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Sub-atomic particles
A hundred years or so after Dalton � rst proposed his model, experiments showed that 
atoms are themselves made up from smaller or sub-atomic particles. The nucleus of 
an atom is made up of protons and neutrons. As they both reside in the nucleus of 
the atom they are sometimes called nucleons. Both the protons and neutron have 
almost the same mass as a hydrogen nucleus and account for the most of the mass of 
the atom. Electrons, which have a charge equal and opposite to that of the proton, 
occupy the space in the atom outside of the nucleus.

These particles are described by their relative masses and charges which have no units. 
The absolute masses and charges of these fundamental particles are given in Section 4 
of the IB data booklet.

Particle Relative mass Relative charge

proton 1 +1

electron 0.0005 –1

neutron 1 0

incident alpha
particles

Figure 2.3  Rutherford’s 
model of the atom accounts 
for the experimental 
observations. Most of the 
alpha particles pass straight 
through but a small number 
collide with and are repelled 
by a positively charged 
nucleus.

Our knowledge of the 
nuclear atom came from 
Rutherford’s experiments 
with the relatively newly 
discovered alpha particles. 
Scientifi c knowledge 
grows as new evidence 
is gathered as a result of 
new technologies and 
instrumentation.

The description of sub-atomic particles offered here is suffi cient to understand chemistry but 
incomplete. Although the electron is indeed a fundamental particle, we now know that the 
protons and neutrons are both themselves made up from more fundamental particles called 
quarks. We also know that all particles have anti-particles. The positron is the anti-particle of an 
electron; it has the same mass but has an equal and opposite positive charge. When particles 
and anti-particles collide they destroy each other and release energy in the form of high-energy 
photons called gamma rays. Our treatment of sub-atomic particles is in line with principle of 
Occam’s razor, which states that theories should be as simple as possible while maximizing 
explanatory power.

The European 
Organization for Nuclear 
Research (CERN) is run by 
twenty European Member 
States, with involvements 
from scientists from 
many other countries. It 
operates the world’s largest 
particle physics research 
centre, including particle 
accelerators and detectors 
used to study the 
fundamental constituents 
of matter.

PET (positron-emission 
tomography) scanners give 
three-dimensional images 
of tracer concentration 
in the body, and can be 
used to detect cancers. 
The patient is injected 
with a tracer compound 
labelled with a positron-
emitting isotope. The 
positrons collide with 
electrons after travelling 
a short distance (≈1 mm) 
within the body. Both 
particles are destroyed 
with the production of two 
photons, which can be 
collected by the detectors 
surrounding the patient, 
and used to generate an 
image.
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Following his example, the formation of water (described above) can be written using 
modern notation:

2H + 1O → H2O

But what are atoms really like? It can be useful to think of them as hard spheres 
(Figure 2.1), but this tells us little about how the atoms of different elements differ. To 

understand this, it is necessary to probe deeper.

−
−

−
− − −

−−

−
+

+

+

++

+

+
+

+

Figure 2.1 A model of a 
water molecule made from 

two hydrogen atoms and one 
oxygen atom. Dalton’s picture 

of the atom as a hard ball is 
the basis behind the molecular 

models we use today.

Figure 2.2 Thomson’s ‘plum 
pudding’ model of the atom. 

The electrons (yellow) are 
scattered in a positively 

charged sponge-like substance 
(pink).

Dalton’s atomic theory was not accepted when it was fi rst proposed. Many scientists, such as 
Kelvin for example, considered it as nothing more than as a useful fi ction which should not 
be taken too seriously. Over time, as the supporting evidence grew, there was a general shift 
in thinking which led to its widespread acceptance. These revolutions in understanding or 
‘paradigm shifts’ are characteristic of the evolutions of scientifi c thinking.

Atoms contain electrons
The � rst indication that atoms were destructible came at the end of the 19th century 
when the British scientist J. J. Thomson discovered that different metals produce 
a stream of negatively charged particles when a high voltage is applied across two 
electrodes. As these particles, which we now know as electrons, were the same 
regardless of the metal, he suggested that they are part of the make-up of all atoms.

The properties of electrons, or cathode rays as they were fi rst called, could only be investigated 
once powerful vacuum pumps had been invented – and once advances had been made in 
the use and understanding of electricity and magnetism. Improved instrumentation and new 
technology have often been the drivers for new discoveries.

As it was known that the atom had no net charge, Thomson pictured the atom as a 
‘plum pudding’, with the negatively charged electrons scattered in a positively charged 
sponge-like substance (Figure 2.2).

Rutherford’s model of the atom
Ernest Rutherford (1871–1937) and his research team working at Manchester 
University in England, tested Thomson’s model by � ring alpha particles at a piece 
of gold foil. We now know that alpha particles are helium nuclei, composed of two 
protons and two neutrons, with a positive charge. They are emitted by nuclei with too 
many protons to be stable. If Thomson’s model was correct, the alpha particles should 
either pass straight through or get stuck in the positive ‘sponge’. Most of the alpha 
particles did indeed pass straight through, but a very small number were repelled and 
bounced back. Ernest Rutherford recalled that ‘It was quite the most incredible thing 
that has happened to me. It was as if you had � red a (artillery) shell at a piece of tissue 
paper and it came back and hit you.’

The large number of unde� ected particles led to the conclusion that the atom is mainly 
empty space. Large de� ections occur when the positively charged alpha particles 
collide with and are repelled by a positively charged nucleus (Figure 2.3). The fact that 
only a small number of alpha particles bounce back suggests that the nucleus is very 
small.

When Geiger and 
Marsden reported to 
Rutherford that they had 
seen nothing unusual 
with most of the alpha 
particles passing straight 
through the gold and 
a small number being 
defl ected by small angles 
he asked them to look 
and see if any of the alpha 
particles had bounced 
back. This was a very 
unusual suggestion to 
make at the time, with little 
logical justifi cation. What 
is the role of intuition in 
the pursuit of scientifi c 
knowledge?
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understand and reinforce key concepts.
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Ideal knower: Sir Karl Popper
Karl Popper was born in Vienna but spent much of his 
professional life in London. He was one of the leading 
philosophers of science of his generation as well as being 
an in� uential political philosopher. His Logic of Scienti� c 
Discovery (published in German in 1934, translated into 
English in 1954) was hailed by the scientist Sir Peter 
Medawar as ‘one of the most important documents of 
the twentieth century’. In it, Popper suggests an answer 
to the problem of induction (Chapter 000). Because we 
can never prove a universal statement like ‘all swans 
are white’, this cannot be the aim of scienti� c inquiry. 
We can disprove such universal statements by � nding 
a counter-example, such as a black swan. Therefore, 
Popper says, the energies of science should be devoted to 
disproving universal statements rather than proving them. For Popper, science consists 
of statements that haven’t yet been disproved. This idea is known as falsi� cationism and 
has in� uenced many working scientists in their approach to investigation. The scientist 
should aim to disprove his or her pet theory, rather than prove it. As long as a theory 
remains not disproved, it is in good health.

Popper was impressed by the fact that Einstein’s theory of relativity was put to a 
severe test by the solar eclipse of 1919. The theory predicted that light from a star 
obscured by the eclipsed Sun would still be visible because it would be bent by the 
Sun’s gravitational � eld. If the star were not visible, then the theory was disproved 
and that was that. It turned out that the star was visible, so Einstein’s theory survived 
this test. He noted that theories in the social sciences, notably Marxism and Freud’s 
psychoanalysis, could not be subjected to such severe testing and were therefore less 
‘scienti� c’ (and in Popper’s mind less reliable) as a result.

Exercise
93 Einstein was asked what his reaction would have been if general relativity had been disproved 

by the observations of Eddington and Dyson in the 1919 solar eclipse. He is supposed to have 
said, ‘Then I would feel sorry for the dear Lord. The theory is correct anyway’. To what extent do 
scientists really follow Popper’s principle of falsifi cation in practice? Is there really no attempt to 
protect their theories from falsifi cation?

CHALLENGE 
YOURSELF
There are other ways in which 
classical logic underlies the 
natural sciences. We want all 
our theories to be consistent 
(that P and (not P) cannot be 
derivable from the statements 
of the theory). This is a logical 
condition on what we can 
accept as part of our theory. 
We also want current theory to 
be consistent with all previously 
accepted observations. What 
this means in practice is that 
the interpretations of all 
previous observations relative 
to the current theory are 
consistent with it.

Na

Na (11) 2, 8, 1

Figure 4.11 Model of a 
sodium atom.

Prescribed essay title 6: A model is a simpli� ed representation of some 
aspect of the world. In what ways may models help or hinder the search 
for knowledge?

© International Baccalaureate Organisation November 2010 and May 2011

Modelling – electron shells
Figure 4.11 is one that most of us recognize from chemistry lessons in lower school. 
The nucleus in the centre and the electrons orbit the nucleus like planets orbiting the 
Sun. This metaphor helps us understand the structure of the atom. But it is more than 
a metaphor. By understanding this picture, we can understand how elements bond 
together chemically.

Representations like this predict the chemical properties of elements. For example, 
the outer electron shell for the inert or noble elements He, Ne, Ar is full with electrons. 
This means, broadly speaking, that they have no electrons free to make bonds with 
other elements. But high-school chemistry classes debunk this picture completely. 
This is not at all how electrons are in relation to the nucleus. Electrons are smeared-
out probability waves satisfying Schrödinger’s equation. We need to remember 
that our simple picture is a model (and so is the Schrödinger equation – just a more 
sophisticated one). It does a good job in the limited area in which it operates. It allows 
us to build and understand the Periodic Table and do basic chemistry.

Exercises
85 Why do you think astronomers have to use computer simulations when investigating phenomena 

such as the collision of two galaxies?

86 Is there a difference between a simulation and a model?

87 What are the strengths and weaknesses of simulations like this?

88 List three models that you have studied in your group 4 subject. What simplifying assumptions 
does each model make? What are the consequences of making such assumptions?

89 Place each of your models on the realism–understanding diagram below.

Understanding

Function of scientific models

R
ea

lis
m

90 Does it matter that simplifying assumptions make a model inaccurate?

91 What other functions might a model have apart from accuracy or predictive power?

92 Can an inaccurate model still give us knowledge?

To watch the computer 
simulation of two 
galaxies colliding, visit 
pearsonhotlinks.com, 
enter the title or ISBN 
of this book and select 
weblink 4.3.

Sir Karl Popper (1902–94).

What colour might 
the next swan be?

3130
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Areas of
Knowledge

Natural
sciences

Arts History

Ethics Mathematics

Religious
knowledge

systems

Indigenous
knowledge

systems

Human
sciences

economics
psychology

soc. anthropology
linguistics

ITGS?

geograph?
ESS?

biology
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Figure 3.2 TOK areas 
of knowledge and some 

disciplines.

 3.2 Introduction to the knowledge 
framework

As you identi� ed in the last exercise, each area of knowledge possesses certain types 
of feature that can be analysed. These features also function as ways of comparing 
different areas of knowledge.

We can formalize these methods of analysing and comparing areas of knowledge by 
creating a knowledge framework (Figure 3.3). If you create a knowledge framework 
for each of the eight areas of knowledge in the TOK programme, you will be able to get 
a clearer picture of how they are different and how they are similar.

Using this knowledge framework as a tool, we look in this book at what kind of subject 
matter each area of knowledge is focused on, and how the knowledge produced is 
useful. We examine how this knowledge is packaged and shared, and how a common 
understanding of it is achieved among communities of knowers. We look at how 
this knowledge is produced, appraise the contribution of important individuals to its 
development, and ask what it means to us as individuals. To help us with this goal, 
we use two metaphors along the way:

• the idea that knowledge is a kind of map (Chapter 000)
• the idea that disciplines and areas of knowledge are rather like cultures.

In TOK, we classify disciplines using a scheme that is similar in some ways to that in 
the IB diploma diagram, but not quite the same. This arrangement gives rise to what 
we call ‘areas of knowledge’.

Some of the areas of knowledge refer to groups of related disciplines, for example:

• natural sciences include most group 4 subjects (biology, chemistry, physics)
• human sciences include some group 3 subjects (economics, psychology)
• arts include group 6 subjects (visual arts, music, theatre arts, dance, � lm) and group 1 

(literature).

Other areas of knowledge represent single disciplines:

• history (from group 3)
• mathematics (from group 5).

And yet others represent forms of knowledge not explicitly recognized as subjects in 
the IB diploma:

• ethics
• religious knowledge systems
• indigenous knowledge systems.

So there are eight areas of knowledge in the 
TOK programme, of which you are expected to 
study six in depth. Your teacher will organize 
your course to achieve this requirement. Figure 
3.2 shows all the areas of knowledge, with some 
disciplines (many of which are offered in the IB 
diploma) placed tentatively around the outside:

You might ask why areas of knowledge take 
precisely this form, this pattern of disciplines, 
as opposed to any other. This is something we 
will investigate in this book. To start the process, 
consider this exercise.

What are the grounds for your answers? You may 
have mentioned the kind of subject matter of each 
discipline. Or possibly the ways in which they go 

about their business. Or even the kind of language they use. In doing this, you are starting 
to analyse the nature of academic disciplines and make comparisons between them.

Exercises
1 On what basis would you explain the following? Could these statements be contested?

a Chemistry and biology belong together in the same area of knowledge.

b Physics and economics belong in separate areas of knowledge.

c Literary studies and dance belong together in the same area of knowledge.

d History and mathematics should be considered areas of knowledge on their own.

e Religious knowledge is an area of knowledge.

f Geography is a human science.

g Algebra and geometry are not separate areas of knowledge.

2 What do others think?

Knowledge framework

Scope and 
applications

• What is the area of knowledge about?
•  What practical problems can be solved through applying this knowledge?
• What makes this area of knowledge important?
•  What makes the current open questions in this area – important questions that are currently unanswered?
•  Are there ethical considerations that limit the scope of the inquiry? If so, what are they?

Language 
and concepts

•  What role does language play in the accumulation of knowledge in this area?
•  What are the roles of the key concepts and key terms that provide the building blocks for knowledge in this area?
• What metaphors are appropriate to this area of knowledge?
• What is the role of convention in this area?

Methodology

•  What are the methods or procedures used in this area and what is it about these methods that generates knowledge?
• What are the assumptions underlying these methods?
• What counts as fact in this area of knowledge?
• What role do models play in this area of knowledge?
• What ethical thinking constrains the methods used to gain knowledge?

Historical 
development

•  What is the signifi cance of the key points in the historical development of this area of knowledge?
• How has the history of this area led to its current form?

Links to 
personal 

knowledge

• Why is this signifi cant to the individual?
• What is the nature of the contribution of individuals to this area?
•  What responsibilities rest upon the individual knower by virtue of his or her knowledge in this area?
•  What are the implications of this shared area of knowledge for one’s own individual perspective?
•  What assumptions underlie the individual’s own approach to the knowledge?

Figure 3.3 The knowledge 
framework.
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