AQA
6.4 Atomic
Structure

1

© R Ashbee 2017

6.4.1.1 The structure of the atom
Atoms are the building-blocks of matter. If you take a piece of an element, for
example a piece of gold, and cut it in half, you will have two smaller pieces. If you
take one piece and cut it in half again, and keep repeating the process, eventually
you would get one gold atom. You could break a gold atom up, but then it would no
longer be gold. This is what we mean when we say “an atom is the smallest possible
piece of an element”. You can get smaller things, but they are not elements.

When atoms chemically join together they make molecules. Sometimes in science
we use the word “particles” to refer to
atoms and/or molecules. For
example, we might talk about the
internal energy of gas particles. In
this topic we consider only atoms.
Each element has its own atom type.
An average atom has a radius of 1010
m. This means about 10,000,000
atoms could fit on a line across the
full stop at the end of this sentence.
The structure of the atom is as
follows: there is a tiny "nucleus" at
the centre made of subatomic particles called
protons and neutrons. Most of the atom's mass
is concentrated in this central nucleus. Moving
out from the nucleus, there is a comparatively
large amount of empty space, and then
electrons orbiting the nucleus. Here is an
analogy to give a sense of scale: if we scaled
up the nucleus to the size of a pea and put the pea at the centre of Wembley
stadium, then the electrons would be the size of dust particles and their orbits would
2
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be up in the stands. Everything in
between is just empty space. Not air,
because air is made of atoms. Just
nothing.
Charge is an important property in
atomic structure. The nucleus has a
positive charge (+) and the electrons
have a negative charge (-). Atoms
overall have no charge; we call this
“neutral”.
Electrons can orbit at different distances from the nucleus. We say "electrons can
occupy different energy levels". If the atom absorbs some energy (in the form of
electromagnetic radiation), an electron will move up an energy level, i.e. move
further away from the nucleus. If the atom loses some energy (by emitting some
electromagnetic radiation), an electron moves down an energy level, i.e. moves
closer to the nucleus.
Electromagnetic radiation is a form of energy that includes radio waves, visible light
and X-rays. It is examined further in section 6.6: Waves.

Questions
1.
2.
3.
4.
5.
6.

Why do we say atoms are the building blocks of matter?
Why might someone disagree that atoms are the building blocks of matter?
What is a typical radius of an atom?
Copy and label the diagram of an atom.
Describe the structure of an atom.
Damien says that most of the chair he is sitting on is actually empty space. Is
he right? Explain why.
7. What is the charge on a proton?
8. What is the charge on an electron?
9. What is the charge on an atom?
10. What do we mean when we say electrons can occupy different energy levels?
11. What causes an electron to move up an energy level? Draw a diagram.
12. What happens when an electron to move down an energy level? Draw a
diagram.
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Extension
1. 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.
a) Use electron energy levels to explain how the
atoms absorb and then emit radiation.
b) Use kinetic theory to explain how the greenhouse
generates heat.
c) Use efficiency to explain why lower energy infrared is emitted.
2. Elouise says that atoms, molecules and particles have the same relationships
between them as quadrilaterals, squares and rectangles. Explain what she
means and state which terms are equivalent.

Answers
1. An atom is the smallest possible piece of an element.
2. Atoms are made of smaller things.
3. 10-10m
4.

5. An atom has a central nucleus made of protons and neutrons. Orbiting the
nucleus are electrons. Between the nucleus and electrons is empty space.
6. Damien is right because the chair is made from atoms and atoms are mostly
empty space.
7. Positive
8. Negative
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9. Neutral (no charge)
10. Electrons can orbit at different distances from the
nucleus
11. When an atom absorbs energy in the form of
electromagnetic radiation, an electron moves up an
energy level.

12. When an electron moves down an energy level, energy is emitted in the form
of infra-red radiation.

Extension:
1.
a) When the atoms absorb visible light energy the electrons move up an
energy level. When the atoms emit infra-red energy the electrons move
down an energy level.
b) When infra-red is absorbed by the atoms, it causes them to vibrate faster.
Because temperature is a measure of the average temperature of the
particles, this causes the temperature to rise.
c) Because no energy transfer is ever 100% efficient, the energy emitted is
less than the energy absorbed. Some of the input energy is dissipated. So
lower energy infra-red is emitted.
3. Quadrilaterals are like particles because both squares and rectangles come
under the heading quadrilaterals. Squares are like atoms because they are
simpler, rectangles are like molecules because you can have many more
different types of rectangle than square, and many more different types of
molecule than atom.
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Intervention Questions
1.
2.
3.
4.
5.

Define an atom.
State 3 things smaller than an atom.
What is a typical diameter of an atom?
Copy and label the diagram of an atom.
Match up:
Electron

Most of the atom

Nucleus

In the nucleus

Neutron

Orbits the nucleus

Proton

In the nucleus

Empty space

Central to the atom

6. Syeda says that most of the table she is working on is actually empty space.
Is she right? Explain why.
7. What is the charge on a proton?
8. What is the charge on an electron?
9. What is the charge on an atom?
10. What do we mean when we say electrons can occupy different energy levels?
11. What causes an electron to move up an energy level? Draw a diagram.
12. What causes an electron to move down an energy level? Draw a diagram.
Intervention Answers
1.
2.
3.
4.
5.

The smallest possible piece of an element
Neutron, proton, electron
2 x 10-10m
Copy and label the diagram of an atom.
Match up:
Electron

Most of the atom

Nucleus

In the nucleus

Neutron

Orbits the nucleus

Proton

In the nucleus

Empty space

Central to the atom

6. Syeda is right because the table is made from atoms and atoms are mostly
empty space.
6
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7. Positive
8. Negative
9. Neutral (no charge)
10. Electrons can orbit at different distances from the
nucleus
11. When an atom absorbs energy in the form of
electromagnetic radiation, an electron moves up an
energy level.

What causes an electron to move down an energy level? Draw a diagram.
12. When an electron moves down an energy level, energy is emitted in the form
of infra-red radiation.
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6.4.1.2 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.
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,
8
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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.
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.

9

© R Ashbee 2017

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
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
10
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c. Boron
d. Nitrogen
e. Fluorine
4. Identify the atom:
a.

b.

c.

5. Which sub-atomic particle determines what element an atom is?
11
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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.

b.

Extension:

1. Write an algebraic expression for neutron number N if atomic number = Z and
mass number = A.
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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.

Answers:
1. Number of protons + number of neutrons
2. Number of protons
3.

a.

b.

c.
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d.

e.

4. Identify the atom:
a. iron
b. copper
c. iodine

5. Protons
6. Electrons
7. Find the element and determine the mass number (biggest number) and
atomic number (smaller number). Subtract the atomic number from the mass
number.
8. Protons and neutrons
9. Isotopes are different versions of the same element with different mass
numbers caused by different numbers of neutrons in the nucleus.
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10.
11. Neutrons
12. It is an average from the different isotopes of chlorine
13. Ionisation is when an atom gains or loses one or more electrons.
14. . This diagram shows first a lithium
atom. The atom loses an electron to
become an ion. It is a positive ion
because it has lost an electron so now
the protons in the nucleus outnumber
the electrons.

15. This diagram shows first a fluorine atom.
The atom gains an electron to become a
fluoride ion. It is a negative ion because
the electrons outnumber the protons.
16. Electrons
a. Potassium ion: Charge = positive
b. fluoride ion: charge = negative

Extension:

1. N = A – Z
15
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2.

Intervention Questions:
1. Explain what mass number means
2. Explain what atomic number means
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. Helium
b. berylium
c. carbon
d. oxygen
e. neon
4. Identify the atom:
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a.

b.

c.

5. Which sub-atomic particle do you count to find out the name of the element?
6. Which sub-atomic particle is involved in chemical reactions?
7. How can you find the number of neutrons in an element from the periodic
table?
17
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8. Which sub-atomic particles determine the mass of an atom?
9. What is an isotope?
10. Nitrogen has three isotopes: nitrogen-14, nitrogen-15 and nitrogen-16. Draw
the atom for each, using the same success criteria as in (3).
11. Which subatomic particle is different in isotopes of the same element?
12. Why does chlorine have a non-integer value for its mass number?
13. What happens in 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 moves in 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.

b.
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Intervention Answers
1. The total number of protons and neutrons in the nucleus
2. The number of protons in the nucleus
3.

a.

b.

c.
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d.

e.
4. Identify the atom:
a. magnesium
b. chromium
c. calcium

5. protons
6. electrons
7. larger number (mass number) – smaller number (atomic number) = neutron
number
8. protons and neutrons
9. a version of an element with a different number of neutrons
10.
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11. Neutrons
12. It is an average of the different isotopes of chlorine
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13. An atom loses or gains one or more electrons and becomes an ion as it is
charged
14. Use a diagram to explain how
a positive ion is formed. This
diagram shows first a lithium
atom. The atom loses an
electron to become an ion. It
is a positive ion because it
has lost an electron so now
the protons in the nucleus
outnumber the electrons.
15. Use a diagram to explain how
a negative ion is formed. This diagram shows first a fluorine atom. The atom
gains an electron to become a fluoride ion. It is a negative ion because the
electrons outnumber the protons.

16. Electrons
17.
a. strontium ion: charge = positive
b. oxide ion: charge = negative
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6413 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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Questions:
1. Copy and complete the table:
Date Model of the
Diagram
atom
1820

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?
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
27
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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.
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Answers:
1.
Date
1820

Model of the
atom
Indivisible
sphere

Diagram

Evidence
Dalton’s chemistry
experiments

1900

Plum-pudding

Rutherford’s discovery of the
electron

1910

Nuclear

Rutherford’s alpha-particle
scattering

1915

Bohr

Emission spectra

1920

Bohr with
protons in the
nucleus

Discovery of the proton

1935

Bohr with
neutrons and
protons in the
nucleus

Chadwick’s discovery of the
neutron

2. Indivisible spheres
3. The plum-pudding model
4. Atoms as described by Dalton’s indivisible sphere model could not be
broken into smaller pieces. The plum-pudding model described atoms as
29
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being made of a positive ball with smaller electrons (negative charge)
embedded in it.
5. To adapt to the new evidence about the existence of the electron.
6. Rutherford’s alpha-particle
scattering experiment:
Rutherford set up a thin
piece of gold foil in the
middle of a curved screen.
He aimed an alpha source at
the gold foil and fired a
stream of alpha particles at it.
The screen recorded where
the alpha particles landed.
7. The plum-pudding model
predicted that all the particles
would pass straight through the foil and show up on the screen in the spot in a
straight line from the alpha source. This was because the positive charge in
the plum-pudding atom would be too weak to affect the path of the positive
alpha particles.
8. However, Rutherford found that some of the alpha particles were deflected
and some were actually reflected back in the direction of the alpha source.
9. To explain this new evidence, Rutherford proposed the nuclear model of
the atom. This model had a small central nucleus where all the atom’s positive
charge was concentrated, and electrons orbiting the nucleus. This could
explain the new results as the concentrated positive charge in the nucleus
would be strong enough to deflect the alpha particles on the occasions it was
in their path.
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10.

11. Electrons orbit the nucleus at specific distances.
12. New experimental evidence (light absorption and emission).
13. Rutherford performed experiments that showed the positive nucleus could
be broken into smaller positive particles: protons
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: neutrons.
15. The discovery of the proton and the discovery of the neutron.
Extension : Teacher or peer assessment

Intervention Questions:
1. Copy and complete the table:
Date Model of the
Diagram
atom
1820

Evidence
Dalton’s chemistry
experiments

1900
1910
1915

Emission spectra
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1920

Bohr with
protons in the
nucleus

1935

Bohr with
neutrons and
protons in the
nucleus

2. Describe the model of the atom before the discovery of the electron
3. What model did Rutherford propose after he had discovered the electron?
4. Compare Dalton’s indivisible sphere model and Thomson’s plum-pudding
model.
5. What new evidence did the plum-pudding model accommodate?
6. Copy Rutherford’s alpha-particle scattering experiment. The following
description has three errors in it. Copy it out with the correct words.
“Rutherford set up a thick piece of gold foil in the middle of a straight screen.
He aimed an alpha source at the gold foil and fired a stream of alpha particles
at it. The screen recorded where the electrons landed.”
7. Why did the plum-pudding model predict the alpha particles would all go
straight through the foil?
8. Match up these experimental results for the alpha-particle scattering
experiment:
Angle of deflection:

% of particles detected

0-45ᵒ

1

46-90ᵒ

7

91-135ᵒ

20

136 -180ᵒ

72

9. The following paragraph has three errors in it. Copy it out with corrections.
“To explain the evidence from the alpha-particle scattering experiment,
Rutherford proposed the plum-pudding model of the atom. This model had a
small central nucleus where all the atom’s negative charge was concentrated,
and electrons orbiting the nucleus. This could explain the new results as the
concentrated positive charge in the nucleus would be strong enough to attract
the alpha particles on the occasions it was in their path.”
10. Compare the plum-pudding and nuclear models.
11. Who modified the nuclear model to say that electrons could only orbit the
nucleus at specific distances?
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.
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Answers:
2. Copy and complete the table:
Date Model of the
Diagram
atom
1820 Indivisible
sphere

Evidence
Dalton’s chemistry
experiments

1900

Plum-pudding

Rutherford’s discovery of the
electron

1910

Nuclear

Rutherford’s alpha-particle
scattering

1915

Bohr

Emission spectra

1920

Bohr with
protons in the
nucleus

Discovery of the proton

1935

Bohr with
neutrons and
protons in the
nucleus

Chadwick’s discovery of the
neutron

2. Indivisible spheres
3. The plum-pudding model
4. Atoms as described by Dalton’s indivisible sphere model could not be
broken into smaller pieces. The plum-pudding model described atoms as
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being made of a positive ball with smaller electrons (negative charge)
embedded in it.
5. The discovery of the electron
6. Rutherford’s alpha-particle
scattering experiment:
Rutherford set up a thin
piece of gold foil in the
middle of a curved screen.
He aimed an alpha source at
the gold foil and fired a
stream of alpha particles at it.
The screen recorded where
the alpha particles landed.
7. The plum-pudding model
predicted that all the particles
would pass straight through the foil because the positive charge in the plumpudding atom would be too weak to affect the path of the positive alpha
particles.

8.
9. To explain this new evidence, Rutherford proposed the nuclear model of
the atom. This model had a small central nucleus where all the atom’s positive
charge was concentrated, and electrons orbiting the nucleus. This could
explain the new results as the concentrated positive charge in the nucleus
would be strong enough to deflect the alpha particles on the occasions it was
in their path.
10. The plum-pudding model and the nuclear model were similar because
they both had electrons and something positive. However, whereas in the
plum-pudding model the positive charge was spread throughout the atom, in
the nuclear model the positive charge was concentrated into a tiny central
nucleus.
11. Niels Bohr.
12. New experimental evidence (light absorption and emission).
13. Rutherford performed experiments that showed the positive nucleus could
be broken into smaller positive particles: protons
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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: neutrons.
15. The discovery of the proton and the discovery of the neutron.
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6421 Radioactive decay and nuclear radiation
Some atomic nuclei are
unstable. This means they will
not stay stuck together for ever.
At some point, the nucleus will
eject a particle from itself. This is
sometimes accompanied by an
electromagnetic wave. In doing
this, the nucleus changes and
becomes more stable.
We call the particles and
electromagnetic radiation that are
given out by the nucleus in this
way nuclear radiation.
The process of the nucleus giving
out this radiation is called radioactive decay, nuclear decay, a decay event or
radioactivity.
Instead of saying the nucleus “gives out” this radiation, we say it
emits it.
Radioactive decay is a random process. It is impossible to predict
when a given nucleus will decay.
A radioactive source is a material containing unstable nuclei.
Nuclear radiation is emitted from a radioactive source. An example
is cobalt-60.

We can’t see decay events or nuclear
radiation, but we can detect the latter using a
Geiger-Muller tube and counter. If a nuclear
radiation particle or wave hits the sensor, it
causes an ionisation event and is registered
on the counter. Count-rate is the number of
ionisation events per unit
time. The count-rate doesn’t
necessarily tell us how much
radiation a source is emitting,
because some of the radiation
may have been absorbed by the air or other materials on its way to
the Geiger-Muller tube. Count rate refers to a place rather than a
source.
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Activity is the rate at which a nuclei in a source decay. Activity is measured in
Becquerels (Bq). It is what is actually happening, not just wat we can detect with our
equipment. The higher the activity of a source, the more nuclear radiation is emitted
in a given time. Activity can only ever refer to a source and not a particular nucleus.
Henri Becquerel

Questions:
1. What kind of atomic nuclei undergo radioactive decay?
2. What does “unstable” mean when applied to a nucleus?
3. What happens in a decay event?
4. Copy the diagram for radioactive decay.
5. Give 3 other terms for “decay event”.
6. What does “emit” mean?
7. What does it mean to say that radioactive decay is random?
8. What is a radioactive source?
9. How can we detect nuclear radiation?
10. What is count-rate?
11. What is “activity”?
12. Why is “activity” different to count-rate?
Extension:
1. Amjad goes to a party and eats a lot of cake. He feels ill and says he won’t
feel better until he is sick. The he is sick and feels much better. How is this an
analogy for radioactive decay?
2. Draw diagrams to illustrate how this works as an analogy.

Answers:
1. Unstable
2. Will decay at some point
3. An unstable nucleus emits a particle and sometimes an electromagnetic wave
as well. The nucleus changes and is now more stable.
4. 5. Radioactive decay, nuclear decay, radioactivity
6. To give out; eject
7. It is impossible to predict when a decay event will happen
8. A material containing unstable nuclei.
9. Using a Geiger-Muller tube
10. The number of ionisation events on the sensor of a Geiger-Muller tube per
unit time
11. The rate at which nuclei in a source decay.
12. Activity is what is really happening in the source, count-rate is what we
measure in a particular place.
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Extension answers:
1. When Amjad eats the cake he becomes like an unstable nucleus. Being sick
is like the decay event; when he feels better afterwards he has become a
stable nucleus.
2. -
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6421 Radioactive decay and nuclear radiation
Some atomic nuclei are
unstable. This means they will
not stay stuck together for ever.
At some point, the nucleus will
eject a particle from itself. This is
sometimes accompanied by an
electromagnetic wave. In doing
this, the nucleus changes and
becomes more stable.
We call the particles and
electromagnetic radiation that are
given out by the nucleus in this
way nuclear radiation.
The process of the nucleus giving
out this radiation is called radioactive decay, nuclear decay, a decay event or
radioactivity.
Instead of saying the nucleus “gives out” this radiation, we say it
emits it.
Radioactive decay is a random process. It is impossible to predict
when a given nucleus will decay.
A radioactive source is a material containing unstable nuclei.
Nuclear radiation is emitted from a radioactive source. An example
is cobalt-60.

We can’t see decay events
or nuclear radiation, but we
can detect the latter using a
Geiger-Muller tube and
counter. If a nuclear radiation
particle or wave hits the
sensor, it causes an
ionisation event and is
registered on the counter.
Count-rate is the number of
ionisation events per unit
time. The count-rate doesn’t necessarily tell us how much radiation
a source is emitting, because some of the radiation may have been
absorbed by the air or other materials on its way to the Geiger-

Henri Becquerel
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Muller tube. Count rate tells us how much nuclear radiation has reached a certain
place.

Activity is the rate at which a nuclei in a source decay. Activity is measured in
Becquerels (Bq). It is what is actually happening, not just wat we can detect with our
equipment. The higher the activity of a source, the more nuclear radiation is emitted
in a given time. Activity can only ever refer to a source and not a particular nucleus.

Questions:
13. What kind of atomic nuclei undergo radioactive decay?
14. What does “unstable” mean when applied to a nucleus?
15. What happens in a decay event?
16. Copy the diagram for radioactive decay.
17. Give 3 other terms for “decay event”.
18. What does “emit” mean?
19. What does it mean to say that radioactive decay is random?
20. What is a radioactive source?
21. How can we detect nuclear radiation?
22. What is count-rate?
23. What is “activity”?
24. Why is “activity” different to count-rate?
Extension:
3. Amjad goes to a party and eats a lot of cake. He feels ill and says he won’t
feel better until he is sick. The he is sick and feels much better. How is this an
analogy for radioactive decay?
4. Draw diagrams to illustrate how this works as an analogy.

Answers:
13. Unstable
14. Will decay at some point
15. An unstable nucleus emits a particle and sometimes an electromagnetic wave
as well. The nucleus changes and is now more stable.
16. 17. Radioactive decay, nuclear decay, radioactivity
18. To give out; eject
19. It is impossible to predict when a decay event will happen
20. A material containing unstable nuclei.
21. Using a Geiger-Muller tube
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22. The number of ionisation events on the sensor of a Geiger-Muller tube per
unit time
23. The rate at which nuclei in a source decay.
24. Activity is what is really happening in the source, count-rate is what we
measure in a particular place.
Extension answers:
3. When Amjad eats the cake he becomes like an unstable nucleus. Being sick
is like the decay event; when he feels better afterwards he has become a
stable nucleus.
4. -

Intervention Questions:
1. How can an unstable nucleus become unstable?
2. What adjective describes a nucleus that “wants” to decay?
3. What name is given to the event in which a nucleus ejects a particle and
sometimes an electromagnetic wave?
4. Copy the diagram for radioactive decay.
5. Give 3 other terms for the term you gave in (5)
6. What verb means “give out radiation”?
7. We can never tell when a particular nucleus will decay. What word describes
this unpredictability?
8. What noun is a material containing unstable nuclei?
9. What is a Geiger-Muller tube and counter used for?
10. What do we call a measure of ionisation events detected in a Geiger-Muller
tube?
11. What do we call the number of decays per unit time?
12. Nadia says “Count-rate is easier to measure but activity is closer to the truth”.
What does she mean?

Intervention Answers:
1. By undergoing radioactive decay
2. Unstable
3. Decay event/ radioactive decay/ nuclear decay/ radioactivity
4. 5. Decay event/ radioactive decay/ nuclear decay/ radioactivity
6. Emit
7. Random
8. Radioactive source
9. Measuring the nuclear radiation that has travelled to a certain place
10. Count-rate
11. Activity
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12. It’s impossible to actually measure the activity of a source because the nuclei
are too small and too numerous. There is no equipment that could be used.
Count-rate is easier to measure because the Geiger-Muller tube detects
nuclear radiation that lands on it. But the Geiger-Muller tube doesn’t tell us
what is happening in the source itself.
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6421b Four types of nuclear radiation
When an unstable nucleus decays, four different types of nuclear radiation can be
emitted:

Alpha radiation
Alpha radiation is made of alpha particles. An alpha particle is made of two protons
and two neutrons. Alpha particles are often referred to as helium nuclei because of
this, but they don't come from helium atoms. They come from the unstable nucleus,
for example thorium-234. Alpha particles are often given the symbol:

α,

or

.

When an alpha particle is emitted,
we call the event an alpha decay. In
an alpha decay the nucleus is
changed as it loses two protons and
two neutrons.

Beta radiation
Beta radiation is made of beta
particles. A beta particle is a
fast moving electron. It comes
from the atomic nucleus: a
neutron turns into a proton and
an electron. The proton stays
in the nucleus and the electron
is ejected as Beta radiation.
The nucleus is changed as it
has lost a neutron and gained
a proton. Beta particles are
often given the symbol:

,

or

.

Gamma radiation
Gamma radiation is not a particle at all, but an electromagnetic wave of energy. A
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gamma emission
never happens on its
own but accompanies
an alpha or beta
particle emission.
Gamma emission
does not cause a
change in the nucleus
as it is not a particle.
Gamma radiation is
given the symbol γ. It
often called a gamma ray.

Neutron radiation
Sometimes an unstable nucleus becomes
more stable by emitting a neutron. The
nucleus changes as it has lost a neutron.
Neutron radiation is sometimes given the
symbol n.

Questions:
1. Copy and complete this table:
Name of
What it’s
Picture
nuclear
made of
radiation
Alpha
Beta
Gamma
Neutron

Does the
nucleus
change?

Symbol
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Extension:
1. There is a small amount of nuclear radiation all around us, all the time.
This is called “background radiation” and it is at a low level and presents
low risk. Background radiation comes from a number of different sources.
Their relative contributions to background radiation are show in the table
below. Use this data to construct a pie chart to show the proportion of
background radiation from these sources.
Source
Radon gas in the air
Medical X-ray machines
Radioactive isotopes used in
medicine
Consumer products e.g. watches
Terrestrial (rocks in the ground)
Cosmic (from space)
Internal (isotopes in the human
body)

% of background radiation
55
11
4
3
8
8
11

Answers:
1. Copy and complete this table:
Name of What it’s made Picture
nuclear
of
radiation
Alpha
2 protons and 2
neutrons
(helium
nucleus)
Beta

Fast-moving
electron

Does the
nucleus
change?
Yes

Symbol

α,
or
.
Yes
,
or

Gamma

Electromagnetic
wave

No

γ

Neutron

neutron

Yes

n
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Extension:
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6421c Comparing alpha, beta and gamma radiation
Here we look at three properties of alpha, beta and gamma radiation: penetrating
power, ionising power, and range in air.

Penetrating power:

Gamma radiation is the most penetrating, beta radiation is moderately penetrating,
and alpha radiation is the least penetrating.
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Range in air:

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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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:
Longest range
in air
Moderate
range in air
Shortest
range in air

Blocked
by:

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.
h.

What were the names of the scientists?
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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Answers
1. 2. Complete the table:
Rank:
Type of
Picture:
radiation:
Most
Gamma
penetrating
Moderately
penetrating
Least
penetrating

Beta

Paper

Alpha

5cm air

3. 4. Complete the table:
Rank:
Type of
radiation:
Longest range gamma
in air
Moderate
Beta
range in air
Shortest
Alpha
range in air

5. 6. Complete the table:
Rank:
Type of
radiation:
Most ionising Alpha

Moderately
ionising
Least ionising

Can
penetrate:
Thin
aluminium

Picture:

Blocked
by:
Thick lead
or
concrete
Thin
aluminium
Paper

Range in air:
~500m
~15cm
~5cm

Picture:

Beta
gamma

7. Because alpha radiation is large and strongly charged, it has a high chance of
colliding with an atom and ionising it, losing its energy and therefore not
continuing any further.
8. Because gamma radiation is a wave and not a particle, it has no mass and no
charge and therefore a low chance of encountering an atom to ionise. A
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gamma ray is likely to travel a long way before ionising an atom, losing its
energy, and ceasing its journey.
Extension
Two groups of scientists conducted research into the range in air of alpha
particles of different energies.

a. Lapp and Andrews; Sorenson and Phelps
b. Yes: both sets of results are very close together; or, No: we don’t know
how the experiment was conducted
c. Yes as two different teams found very similar results
d. MeV
e. The higher the energy the higher the range in air
f. 6cm
g. 9.6MeV
h. Air temperature/pressure/composition

Intervention Questions
1. Copy the diagram for radiation penetrating power
2. Write a sentence comparing the penetrating powers of alpha, beta and
gamma radiation.
3. Copy the diagram for range in air.
4. Write a paragraph comparing the ranges in air of alpha, beta and gamma
radiation, including typical values.
5. Copy the diagram for ionising power.
6. Write a sentence comparing the ionising power of alpha, beta and gamma
radiation.
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7. The following explanation contains three mistakes. Write out the correct
version:
“Alpha radiation is the smallest and most charged of the three radiations. This
means it has a low probability of colliding with an atom and ionising it, so it
can travel and penetrate long distances.”
8. The following explanation contains three mistakes. Write out the correct
version: “Because gamma radiation is a wave it is the most likely to encounter
an atom and ionise it. This means gamma can’t penetrate a long way before
encountering an atom. Gamma has high ionising power.”
Intervention Answers
1. 2. Gamma is the most penetrating, beta is moderately penetrating, alpha is the
least penetrating.
3. 4. Gamma has the longest range in air, at about 500m. Beta has a moderate
range in air, at about 15cm. alpha has the shortest range in air, at about 5cm.
5. 6. Alpha is the most ionising, beta is moderately ionising, gamma is the least
ionising.
7.
“Alpha radiation is the biggest and most charged of the three radiations. This
means it has a high probability of colliding with an atom and ionising it, so it
can’t travel and penetrate long distances.”
8. “Because gamma radiation is a wave it is the least likely to encounter an
atom and ionise it. This means gamma can penetrate a long way before
encountering an atom. Gamma has low ionising power.
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6421d 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.

Answers
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Extension Answers
The results show a relatively constant count, then a spike, and then a steady count
rate at a lower level than before. This indicates a leak in the pipe where the spike is
detected, and then lower pressure/less water flowing in the pipe where the countrate is constant but lower.

Intervention questions
a. Describe how gamma radiation is used in industrial tracers and explain why
alpha and beta are not used.
b. Describe how gamma and beta radiation are used in medical tracers and
explain why alpha is not used.
c. Describe how gamma radiation is used in radiotherapy and explain why alpha
and beta are not used.
d. Describe how beta radiation is used in carbon dating, and explain why alpha
and gamma are not used.
e. Describe how beta radiation is used in thickness control and explain why
gamma and alpha are not used.
f. Describe how alpha radiation is used in smoke alarms and explain why
gamma and beta are not used.
g. Explain how gamma radiation is used in sterilising medical equipment, fruit
and vegetables, and explain why alpha and beta are not used.
Intervention answers
a. Industrial tracers use a gamma source put into the water before it goes into
the pipe. The gamma radiation is then detected at ground level to indicate
where there is a leak or a blockage. Beta and alpha would not be able to
penetrate the ground so are not used.
b. In medical tracers, a beta or gamma source is injected into or swallowed by
the patient. As it travels through the body it emits radiation which is detected
outside the body to show blockages or over- or under-active uptake by
organs. Alpha is not used as it would be blocked by the body.
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c. In radiotherapy gamma radiation is directed at the tumour from many different
angles. Repeated exposure kills the cancer cells. Alpha is not used as it
would not be able to penetrate the body. Beta is not used as it would be too
ionising to healthy cells along the way.
d. In carbon dating, the amount of beta radiation emitted by a once-living thing is
used to calculate the proportion of carbon-14 in the object. This is compared
to atmospheric levels of C-14 in order to determine the object’s age. Beta
radiation is measured as C-14 does not emit alpha or gamma.
e. In a paper mill, paper is pushed between rollers to make it the desired
thickness. A beta source is placed on one side of the paper with a detector on
the other side. The detector is connected to controls for the roller. If the paper
gets too thin then more beta radiation is detected so a signal is sent to the
rollers to move further apart, increasing the thickness of the paper. If the
paper gets too thick then less beta radiation is detected and a signal is sent to
move the rollers closer together. Alpha can’t be used as it would be blocked
even by thin paper, and gamma can’t be used as it would not be blocked by
thick paper.
f. In a smoke alarm, alpha radiation from a source ionises the smoke-free air
next to it. Because the ions are charged they complete the circuit and the
alarm does not sound. If smoke is present, the alpha particles are absorbed
by the smoke particles and can no longer ionise the air – so the circuit breaks.
This is the signal for the alarm to sound. Beta and gamma are not used as
they would not ionise the air enough to complete the circuit when there was
no smoke.
g. In the sterilisation of fruit, vegetables and medical equipment, gamma
radiation is used to kill bacteria on the surface. Beta and alpha are not used
as they would not be able to penetrate in order to get to the hard-to-reach
places.
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6423 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

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.
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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.

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:
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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.

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:
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Questions
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:
1.
2.
3.
4.

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 fermium253 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
hydrogen-3 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?
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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
hydrogen-3 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?
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

Answers
1. It is impossible to predict when a single nucleus will decay.
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2. The time for half of the nuclei to decay; the time for the activity to decrease by
half.
3. Half-life allows predictions to be made about random decays because there
are large numbers of nuclei involved and a fixed probability of decay.
4. Because there are large numbers of nuclei involved and a fixed probability of
decay.

5.
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. The total number of nuclei remains the same as unstable nuclei decay into more stable
nuclei

7.

8. 18,000
9. 28,371
10. 393,022
11. 273Bq
12. 44Bq
13. 63Bq
14. 9,000
15. 1418
16. 196,511
17. 272Bq
18. 34Bq
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19. 91Bq
20. 18Bq
21. 19Bq
22. 125Bq
23. 10s
24. 174 minutes
25. 48 minutes
Extension Answers

Intervention Questions
1. Is it possible to predict when a particular unstable nucleus will decay?
2. Give the two definitions for half-life.
3. The following statement contains two errors. Write the correct version in your
book: “Half-life can be used to make predictions about radioactive decay
because there are small numbers of nuclei and their individual decay is
predictable.”
4. 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 45 years:

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. Why is this diagram more accurate?

68

© R Ashbee 2017

7. Mendelevium-257 has a half-life of 5.5 hours. If a source contains 4,800
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 7,650 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 129,000
hydrogen-3 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
246Bq, 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 28Bq,
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 326Bq,
what will its activity be after 5.3 years?
13. Mendelevium-257 has a half-life of 5.5 hours. If a source contains 560
mendelevium-257 nuclei, how many would remain after 11 hours?
14. Fermium-253 has a half-life of 3 days. If a source contains 2,356 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 38,632 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 60
Bq, 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 1600Bq,
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 380Bq,
what will its activity be after 10.6 years?
19. Mendelevium-257 has a half-life of 5.5 hours. If a source has an activity of
4,000Bq, 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 14,720Bq,
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 1,408Bq,
what will its activity be after 21.2 years?
22. Carbon-15 has a half-life of 2.5 seconds. If we have 16,896 carbon-15 nuclei,
how long will we have to wait until we have 528 carbon-15 nuclei?
23. Nobelium-259 has a half-life of 58 minutes. If we have 1,932 Nobelium-259
nuclei, how long will we have to wait until we have 483 Nobelium-259 nuclei?
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24. Iodine-131 has a half-life of 8 minutes. If a source has activity of 208Bq, how
long would we have to wait until the activity reached 13 Bq?

Intervention Answers
1. No because nuclear decay is a random event.
2. The time for half of the nuclei to decay; the time for the activity to decrease by
half.
3. “Half-life can be used to make predictions about radioactive decay because
there are large numbers of nuclei and their individual decay is random.”
4. Because there are large numbers of unstable nuclei involved.
5. Copy and complete the diagram for an isotope with a half-life of 45 years:

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. Because the total number of nuclei remains constant.

7. 2,400
8. 3,825
9. 64,500
10. 123Bq
11. 14Bq
12. 163Bq
13. 140
14. 589
15. 9,658
16. 15Bq
17. 400Bq
18. 95Bq
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19. 250Bq
20. 920Bq
21. 88Bq
22. 12.5s
23. 116 minutes
24. 32 minutes

6423b Half-life Graphs
We can plot the number of nuclei (or the activity of a sample) over time on a graph.

Activity of Sample (Bq)

Activity of Sample A Over 2 Minutes
120
100
80
60
40

20
0
0

20

40

60

80

100

120

140

Time (s)
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)
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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.

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.

Extension
Plot a graph to show the activity of an isotope with initial activity of 80Bq, and a halflife of 5 days.

Answers

1.
2.
3.
4.

2 days
5700 years
2 days
800 million years
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Extension

Intervention Questions:

1.
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2.

3.
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4.
Intervention Answers:
1.
2.
3.
4.

46 days
1 minute
5700 days
6 minutes

6423d Net decline as a ratio (HT)

We can expresss 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.
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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
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?
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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
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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Answers

1.
Number of
halflives elapsed
0
1
2
3
4
5
n

2.
3.
/
8
4
.
1
:
7
5
.
1
/
2
6.
7.
8.

Fraction of
unstable nuclei
remaining
1/1
½
¼
1/8
1/16
1/32
1/2n

Ratio of
original:new
nuclei
1:0
1:1
1:3
1:7
1:15
1:31
1:2n-1

1

1:1
1/128
1:127
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Extension
1.
Copy and complete the table for percentages:
Number of
Percentage of
halflives elapsed
unstable nuclei
remaining
0
100
1
50
2
25
3
12.5
4
6.25
5
3.125
n
100/(2n)
2.

12.5%

3.
4.
5.

50%
0.78%
0.049%
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6.

Intervention Questions
1.
2.
3.
Rhodium-101 has a half-life of 3.3 years. What fraction of
rhodium-101 nuclei remain after 13.2 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
13.2 years?
5.
Titanium-44 has a half-life of 63 years. What fraction of
titanium-44 nuclei remain after 126 years?
6.
Titanium-44 has a half-life of 63 years. After 126 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 216 seconds?
8.
Dubnium-261 has a half-life of 27 seconds. What will be the
ratio of dubnium261 nuclei to the nuclei after 216 seconds?
9.
Carbon-10 has a half-life of 19 seconds. What fraction of
carbon-10 will remain after 114 seconds?
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10.
Carbon-10 has a half-life of 19 seconds. What will be the ratio
carbon-10 to the new nuclei after 114 seconds?

Intervention Answers

11.
12.
13.
14.
15.
16.
17.
18.

1/16
1:15
1/4
1:3
1/256
1:255

19.

1/64

20.

1:63

6424 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:
A doctor gets technetium from a medical tracer on her hand
Plutonium from a power station gets into the water supply
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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.
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
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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.

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.
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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.

Answers:
1.
It can ionise atoms in DNA, leading to change in the DNA
which can cause cells to become cancerous.
2.
Contamination is when a radioactive source gets on or in the
person or object.
3.
Swallowing a source, source on skin, source in water supply, or
any suitable.
4.
Contamination is hazardous because radioactive nuclei are on
or in the person or object, emitting ionising radiation.
5.
Alpha as it is the most ionising.
6.
A medical tracer involves a radioactive source being put into the
body.
7.
Radioactive nuclei remain on or in the person or object.
8.
The radioactive nuclei decay so the activity decreases.
9.
Irradiation is when a person or object is exposed to radiation
from an external source.
10.
Standing next to nuclear waste, radiotherapy, gamma ray
sterilisation, or any suitable.
11.
Irradiation can be hazardous because it is ionising.
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12.
There are no radioactive nuclei on or in the person or object so
there is no more exposure to ionising radiation.
13.
After irradiation has finished, there is no more ionising radiation
as no radioactive nuclei on the object.
14.
Wearing a lead apron; wearing a film badge, performing actions
remotely.
15.
For peer review of method and maths, and for other teams to
attempt replication.
16.

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. 16 March
2. Contamination
3. At first the radiation level is close to zero. Then, after the accident, it
increases sharply to 170μSv/hr on 17 March, and then decreases over the
next 12 days, except for on 21 March where it rose slightly. The decline is
due to the fact that the radioactive nuclei are decaying. The increase on
the 21 March could have been an error in measurement or perhaps
caused by another, smaller leak of radioactive material.
4. Drink bottled water and avoid washing until safe levels have been reached.
Intervention Questions:
1.
Put the following in the correct order: cell becomes cancerous;
atom is ionised; nuclear radiation hits DNA molecule; DNA is changed
2.
Define contamination and copy the diagram.
3.
Give three examples of contamination.
4.
Explain why contamination is hazardous.
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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.
The following statement about contamination contains three
errors. Write out the correct version: “After a person or object has been
contaminated, the hazard stops. This is because there are no
radioactive nuclei on or in the person or object, and so it ceases to
receive ionising radiation.”
8.
The following statement about contamination contains three
errors. Write out the correct version: “After contamination, the hazard
increases. This is because the radioactive nuclei multiply, meaning the
person or object is exposed to more ionising radiation.” 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.
The following statement about irradiation contains three errors.
Write out the correct version: “Irradiation of food and medical
equipment is hazardous after the irradiation has taken place because
there are radioactive nuclei left on the surface of the object so it
continues to receive ionising radiation.”
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.
List the similarities and differences between contamination and
irradiation.
Intervention Answers:
1.
Put the following in the correct order: nuclear radiation hits DNA
molecule; atom is ionised; DNA is changed; cell becomes cancerous
2.
Contamination is when a radioactive source gets on or in the
person or object.
3.
Swallowing a source, source on skin, source in water supply, or
any suitable.
4.
Contamination is hazardous because radioactive nuclei are on
or in the person or object, emitting ionising radiation.
5.
Alpha as it is the most ionising.
6.
A medical tracer involves a radioactive source being put into the
body.
7.
“After a person or object has been contaminated, the hazard
continues. This is because there are some radioactive nuclei on or in
the person or object, and so it continues to receive ionising radiation.”
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8.
“After contamination, the hazard decreases. This is because the
radioactive nuclei decay, meaning the person or object is exposed to
less ionising radiation.”
9.
Irradiation is when a person or object is exposed to radiation
from an external source.
10.
Standing next to nuclear waste, radiotherapy, gamma ray
sterilisation, or any suitable.
11.
Irradiation can be hazardous because it is ionising.
12.
There are no radioactive nuclei on or in the person or object so
there is no more exposure to ionising radiation.
13.
“Irradiation of food and medical equipment is not hazardous
after the irradiation has taken place because there are`no radioactive
nuclei left on the surface of the object so it ceases to receive ionising
radiation.”
14.
Wearing a lead apron; wearing a film badge, performing actions
remotely.
15.
For peer review of method and maths, and for other teams to
attempt replication.
16.
Similarities: Both ionising, both caused by radioactive sources.
Differences: In contamination the source must touch the person or
object, whereas in irradiation they do not touch. In irradiation the
hazard disappears as soon as irradiation has stopped, whereas in
contamination the hazard continues due to the enduring presence of
radioactive nuclei.
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6422 Nuclear equations

When an unstable nucleus undergoes alpha or beta decay, the nucleus
changes.
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:
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Gamma decay does not lead to a change in the nucleus as gamma radiation
is an electromagnetic wave rather than a particle.

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.

Answers:
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Extension Answers:

a.
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b.

Intervention Questions:
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Intervention Answers:
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