the masses stated for C-11 and B-11 are atomic masses.

SOLUTION:

As in the last problem, the electron masses included in the atomic masses will need to be considered.

Initial mass = mass of C11
6 − 6 electrons = 11.011 43 − (6 × 0.000 55)

= 11.008 13 amu

Final mass = (mass of B11
5 − 5 electrons) + mass of positron (ignore the negligible mass of

the neutrino)

= 11.009 31 − (4 × 0.000 55) = 11.007 11 amu

Mass loss = 11.008 13 − 11.007 11 = 0.001 02 amu

Energy released = 0.001 02 × 931.5 = 0.950 MeV

15.6 Exercise 1
Data table for these exercises

Object Mass (amu)

C45
20 a 209.98419

P30
83 29.978 31

S30
83 i 29.973 77

H42 e 4.002 60

e0−1 0.000 55

e0+1 0.000 55

1 The isotope of C45
20 a decays to form a new isotope and releases a beta particle and an antineutrino in the

process. Identify the new isotope.
2 What particle and kinetic energy is released when phosphorus-30 decays to form silicon-30?
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15.7 Artificial nuclear transmutations
15.7.1 Artificial nuclear transmutations, including alpha decay and beta
decay
Alpha and beta decay are natural examples of nuclear transformations. The numbers of protons and neutrons
in the nucleus change during these processes. Artificial nuclear transformations are also possible. These are
done either to investigate the structure of the nucleus or to produce specific radioisotopes for use in medicine
or industry. The first artificial transformation was made by Ernest Rutherford, who fired alpha particles at
nitrogen atoms to produce an isotope of oxygen.

14
7 N → 4

2He + O17
8 + H1

1

This result raised the intriguing possibility of achieving the alchemist’s dream of changing lead into gold.
Although prohibitively expensive, it appears to be theoretically possible.

The building of particle accelerators in the early 1930s enabled charged particles such as protons and al-
pha particles to be fired at atoms as well as alpha particles, but with the advantage that their energy could
be pre-set. The limitation of both these particles is that since they are positively charged, they have to be
travelling at very high speed to overcome the repulsion of the positively charged nucleus. This problem was
overcome with the discovery of the neutron in 1932. The neutron, which has no net charge, can enter the nuc-
leus at any speed. Both protons and neutrons are used today to produce radioisotopes. Particle accelerators
firing positive ions produce neutron-deficient radioisotopes such as thallium-201 (t1/2 = 73 days), which is
used to show damaged heart tissue, and zinc-65 (t1/2 = 244 days), which is used as a tracer to monitor the
flow of heavy metals in mining effluent. Neutrons from nuclear reactors produce neutron-rich radioisotopes
such as iridium-192 (t1/2 = 74 days), which is used to locate weaknesses in metal pipes, and iodine-131
(t1/2 = 8.0 days), which is used in the diagnosis and treatment of thyroid conditions.

Other examples of artificial transmutations are the nuclear reactions that have been used to yield huge
amounts of energy — nuclear fission (splitting nuclei to form lighter elements) and nuclear fusion (joining
nuclei to form heavier elements). Nuclear fission has been used in bombs and power plants. Nuclear fusion
involves much greater amounts of energy and has also been used for bombs; however, science has not yet
successfully controlled this reaction for power production. A multinational experimental reactor called ITER
is being constructed in southern France (See figure 15.1) to develop this process. Success in this project could
solve many of the world’s energy problems.

15.7 SAMPLE PROBLEM 1

B9
4 e is bombarded with alpha particles to form a new isotope and a neutron. What is the isotope formed?

SOLUTION:

The nuclear reaction takes the form:

B9
4 e + H4

2 e → XA
Z + n1

0

As the sum of the superscripts on the left and the right of the equation must balance, we can find the
value of A as follows:

9 + 4 = A + 1
∴A = 12

The same process can be used to find Z:
2 + 4 = Z + 0
∴Z = 6
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Z is the atomic number and by referring to a periodic table, it can be seen that element 6 is carbon. Hence
the new isotope formed is C12

6 .

15.7 Exercise 1
1 What new isotope is formed when a nucleus of the isotope N14

7 absorbs an alpha particle? Assume no other
particles are emitted.

2 Plutonium-239 is a fissile material (able to undergo nuclear fission) and can be ‘bred’ from U-238, a non-fissile
form of uranium that makes up 99.3% of naturally occurring uranium. If placed around a nuclear reactor core,
it can absorb neutrons from the core to form U-239. This has a short half-life of 23.5minutes and decays by
beta negative decay to form Np-239, which in turn has a half-life of 2.36 days. The neptunium-239 then
undergoes beta negative decay to form Pu-239. An isotope such as U-238 that is capable of forming fissile
material is called a ‘fertile’ material.

Construct the sequence of three nuclear equations that represents the process described.

15.7.2 Artificial nuclear transmutations: nuclear fission
In 1934, Enrico Fermi investigated the effect of firing neutrons at uranium. The products had half-lives dif-
ferent from that of uranium. He thought that he had made new elements with atomic numbers greater than 92.
Others repeating the experiment got different half-lives. In 1939, Otto Hahn and Fritz Strassmann chemically
analysed the samples and found barium, which has atomic number 56, indicating that the nuclei had split.

Lise Meitner and Otto Frisch called this process ‘fission’ and showed that neutrons could also initiate fission
in thorium and protactinium. Further chemical analysis revealed a range of possible fission reactions, each
with a different combination of fission fragments including bromine, molybdenum or rubidium (which have
atomic numbers around 40 ), and antimony, caesium or iodine (which have atomic numbers in the 50s ). Cloud
chamber photographs showing two heavy nuclei flying off in opposite directions confirmed that fission had
occurred. Meitner and Frisch also calculated from typical binding energies that the fission of one uranium-235
nucleus would produce about 200 MeV of energy, mainly as kinetic energy of the fission fragments. This is
a huge amount of energy to be released by one nucleus, as can be seen when it is compared to the burning
of coal in power plants. Each atom of carbon used in coal burning releases only 10 eV of energy — about
20 million times less than the energy released in the fission of uranium-235.

Also in 1939, Frederic Joliot and his team confirmed that two or three fast neutrons were emitted with each
fission reaction. This allowed for the possibility of a chain reaction, which could potentially release enormous
amounts of energy.

Some possible equations for the fission of uranium-235 set off by the
absorption of a neutron are:

235
92 U + n1

0 → 236
92 U → L148

57 a + B85
35 r + 3 n1

0 + energy

235
92 U + n1

0 → 236
92 U → B141

56 a + B92
36 r + 3 n1

0 + energy

235
92 U + n1

0 → 236
92 U → X140

54 e + S94
38 r + 2 n1

0 + energy

FIGURE 15.12 A nuclear
fission reaction.

The data in the previous graph on binding energies and Einstein’s equa-
tion E = mc2 can be used to calculate the amount of energy released in
each of the fission reactions above.

Knowing the binding energies of the nuclides involved allows the
energy yield of the reactions to be calculated.
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FIGURE 15.13 The neutrons produced by a fission reaction can go
on to produce a chain reaction.

Release of
energy

Neutron

Fission
products

TABLE 15.3 Masses and binding energies of atoms.

Nucleus Symbol Mass (kg) Total binding energy (MeV)

Uranium-236 236
92U 3.919 629 × 10−25 1790.415 039

Lanthanum-148 148
57La 2.456 472 × 10−25 1213.125 122

Bromine-85 85
35Br 1.140 057 × 10−25 737.290 649

Barium-141 141
56Ba 2.339 939 × 10−25 1173.974 609

Krypton-92 92
36Kr 1.526 470 × 10−25 783.185 242

Xenon-140 140
54Xe 2.323453 × 10−25 1160.734 009

Strontium-94 94
38Sr 1.559 501 × 10−25 807.816 711

Neutron 1
0n 1.674 924 × 10−27

Speed of light, c, = 2.99792458 × 108m/s. 1MeV=1.602 176 × 10−13 joules.
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FIGURE 15.14 Graph of energies in a fission reaction. The sum
of the binding energies of La-148 and Br-85 is greater than the
binding energy of U-236. The difference is released as kinetic
energy of the neutrons and the fission fragments. The total energy
after fission is the same as the energy before.

+

=

Neutron
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energy

Binding
energy

0

Total
energy
after
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Br-85

 15.7 SAMPLE PROBLEM 2

Answer the following questions about the fission of uranium-236 producing lanthanum-148 and
bromine-85. Use table 7.5 for data on masses and binding energies.
(a) What is the difference between the binding energy of the uranium-236 nucleus and the sum of the

binding energies of the two fission fragments?
(b) What is the difference between the mass of the uranium-236 nucleus and the sum of the masses of

all the fission fragments, including neutrons?
(c) Use E = mc2 to calculate the energy equivalent of this mass difference in joules and MeV.

SOLUTION:

(a) From above, we know that the equation for this fission is:
236
92 U →148

57 La +85
35 Br + 31

0n + energy

Binding energy of uranium-236 = 1790.415 039 MeV
Sum of binding energies of fragments = 1213.125 122 + 737.290 649 MeV

= 1950.415 771 MeV
Energy difference = 1950.415 771 − 1790.415 039 MeV

= 160.000 732 MeV

(b) Mass of uranium-236 = 3.919 629 × 10−25 kg
Sum of masses of fragments = 2.456472 × 10−25 + 1.410 057 × 10−25+

3 × 1.674 924 × 10−27 kg
= 3.916 777 × 10−25 kg

Mass difference = 0.002 852 × 10−25 kg

(c)

Energy difference in joules = mc2

= 0.002852 × 10−25 × (2.997 924 58 × 108)2

= 2.563 250 × 10−11 J
Energy difference in MeV = 2.563 250 × 10−11 ÷ 1.602 176 × 10−13

= 159.985 545 MeV
The two answers are effectively identical. The slight difference in the two answers is due to
rounding errors, because of the different powers of 10 in the data values.
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15.7 Exercise 2
1 It is difficult to know exactly what products will be formed from the fission of uranium as this large nucleus

generally breaks into two fragments that are roughly the same size, but not exactly. Does this affect the
energy output of the fission reaction? Following are two possible fission reactions of U-235. Calculate mass
loss and compare the subsequent energy released by each reaction.

(a) U235
92 + n10 → X140

54 e + S94
38 r + 2 n10

(b) U235
92 + n10 → C141

55 s + R93
37 b + 2 n10

Data table for this exercise

Object Mass (amu)

U235
92 235.043 93

X140
54 e 139.921 64

S94
38 r 93.915 36

C141
55 s 140.920 04

R93
37 b 92.922 04

n10 1.008 67

15.7.3 Artificial nuclear transmutations: nuclear fusion
Nuclear fusion is the process of joining two smaller nuclei together to form a larger more stable nucleus.
This was first observed by Australian physicist Mark Oliphant in 1932 when he was working with Ernest
Rutherford. He was searching for other isotopes of hydrogen and helium. Heavy hydrogen (one proton and
one neutron) was already known, but Oliphant discovered tritium (one proton and two neutrons) and helium-3
(with only one neutron). In his investigation he fired a fast heavy hydrogen nucleus at a heavy hydrogen target
to produce a nucleus of tritium plus an extra neutron. This fusion reaction was to become the basis of the
hydrogen bomb, but Oliphant was interested only in the structure of the nucleus and did not realise the energy
implications. For fusion to occur more extensively, high temperatures and pressures are needed, such as those
that exist inside the Sun or in a fission bomb explosion.

FIGURE 15.15 Nuclear fusion.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 fuse together to
form helium. As helium is more stable than hydrogen, the excess nuclear
energy is released. This energy is emitted from the nuclei a γ radiation,
and is eventually received on Earth as light and heat.

Fusion reactions also take place in other stars. Stars that are bigger
than the 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 the Sun would be
needed to produce conditions that would enable the formation of iron by fusing smaller nuclei.

Our Sun
The chain of events occurring in the Sun is quite complex. The major component of the Sun is 1

1H; that is,
nuclei consisting of only one proton and no neutrons. When collisions occur between 1

1H nuclei, they fuse
together in an unusual way. One of the protons is changed into a neutron (in much the same way as a neutron
is changed into a proton and an electron during β− decay). This forms a 2

1H nucleus. The by-products of this
process are a positron and a neutrino.
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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. Neutrinos are produced when protons change into neutrons and vice versa. They have no charge, are
considered massless and travel at close to the speed of light. Fifty trillion neutrinos from the Sun pass through
the human body every second.

When a 1
1H nucleus and a 2

1H nucleus collide, they form a more stable 3
2 He nucleus, and release the extra

energy as a γ ray. If two 3
2 He nuclei collide, they complete the process of turning hydrogen into helium. The

collision results in the formation of a 4
2 He nucleus and two 1

1H nuclei. Again, energy is released. The energy
released during nuclear reactions inside the Sun provides energy for life on Earth.

This is the sequence of nuclear equations that occur in the Sun to convert hydrogen to helium:

1
1H + H1

1 → H2
1 + e0

1 + υ

2
1H + H1

1 → H3
2 e + γ

3
2He + H3

2 e → H4
2 e + H1

1 + H1
1

15.7 SAMPLE PROBLEM 3

In the final reaction above, two helium-3 nuclei collide to produce a helium-4 nucleus and two hydrogen-
1 nuclei, that is, two protons. Use the data in the table below to calculate:
(a) the difference between the binding energy of the helium-4 nucleus and sum of the binding

energies of the two helium-3 nuclei
(b) the difference between the sum of masses of the helium-4 nucleus and the two protons, and mass

of two helium-3 nuclei
(c) the energy equivalent of this mass difference in joules and MeV.

TABLE 15.4

Particle Symbol Mass (kg) Total binding energy (MeV)

Helium-3 H32 e 5.022 664 × 10−27 7.718 058

Helium-4 H42 e 6.665 892 × 10−27 28.295 673

Proton p11 or H11 1.678 256 × 10−27

SOLUTION:

(a) Binding energy of helium-4 nucleus = 28.295 673 MeV
Binding energy of two helium-3 nuclei = 2 × 7.718 058 = 15.436 116 MeV
Difference = 28.295 673 − 15.436 116 = 12.859 557 MeV

(b) Mass before fusion = 2 × 5.022 664 × 10−27 = 10.045 328 × 10−27 kg

Mass after = 6.665 892 × 10−27 + (2 × 1.678 256 × 10−27)
= 10.022 404 × 10−27 kg

Mass difference = 0.022 924 × 10−27 kg
(c) Energy equivalent (in joules) = mc2

= 0.022 924 × 10−27 × (2.997 924 58 × 108)2

= 2.060 306 × 10−12 joules
Energy equivalent(in MeV) = 2.060 306 × 10−12J ÷ 1.602 176 × 10−13(MeV/J)

= 12.859 426 MeV
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15.7 Exercise 3
1 It has been claimed that the fusion of 1 kg of deuterium could keep a 100W lamp burning for 30 000 years.

We shall test this claim using the following reaction:

H21 + H21 → H32 e + n10

(a) Calculate the mass of the reactants.
(b) Calculate the mass of the products.
(c) Determine the mass loss in kg.
(d) Convert this mass loss to energy in J.
(e) Use this information to determine the energy yield from the fusion of 1 kg of deuterium.
(f) Identify the energy in J required to run a 100W lamp for 1 s.
(g) Calculate the energy in J required to run a 100W lamp for 30 000 years.
(h) Compare your answers to parts (e) and (g). Is there any truth to the claim?

Data table for this exercise

Object Mass (kg)

H21 3.344 49 × 10−27

H32 e 5.008 23 × 10−27

n10 1.674 93 × 10−27

2 The process of nuclear fusion occurring in the Sun involves a number of steps but can be summarised in the
equation

4 ( H11 ) → H42 e + 2 ( e0+1 ) + 2𝜈

How much energy in MeV is released in this process?

Data table for this exercise

Object Mass (amu)

H11 1.00783

H42 e 4.002 60

e0+1 0.000 55

15.8 Review
15.8.1 Summary
Summary

• Nuclear radiation is emitted from the nucleus of unstable atoms (radioisotopes) that are striving to
become more stable.

• There are four types of radiation: α, β−, β+ and γ radiation.
• α particles are released during α decay. α particles are slow-moving particles that are equivalent to a

helium nucleus and can be represented as 4
2He. After α decay, the mass number of the daughter nucleus

is four less than that of the parent nucleus and the atomic number is two less.
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• β− particles are released in β− decay. β− particles are high-speed electrons released from the nucleus
when a neutron transforms into a proton and an electron. After β− decay, the mass number of the
daughter nucleus is the same as that of the parent nucleus, but the atomic number is one more than that
of the parent nucleus.

• β+ particles are released in β+ decay. β+ particles are high-speed positrons emitted from the nucleus
when a proton transforms into a neutron. The atomic number of the daughter nucleus is one less than
the parent nucleus; the mass number remains the same.

• γ radiation is electromagnetic radiation that is emitted when an excited nucleus becomes more stable.
γ rays are emitted during α and β decay.

• In all nuclear transformations, atomic and mass numbers are conserved.
• Half-life is the time for half of a group of unstable nuclei to decay. It is different for every isotope. The

shorter the half-life of an isotope, the greater the activity; that is, the greater the number of decays per
second. Activity decreases over time as less and less of the isotope remains. Activity is measured in
becquerel (Bq).

• Isotopes may pass through a sequence of decays in order to become stable. Such a sequence is called a
decay chain, or decay series.

• 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 protons 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.

15.8.2 Questions
1. How many protons and neutrons are in the following atoms?

Z66
30 n(a) T230

90 h(b) C45
20 a(c) S31

14 i(d)
2. Write the symbols for isotopes containing the following nucleons:

(a) two neutrons and two protons
(b) seven protons and 13 nucleons
(c) 91protons and 143 neutrons.

3. Write the elemental name and the number of protons and neutrons in each of the following:
Au-97(a) B210

83 i(b) P210
82 b.(c)

4. Explain why it is possible to have two atoms of different elements with the same number of nucleons.
5. From where in an atom are α and β particles and γ rays emitted?
6. In each of the following, determine the type of decay that has occurred:

(a) 14
6 C → N14

7 + X + energy
(b) 90

38Sr → Y90
39 + X + energy

(c) 238
92 U → T234

90 h + X + energy
7. Write a decay equation to show the 𝛼 decay of:

radium-226(a) polonium-214(b) americium-241.(c)
8. Write a decay equation to show the β− decay of:

cobalt-60(a) strontium-90(b) phosphorus-32.(c)
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9. Write a decay equation to show the 𝛾 decay of excited magnesium-24.
10. Complete the following decay equations.

(a) α decay∶ XZ
A →?

? D + ? + energy
(b) β− decay∶ XZ

A →?
? E + ? + energy

(c) γ decay∶ XZ
A

R → ? + ?
(d) A27

13 l + H2
1 → ??? + n1

0
(e) N22

11 a + H4
2 e → ??? + H1

1
11. Draw a small decay chain graph, similar to that given for uranium-238 on page 109, for the β− decay

of yttrium-90. (Hint: There is only one decay.)
12. How is β− decay of a nucleus possible when a nucleus does not contain electrons?
13. How many 𝛼 particles are released by one atom of uranium-238 as it becomes lead-206? How many

β particles are released? (Hint: Look at the change in the proton number and the change in the nucleon
number.) Check your answer by using the figure on page 109.

14. Repeat question 13 for the following decay series.
(a) Uranium-235 to lead-207
(b) Thorium-232 to lead-208

15. In a decay chain, radium-226 emits two 𝛼 particles, then one β− particle. What is the element at the
end of this sequence and what is its atomic mass?

16. Bismuth-212 has two possible decay modes: an 𝛼 decay followed by a β− decay, or a β− decay
followed by an α decay. The first mode happens about 36% of the time. Will the two modes produce
different final results? Explain.

17. What is the half-life of the substance represented in the graph below?

FIGURE 15.16
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18. Sketch a decay curve for technetium, which has a half-life of 6 hours.
19. Assume the half-life of carbon-14 is 5730 years. If you had 1 g of carbon-14, how many years would

it take for one-eighth of it to remain?
20. The artificial isotope 15

11O is used in medical diagnosis. It has a half-life of 120 seconds. If a doctor
requires 1 g of the isotope at exactly 2 pm, how many grams must be delivered to the room 30 minutes
earlier? (Hint: How much will be needed at 1.58 pm? How much will be needed at 1:56 pm? At 1:54
pm? Can you see a pattern?)

21. Americium-241 is an alpha emitter with a half-life of 432.2 years. It is used in smoke detectors
because when the smoke absorbs the α particles, the current drops and the alarm is triggered. The
label on the smoke detector says it contains 0.20 micrograms of americium-241 with an activity of
27.0 kBq.

(a) Determine the activity of the americium-241 after 0, 1, 2, 3 and 4 half-lives.
(b) Plot the data and draw a smooth graph (assuming the half-life is 400 years).
(c) Use your graph to estimate the activity after:
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i. 100 years
ii. 50 years.

(d) What is the implication of your answers to part (c) for the lifetime of the smoke detector?
(e) Write down the decay equation for americium-241 and do an internet search to determine the

decay chain.
22. The activity of a radioactive sample drops from 8.0 kBq to 1.0 kBq in 6.0 hours. What is its half-life?
23. Cobalt-60 has a half-life of 5.3 years. If a sample has an activity of 250 GBq (2.5 × 1011

disintegrations per second), what will the activity be in 21.2 years?
24. Explain how individual nucleons are held together in a nucleus, given that like charges repel.
25.(a) Define the terms ‘fusion’ and ‘fission’.

(b) Which of these reactions occurs in our Sun?
26. Explain why splitting uranium-235 nuclei releases energy, but joining hydrogen atoms also releases

energy.
27. Use the graph of binding energy per nucleon (see the figure on page 114) 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?

28. Why is energy released in the process of fusing two small nuclei together?
29. Neutrons are considered to be ionising radiation. Research how neutrons are able to produce ions.
30. Why are neutrons good at initiating nuclear reactions?
31. In what form does the energy released from a nuclear fusion reaction appearr?

Use the following table to help answer questions 32, 33 and 34.

TABLE 15.5

Nucleus Symbol Mass(kg) Total binding energy (MeV)

Plutonium-240 240
94Pu 3.986 187 × 10−26 1813.454 956

Strontium-90 90
38Sr 1.492 953 × 10−25 782.631 470

Barium-147 147
56Ba 2.439 896 × 10−25 1204.158 203

Uranium-234 234
92U 3.885 341 × 10−25 1778.572 388

Zirconium-95 95
40Zr 1.575 985 × 10−25 821.139 160

Tellurium-136 136
52Te 2.257006 × 10−25 1131.440 918

Neutron 1
0n 1.674 924 × 10−27

Proton 1
1p or 1

1H 1.672 533 × 10−27

Hydrogen-2 2
1H or 2

1D 3.344 494 × 10−27 2.224 573

Hydrogen-3 3
1H or 3

1T 5.008 267 × 10−27 8.481 821

Helium-4 4
2He 6.646 480 × 10−27 28.295 673

Lithium-6 6
3Li 9.988 344 × 10−27 31.994 564

32. A plutonium-239 nucleus absorbs a neutron to become plutonium-240, which splits to form
strontium-90, barium-147 and 3 neutrons.

(a) What is the difference between the binding energy of the plutonium-240 nucleus and the sum of
the binding energies of the two fission fragments?

(b) What is the difference between the mass of the plutonium-240 nucleus and the sum of the masses
of all the fission fragments, including neutrons?

(c) Use E = mc2 to calculate the energy equivalent of this mass difference in joules and MeV.
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33. A uranium-233 nucleus absorbs a neutron to become uranium-234, which splits to form zirconium-95,
tellurium-136 and 3 neutrons.

(a) What is the difference between the binding energy of the uranium-234 nucleus and the sum of the
binding energies of the two fission fragments?

(b) What is the difference between the mass of the uranium-234 nucleus and the sum of the masses of
all the fission fragments, including neutrons?

(c) Use E = mc2 to calculate the energy equivalent of this mass difference in joules and MeV.
34. A fusion reactor could not feasibly use the same reactions as the Sun. A reactor on Earth would have

to use a different reaction, preferably a one-step reaction with only two reactants. Three possible
reactions for a terrestrial fusion reactor are displayed below; there are many others.

(a) H2
1 + H3

1 → H4
2 e + n1

0
(b) H2

1 + H2
1 → H3

1 + H1
1

(c) H2
1 + L6

3 i → H4
2 e + H4

2 e

Using data from the table above, calculate:

i. the difference between the binding energy of the products and the sum of the binding
energies of the reactants

ii. the difference between the sum of masses of the products and of the reactants
iii. the energy equivalent of this mass difference in joules and MeV.

Complete this digital doc: Numerical model of a decay series
Searchlight ID: doc-0045

Complete this digital doc: Investigation: Radioactive decay
Searchlight ID: doc-16179

Complete this digital doc: Investigation: Chain reaction with dominoes
Searchlight ID: doc-17060

PRACTICAL INVESTIGATIONS
Investigation 15.1 Radioactive decay

Aim
In this investigation, the radioactive decay of a source will be analysed. The number of undecayed nuclei will be
measured as time elapses. The ‘source’ is the Saunders ‘Magic’ Source box which simulates the decay of a
radioactive substance over time. When it is switched on and source B is selected the display shows 1 × 1020

atoms. When the start button is pressed the source begins to decay and the display shows the number of nuclei
remaining in their original form.

Apparatus
• Saunders ‘Magic’ Source
• 12V power supply
• 2× electrical leads.

Method
Begin the experiment by starting the source and read out the display every 15 seconds. The display represents
the number of nuclei remaining in their original form, that is, the number of nuclei that have NOT yet decayed.
Use of the HOLD button on the box enables the reading to be frozen while the box continues on. Continue with
the experiment for a total time of 300 seconds. Record your results in a suitable table.
Graph your results with time on the x-axis and no. remaining on the y-axis.
Draw a smooth line of best fit through your data points. (It does not have to pass through all points.)
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Results
Determine 4 values from your graph of the half-life of the source.
Half-life experiments with short lived radioisotopes can be done in the classroom with a number of radioactive

sources:
• protactinium-234, which is a decay product of uranium. The production of the ‘cow’ uses uranyl nitrate and
a common organic solvent.

• barium-137 from a caesium-137 generator
• thallium-208 from thorium-232 ‘cow’
• radon-220 from a thorium hydroxide generator.

Investigation 15.2 Chain reaction with dominoes

Aim
Try to model the figures using dominoes.

Apparatus
• dominoes
• stopwatch.

Method
If a sufficient number of dominoes is available, try to measure the amount of time it takes to knock over all the
dominoes in a controlled chain reaction and in an uncontrolled chain reaction. What does a longer time indicate,
in terms of energy and power, for a real fission chain reaction?

FIGURE 15.17
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FIGURE 15.18
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