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ACHIEVEMENT STANDARD 91172
(PHYSICS 2.5)

Demonstrate understanding of atomic 
and nuclear physics 

Internally assessed, 3 credits

   Covered in Chapters 15 and 16 following
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Assessment criteria
Achievement Achievement with Merit Achievement with Excellence

Demonstrate 
understanding of atomic 
and nuclear physics.

Demonstrate in-depth 
understanding of atomic 
and nuclear physics.

Demonstrate comprehensive 
understanding of atomic and 
nuclear physics.

Notes

(1)  Demonstrate understanding involves writing statements that show an awareness of how 
simple facets of phenomena, concepts or principles relate to a described situation.

  Demonstrate in-depth understanding involves writing statements that give reasons why 
phenomena, concepts or principles relate to a described situation. For mathematical 
solutions, the information may not be directly usable or immediately obvious.

  Demonstrate comprehensive understanding involves writing statements that demonstrate 
understanding of connections between concepts.

(2)  Written statements include mathematical solutions and/or descriptions. Descriptions 
may include graphs or diagrams.

(3) Assessment typically includes:
 • models of the atom (Thomson and Rutherford), gold foil experiment

	 •	 nuclear	transformations:	radioactive	decay	(half	life),	fission	and	fusion	reactions

 • conservation of atomic and mass number

 •  products of nuclear transformation: power generation, E = mc2, P = 
E
t , properties 

of nuclear emissions (ionising ability, penetration ability).

 

Atomic physics  
and radioactivity

CHAPTER
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Atomic physics 
and radioactivity

CHAPTER

 15
NCEA Level 2 Physics material covered in this chapter helps to meet the requirements for 
Achievement Standard 91172 (Physics 2.5) ‘Demonstrate understanding of atomic and 
nuclear physics’. The chapter covers the following topics.
• Atomic models.
• Rutherford’s gold foil experiment.
• Radioactive decay.
• Half-life.
• Alpha, beta and gamma emissions.

Introduction
Ancient Greek philosophers suggested that all matter could be represented by four basic 
‘elements’ – Air, Earth, Fire, Water.

Later it was realised that the earth itself could be divided into different substances called 
elements, such as gold, silver, tin, lead, etc. Eventually, it was suggested that all matter 
was made of very small particles called atoms.

Atomic models
John Dalton (1766–1844), an English chemist, revived the ancient Greeks’ idea of 
matter and again proposed that all matter was made up of atoms. Atoms were the 
smallest particles of matter and could not be broken down into smaller units. In 
chemical reactions, atoms simply rearranged themselves.

Joseph Thomson (1856–1940), a British physicist,
discovered and experimented with cathode rays. It 
was discovered that these rays consisted of negatively 
charged particles which were later called electrons.
Thomson proposed that an atom is a ball of positive 
charge with electrons embedded into the sphere of 
positive charge. His model is commonly called the 
‘Plum pudding’ model. Overall, the atom is electrically neutral.

-
- -

-
positive charge

-
electrons

Thomson’s model
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Ernest Rutherford (1871–1937), a New Zealand physicist, 
attempted to prove Thomson’s model of the atom was correct and 
designed an experiment in which he, Hans Geiger (who later 
developed the Geiger counter)	and	Ernest	Marsden	fired	tiny,	
dense, alpha particles at a thin gold foil, known to be only a few 
hundred atoms thick.

radium
in box

alpha
particles

vacuum

rotatable microscope

zinc sulfide screen

deflected alpha 
particles produce 
flashes of light on 
a screen

gold foil

Rutherford’s gold foil experiment

As predicted by Thomson’s model, most alpha particles passed straight through the foil 
but,	significantly,	about	1	in	every	8 000	were	deflected	at	a	large	angle.	Some	were	
even knocked backwards from the foil.

These observations suggested that the alpha  
particles	were	being	deflected	by	a	heavy,	
positive mass concentrated at the centre of the 
atom, whereas Thomson’s model suggested a 
uniform distribution of mass throughout the 
atom. Rutherford called this mass at the centre 
of the atom the nucleus.
His	measurements	confirmed	that	the	diameter	
of the atom’s nucleus is much smaller than the 
diameter of the whole atom and 99.95% of 
the mass of the whole atom is located in the 
nucleus. It was only those few alpha particles  
which	came	close	to	the	nucleus	that	were	deflected.

Further experiments showed that the nucleus itself contains positively charged particles 
called protons.
Rutherford proposed a model for the atom which showed that the atom is mainly empty 
space with a tiny, dense, positive nucleus at the centre. Electrons must be very light 
since most of the mass is in the nucleus and they must orbit the nucleus in some way.

Most α-particles pass 
straight through gold leaf

+

+

+

+

+ α-particle+

+

+

gold atom 
in the foil nucleus of 

gold atom
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Niels Bohr, a Danish physicist, proposed (in 1913) that electrons revolve around an 
atom’s	nucleus	in	particular	orbits	and	have	definite	energies.	This	idea	worked	well	for	
the simplest atom, hydrogen, and helped in the understanding of how atoms emit light. 
His theory did not work so well for larger atoms and has been replaced by the quantum 
theory, in which the atom is described using mathematical equations and the position of 
an electron is described in terms of the probability of its being in a particular position.

In	1932	James	Chadwick	performed	an	experiment	in	which	he	identified	a	radiation	
with	a	very	high	penetrating	power	which	was	not	deflected	by	an	electric	or	magnetic	
field.	He	concluded	that	this	radiation	was	not	charged	electrically	(i.e.,	it	was	neutral). 
The particles making up the radiation were found to come from the nucleus. Calculations 
showed their mass to be close to that of protons, and Chadwick called them neutrons.

Since then, a considerable number of other subatomic particles (particles smaller than 
an atom) have been suggested and discovered.

Our understanding of an atom’s structure today is that it has a nucleus made up of protons 
and neutrons which are bound together by a nuclear force. The position of the electrons 
and the energies which they have are described by quantum theory. Electrons move around 
the nucleus in an unknown way without collapsing in towards the nucleus. The electrons 
have	definite	energies.	Their	location	around	the	nucleus	at	any	moment	is	described	in	
terms of probability. In chemical reactions, atoms may gain or lose electrons and become 
electrically	charged,	forming	ions.	Ions	can	be	affected	by	electric	or	magnetic	fields.

Isotopes
An atom’s nucleus is made of protons and neutrons.  The number of protons is called the 
atomic number (symbol Z). The number of protons plus the number of neutrons in an atom 
is called the mass number (symbol A) or the nucleon number. A nucleon is another name 
for a proton or neutron. If X is the symbol for the element, the information about an atom 
can be written:

A
Z X

Example: 7
3Li, lithium-7

The atom 7
3Li is a lithium atom with 3 protons, since Z = 3. Since atoms are neutral, 

there must be 3 electrons as well. The ‘7’ shows that there is a total of 7 nucleons 
(protons and neutrons). Thus:
 number of protons + number of neutrons = 7
 3 + number of neutrons = 7
   number of neutrons = 7 – 3
    = 4

There are 3 protons and 4 neutrons in 7
3Li.
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Another way of writing an element is to put the mass number after the element’s name, 
e.g. 7

3Li can be written lithium-7 and is pronounced, ‘lithium 7’. 

Atoms	of	each	element	have	a	specific	number	of	protons,	but	they	can	have	a	varying	
number of neutrons without changing the chemical properties of the element. 
Atoms with the same number of protons but different numbers of neutrons are called 
isotopes. A nuclide is	the	name	used	when	referring	to	a	specific	isotope	of	an	element.

Example: Hydrogen has three nuclides 

Isotope 1
1H 2

1H 3
1H

number of electrons 1 1 1

number of protons 1 1 1

number of neutrons 0 1 2

name protium deuterium tritium

Each isotope of hydrogen has only 1 proton but the numbers of neutrons differ.

Radioactivity
In a nuclear reaction, the number of protons or neutrons in an atom changes so that the 
atom is changed from one element to another. One type of nuclear reaction is called 
radioactive decay. Other types include fusion and fission reactions.

Some elements, usually those with 
an atomic number greater than 
that of lead, spontaneously emit 
particles or radiation from their 
nuclei. Such elements are said to 
be unstable and radioactive.

Types of radioactive decay
By 1899, Rutherford had shown that radioactive substances can emit two types of 
radiation, that he named alpha (α) and beta (β). In 1900, French physicist Paul Villard 
discovered a third, more penetrating radiation, that he named gamma (γ) rays.

Alpha particle
This is a high-speed helium nucleus (written 4

2He2+) and usually called an alpha particle 
(written α-particle or 4

2α). It is emitted from the nucleus of a larger atom. The helium 
nucleus can move with speeds up to 10% of the speed of light. Alpha particles have a 
range of only a few centimetres in air and most can be stopped by a sheet of paper or the 
outer	layer	of	skin	on	your	body.	Since	it	is	highly	charged,	an	alpha	particle	is	deflected	
by	a	magnetic	field.

Beta particle
This is a high-energy electron with a speed up to 90% of the speed of light. β-particles are 
more penetrating than α-particles, travelling about 30 cm in air. They can be stopped by 

Radioactivity was discovered by accident by 
Henri Becquerel in 1896. Pierre and Marie 
Curie, French chemists, did much of the 
early work on radioactive substances and 
eventually showed that radium and uranium 
were among the most active elements.
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aluminium about 5 mm thick. β-particles	are	negatively	charged	and	are	deflected	in	the	
opposite direction	to	alpha	particles	when	moving	through	electric	and	magnetic	fields.	 
A β-particle is written 0

–1e or 0
–1β, since it is not a nucleon, has no mass number, and it 

has the opposite charge to a proton.

Gamma radiation
This is electromagnetic radiation, similar to that of light, but with a much shorter wavelength 
and higher frequency. It occurs as a result of a nucleus being left in a very excited (high 
energy) state immediately following other types of radioactive decay. The nucleus emits 
the energy in the form of γ-rays. Being electromagnetic radiation, gamma rays travel at 
the speed of light. Gamma rays can penetrate through several centimetres of very dense 
substances	such	as	lead,	and	are	not	deviated	by	magnetic	or	electric	fields.
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Deflection and penetration of radiations

Background radiation
Some radioactive substances occur naturally, while others are 
produced artificially by humans. Radioactive substances we are 

exposed to make up the background 
radiation. About 90% of background 
radiation is produced naturally. Some 
is in the food we eat, in building 
materials such as bricks and concrete, 
in the soil and in the air in the form of 
gamma rays. Alpha and beta particles 
do not penetrate far enough to make 
up background radiation. High-energy 
cosmic rays reach the Earth from space, 
though most are absorbed by the atmosphere. Humans contribute 
to background radiation – about 10% of background radiation 

Most background 
radiation is low-level 
radiation, meaning that 
it is too weak to produce 
detectable effects. Many 
experts believe that even 
this radiation involves 
some risk of cancer and 
genetic abnormalities by 
causing damage to DNA 
molecules in our cells.

Radiotherapy 
treatment for cancer
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arises from medical uses and another 1% is from weapons testing fallout, occupational 
sources, luminous dials and the nuclear power industry.

Half-life
It is impossible to predict when an atom in a particular sample of radioactive atoms will 
disintegrate (break apart or decay), because the decay of an atom is completely random. 
However, the proportion of atoms in a sample 
which disintegrate in a particular time can be 
predicted. The number disintegrating depends 
only on the actual substance and the number of 
undecayed atoms in the sample. If the number of 
disintegrations (measured with a Geiger counter) 
is plotted against time, an exponential decay 
curve results.

The half-life is the time taken for half the undecayed atoms in a sample to disintegrate and 
is taken as a measure of the rate of decay. The half-life of a radioactive substance is used 
to compare the rate at which disintegration occurs for different radioactive substances.

Example: Iodine-131 half life

Iodine-131 has a half life of 8 days. This means that each 8 days, half the number of 
radioactive nuclei that a sample of iodine-131 began with will decay into xenon-131, 
leaving half the number of undecayed nuclei in the sample.

8 16 24
time  (days)

number of
undecayed
iodine-131
nuclei (× 1 000)

=1 thousand
   iodine-131 nuclei
=1 thousand
   xenon-131 nuclei

5

20

40

10

The graph shows that it will take an infinite time for all the atoms to disintegrate.

Radioactive isotopes have unique half-lives.

Isotope Half-life

iodine-131  8 days

cobalt-60  5 years

strontium-90  29 years

carbon-14  5 730 years

plutonium-239 24 100 years

L2 Phy SG 2018.indb   168 20/08/18   12:32 PM



© ESA Publications (NZ) Ltd  •  ISBN 978-1-927297-37-7

Activity 1A: Physics quantities and units (page 4)
1. a. i. A s    ii. m s–2    iii. kg m s–2

  b. i. charge   ii. acceleration  iii. force
2. a. 103 cm3   b. 103 mL    c. 1 mL    d. 103 L
3. a. 2 h 47 min  b. 16 min 40 s  c. 11 days 14 h
 d. 31 years 251 days 1 year = 365.25 days  
4. a. 105     b. 103     c. 106     d. 10–3

5. a. 103 km    b. 105 cm    c. 103 μA    d. 10–2 Ms

Activity 1B: Useful mathematics (page 12)

1. a. 131

2
    b. 12

3
     c. 0.636   d. 81.7  e. 23.0

2. a. –57.7   b. 8.35 × 109

3. a. x = 12   b. x = 8   c. x = 3.33  d. x = 4

4. a. f = 
v

λ     b. R = P

I2
    c. m = 2EK

v2    d. P1 = P2V2

V1
  e. V2 = P1V1

P2
 

 f. t = 2d

vi + vf
   g. T1 = V1T2

V2
  

5. a. x = 15, θ = 53.1°   b. x = 26, θ = 22.6°    c. x = 1.41, θ = 45°
 d. x = 1.73, θ = 30°   e. x = 2.24, θ = 63.4°   f. x = 4.58, θ = 23.6°
6. a. Δ height = 10.9 cm  b. Δ temperature = –17.3 °C  c. Δ time = 6 h 40 min
7. a. A = 2B      b. B = 2A2

Activity 2A: Errors in measurement (page 21)
1. a. 3    b. 3   c. 4   d. 2   e. 3   f. 4
2. 1 minute = 0.0023% of a month (taking 1 month = 30 days); thus the watch accurate 

to 1 minute per month is more accurate.
3. a. 102    b. 105   c. 10–3  d. 10–2

4. a. 4.32 × 105  b. 1.58 × 108

5. 2.27 × 108

ANSWERS
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Activity 2B: Taking measurements (page 24)
1. The zero error should be subtracted from the readings.
  The thickness of 100 page thicknesses is 10.30 – 0.01 = 10.29 mm. The thickness

  of one page is thus 10.29

100
 = 0.1029 mm. Adjusting for the zero correction has had

   almost no effect on the final measurement. However, measuring just one thickness 
gives 0.10 – 0.01 = 0.09 mm, which is not very accurate, since it has only 1 sf. The 
zero error is significant since the measurement has changed by 10%.

2. The multimeter reading is 8.206 kΩ. This is 
8.206 – 8.2

8.2  × 
100

1  = 0.07% higher than 
8.2 kΩ and so is well within the ±5% range.

3. a.  Used carefully, a wooden metre ruler should be able to measure the length to the 
nearest millimetre. Because the ruler is thick, care must be taken to avoid parallax 
error. Often there is a zero error that needs to be accounted for as well.

 b. i.  The ruler will be used 10 times in taking the measurement. If, at best, a mark 
is made each time where the ruler’s scale ends and the ruler is carefully placed 
end-on-end with that mark, the total measurement will have an accuracy of 
10 × 1 mm = 1 cm. It is more probable that the measurement will be accurate 
to between 2 cm and 5 cm.

  ii.  Advantage: One measuring scale, so do not have to take partial measurements. 
This would give more accuracy.

    Disadvantage: Tape can sag and needs to be held tightly or supported at 
various points. A sagging tape would tend to indicate a larger distance than 
actual distance.

4. The mass bounces regularly, so it would be more accurate to take multiple 
measurements and divide by the number of bounces than simply to measure the time 
for one bounce. A good number of times would be between 10 and 20 bounces. 
These bounces have to be accurately counted at the same time as operating the 
stopwatch. Pick a particular point in the motion (usually the centre or top or bottom), 
and start and stop the stopwatch in the same manner as the mass reaches that point. 
This reduces timing errors in stopping and starting.

5. 99.19 g 
The zero error is negative since mass has to be added to bring the 
balance reading to zero. So, subtracting a negative error gives 
98.76 – (–0.43) = 99.19 g.

 

Activity 2C: Combining measurements (page 27)
1. a. 14.1 m2    b. 24.5 cm

 c. 0.3 cm Using subtraction of measurements rule.  

2. a. 64 cm3     b. 180 cm2 (2 sf)
3. 95.6 cm3
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