Physics 6.4

Radioactivity

Question

Answer

1

What is an atom?

The smallest piece of an element
that still has the properties of that
element. A building-block of matter.

2

What is a sub-atomic particle?

A particle that makes up the atom: a
proton, neutron or electron

3

What is the atomic nucleus?

The central part of the atom

4

What is a proton?

A subatomic particle with mass= +1
and charge = +1

5

What is a neutron?

A subatomic particle with mass = +1
and charge =0

6

What is an electron?

A subatomic particle with mass =0
and charge = -1

7

Which sub-atomic particles are in the
nucleus?

Protons and neutrons

8

Which sub-atomic particles orbit the
nucleus?

Electrons

9

What is radioactive decay?

When an unstable nucleus gives
out alpha or beta radiation, often
accompanied by gamma radiation

10

Define "half-life"

The time taken for the number of
radioactive nuclei/ decay events to
decrease by half

11

What is an alpha particle made of?

A helium nucleus: two protons and
two neutrons

12

What is a beta particle?

A fast-moving electron

13

What is gamma radiation?

An electromagnetic wave from the
nucleus

14

Name the four types of nuclear
radiation

Alpha particle, beta particle, gamma
ray, neutron

15

What is "contamination?"

When radioactive material gets on
an object

1

16

What is "irradiation"?

When an object is exposed to
radiation

17

State the charge on an alpha particle

+2

18

State the charge on a beta particle

-1

19

Which is the most penetrating
radioactive emission?

Gamma

20

Which is the least penetrating
radioactive emission?

Alpha

21

List the 3 types of nuclear radiation in
order of ionisation power, starting
with the most ionising

Alpha; beta, gamma

22

What does mass number tell you?

Total number of protons + neutrons

23

What does atomic number tell you?

Number of protons

24

What is an "isotope"?

Same element, same number of
protons, different number of
neutrons

25

What was the "plum pudding" model
of the atom?

Negative charges spaced in a
positive dough

26

What is the "nuclear" model of the
atom?

Positive central nucleus surrounded
by negative electrons- most of atom
is empty space

27

How does beta decay occur?

A neutron in the nucleus decays to
make a proton and an electron. The
electron exits the nucleus as a beta
particle and the proton stays in the
nucleus
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Name

Symbol

Factor

Tera
Giga
Mega
kilo

T
G
M
k

1012
109
106
103

To convert to
standard units:
× by
× by
× by 1,000,000
× by 1,000

centi
milli
micro
nano

c
m
μ
n

10-2
10-3
10-6
10-9

÷ by 100
÷ by 1,000
÷ by 1,000,000
÷ by 1,000,000,000
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Introduction
In 1896, French mineralogist Henri Becquerel discovered that some of the rocks in his
collection were giving out invisible emissions. At the time, a compound called silver
halide was brushed onto glass plates and used to make photographs. The silver
halide was naturally white, but when light fell on it it changed to black. Becquerel
found that a rock, containing the element uranium, caused the silver halide to turn
black even when no light fell on it. From this he inferred that something must be
being given out by the rock, that caused the blackening when it hit the silver halide.

Becquerel had discovered a phenomenon called radioactivity. Some rocks contain
atoms whose nuclei break up and give out these invisible emissions. In fact it is
particular elements, and particular versions or isotopes of these atoms, that are
radioactive.

Why are we interested in radioactivity?
Scientists are interested in radioactivity because it gives us clues that allow us to
understand what atoms are really like. Since atoms are too small for us to see, even
with the most powerful microscopes, we have to work backwards from clues to build
5

up our understanding. Studying radioactivity also gives us information about the
history of the universe, what happens in stars, and whether parallel universes might
exist.
It is important for us to understand radioactivity because if we come into contact
with it without protection, it can increase our risk of cancer. By using radioactivity in
experiments, scientists can learn more about the causes and processes of cancer, and
work on cures for the disease.
Radioactivity also has many useful applications in medicine, industry, and
engineering. Your smoke alarm at home probably contains a radioactive material,
and the paper in this booklet was probably manufactured using radioactive
emissions to help control its thickness. Furthermore, radioactivity is an important
source of energy for the production of electricity, something which is increasingly
important as fossil fuels become more and more scarce.

Stable and unstable
Most atomic nuclei that exist naturally are stable. This means that the protons and
neutrons are securely stuck together, and the atom will stay stuck together for ever.
Some atomic nuclei are unstable. This means that they are sort of wobbly and will
break up at some point, giving out a particle and leaving behind a changed nucleus.
Carbon, for example, has three isotopes:
Carbon-12 has a mass of 12 and is stable.
Carbon-13 has a mass of 13 and is stable.
Carbon-14 has a mass of 14 and is unstable.

Questions for thinking:
1. What does it mean if an atomic nucleus is stable?
2. What does it mean if an atomic nucleus is unstable?
3. Give an example of an isotope with stable nuclei.
4. Give an example of an isotope with unstable nuclei.
5. The table below shows how the atomic radius of some atoms
varies with atomic number.
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Atomic
number

Atomic radius
in
picometres
(pm)

15

100

35

115

50

130

70

150

95

170

1 pm = 10–12 m
Use the data from the table above to plot a graph of atomic radius against
atomic number and draw a line of best fit. Two points have been plotted for
you.
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Scientists believe that the element with atomic number 126 can be
produced and that it will be stable.
Use your graph to predict the atomic radius of an atom with atomic
number 126.
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Nuclear decay
Scientists have several names for when
an unstable nucleus breaks up in this
way:
•
•
•

Nuclear decay
A decay event
Radioactive decay

[You may have come across the word
“decay” in relation to food going
mouldy, tooth decay or dead plants and
animals decaying. This is a different process, although it shares the same name. The
word “decay” has a general meaning of “break down” – we can talk about decaying
buildings, for example, or even society.]

When a large group of unstable nuclei, for example in one of Becquerel’s rocks, is
decaying, we call it radioactivity.

The amount of radioactivity, also known as activity, is measured with the units
becquerels (Bq) after its discoverer.

Questions for thinking:
6. What names are given to the moment when an unstable nucleus
breaks up?
7. What is radioactivity?
8. What is “activity”?
9. What is the unit of radioactivity?

Detecting radioactivity
The first detection of radioactivity was Becquerel’s blackened silver halide. This
allowed scientists to see whether radioactivity was present or not, but it was
not quantitative: it could not measure the radioactivity with numerical
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readings. In 1928, two scientists called Hans Geiger and Walther Muller
created the Geiger-Muller tube. This was a tube filled with a special gas that
sparked every time an emission from a nuclear decay hit the tube. A wire
inside carried electrical current from the spark to a counter. A dial on the
counter showed how many sparks had been detected. We still use this
measuring equipment today. The counter has an optional setting to beep
each time an emission is detected.

Even if there is no radioactive source present, a Geiger-Muller counter will
register a certain level of radioactivity. This is because of background
radiation: radiation that exists naturally all around us and is at a low enough
level to not be considered a threat. Background radiation is typically 25-75
counts per minute.
Questions for thinking:
10. What was the first method of detection of radioactivity?
11. What was a disadvantage of this method?
12. What does “quantitative” mean?
13. What apparatus do we use today to measure radioactivity?
14. Draw a diagram to show this apparatus.
15. Describe how this apparatus works.
16. A householder is worried about the radiation emitted by the
granite worktop in his kitchen. 1 kg of granite has an activity
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of 1250 Bq. The kitchen worktop has a mass of 180 kg.
Calculate the activity of the kitchen worktop in Bq.
17. A teacher used the equipment shown in the diagram to
measure the count rate at different distances from a
radioactive source.

Metre rule
Her results are shown in Table 1.
Table 1

Distance in metres

Count rate in counts
per minute

Corrected count rate in
counts per minute

0.4

143

125

0.6

74

56

0.8

49

31

1.0

38

20

1.2

32

14

1.4

28

10

1.6

18

0

1.8

18

0

2.0

18

0

The background count rate has been used to calculate the
corrected count rate.
(i)
What is the value of the background count rate?

(iii)

The radioactive source used in the demonstration emits
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only one type of radiation.
(iv) Plot a graph of corrected count rate against distance
for distances between 0.4 m and 1.4 m.
Draw a line of best fit to complete the graph.

Distance in metres

(v) What was the independent variable in this experiment?
(vi) What was the dependent variable?
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Nuclear emissions
When a nucleus decays, it emits one of two types of particle: an alpha particle or a
beta particle. These are almost always accompanied by another emission that is not a
particle at all: it is called a gamma wave and it is rather like light – only we can’t see it
and it is much more dangerous!
The origin, composition and properties of the three nuclear emissions are extremely
important to physicists.
Alpha particles
Sometimes an unstable nucleus will decay by emitting an alpha particle. An alpha
particle looks like this:

An alpha particle is composed of two protons and two neutrons, giving it a mass of 4
(mu) and a charge of +2. Therefore alpha particles are relatively massive, positively
charged objects. Alpha particles are identical to the nuclei of helium, which also has
two protons and two neutrons. They are ejected from the decaying nucleus at a
speed of approximately 15,000km/s. Because they have a relatively high mass and
charge, they easily bump into atoms in the air or other surroundings. This causes
them to lose most of their speed and to pick up two electrons, turning them into just
an ordinary, safe, helium atom in the air or other surroundings.
The neutrons and protons that make up an alpha particle originate in the nucleus.
This means that after an alpha decay, the remaining nucleus will have two fewer
protons and two fewer neutrons. You can look on your periodic table to see which
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element will be created by alpha decay of any given element.

Questions for thinking:
18. Where do alpha particles come from?
19. What does “composed of” mean?
20. What are alpha particles composed of?
21. Draw an alpha particle and label its constituent parts
22. What is the mass (in mu) of an alpha particle?
23. What is the charge of an alpha particle?
24. An alpha particle is the same as a nucleus of what element?
25. Draw out the box from the periodic table for this element.
26. What is the approximate speed of an alpha particle?
27. What happens to an alpha particle after it has left the nucleus?
28. What are the differences between a nucleus before and after
emitting an alpha particle?

Beta particles
Sometimes, a nucleus will not emit an alpha particle, but a beta particle instead. Beta
particles are electrons originating in the atomic nucleus, ejected at a speed of
approximately 270,000km/s.
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How can an electron come from the nucleus, when the nucleus is composed only of
protons and neutrons? What happens is this: a neutron in the nucleus turns into two
particles: a proton and an electron. The proton stays in the nucleus and the electron
is ejected at high speed – this is the beta particle.

Beta particles have a very small mass, approximately 0(mu), and a charge of -1. They
are negatively charged, relatively light objects.
Beta particles will not bump into atoms in the air or other materials as readily as
alpha particles, but they eventually will, losing their speed and becoming just an
ordinary electron, and joining onto either an atom or ion in the surroundings.

Questions for thinking:
29. What are beta particles made of?
30. What is the speed of a beta particle?
31. Where do beta particles originate?
32. How are beta particles produced?
33. What is the mass of a beta particle?
34. What is the charge of a beta particle?
35. What happens to a beta particle after it has been emitted?
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Gamma rays
Usually when an alpha or beta particle is emitted, something called a gamma ray is
also emitted. Gamma rays, also called gamma waves, are not particles at all: they are
something called an electromagnetic wave. They are not matter. They have no mass
and no charge. They are similar to light, except we can’t see them and they are a lot
more dangerous. Gamma rays are produced when the shock of a decay causes
protons in the nucleus to vibrate. This vibration sends out a wave, rather like moving
your hand up and down in the bath will send waves across the surface.

Gamma rays are more ghostly than alpha and beta particles: they pass through most
materials and only rarely collide with atoms, losing their energy.

Questions for thinking
36. When are gamma rays usually emitted?
37. Are gamma rays particles?
38. What are gamma rays?
39. What are gamma rays similar to?
40. What is the difference between gamma rays and light?
41. What causes gamma rays?
42. Draw a diagram to show a gamma ray being emitted.
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Language for emissions
The three emissions that can come from a decaying nucleus, alpha, beta, and
gamma, are given several different names. Collectively they are known as nuclear
emissions, nuclear radiation, and sometimes “radioactive emissions” although this
last one is not really correct.
When a rock or metal sample contains a large number of radioactive isotopes, it will
emit a more or less steady stream of one or more of these emissions. We often say
that the sample is emitting alpha, beta or gamma radiation, referring to the large
number of emissions rather than a single particle or wave.
A rock or metal sample that contains a significant number of unstable nuclei is often
called a radioactive source. Scientists also refer to an unstable isotope by its isotope
name, such as “carbon-14” or “cobalt-60”.

Penetrating power of alpha, beta, and gamma radiation
Because alpha particles, beta particles, and gamma rays are so different in their
composition, they behave differently when they come into contact with matter.

One property that scientists are interested in is the penetrating power of nuclear
emissions. Penetrating power is a measure of how easy it is for radiation to travel
through different materials.
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Remember that we said that what we call radiation is a more or less steady stream of
individual particles or waves coming from a source. The penetration power of the
radiation depends on how easy the particles find it to get through the material.
When a particle or wave collides with an atom, it loses its energy and will not
penetrate any further.

Alpha particles have very low penetration power. This is because they are relatively
large and positively charged (+2). An alpha particle travelling through air is like an
elephant trying to run through a forest. The elephant easily bumps into trees
because it is so big. When it bumps into trees it loses energy and stops running. An
alpha particle will easily bump into an atom of anything, even air, and when it does, it
loses its energy, gains electrons and becomes just an ordinary helium atom. Alpha
radiation, then, can be blocked by most materials, including metal, paper, skin, and
about 5cm of air.

Beta particles have a moderate penetrating power. They are like a horse running
through a forest. The horse will not bump into trees as quickly as the elephant,
because it is smaller, but it will eventually, and when it does it will lose its energy and
stop running. A beta particle, being smaller than an alpha particle, will not collide
with atoms as easily as its larger, heavier, more charged cousin. Beta particles can
travel through paper, but not all of them will. Some of the particles emitted by a beta
source will collide with atoms in the paper and will not penetrate the whole way
through. The thicker the paper, the fewer beta particles make it through.

Gamma rays are the least penetrating of the nuclear emissions. This is because they
are not a particle but a wave, and it is very rare for this wave to collide with an atom.
They are like a bird flying through the forest. The bird can fly between the trees and
very rarely crashes into them. Gamma rays simply travel between atoms, and only
occasionally collide with them, losing their energy and disappearing. Gamma rays
can thus travel through paper, aluminium, and almost all materials, with the notable
exception of thick concrete and the metal lead. Again, the thicker the material, the
more gamma rays are absorbed and do not penetrate all the way through.

Because gamma rays are so penetrating, they are used for industrial tracers to detect
leaks underground: they can penetrate through the ground and be detected above
the surface.
18

Questions for thinking
43. Draw a diagram to show the relative penetration power of the
three nuclear emissions.
44. Which type of nuclear radiation is the least penetrating? Explain
why it has such low penetration power.
45. Which type of nuclear radiation has moderate penetrating power?
Explain why it has moderate penetrating power.
46. Which type of nuclear radiation is the most penetrating? Explain
why it is so penetrating.
47. The diagram shows part of the inside of a smoke alarm:

(a)

The smoke alarm stays off while alpha radiation reaches the
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detector.
Why does the alarm switch on when smoke particles enter the plastic
casing?
(b) Why is it safe to use a source of alpha radiation in a house?
(c)The smoke alarm would not work with a radiation source that emits
beta or gamma radiation.
Explain why.

48. In an experiment, a teacher put a 2 mm thick lead sheet in
front of a radioactive source.
She used a detector and counter to measure the radiation
passing through the lead
sheet in one minute.
She then put different numbers of lead sheets, each 2 mm thick, in front
of the radioactive source and measured the radiation passing through in
one minute.
The apparatus the teacher used is shown in Figure 1.

(c)

The readings taken by the teacher are plotted in Figure 2.
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(i)

Draw a line of best fit to complete Figure 2.
(ii) How does the amount of radiation absorbed by the lead
change as the total thickness of the lead is increased?
(iii) Use Figure 2 to estimate the reading on the counter
when the total thickness of the lead is increased to 12 mm.
(d) What type of radiation was emitted from the radioactive
source?
d) What was the independent variable in this experiment?
e) What was the dependent variable?
f) Suggest a control variable for this experiment.
49. A doctor uses the radioactive isotope technetium-99 to find
out if a patient’s kidneys are working correctly.
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The doctor injects a small amount of technetium-99 into the
patient’s bloodstream. Technetium-99 emits gamma
radiation.
If the patient’s kidneys are working correctly, the technetium-99
will pass from the bloodstream into the kidneys and then into
the patient’s urine.
Detectors are used to measure the radiation emitted from the
kidneys.
The level of radiation emitted from each kidney is recorded
on a graph.

(a)
(b)

How do the graphs show that technetium-99 is passing
from the bloodstream into each kidney?
By looking at the graphs, the doctor is able to tell if
each kidney is working correctly. What is the doctor’s
conclusion?

Range in air:
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Gamma radiation has the longest range in air, beta radiation has a moderate range in
air, and alpha radiation has the shortest range in air.
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Ionising power:

Alpha radiation is the most ionising, beta radiation is moderately ionising, and
gamma radiation is the least ionising. At first glance this seems to be in contradiction
to the first two properties above, but this is not the case. Alpha radiation is the
largest and most charged of the radiations, making it much more likely to bump into
an atom in, for example, air or paper. When such a collision occurs, the particle
becomes ionised, and the alpha particle loses its energy and stops moving. It is by
ionising atoms that radiation loses its energy and ceases its journey. Thus alpha’s
penetrating power is low while its ionising power is high.
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a)
Mass number, atomic number and isotopes
Mass number and atomic number
If you look on the periodic table, each element is shown with a symbol and two
numbers:

The smaller number is the atomic number and tells us the number of protons in the
nucleus of an atom of that element.
An atom of an element will have the same number of electrons as protons.
Because the number of protons dictates the number of electrons and therefore the
chemical properties of the element, it is the atomic number that defines the element:
each element has a different atomic number. If you add a proton to, for example,
carbon, it ceases to be carbon and becomes nitrogen. The periodic table is essentially
a list of all the elements in atomic number order.
The larger number is the mass number. This tells us the mass of the atom. It is the
sum of the neutrons and protons in the nucleus of the atom, since these make up
almost all of the mass of the atom.
We can find the number of neutrons in the atom by subtracting the
atomic number from the mass number.
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The AQA periodic table has the mass number at the top and the atomic number at
the bottom. You may come across periodic tables that have them the other way
round: there is no rule on this. Just remember that the bigger number
is the mass number. The only element that doesn’t have one number
bigger than the other is hydrogen: this is because its nucleus is made
of just one proton with no neutrons so its mass number and atomic
number are the same:

Isotopes
Often the same element can have a range of atoms with different numbers of
neutrons and therefore different mass numbers. Because neutrons have zero charge,
they don't affect the number of electrons and therefore don't change the chemical
properties of the element. If you add a neutron to carbon, it's still carbon, just a
heavier version. We give the name isotopes to these different versions of an element
with different numbers of neutrons. Many periodic tables have non-integer values for
their mass numbers: this is because they give the mean of all the isotopes of each
element.

The AQA periodic table has rounded the mass numbers for all elements except for
chlorine to integers.
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Ionisation
Atoms can lose or gain electrons. When this happens they become charged. When
this happens they are no longer called atoms: they are ions. An ion is a charged
particle, i.e. it does not have the same number of protons and electrons. An ion is still
the same element as it was when it was an element as the proton number has not
changed.

If an atom loses one or more electrons it becomes a positive ion. This is because it
now has more (positive) protons in the nucleus than (negative) electrons orbiting.
The positive charge “wins”.

If an atom gains one or more electrons it becomes negative.

Questions
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1. Define mass number
2. Define atomic number
3. Use the periodic table to draw atoms of the following elements. You should
draw the correct number of protons, neutrons, and electrons, and make it
clear which is which, either with labels or a key. You should follow the electron
shell rule of 2,8,8. Label each with the element name and symbol as it appears
on the periodic table, including the mass number and atomic number.
a. Hydrogen
b. Lithium
c. Boron
d. Nitrogen
e. Fluorine
4. Identify the atom:
a.

b.
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c.

5. Which sub-atomic particle determines what element an atom is?
6. Which sub-atomic particle determines the chemical properties of an atom?
7. How can you use the periodic table to find the number of neutrons in an
atom?
8. Which sub-atomic particles determine the mass of an atom?
9. Define isotope.
10. Carbon has three isotopes: carbon-12, carbon-13, and carbon-14. Draw the
atom for each, using the same success criteria as in (3).
11. Which subatomic particle is responsible for isotopes?
12. Why does chlorine have a non-integer value for its mass number?
13. Define ionisation.
14. Use a diagram to explain how a positive ion is formed.
15. Use a diagram to explain how a negative ion is formed.
16. Which sub-atomic particle is responsible for ionisation?
17. Identify the ion: Copy the diagram and label the name of the element and the
charge of the ion e.g. “Lithium ion: positive”.

a.
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b.

Extension:

1. Write an algebraic expression for neutron number N if atomic number = Z and
mass number = A.
2. Create a Venn diagram for the sub-atomic particles protons, neutrons and
electrons. Categorise the following terms: positive charge, negative charge, no
charge, neutral, has mass, subatomic particle, almost no mass, causes
ionisation, causes isotopes, causes position in the periodic table, causes
identity as a particular element, in the nucleus, orbits the nucleus.

The development of the model of the atom
It is not at all obvious that atoms should exist. Yet great thinkers have theorised
about them for thousands of years as they helped explain many phenomena:
Timeline of the atomic theory:
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31

32
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Questions:
1. Copy and complete the table:
34

Date

Model of the
atom

1820

Diagram

Evidence
Dalton’s chemistry
experiments

1900
1910
1915

Emission spectra

1920

Bohr with
protons in the
nucleus

1935

Bohr with
neutrons and
protons in the
nucleus

2.What did scientists think atoms were like before the discovery of the
electron?
3. What model did the discovery of the electron lead to?
4. Describe the differences between Dalton’s indivisible sphere model and
Thomson’s plum-pudding model.
5. Why did Thomson propose the plum-pudding model?
6. Draw Rutherford’s alpha-particle scattering experiment and describe how it
was set up.
7. Describe and explain what the plum-pudding model predicted would
happen.
8. Describe the results the experiment actually produced.
9. Describe the model that Rutherford proposed to accommodate this new
evidence and explain how it did so.
10. Create a Venn diagram for the plum-pudding and nuclear models. Include
the following terms: electrons, positive charge, nucleus, concentrated positive
charge, orbiting electrons, ball, mostly empty space, positive charge is spread
out, Thomson, Rutherford, accommodated discovery of the electron,
accommodated alpha particle scattering results.
11. Describe the modification that Bohr made to Rutherford’s nuclear model.
12. What caused Bohr to make his modification?
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13. Rutherford performed experiments that showed the positive nucleus could
be broken into smaller positive particles.  Copy this sentence and then state
the name of these particles.
14. 20 years after scientists accepted the existence of the atomic nucleus,
James Chadwick performed experiments to show that the nucleus contained
another particle in addition to protons.  Copy this sentence and then state
the name of these particles.
15. The alpha-particle scattering experiment told scientists that the nucleus
was positively charged. State the two later discoveries that told us about the
nucleus.
Extension:
Write a method, prediction, results and conclusion for the alpha-particle
scattering experiment, as if you were Ernest Rutherford.

Questions
1. Copy the diagram for radiation penetrating power
2. Complete the table:
Rank:
Type of
Picture:
Can
radiation:
penetrate:
Most
penetrating
Moderately
penetrating
Least
penetrating
3. Copy the diagram for range in air.
4. Complete the table:
Rank:
Type of
Picture:
Range in air:
radiation:

Blocked by:
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Longest range
in air
Moderate
range in air
Shortest
range in air
5. Copy the diagram for ionising power.
6. Complete the table:
Rank:
Type of
Picture:
radiation:
Most ionising
Moderately
ionising
Least ionising
7. Explain why alpha radiation’s high ionising power means it has low
penetrating power and low range in air.
8. Explain why gamma’s low ionising power means it has high penetrating power
and high range in air.
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Extension
Two groups of scientists conducted research into the range in air of alpha
particles of different energies.

a.
b.
c.
d.
e.
f.
g.

Do you trust their results? Why?
Are the results repeatable? Why?
What unit has been used for energy?
Describe the trend shown in the graph.
What was the range of alpha-particles at 7MeV?
What energy alpha particles had a range of 10cm?
Suggest a variable the scientists would have needed to control in this
investigation.
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Uses of radiation
Copy and complete the table using the knowledge from the previous sections:
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Extension:
An industrial tracer (gamma
source) was added to a water pipe
at A, and the count-rate at ground
level was monitored. The results
are shown in the graph. Describe
what the graph shows and what
conclusions should be drawn.

Half-life and the random nature of radioactive decay
Nuclear decay
Nuclear decay is a random event. What this means is that if we consider a single
unstable nucleus, we are not able to predict when it will decay: it could happen in the
next second or in a thousand years’ time.
Different isotopes have different probabilities of decaying in a given time. A nucleus
of boron-19, for example, is very likely to decay in the next second, whereas a
nucleus of califormium-252 is very unlikely to decay in the next second.

Making predictions about random events
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When dealing with radioactive sources, there are three important facts:
1. There are a huge number of radioactive nuclei
2. The nuclei all have a fixed probability of decaying in a given time
3. Nuclear decay is random so we can’t predict when any individual nucleus will
decay.
These three facts can be combined to produce a quantity called half-life. Random
events cannot be predicted on their own, but when dealing with large numbers we
can make predictions. If you tossed 100,000 coins you would expect roughly 50,000
heads, even though you could not predict the outcome of any individual coin.

The half-life of an isotope is defined as the time taken for half of the nuclei to decay.
The higher the probability of decay, the shorter the half-life. Boron-19 has a half-life
of 0.003 seconds, and
californium-252 has a half-life
of 2.64 years.
So if you had 2,500 boron-19
nuclei, you would have to wait
0.003 seconds for half of them
to decay, leaving 1,250
remaining.
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If you had 2,500 californium-252 nuclei, you
would have to wait 2.64 years for half of
them to decay, leaving 1,250 behind.

As time goes on, the nuclei continue to
decay: losing half again each half-life:

Note: This only works because we are dealing with large numbers of nuclei. The
diagrams have small numbers of nuclei for illustrative purposes only.

Another definition
Half-life can also be defined as the time taken for the activity of a sample to half. The
time for a certain isotope will be the same whichever definition is used.
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Total number of nuclei remains the same
Because a radioactive nucleus decays into a new, more stable nucleus, the total
number of nuclei stays the same. A more accurate representation would therefore be:

Questions
1.
2.
3.
4.

What do we mean when we say “radioactive decay is random”?
Give the two definitions for half-life.
Explain how half-life relates to the random nature of radioactive decay.
Why is it that we can make predictions about nuclear decay even though it is a
random event?
5. Copy and complete the diagram for an isotope with a half-life of 36 seconds:
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Please bear in mind that half-life only works for large numbers of nuclei, and
this diagram uses small numbers for illustrative purposes only.
6. Copy this diagram and explain why it’s a more accurate representation of
nuclear decay:

7. Mendelevium-257 has a half-life of 5.5 hours. If a source contains 36,000
mendelevium-257 nuclei, how many would remain after 5.5 hours?
8. Fermium-253 has a half-life of 3 days. If a source contains 56,742 fermium-253
nuclei, how many would remain after 3 days?
9. Hydrogen-3 has a half-life of 5.3 years. If a source contains 786,044 hydrogen3 nuclei, how many would remain after 5.3 years?
10. Mendelevium-257 has a half-life of 5.5 hours. If a source has an activity of
546Bq, what will its activity be after 5.5 hours?
11. Fermium-253 has a half-life of 3 days. If a source has an activity of 88Bq, what
will its activity be after 3 days?
12. Hydrogen-3 has a half-life of 5.3 years. If a source has an activity of 126Bq,
what will its activity be after 5.3 years?
13. Mendelevium-257 has a half-life of 5.5 hours. If a source contains 36,000
mendelevium-257 nuclei, how many would remain after 11 hours?
14. Fermium-253 has a half-life of 3 days. If a source contains 5,672 fermium-253
nuclei, how many would remain after 6 days?
15. Hydrogen-3 has a half-life of 5.3 years. If a source contains 786,044 hydrogen3 nuclei, how many would remain after 10.6 years?
16. Mendelevium-257 has a half-life of 5.5 hours. If a source has an activity of
1,088Bq, what will its activity be after 11 hours?
17. Fermium-253 has a half-life of 3 days. If a source has an activity of 136Bq,
what will its activity be after 6 days?
18. Hydrogen-3 has a half-life of 5.3 years. If a source has an activity of 364Bq,
what will its activity be after 10.6 years?
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19. Mendelevium-257 has a half-life of 5.5 hours. If a source has an activity of
216Bq, what will its activity be after 22 hours?
20. Fermium-253 has a half-life of 3 days. If a source has an activity of 304Bq,
what will its activity be after 12 days?
21. Hydrogen-3 has a half-life of 5.3 years. If a source has an activity of 2,000Bq,
what will its activity be after 21.2 years?
22. Carbon-15 has a half-life of 2.5 seconds. If we have 19,200 carbon-15 nuclei,
how long will we have to wait until we have 1,200 carbon-15 nuclei?
23. Nobelium-259 has a half-life of 58 minutes. If we have 38,680 Nobelium-259
nuclei, how long will we have to wait until we have 4,835 Nobelium-259
nuclei?
24. Iodine-131 has a half-life of 8 minutes. If a source has activity of 30656Bq, how
long would we have to wait until the activity reached 479 Bq?
Extension

Create an algebraic formula relating the following quantities:

t½ = half-life in seconds
t = time in seconds
N0 = number of nuclei at start
N(t) = number of nuclei at end
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Half-life Graphs
We can plot the number of nuclei (or the activity of a sample) over time on a graph.
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We can use the graph to find the half-life of the isotope.
1. Choose two values from the activity/number of nuclei (Y axis). One number
should be half of the other. In this example we have chosen 100 and 50.
2. Use a ruler to draw across to the plotted line for each value.
3. Use a ruler to draw down to the time (X axis)
4. Find the difference in time. This shows you the time taken for the
activity/number of nuclei to half: you have found the half-life. In the example
the half-life is 10 seconds.
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This method will give the same result regardless of the Y-values chosen, as long as
one is half of the other.

Questions
Find the half-lives of the isotopes shown in the following graphs:
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1.

2.
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3.

4.
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Intervention Questions:

1.

51

2.

3.
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4.
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6423d Net decline as a ratio (HT)

We can express the number of remaining nuclei as a fraction or percentage of
the original number according to how many half-lives have passed (elapsed):
Number of
Fraction of
Ratio of
halflives elapsed
unstable nuclei
original:new
remaining
nuclei
0

1/1

1:0

1

½

1:1

2

¼

1:3

3

1/8

1:7

4

1/16

1:15

5

1/32

1:31

n

n

1/2

1:2n-1

We can also write a ratio of the old to new nuclei.

To find the number of half-lives, we have to divide the time elapsed by the
half-life:
“ Phosphorous-32 has a half-life of 14.3 days. What fraction of nuclei would
remain after 57.2 days?”
57.2 ÷ 14.3 = 4
54

4 half-lives have elapsed
So the fraction of nuclei remaining is 1/16.
Questions:
1.
Copy the table for fraction remaining and ratio of original to
new nuclei.
2.
Copy the diagram showing fractions and ratios.
3.
Rhodium-101 has a half-life of 3.3 years. What fraction of
rhodium-101 nuclei remain after 9.9 years?
4.
Rhodium-101 has a half-life of 3.3 years. It decays to make
rubidium-101. What is the ratio of rhodium-101 to rubidium-101 after
9.9 years?
5.
Titanium-44 has a half-life of 63 years. What fraction of
titanium-44 nuclei remain after 63 years?
6.
Titanium-44 has a half-life of 63 years. After 63 years, what will
be the ratio of titanium-44 to the new nuclei?
7.
Dubnium-261 has a half-life of 27 seconds. What fraction of
dubnium-261 nuclei remain after 189 seconds?
8.
Dubnium-261 has a half-life of 27 seconds. What will be the
ratio of dubnium261 nuclei to the nuclei after 189 seconds?
9.
Carbon-10 has a half-life of 19 seconds. What fraction of
carbon-10 will remain after 209 seconds?
10.
Carbon-10 has a half-life of 19 seconds. What will be the ratio
carbon-10 to the new nuclei after 209 seconds?

Extension
1.
Copy and complete the table for percentages:
Number of
Percentage of
halflives elapsed
unstable nuclei
remaining
0
1
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2
3
4
5
n
2.
Rhodium-101 has a half-life of 3.3 years. What percentage of
rhodium-101 nuclei remain after 9.9 years?
3.
Titanium-44 has a half-life of 63 years. What percentage of
titanium-44 nuclei remain after 63 years?
4.
Dubnium-261 has a half-life of 27 seconds. What percentage of
dubnium-261 nuclei remain after 189 seconds?
5.
Carbon-10 has a half-life of 19 seconds. What percentage of
carbon-10 will remain after 209 seconds?
6.
Copy and complete this graph:
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Irradiation and contamination
Nuclear radiation and radioactive
materials are hazardous because of their
ionising effects. Ionisation of an atom in
a cell's DNA can lead to a copying error
(mutation) and cancer.
Radioactive contamination
An object is contaminated if a radioactive source gets on or in it.
Examples of contamination:
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A doctor gets technetium from a medical tracer
on her hand Plutonium from a power station
gets into the water supply A student inhales
airborne particles of cobalt A medical worker’s
uniform gets coated in uranium
A terrorist injects fruit with americium
The hazard from contamination:
The hazard from contamination is due to the
decay of the radioactive nuclei in the source.
The type of radiation emitted by the source
affects the level of hazard: the more ionising,
the greater the hazard. The hazard lasts as
long as the radioactive material is on the
contaminated object, but reduces over time
as the nuclei decay.
Irradiation
An object is irradiated if it is exposed to
radiation from an external source.
Examples of irradiation:
A teacher's hand is held 5cm from a beta source
A gamma source is used to sterilise strawberries before they are taken to a
supermarket
A nuclear power plant worker stands next to some radioactive waste
A cancer patient receives radiotherapy
The hazard from irradiation
The higher the ionising power the greater the hazard. As soon as the object is
removed from the radiation the hazard stops. The irradiated object does not
become radioactive. For this reason, irradiation of non-living materials is
safe: they will not be radioactive after irradiation has ceased. This is why it can
be used for the sterilisation of medical equipment, for example.
Precautions
When irradiation is being carried out, the radioactive source poses a hazard
to those nearby. Suitable precautions include: wearing protective clothing, for
example a lead apron; wearing a film badge to monitor dose levels; carrying
out the procedure remotely, for example using robotic arms.
58

Peer review
It is important for the findings of studies into the effects of radiation on
humans to be published and shared with other scientists so that the findings
can be checked by peer review. Peer review is a process by which
independent scientists check a scientific report before it is published, to see if
the method is valid and the calculations are correct. Once a report has been
published, other teams of scientists can attempt to replicate the results.

Questions:
1.
Explain why nuclear radiation is dangerous to living things.
2.
Define contamination and copy the diagram.
3.
Give three examples of contamination.
4.
Explain why contamination is hazardous.
5.
Which would be most dangerous to be contaminated with: an
alpha source, a beta source, or a gamma source? Explain your answer.
(Assume activity is the same for all three.)
6.
Bill says that medical tracers are like contamination. Explain
what he means.
7.
Explain why the hazard from contamination persists after the
person or object has been contaminated.
8.
Explain why the hazard from contamination gets smaller after
the person or object has been contaminated.
9.
Define irradiation and copy the diagram.
10.
Give three examples of irradiation.
11.
Explain why irradiation can be hazardous.
12.
Explain why the hazard from irradiation becomes zero as soon
as the person or object stops being irradiated.
13.
Explain why irradiation of food and medical equipment is safe.
14.
Describe three precautions taken to reduce risk from irradiation.
15.
State two reasons why it is important for scientists to publish
their research into the effects of radiation
16.
Create a Venn diagram for contamination and radiation. Include
the following terms: ionising; hazard continues after event; hazard is
zero after event; source touches person or object; source does not
touch person or object; used for sterilisation.
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Extension:
In March 2011 the nuclear power plant at Fukushima in Japan suffered a
meltdown after a tsunami damaged the cooling generators. As a result,
iodine-131, caesium134 and caesium-137 were released into the water
supply. The graph shows the radiation levels detected in tapwater in
Fukushima in March.

1. On what day did the nuclear accident take place?
2. Does the graph show contamination or irradiation?
3. Describe and explain the shape of the graph.
4. Suggest a precaution local people could take to reduce the risk from the
accident.
Nuclear equations

When an unstable nucleus undergoes alpha or beta decay, the nucleus
changes.
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We can write nuclear equations to show what happens. These equations must
balance: the number of protons and neutrons must be the same before and
after the decay event (either side of the arrow).
In alpha decay, the new nucleus has two fewer neutrons and two fewer
protons. This means the mass number goes down by four and the atomic
number goes down by two:

In beta decay, something a bit more complicated happens. A beta particle is a
fastmoving electron from the atomic nucleus – but the nucleus doesn’t
contain any electrons. Instead, a neutron in the nucleus turns into a proton
and an electron. This is possible because the charges of +1 and -1 combine
to make 0: charge is conserved. The electron is ejected as a beta particle but
the proton stays in the nucleus. So the new nucleus has one less neutrons but
one more proton. The mass number stays the same but the atomic number
goes up by one. The equation is balanced because the charge on the beta
particle is -1:

Gamma decay does not lead to a change in the nucleus as gamma radiation
is an electromagnetic wave rather than a particle.
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Questions:

Copy and complete the equations. For each equation, state whether it is an
alpha or beta decay.
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Extension
Often the nucleus created in a decay event is itself unstable. It will decay,
leaving a further unstable nucleus, and the process can repeat many times
until a stable nucleus is reached. This is called a decay chain.
We can use the periodic table to identify an element from its atomic number.
Use your periodic table and your understanding of nuclear decay to complete
the decay chain:
a.

Thorium to lead:
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b.
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Atoms and electromagnetic radiation
Electromagnetic waves are energy transferred from a vibrating charged particle such
as a proton or electron. Electromagnetic radiation comes in a range of frequencies
and is given the names: radio waves, micro waves, infra-red waves, visible light
waves, ultra-violet waves, X-rays and gamma rays. There are electromagnetic waves
all around us.

When an electromagnetic wave hits an atom, it transfers energy to the atom. This
energy is stored in the form of an electron in the atom jumping up an energy level, in
other words moving to an orbit further from the nucleus. This arrangement is
unstable, however, and soon the electron will jump back down to its original distance
from the nucleus. When the electron jumps back down, a new electromagnetic wave
will be emitted (at a longer wavelength than the original).

Questions
1.
What do we mean when
we say electrons can
occupy different energy
levels?
2. What causes an electron
to move up an energy
level? Draw a diagram.
3. What happens when an
electron to move down an
energy level? Draw a diagram.
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4. The atoms in the contents of a greenhouse absorb
visible light and then emit infra-red. Both of these are
electromagnetic radiations. Infra-red is then absorbed
by the atoms. Instead of causing electrons to move
energy levels, this causes the whole atom to vibrate
faster. Infra-red radiation has less energy than visible
light.
b) Use electron energy levels to explain how the
atoms absorb and then emit radiation.
c) Use kinetic theory to explain how the greenhouse
generates heat.
Use efficiency to explain why lower energy infra-red is emitted.
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