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TOPIC 16
Deep inside the atom
 16.1 Overview
16.1.1 Module 8: From the Universe to the Atom
Deep inside the atom
Inquiry question: How is it known that human understanding of matter is still incomplete?
Students:

• analyse the evidence that suggests:
– that protons and neutrons are not fundamental particles
– the existence of subatomic particles other than protons, neutrons and electrons

• investigate the standard model of matter, including:
– quarks, and the quark composition hadrons
– leptons
– fundamental forces (ACSPH141, ACSPH142)

• investigate the operation and role of particle accelerators in obtaining evidence that tests and/or
validates aspects of theories, including the Standard Model of matter (ACSPH120, ACSPH121,
ACSPH122, ACSPH146)

FIGURE 16.1 An aerial view of the Fermi National Accelerator Laboratory (Fermilab)
at Batavia, Illinois, in the USA. The main accelerator, in circumference, is clearly
visible as the circle in the top half of the photograph. The circle in the lower half is
the main injector ring. Some of the other accelerator and storage rings are just visible
near the main building on the very left. Many important discoveries have been made
at Fermilab, with possibly the greatest being the discovery of the top quark
in 1995.
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16.2 The discovery of subatomic particles
16.2.1 Cosmic rays
Natural radioactivity was first discovered when beta particles exposed photographic plates. One of the other
technologies used to investigate radioactivity was the gold leaf electroscope, a device that shows the presence
of electric charge. A charged electroscope slowly loses charge due to the ions in the air produced by radioactive
elements in the Earth’s crust.

FIGURE 16.2 A charged
gold leaf electroscope loses
charge over time to the
airborne ions produced by
natural radiation.
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It was thought that this effect would decrease with height above the
ground. However, in 1909 it was found that the intensity of radiation was
greater on top of the Eiffel Tower than at ground level. Subsequent bal-
loon flights revealed that the radiation intensity continued to increase with
height, suggesting that it may originate from space. As a result, the term
‘cosmic rays’ was coined to describe this mysterious radiation.

Initially, cosmic rays were called ‘rays’ because they were thought to be
like light. However, even though they are now known to be particles, the
name has stuck. Further investigation over the following decades showed
that the particles entering the Earth’s atmosphere were mainly protons. The
particles seemed to come from beyond the solar system from all points of
the sky. Indeed, now they are thought to originate in supernovae and the
centre of galaxies.

They are also extremely fast and energetic. The energy of these protons
is 40 million times the energy of the protons in the Large Hadron Collider
used to produce the Higgs boson. When these protons with their massive
energy hit an atom in the upper atmosphere, they cause a cascade of suc-
cessive collisions that produces a shower of charged particles and gamma
rays at the Earth’s surface.

FIGURE 16.3 (a) A cosmic ray shower hitting the Earth’s atmosphere (b) The high energy protons
entering the upper atmosphere produce showers of charged particles and gamma rays that reach
the Earth’s surface.
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FIGURE 16.4 A gamma ray produces an electron and a positron. The
spiralling is due to the slow loss of energy as the track is created.
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On average, cosmic rays contrib-
ute about 16% of your exposure
to ionising radiation from natural
sources. This exposure increases the
more you fly in a plane and the
higher you fly.

In 1933 Carl Anderson was
investigating the charged particles
in cosmic ray showers and observed
a particle that had the same mass
as the electron, but with a positive
charge. He had discovered a new
particle, the positron.

FIGURE 16.5 A particle and
antiparticle annihilate each other
with their mass, producing two
gamma rays.
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The chamber Anderson used to detect this charged particle was
placed in a strong magnetic field so that a positively charged particle
would curve one way and a negatively charged particle would curve
the other way. In this experimental set up, an incoming gamma ray
collides with a nucleus; the energy of the gamma ray is converted into
mass (recall that E = mc2) but, because charge needs to be conserved,
two particles of opposite sign are produced.

The reverse process is also possible. An electron and a positron,
or indeed, any particle and its antiparticle, can collide and annihilate
each other, producing two gamma rays.

16.2.2 Explaining the strong nuclear force
Also in the 1930s, Hideki Yukawa was seeking an explanation for
the properties of the strong nuclear force that exists between particles
inside the nucleus. It was known that this force had a very short range,
with each proton or neutron attracted only to its near neighbours, not
the whole nucleus. Yukawa suggested that a previously unobserved
particle acted as ‘glue’ between pairs of protons in the nucleus, as
well as between other pairings. To fit the known features of the strong
force, he determined the properties of this unobserved particle.

He said it should:
• be about 200 times the mass of the electron
• have the same charge size as the electron
• come in two types: positive and negative
• have a very short half-life of about a millionth of a second
• interact very strongly with nuclei.
In 1936 Carl Anderson’s group found such a particle in cosmic ray showers. This particle was named the

muon. However, while the muon satisfied the first four points above, it became apparent that its interaction
with nuclei was very weak, so the muon was not a good candidate to explain the strong nuclear force.

A few years later, Cecil Powell investigated cosmic ray showers at high altitude in the Pyrenees and the
Andes mountain ranges. These observations were higher up in the cascade of collisions that cosmic rays set
off when they hit the atmosphere. At this altitude, Powell found another particle that better fit the needs of the
strong nuclear force. This particle is called the π-meson or pion.
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Shortly after Powell’s discovery, the pion was also detected in the laboratory when carbon nuclei were
bombarded with high energy alpha particles.

After this time, most new particles were found in laboratories using particle accelerators. In the years that
followed, even more particles were discovered, so that by the 1970s over 200 subatomic particles had been
identified.

16.2.3 So many particles!
In the 19th century, chemists had to make sense of the large array of chemical elements. The periodic table
was the result, with gaps for yet to be found elements. In the late 20th century, physicists needed to find some
pattern among the particles that would bring a similar form of order to subatomic particles.

TABLE 16.1 Comparison of the discovery of chemical elements and subatomic particles.

Discovery of elements Discovery of subatomic particles

Time Progress Time Progress

Late 18th century About 30 elements known By 1920 2 known (p and e−)

Mid 19th century About 60 elements known;
Mendeleev produces periodic
table with gaps predicting
properties of unknown elements

By 1940
By 1950
By 1960

4 more discovered (n, e+, μ+, μ−)
2 more found (π+, π−)
Several more particles discovered;
quark model proposed, predicting
new particles

Early 20th century 92 elements found to fill gaps By 1970 Predicted particles found

  

FIGURE 16.6 The families of subatomic particles and their
relationship to matter and atoms.
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The periodic table initially grouped
the elements by common properties, for
example, metals and non-metals. Simil-
arly, the subatomic particles can be divided
into groups. The two groups are leptons
and hadrons, with hadrons made up of two
subgroups.

When Enrico Fermi was asked about the
names of some of these particles he made
his famous response, ‘If I could remember
the names of all these particles I would have
been a botanist’. While we sympathise with
Fermi’s view, we have to look at some of
the terms that are collectively assigned to
different groups of particles.

Leptons
Leptons are the simplest and lightest of the
subatomic particles. The different types of
leptons are shown in table 16.2.
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TABLE 16.2 Leptons.

Name Symbol Mass Charge First observed Half-life

Electron e− Negative 1869 Stable

Muon μ− About 200 × mass of electron Negative 1936 10−6s

Tau 𝜏− About 277 × mass of electron Negative 1977 10−13s

Electron neutrino 𝜐e Negligible Neutral 1956 Stable

Muon neutrino 𝜐μ Negligible Neutral 1962 Stable

Tau neutrino 𝜐τ Negligible Neutral 2000 Stable

Leptons are fundamental particles, that is, they have no internal structure, although muons and tau particles
decay into electrons. The neutrinos accompany any interaction of their heavier partner.

The electron is found in atoms and determines the chemical properties of elements.
The muon decays to an electron according to the equation:

𝜇− → e− + 𝜐e + 𝜐m

The 𝜐e particle is an anti-electron neutrino. The bar above the symbol indicates that it is an antiparticle.
Muons surprisingly have industrial uses. They are more penetrating than X-rays and gamma rays, and they

are non-ionising, so they are safe for humans, plants and animals. Their better penetrating power means that,
for example, they can be used to investigate cargo containers for shielded nuclear material. Muons have also
been used to look for hidden chambers in the pyramids. Muon detectors were used at the Fukushima nuclear
complex to determine the location and amount of nuclear fuel still inside the reactors that were damaged by
the Japanese tsunami in 2011.

The tau particle was discovered some time later than the muon. The unusual feature of this particle is that
it decays into two pions, which are discussed later. The decay equation is

𝜏− → p− + p0 + 𝜐𝜏

The negative pion, π−, then decays into an electron, while the neutral pion, p0, decays to two gamma rays.
Each of the six leptons has an antiparticle. For the electron, the antiparticle is the positron. The anti-muon

and the anti-tau, like the positron, are also positively charged.

Hadrons
Hadrons are distinctive because they are much heavier than the leptons but, much more importantly, they all
have an internal structure. Hadrons are made up of different combinations of particles called quarks. We will
learn more about quarks in section 16.4. Hadrons that are a combination of two quarks are called mesons.
The other hadrons are combinations of three quarks and are called baryons.

There are over 60 different types of mesons, including the pion mentioned earlier. They play a role in
nuclear interactions, but have very short half-lives, so they are very difficult to detect. Each meson also has
an antiparticle.

Baryons include the proton and neutron as well as about 70 other different particles. Only the proton and
neutron are stable, with all other baryons having extremely short half-lives. Each baryon also has its own
antiparticle.
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16.2 Exercise 1

FIGURE 16.7 The number of
charged particles from cosmic
rays varies by altitude above
the Earth’s surface.
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1 In the graph shown in figure 16.7, the number of ions detected initially decreases with height. Then, about
1 km above the Earth’s surface, it increases quite rapidly. Suggest a reason why there is a strong reading at
the Earth’s surface that then decreases with height.

2 Cosmic rays are often described as cosmic ray ‘showers’. Why is this word an appropriate description?
3 What aspect of the more energetic pair of tracks do you think indicates that the electron and positron are

moving faster?
4 A possible reaction for the formation of the pion from a carbon nucleus and alpha particle is that the alpha

particle and carbon nucleus join with the pion being emitted. Complete the nuclear equation below by
determining the values of X and Y, and the symbol for the chemical element, Z. Note: the pion has a charge
of +1 .
4
2He + 12

6 C →X
Y Z + 0

1𝜋

5 What is the subatomic particle equivalent of Mendeleev’s periodic table?

 

16.3 The tools of particle physicists
16.3.1 Particle detectors
Many of the most important discoveries in physics made between fifty and one hundred years ago were made,
sometimes by accident, by a single physicist working with a very simple apparatus. Enrico Fermi was awarded
a Nobel prize for the work completed after he put a rough piece of paraffin in the path of the neutrons that he
was using to irradiate a sample. Rutherford and his co-workers used simple scintillation detectors to observe
the scattering of alpha particles. This method of detection enabled them to count the alpha particles. How-
ever, despite the significant results achieved with such simple apparatus, better detectors that would provide
information such as the charge and energy of the particles were required.

The quest for better detectors saw the use of the cloud chamber and the development of the bubble chamber.
In recent times, these were superseded by larger and more complex multicomponent detectors. Examples of
these are the detectors used at the high-energy accelerator facilities, such as CERN, Fermilab and Brookhaven.
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Cloud Chambers
The cloud chamber was invented by C.T.R. Wilson before the end of the nineteenth century, but not used to
detect particles until about 1910. It remained in use until about 1960.

A cloud chamber contains a supersaturated vapour. As ionising radiation passes through the vapour, fine
droplets of vapour form on the ions produced by the radiation leaving a visible vapour trail showing the path
of the particle. If the chamber is in a magnetic field, the path of a charged particle will be curved, with the
direction of the curve indicating the charge of the particle.

Bubble chambers

FIGURE 16.8 The bubble chamber
at CERN. Before being dismantled
in 1984, this bubble chamber
was used for over six million
photographs.

In 1952, Donald Glaser invented the bubble chamber. It is claimed
that the observation of bubbles in glasses of beer played a significant
part in the invention.

The bubble chamber has a similar principle of operation to the
cloud chamber except that the bubble chamber contains a superheated
liquid (a superheated liquid exists in the liquid state at a temperat-
ure above its normal boiling point). Propane and pentane were used
in early bubble chambers and hydrogen in later ones. When ion-
ising radiation passes through the liquid, localised boiling occurs on
the ions and leaves a trail of bubbles. Bubble chambers were much
better detectors than cloud chambers because of the greater dens-
ity of the substance in the chamber. A 10 cm bubble chamber was
approximately equivalent to a 10 m cloud chamber.

Modern detectors
Detectors in use at large nuclear research facilities, such as CERN,
Fermilab and Brookhaven, are now larger and more complex than
bubble chambers. In typical high-energy experiments performed at
these facilities, multicomponent detectors are used to record what
may be millions of events and to store them on computer for later
analysis.

The function of a detector is to record the trajectory, energy and momentum of the particles produced in
a collision ‘event’. If two beams of particles, perhaps protons and antiprotons, with similar energies col-
lide head-on, the particles produced could travel in any direction and a large cylindrical detector is used.
Such a detector commonly has four different regions — an inner tracking chamber surrounded in turn by an
electromagnetic calorimeter, then a hadronic calorimeter and finally a muon chamber.

The inner tracking chamber contains a gas and, as the charged particles produced in the collision event
traverse this chamber, they produce ions. The ions may be collected on thin metal wires and produce a small
electrical pulse. Once the presence of the ions has been detected, the tracks of the particles that produced the
ions can be deduced. Many very short-lived particles do not leave the tracks but they may decay into particles
that do.

The calorimeters are made of dense materials that absorb the energy of the particles, interleaved with sens-
itive detector materials. The different materials are segmented and it is possible to determine where a particle
was finally absorbed. The electromagnetic calorimeter is optimised to measure the energy and positions of
electrons and photons that interact via the electromagnetic force. The hadronic calorimeter is optimised to
measure the energy and positions of hadrons that interact via the strong force.

Only muons (and neutrinos) are able to pass through the two inner calorimeters. Any charged particle that
reaches the outermost calorimeter must be a muon. Neutrinos, of course, continue without interacting with
any part of the detector.

TOPIC 16 Deep inside the atom 7
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FIGURE 16.9 A simplified
end-on view of a cylindrical
detector that might be used for
a colliding beam experiment.
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FIGURE 16.10 The passage of particles through the different
sections of a multicomponent detector.
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16.3.2 Particle accelerators
Early particle physicists used alpha-particle sources that were naturally occurring alpha-particle emitters.
Some of these produced alpha particles of much higher energy than others. When alpha particles were used
to induce artificial radioactivity, it soon became apparent that particles with even higher energies would be
more useful.

The quest for higher energy particles saw the development of a variety of particle accelerators. The higher
energy particles from the particle accelerators were used to bombard nuclei and produce a wide variety of
new particles.

A very simple accelerator is the electron gun in the tube of a television set. Electrons are accelerated across
a large potential difference and then directed at the screen of the television set. Some of the early particle
accelerators were similar to this in that they were single-stage electrostatic accelerators. Higher energies were
possible when the particles were accelerated many times, such as in a linear accelerator. The development of
cyclic accelerators such as the cyclotron saw large energies possible with smaller devices but, as we will see,
modern accelerators have become very large and complex devices.

The first particle accelerators
An early particle accelerator that was used to accelerate protons to 770 keV was developed by John D. Cockroft
and Ernest T.S. Walton at the Cavendish Laboratory in 1932. It was an electrostatic machine that gave the
protons a single high energy ‘kick’. Another electrostatic accelerator is the Van de Graaff generator that you
have probably encountered in your science studies in the classroom. Large versions were capable of reaching
1.5 MeV or higher.

These accelerators have since been improved as it became apparent that many more important discoveries
could be made with particles of a higher energy, and new accelerators were developed. However, despite these
new accelerators, the earlier accelerators are still found to be useful. It is interesting to note that at Fermilab, the
initial step or pre-acceleration is provided by a Cockcroft–Walton accelerator, and at Brookhaven, the initial
acceleration of the Relativistic Heavy Ion Collider (RHIC) is provided by tandem Van de Graaff accelerators.
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Linear accelerators
The most famous linear accelerator is at the Stanford Linear Accelerator Center (SLAC). Charged particles
are fired through a three-kilometre long evacuated tube. The charged particles pass through one cylindrical
electrode and are then accelerated by an electric field as they pass through a gap before encountering another
electrode. This process is repeated and the particles increase their energy. Of course, the alternating accelerat-
ing potential has to keep in step with the particles and this requires the cylindrical electrodes to become longer
and longer. Eventually it becomes impractical to add extra stages to a linear accelerator. At SLAC, electrons
were accelerated to a velocity very close to that of light and had an energy of 20 GeV. After modifications
were completed in 1987, the SLAC was able to produce 50 GeV electrons.

FIGURE 16.11 A linear accelerator.
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FIGURE 16.12 Top view of a cyclotron. Note that for
positively charged particles to travel clockwise as shown,
the magnetic field must be directed out of the page.
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Like a linear accelerator, a cyclotron is able to
give a charged particle many ‘kicks’ as it passes
through the electric fields between hollow cyl-
inders of non-magnetic metal (called the ‘dees’)
of the cyclotron. Again, the particles move
through an evacuated region. The whole appar-
atus lies between the poles of a large magnet.
Therefore, the particles move in circular paths,
with the radii of the paths increasing each time
the particle gains energy as it passes through the
gap between the dees. When the particles reach
the limit of the magnetic field they are deflec-
ted into a target. Very high energy cyclotrons
are not possible for a number of reasons. Even-
tually size would become prohibitive and also,
as the particles reached very high velocities, the
relativistic increase in mass would mean that
the particles would become out of step with the
applied alternating potential.

Synchrotrons
The main accelerators today are synchrotrons.
Synchrotrons keep the particles in a path of
constant radius. As the particles gain energy,
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the magnetic field is increased to maintain the
same path. Many powerful magnets are required
around this path. The particles move through
a small-diameter, evacuated tube that forms a
large-diameter ring.

FIGURE 16.13 Part of the 6.28 km (circumference) Fer-
milab Tevatron accelerator. The yellow and red sections
on the floor are parts of the new accelerator, which can
accelerate protons to nearly 1000 GeV.

On each circuit around the ring, the particles
pass through regions where an applied radio fre-
quency provides an electric field in a direction
such that it produces the ‘kick’ that increases
the energy of the particles. The radio frequency
increases as the particles increase in energy and
take shorter and shorter periods to complete
their orbits. A disadvantage of a synchrotron is
that a ‘batch’ of particles must complete their
journey through the accelerator before another
batch can enter. However, the advantages of
the synchrotron, in terms of energy that can be
achieved, far outweighs this disadvantage.

The dimensions and statistics of the large
accelerators are impressive. The main acceler-
ator, the Tevatron at Fermilab, has a circumference of 6.28 km. The original accelerator was able to accelerate
protons to about 200 GeV. When higher energies were required, another accelerator was built below the first.
It uses superconducting magnets to steer the particles around the ring, and because these do not heat up, they
can be left on for very long periods. Another accelerator in a separate ring now accelerates protons to 150 GeV,
at which point they are transferred to the new accelerator and accelerated further to about 1000 GeV(1 TeV). 

The Large Electron Positron collider (LEP) at CERN occupied a tunnel of 27 km circumference straddling
the Swiss–French border. In 2000 it was shut down, and construction of its replacement, the Large Hadron
Collider (LHC) began. The LHC was scheduled to commence operation in 2005 but that was delayed until
2007. Then in 2007 a problem with one of the magnet support structures caused a further delay until 2008. The
LHC has 1232 superconducting magnets, each 15 m long, around 85% of its circumference. The magnets were
supplied by Fermilab. These magnets are powered by superconducting cables carrying currents of 12 000 amps
and are cooled by liquid helium to −271 °C. The LHC is able to accelerate protons to 7 TeV and collide these
protons with other protons travelling in the opposite direction, also with an energy of 7 TeV. It is also able
to collide heavy ions, such as lead, with a total energy of 1250 TeV, about thirty times that of the RHIC at
Brookhaven.

16.3 Exercise 1
1 In 1930, Ernest Lawrence constructed the first cyclotron. It was approximately 12.5 cm in diameter and

accelerated hydrogen ions in a magnetic field of 1.27 T between the poles of a magnet 10 cm in diameter. The
accelerating voltage applied to the dees was 2000 V and Lawrence determined that the hydrogen ions had
been accelerated to an energy of 80 000 eV
(a) How many times had the hydrogen ions experienced the 2000 V accelerating potential and how

many orbits of the cyclotron did they complete?
(b) Determine the velocity of an 80 000 eV hydrogen ion (proton).
(c) A charged particle moving in a circular path in a magnetic field has a centripetal force of magnitude

Fc = mv2

r
provided by the magnetic force FB = qvB. Determine the radius of an 80 000 eV proton in

a magnetic field of 1.22 T.
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2 The Stanford Linear Accelerator (SLAC) was used to accelerate electrons to very high velocities. Suggest a
reason why a linear accelerator was preferable to a cyclic accelerator, such as a cyclotron, as a device to
produce very high energy electrons. (Hint: you may wish to think back to the Rutherford model of the atom
and the electrons in orbit around the nucleus.)

3 In 1983, particle physicists in the United States proposed that a new accelerator be constructed. This new
accelerator was called the Superconducting Supercollider (SSC) and was to be approximately 86 kilometres
in circumference. It was planned to be approximately 60 metres below the ground surrounding the city of
Waxahachie, Texas. The total cost was estimated to be eight billion dollars. Construction began in 1990, but
the project was cancelled in 1994 when it was about 20% complete. (A search on the internet will yield
information about the project and reasons for and against stopping the construction.) Prepare material that
could be used in a debate, either to support or to oppose the expenditure of such a large amount of money
on such a project.

4 Describe the advantages and disadvantages of a synchrotron.

 

16.4 The quark model
16.4.1 On the trail of the quark

FIGURE 16.14 A continuous spectrum and two
different ways of producing an element’s fingerprint.
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emission line spectrum
hot gas
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In the late 19th century, when visible light was
shone through a gas of atoms of a particular ele-
ment, a spectrum of black lines was observed.
Each element produced a unique pattern of these
lines, called an absorption pattern.

The lines in the atomic absorption patterns
suggested that there was some complexity or
structure inside the atom. This structure was dis-
covered early in the 20th century.

More information about the internal structure
of the nucleus can be determined by the energy of
alpha particles emitted through radioactive decay.
This energy is specific to the nucleus undergoing
decay. If a system is showing evidence that it
can have only certain energy values, then it must
have a structure, that is, be made up of smaller
particles.

During the 1960s it was discovered that when protons and neutrons were hit by a beam of particles, a type
of spectra was evident, much like molecules, atoms and nuclei. This meant that protons and neutrons are made
up of even smaller particles. This was the beginning of the quark model.

In 1961, Murray Gell-Mann (1929– ) in the USA and Yuval Ne’eman (1925–2006), an Israeli theorist in
England, independently discovered a method of organising particles on the basis of their symmetry properties.
Gell-Mann called the method, perhaps a little irreverently, by the Buddhist term ‘The Eightfold Way’. The
theory suggested that there was a missing particle, which they referred to as the Ω– (omega minus).

In 1963, a search for this particle was started using the bubble chamber at Brookhaven. The bubble cham-
ber was about two metres in diameter and contained liquid hydrogen. Every few seconds, a burst of kaons
(K-mesons), collided with protons (the nuclei of the atoms of liquid hydrogen) in the bubble chamber. This
produced a spray of particles that, it was hoped, would include the Ω−. Eventually, in photograph number
50 321, an event indicating the existence of the Ω– was discovered.
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FIGURE 16.15 (a) The bubble chamber photograph taken at Brookhaven National Laboratory that
shows the path of the Ω– particle. (b) The diagram at the right identifies the particles responsible
for the various trails. Dotted lines show the paths of particles not visible in the photograph. The
incident K– particle (1) collided with a positron at (3). The short tail at (3) was produced by the Ω–

before it decayed to the 𝜋– and ultimately a number of other particles of which some left trails in the
photograph.

(a) (b)

While the finding of the Ω– particle confirmed the Eightfold Way’s organisation of particles, the underlying
reason for this organisation remained a mystery until 1964. At this time, Gell-Mann and George Zweig
(1937–) independently proposed that there were three fundamental particles that were the constituents of
hadrons. Gell-Mann named these particles ‘quarks’.

16.4.2 The quark model
Gell-Mann and Zweig first proposed that hadrons were composed of only three quarks. It was predicted that
there were three different types of quarks and these were called ‘up’, ‘down’ and ‘strange’. Later it was
necessary to add more quarks and these became ‘charm’ (discovered in 1974), ‘bottom’ (1977) and ‘top’
(1995). In the strange language of particle physics, these types of quarks became known as ‘flavours’.

The six quarks have different masses and possess charges that are either +
2
3

or −
1
3

of the charge on an

electron. Each quark has its own antiparticle.
The characteristics of the known quarks are shown in table 16.3.
The charges on baryons (made of three quarks) and mesons (made of two quarks) are the result of the

charges carried by the quarks of which they are composed. Mesons are composed of one quark and one
antiquark. A positive pion (π+) is made of one up quark and one down antiquark to give a charge of +1 while
its antiparticle, π−, is made of one up antiquark and one down quark to give a total charge of −1. Baryons
have three quarks. A proton is composed of two up quarks, giving the proton a charge of +1.
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TABLE 16.3 Quark characteristics.

Quark Symbol Charge Multiple of proton mass First observed

Up u + 2
3

0.003 1968

Down d − 1
3

0.006 1968

Charm c + 2
3

1.3 1974

Strange s − 1
3

0.1 1968

Top t + 2
3

184 1995

Bottom b − 1
3

4.5 1977

A neutron is also composed of up and down quarks, but one up and two down quarks are required to produce
a neutral particle with a charge of 0.

AS A MATTER OF FACT
Where did the name ‘quark’ come from?
Murray Gell-Mann was seeking a name for the particle model he was proposing. He was reading Finnegans Wake
by James Joyce and came across the invented word ‘quark’ in three lines of a poem:

Three quarks for Muster Mark!
Sure he has not got much of a bark

And sure any he has it’s all beside the mark.

Where do the names for the various quarks come from?
• Up and down refer to a type of spin that characterises all subatomic particles.
• Strange quarks are components of particular baryons that were found in cosmic ray showers. They had

surprisingly long half-lives and so were called ‘strange particles’.
• The charm quark was so-called by its discoverers because they were ‘fascinated and pleased by the

symmetry its discovery brought to the subnuclear world’.
• Top and bottom quarks were named as ‘logical partners for the up and down quarks’.

How do you pronounce ‘quark’?
It seems there are two possibilities: one sounding like ‘mark’ and the other sounding like ‘quart’. The
pronunciation rhyming with ‘mark’ is the more common.

 
16.4 Exercise 1
1 (a) The composition of the baryon called the ‘charmed double bottom’ is ‘cbb’. What is its charge?

(b) What would you call a ‘ccb’ and what is its charge?
2 How many baryons, in theory, could be ‘strangely charming’?
3 A neutron is described as a ‘udd’ and a proton as a ‘uud’. What do these descriptions mean?
4 (a) The lambda baryon (Λ) was discovered by researchers at the University of Melbourne in 1950. Its

quark composition is uds. What is its charge?
(b) The lambda baryon decays into a proton (uud) and a pion (ud). The quarks differ in mass.
Suggest a possible mechanism for the decay.

5 Use the periodic table to determine which element is most comparable in mass to the ‘top’ quark.
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16.5 The Standard Model
16.5.1 Particles of the Standard Model
The Standard Model (SM) of physics is a theory that seeks to explain the fundamental composition of matter
in terms of elementary particles, as well as the four basic universal forces — gravity, electromagnetism, the
weak nuclear force, and the strong nuclear force. The elementary particles in the Standard Model can be
described as being either fermions or bosons.

Fermions are those particles that combine to make up matter. They have half-integer spin and obey Pauli’s
Exclusion Principle, which dictates that no two particles can have the same quantum state. Today it is accepted
that there are six flavours of quarks and six flavours of leptons. Quarks and leptons can be divided neatly into
groups called ‘generations’. All the visible matter in the universe is composed of first-generation quarks and
leptons (the up and down quarks and electrons).

Unlike fermions, bosons do not obey the Pauli exclusion principle and so more than one of them is able to
occupy the same space at the same time. Gauge bosons carry forces and come in three main forms: photons,
which carry the electromagnetic force, gluons, which essentially hold quarks together and are therefore con-
sidered to carry the strong nuclear force, and the W and Z bosons, which are responsible for the weak nuclear
force. As yet, no boson has been found that carries the gravitational force and so gravity is the one force that
the Standard Model does not explain.

The Higgs boson (referred to in 1993 by physicist Leon Lederman as the ‘God particle’) is the only known
member of the second type of boson called a scalar boson. It was theorised in the 1960s by the English
physicist Peter Higgs that the interaction of this particle with the accompanying Higgs field gives mass to all
the other particles. In March 2013, CERN announced that they had identified a particle that they tentatively
identified as the elusive Higgs boson. The implications of this discovery are still being explored.

14 Jacaranda Physics 12

LEPTONS QUARKS

GENERATION NAME SYMBOL

REST 
MASS 
(MeV)

ELECTRIC 
CHARGE NAME SYMBOL

REST 
MASS 
(MeV)

ELECTRIC 
CHARGE

I Electron 
neutrino

Ve ≃ 0 0 Up u ≃ 5 +2
3

Electron e− 0.511 −1 Down d ≃ 7 −1
3

II Muon 
neutrino

Vμ ≃ 0 0 Charm c 1500 +2
3

Muon μ− 105.7 −1 Strange s ≃ 150 −1
3

III Tau 
neutrino

vτ < 35 0 Top t 170 000 +2
3

Tau τ− 1784 −1 Bottom b ≃ 5000 −1
3

TABLE 16.4 Fermions.

UNCORRECTED P
AGE P

ROOFS



i
i

“c16Deepinsidetheatom” — 2018/4/4 — 18:19 — page 15 — #15 i
i

i
i

i
i

16.5.2 The Standard Model today
As it presently stands, the Standard Model of particle physics is made up of 17 elementary particles (18
including the Higgs boson), which combine to form larger particles of matter or are responsible for at least
three of the four universal forces. The Standard Model is a great achievement and a large number of experi-
ments have confirmed, sometimes to incredible precision, the predictions of the Standard Model. However, it
is acknowledged that it is not a perfect model, leaving many questions unanswered and appearing to contradict
other notable theories. For example:

• It is incompatible with Einstein’s general theory of relativity. Therefore, unification of the forces cannot
involve the force of gravity. The Standard Model is a quantum–mechanical model while general
relativity is not.

• The Standard Model provides no reason for the numbers of particles. Why are there six quarks and six
leptons? Is it coincidence or is there an underlying reason?

• Is there some underlying truly fundamental particle such as a ‘leptoquark’? This might explain why
three leptons have electrical charges of one unit and quarks have electrical charges of + 2

3 or − 1
3 of this

unit of electrical charge.

16.5.3 Future research directions
In the United States, the National Academy of Sciences has set up a special committee to assess key questions
about the nature of the universe. They have identified eleven key questions, which they hope will either be
answered in the next decade or that we should be thinking of answering in the following decades.

Their eleven questions are:
1. What is dark matter?
2. What are the masses of neutrinos, and how have they shaped the evolution of the universe?
3. What is the nature of dark energy?
4. Are protons unstable?
5. How did the universe begin?
6. Are there new states of matter at exceedingly high densities and temperatures?
7. Is a new theory of matter and light needed at the highest energies?
8. How were the elements from iron to uranium made?
9. Are there additional space–time dimensions?

10. Did Einstein have the last word on gravity?
11. How do cosmic accelerators work and what are they accelerating?
Most of these questions involve the close linking of particle physics and cosmology. Perhaps students in

high school today may choose a career in particle physics and will one day be able to shed light on some of
these questions.

16.5 Exercise 1
1 Which fermions can be described as being ‘second generation’?
2 How do (a) gauge bosons differ from scalar bosons? (b) fermions differ from bosons?
3 ive two examples of phenomena that are not explained by the Standard Model.
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16.6 Review
16.6.1 Summary

• There are two types of fermions, the fundamental particles of matter: quarks and leptons.
• There are six leptons. They are the electron, muon and tau particle, and the neutrinos associated with

each of these.
• There are six quarks. They all have an electric charge, which is a fraction of the charge size of the

electron. Three have a charge of +
2
3

, and three have a charge of −
1
3

. Their masses vary significantly.

• The quarks combine to form particles called hadrons, of which there are two types: mesons and
baryons.

• Mesons are composed of one quark and one antiquark. There are many mesons. They can be positively
charged, neutral or negatively charged, and have short half-lives.

• Baryons are composed of three quarks. There are a large number of different types of baryons, with a
range of masses and charges ranging from +2 to −2.

• Gauge bosons are particles that carry forces. The Higgs boson interacting with a Higgs field is believed
to produce mass.

• Some of the subatomic particles were predicted well before they were detected.
• Electric charges can be accelerated in a number of ways to produce electromagnetic radiation. While

linear accelerators and cyclotrons were once very important accelerators, the main accelerators today
are synchrotrons in which particles are accelerated around a constant radius path.

16.6.2 Questions
1.(a) A proton is composed of two up quarks and one down quark, and a neutron is composed of one up

quark and two down quarks. Show that a proton will have a charge of plus one unit and a neutron
will be neutral.

(b) An antiproton would be expected to have a charge opposite to that of a proton. Identify the quarks
(or antiquarks) in an antiproton and show that it will have a charge of minus one unit.

(c) A neutron has no charge but still has an antiparticle. Identify the quarks in an antineutron and show
that an antineutron is neutral.

2. Why do you think it has taken so long and been so difficult to find neutral particles such as the
neutron, neutrino and the Higgs boson?

3. What do a particle and its antiparticle have in common? How do they differ?
4. How do mesons and baryons differ?
5. Some mesons are their own antiparticle. Explain with an example.
6. How many different mesons are possible, taking into account that some mesons are their own

antiparticle. How many different baryons are possible? Ignore antiparticle baryons.
7. The bottom antiquark forms a family of mesons called B mesons with each of the four lighter quarks.

Determine the charge and name of each meson in this family.
8. Design baryons with:

(a) a charge of +2
(b) a charge of −2
(c) a charge of zero.

9. What is the charge of:
(a) the triple bottom baryon
(b) the baryon that is full of charm?

10. Why do you think baryons with a top quark would be hard to detect?
11. A neutron (udd) can decay into a proton (uud), an electron and an antineutrino. What do you think has

happened inside the neutron?
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12. The heavier mesons decay into lighter mesons, which then decay into leptons. Mesons consist of two
quarks. Leptons are not quarks. What does this suggest about what can happen to quarks?

13. The tau particle decays into two pions. In light of the quark model, what is unusual about this decay?
14. It is very convincing if a scientific explanation or theory can predict a future event or discovery. What

are the examples of this given in this topic and how significant was the discovery for the status of the
explanation in each case?

Try out this Interactivity: Electrons and positrons
Searchlight ID: int-6394

Complete this digital doc: Investigation: Cloud chambers
Searchlight ID: doc-26324

PRACTICAL ACTIVITIES
Investigation 16.1: Cloud chambers

Aim
To observe the tracks produced by charged particles passing through a cloud chamber.

Safety
Tongs or forceps should be used when handling radioactive materials. These materials should not be handled
with bare hands. The sources encased in perspex are probably not suitable for use in cloud chambers.

Some cloud chambers have sources already mounted. Special care should be taken with others that rely on a
radioactive salt such as thorium oxide. Gloves should be worn if it is necessary to open a bottle containing
thorium oxide powder.

You should wash your hands after handling any radioactive sources.
If using a diffusion cloud chamber, gloves should be worn when handling dry ice and special care taken when

breaking and or crushing the dry ice.

Introduction and theory
As there are two different types of cloud chamber available for use in schools, we will describe how each can be
used. The principle of operation is the same for both types as they rely on the production of a supersaturated
vapour. As ionising radiation passes through the supersaturated vapour, droplets condense on the ions formed
and reveal the path of the radiation.

Diffusion cloud chamber

FIGURE 16.16 A Wilson cloud chamber.
The diffusion cloud chamber was developed in 1939 by
Dr Alexander Langsdorf, Jnr at the University of California
at Berkeley. A diffusion cloud chamber can operate
continuously, apparently for hours at a time instead of
the few seconds of an expansion type chamber, but the
small devices used in schools are unable to maintain the
correct conditions for much longer than fifteen to twenty
minutes. In these cloud chambers, alcohol from the top of
the chamber evaporates and then diffuses downwards
towards the base of the chamber. The base of the chamber
is cooled with dry ice (beneath the base) and as the alcohol
vapour diffuses downwards, the vapour becomes
supersaturated. There should be a region in the chamber
that maintains a supersaturated vapour and the trails
of charged particles through this region can be observed.
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Expansion cloud chamber
This was the original type of cloud chamber and was invented by C.T.R. Wilson in 1911 to detect radiation. In
such a cloud chamber, a piston below the chamber was lowered to reduce the pressure and cool the gas in the
chamber. This produced a supersaturated vapour. In the expansion cloud chamber made in Australia by IEC, the
expansion is performed by a bicycle pump (with the washer reversed to extract air from the chamber).

Reduction of the pressure causes the vapour to become supersaturated and, hopefully, trails appear. A voltage
applied to a metal ring inside the chamber sweeps the ions from the chamber before another expansion or
pressure reduction can be performed. A disadvantage of such a chamber is that it is then necessary to wait
perhaps a minute for the alcohol to evaporate into the chamber before repeating the process. The small school
version can usually be used without this wait. Once the correct conditions have been attained, withdrawing the
handle of the bicycle pump can usually be done every few seconds.

Part A: Observing tracks in a diffusion cloud chamber
Apparatus
cloud chamber (which probably has a built-in radioactive source)
woollen cloth
alcohol (Propan-2-ol also known as iso-propyl alcohol recommended but ethyl alcohol should work)
dry ices
light source (possibly a microscope lamp)

Method
We will assume that the cloud chamber has a built-in source.

Remove the perspex top and moisten the felt ring with a few drops of alcohol. Turn the chamber upside-down
and unscrew the base and remove the foam pad. Place some small pieces of dry ice over the black metal plate.
These will be held against the metal by the foam when the base is screwed back on.

Place the chamber right side up on small wedges (probably provided) and level it as carefully as possible. If the
metal plate is not horizontal, convection currents can hinder the production of tracks. Replace the perspex top
and rub it gently with the woollen cloth to charge it. (Charging the top of the chamber produces an electric field
that will remove dust and ions and this should assist in the production of tracks in the chamber.)

After a few minutes, tracks should become visible.
If a light is shone horizontally through the side of the chamber, the visibility of the tracks may be enhanced.
The chamber should continue to operate while the temperature difference between the top and bottom of the

chamber region is maintained. If the trails become hard to see, recharging the perspex top may help.

Dry ice

Black
metal 
plate

Radioactive source

Transparent top (charged 
by rubbing with cloth)

Foam pad (surrounded 
by polystyrene)

Wedge
(used to level
chamber)

Felt ring
(containing
alcohol)
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It is sufficient to set up a cloud chamber and observe the tracks of alpha particles through the chamber.
If the cloud chamber works particularly well, you may be able observe other tracks that do not come from the

source. (Cloud chambers played an important role in the discovery of cosmic rays.)

Part B: Observing tracks in an expansion cloud chamber
The IEC Wilson’s Expansion Cloud Chamber is described below. Usually expansion cloud chambers have the
disadvantage that they provide a brief view of the tracks when expansion occurs and then there is a delay before
the expansion can be repeated. However, with this particular cloud chamber, expansions can be performed every
few seconds.

Apparatus
Wilson’s Expansion Cloud Chamber including modified bicycle pump, radioactive source
alcohol (propan-2-ol, also known as isopropyl alcohol, is recommended but ethyl alcohol should work.)
light source (possibly a microscope lamp)
high-voltage DC power supply (at least 300 V)

Method
Preparing the radioactive source
The cloud chamber is supplied with a small quantity of thorium oxide. The thorium oxide can be used to prepare
a point radioactive source (which can be screwed into the side of the chamber) or radon 220 gas, produced from
the decay of thorium, can be used as the source. (If you search for information on the decay of thorium, you will
find that radon 220 is produced part of the way along the decay series.)

Special care must be taken if it is necessary to transfer thorium oxide into the squeeze bottle that is used to
inject the radon into the cloud chamber. Your teacher will probably do this for you. (The apparatus works well
with about 10°grams of thorium oxide in the squeeze bottle.)
Setting up the expansion cloud chamber
Make sure that the base of the cloud chamber is level.

Remove and clean the glass top. Pour a few millilitres of propan-2-ol to the black metal disc at the bottom of
the chamber (2 to 3 millilitres works well).

Replace the top and gently tighten the screws to produce a seal.
Attach the hose from the squeeze bottle containing the thorium oxide to the fitting on the side of the chamber.
Connect the terminals on the side and base of the chamber to a high-voltage power supply. (The instructions

say up to 600 volts can be used but excellent tracks were observed with a voltage of 200 volts. This high voltage
is essential for the production of tracks.)

Set up the microscope lamp to that it shines horizontally into the chamber. (It should not be too close to the
chamber as it is essential that the chamber is not heated.)

Release the Mohr clip on the hose connecting the squeeze bottle to the chamber, squeeze the bottle gently
once and then replace the clip. (As the purpose of this is to inject some radon 220 gas into the chamber, it is
easier to do this if the bicycle pump is disconnected, which means that the chamber is not sealed.)

Reconnect the bicycle pump, and quickly and smoothly withdraw the handle of the pump.
Tracks should be visible throughout the chamber. The radon gas should have spread throughout the chamber

and as it decays by alpha particle emission, the short tracks produced by alpha particles should be visible
throughout the chamber.

The trails disappear quickly but repeating within a few seconds should produce another set of trails.
Occasionally much longer trails, which are probably thinner than those of the alpha particles will be observed.

What particles are likely to produce these trails and what might be their origin?
The number of tracks produced will gradually decrease. (Check the half-life of radon 220 and you will see why.)

Eventually it will be necessary to squeeze another puff of gas into the chamber.

Further investigations
It is an achievement to set up a cloud chamber and observe the trails. If you find that you are able to get your
cloud chamber working very well without any difficulty you might like to try to investigate further.

You could try different sources and compare the tracks produced by different types of radiation. (This might be
impractical with a diffusion cloud chamber but might well be possible with the expansion cloud chamber.)

You could try to produce a magnetic field in the chamber and see if it is possible to deflect the particles in the
magnetic field.
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