
9.8 Option- From Quanta to Quarks: 1. Rutherford and Bohr 

Syllabus reference (October 2002 version) 

1. Problems 
with the 
Rutherford 
model of the 
atom led to the 
search for a 
model that 
would better 
explain the 
observed 
phenomena  

Students learn to:  

• discuss the structure of the 
Rutherford model of the 
atom, the existence of the 
nucleus and electron orbits 

• analyse the significance of 
the hydrogen spectrum in 
the development of Bohr’s 
model of the atom 

• define Bohr’s postulates 
• discuss Planck’s 

contribution to the concept 

of quantised energy 
• describe how Bohr’s 

postulates led to the 
development of a 
mathematical model to 
account for the existence of 
the hydrogen spectrum:  

 
• discuss the limitations of 

the Bohr model of the 
hydrogen atom 

Students:  

• perform a first-hand 
investigation to observe the 
visible components of the 
hydrogen spectrum 

• process and present 
diagrammatic information 
to illustrate Bohr’s 
explanation with the 
Balmer series 

• solve problems and analyse 
information using:  

 
• analyse secondary 

information to identify the 
difficulties with the 
Rutherford-Bohr model, 
including its inability to 

completely explain:  
o the spectra of larger 

atoms 
o the relative intensity 

of spectral lines 
o the existence of 

hyperfine spectral 
lines 

o the Zeeman effect 

Extract from Physics Stage 6 Syllabus (Amended October 2002) © Board of 
Studies, NSW.  
[Edit: 14 Aug 08] 

Prior learning: Preliminary modules 8.2, 8.3, 8.4, HSC Module 9.4. 

Background: In the early 1900s physics was an active area of research. Scientists were 
only just beginning to utilise the concept of the major research centre where individuals 

with great intellect and promise were concentrated to expand the frontiers of science 
and perform the basic research required to push technology forward. Almost for the first 
time, being a scientist was a profession. In this environment, exciting discoveries were 
being made and published on a regular basis. 

 

discuss the structure of the Rutherford model of the atom, the existence of the 
nucleus and electron orbits 

• Rutherford concluded in 1911 that an atom of any element consisted of a tiny 
positive nucleus with as many positive charges as the atomic number of that 
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element. He also concluded the electrons, that were equal in number to the 
positive charges in the nucleus, orbited at considerable distance from the nucleus. 

 

perform a first-hand investigation to observe the hydrogen spectrum 

• This is best done by passing an electric current through a low pressure hydrogen 
gas discharge tube and observing with a spectroscope the characteristic Balmer 
series spectrum in the light energy given out by the excited hydrogen gas atoms. 

Discuss the method to be used with your teacher. 

 

analyse the significance of the hydrogen spectrum in the development of Bohr’s 
model of the atom 

• The Danish physicist, Niels Bohr, extended Rutherford's atom model by arranging 
the electrons in concentric spherical shells. He proposed that electrons could orbit 
the nucleus in a stable manner only at a few specific distances from the nucleus 
whereas all other orbital radii were unstable. Bohr did this after linking the nature 
of the spectrum of hydrogen to the nature of electron orbits around the nucleus. 
In fact, Bohr could not have developed his theory of the atom without the 
knowledge of the spectrum of hydrogen.  
 
Atoms of a particular element, such as hydrogen, will emit their own unique 
frequencies of radiation. This is their characteristic spectrum.  
 
Bohr linked these characteristic wavelengths of light emitted from excited 

hydrogen atoms to being the energy emitted as an electron moved from a higher 
energy shell to a lower energy shell. He reasoned that since the energy emitted 
was of characteristic amounts and never in amounts in between, that the stable 
shells were of specific distances from the nucleus and that electrons could only 
exist stably at those fixed distances from the nucleus. This analysis becomes very 
complicated for the elements with more than one electron so it was critical that 
Bohr used hydrogen as his simplest case then extrapolated his model to the 

heavier elements with more than a single electron. 

 

process and present diagrammatic information to illustrate Bohr’s findings with 
the Balmer series 

• Refer to and process a number of diagrammatical representations that illustrate 
Bohr’s findings with the Balmer series. Bohr's findings are generally presented as 
a series of electron jumps from the 6th, 5th, 4th and 3rd electron orbital to the 
2nd electron orbital out from the nucleus of the hydrogen atom to produce the 
four visible emission lines in the spectrum of hydrogen. These emission lines are 

called the Hα, Hβ, Hχ and Hδ spectral lines.  

• Your diagrams should be presented to show the electron jumping from the 6th 
to the 2nd shell, 5th to the 2nd shell, 4th to the 2nd shell and 3rd to the 2nd shell 
to produce the four visible light emissions in the Balmer series. 
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solve problems and analyse information using:  

• This equation is the Balmer or Rhydberg equation depending on the reference 
used to identify the equation. It is used to describe the spectrum of discrete 
wavelengths of the spectral lines emitted from hydrogen. In the equation, R is the 
Rhydberg constant. The value of R is found on the HSC examination data sheet. 

For the visible spectral lines for hydrogen in the Balmer series, nf is the second 
stable orbital out from the nucleus, ni is the orbital the electron starts from before 
emitting electromagnetic impulses reaching the nucleus and is either 6, 5, 4 or 3.  

• One of the most common mistakes made by students applying the equation is 
that they are asked to calculate the wavelength, λ ,but the equation as written 
provides the inverse of the wavelength. Students substitute the values into the 
equation but forget to use the inverse button on their calculator, so present the 
reciprocal of the answer required. Note the Balmer equation applies to orbital 
movements that result in wavelengths in the infrared and UV portions of the 
electromagnetic spectrum although the work of Balmer involved only the four 
visible spectral lines of the hydrogen spectrum.  

• A sample problem might ask for you to determine the wavelength of the shortest 
spectral line in the visible spectrum of hydrogen. That is produced when an 
electron jumps down from the 6th to the 2nd orbital. A solution is shown below. 

 

Note that this line is in the violet of the visible spectrum. If an electron were to move 

from a higher orbital, say 7 or 8 to the 2nd orbital then the emission radiation forming 
that spectral line would lie in the UV portion of the spectrum. Similarly electrons can 
move to or from orbitals. When moving to higher energy orbitals they absorb a photon of 
that wavelength. When moving to lower energy orbitals they emit photons. It is 
important to recognise that the Balmer equation also applies to electrons moving to 
orbitals other than the 2nd orbital. The Paschen series involves the movement of 

electrons from the 6th, 5th and 4th orbital to the 3rd orbital for example. These 
emissions are in the infrared part of the visible spectrum. 

 

discuss Planck’s contribution to the concept of quantised energy 

• Planck is the father of the concept of quantised energy. Planck used the idea of 
energy in discrete packets or quanta given by the equation E = hf to explain away 
the nature of radiation emitted from a blackbody. Planck had a traditional view of 
physics and came up with the idea of quanta to enable his explanation for 
blackbody radiation to work. He was initially uncertain of the concept's validity. 
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define Bohr’s postulates 

• Bohr's postulates were:  
o Electrons can revolve around the nucleus in certain metastable orbits 

without radiating energy or falling toward the nucleus despite having 
opposite charges to the nucleus.  

o When an electron moves to a lower energy metastable state or orbital it 

emits energy in the form of electromagnetic radiation given by the 
relationship E = hf . If an electron moves to a higher metastable energy 
state it must gain a quantity of electromagnetic energy also given be the 
equation E = hf . That is the electrons movement from a specified higher 
energy state to a lower energy state always results in the emission of 
electromagnetic radiation of specific frequency being emitted. An electron 
moving to a higher specific energy level can only do so if the electron is 

able to absorb electromagnetic energy of a specific threshold frequency or 
a higher frequency.  

o An electron in a metastable orbit has an angular momentum that is an 

integer multiple of  

 

describe how Bohr’s postulates led to the development of a mathematical 

model to account for the existence of the hydrogen spectrum:  

• The equation was first developed in another form by Balmer as an 
empirical equation to describe the observation of the visible spectrum of 
hydrogen produced and observable when hydrogen gas was excited by the 
addition of energy. The equation in the original form was modified by Rhydberg 

until it worked and could be applied to explain the spectrum of hydrogen by using 
integer values of n, only as suggested by Bohr in his postulates. 

 

analyse secondary information to identify the difficulties with the Rutherford-

Bohr model, including its inability to completely explain: 

o the spectra of larger atoms 
o the relative intensity of spectral lines 
o the existence of hyperfine spectral lines 
o the Zeeman effect 

• Analyse at least two secondary sources to identify the difficulties with the 
Rutherford-Bohr model. The following syllabus point provides a sample answer of 
a discussion of the difficulties. 
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discuss the limitations of the Bohr model of the hydrogen atom 

• The Bohr model was the first and best available at the time of its conception. It 
largely explained the unexplainable observations at the time for the behaviour of 

the simplest atom known, hydrogen and stood as the base for further work by 
Bohr and others that extended our understanding of the nature of matter. The 
Bohr model did have some serious limitations in what it could satisfactorily 
explain.  

• The Bohr model of the atom was able to be exclusively applied to hydrogen. It 

simply couldn't explain the behaviour of atoms with more than one electron.  

• The Bohr model was unable to explain the observed fact that some spectral lines 
were more intense than others in the spectrum of hydrogen.  

• When the individual spectral lines were examined closely it was found that they 
were not solid lines of emitted light or a narrow range of frequencies emitted 
from the atom but that they were in fact made up of a number of hyperfine 
spectral lines. This could not be explained by the Bohr model of the atom.  

• The Bohr model was at a loss to explain the observation that when a discharge 
tube was placed in a magnetic field the spectral lines were split into several finely 
separated but individual lines (the Zeeman effect). This implied the energy levels 
were split which was unacceptable to the concept of stable orbitals or energy 

levels in the Bohr model. 

9.8 Option - From quanta to quarks: 2. de Broglie: The electron is a wave! 

Syllabus reference (October 2002 version) 

2. The 
limitations of 
classical 
physics gave 
birth to 
quantum 
physics  

Students learn to:  

• describe the impact of De 
Broglie’s proposal that any 
kind of particle has both 
wave and particle 
properties 

• define diffraction and 
identify that interference 
occurs between waves that 
have been diffracted 

• describe the confirmation 
of De Broglie’s proposal by 
Davisson and Germer 

• explain the stability of the 
electron orbits in the Bohr 
atom using De Broglie‘s 
hypothesis 

Students:  

• solve problems and analyse 

information using:  
• gather, process, analyse 

and present information 
and use available evidence 
to assess the contributions 
made by Heisenberg and 
Pauli to the development of 
atomic theory 

Extract from Physics Stage 6 Syllabus (Amended October 2002) © Board of 
Studies, NSW.  
[Edit 14 Aug 08] 

Prior learning: Preliminary modules 8.2, 8.3, 8.4. 
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Background: The Bohr model of the atom was a great step forward but couldn't explain 
the problem of why the electron didn't spiral into the nucleus with catastrophic results. 
De Broglie could explain that phenomenon. A new era in science had begun. 

 

describe the impact of De Broglie’s proposal that any kind of particle has both 
wave and particle properties 

• The De Broglie proposal on a wave like character for matter had little direct effect 

until the discovery of the wave like character of electrons. It was seen as a 
theoretical model of matter that was acceptable enough on mathematical grounds 
and following the recognition of Einstein to enable De Broglie to obtain his PhD.  

• The ideas presented in the De Broglie PhD thesis resulted in the birth of a new 
science of quantum mechanics. All of that revolutionary change occurred before 

the scientific community was able to confirm De Broglie's ideas that matter 
(particles) had a wave character. 

 

solve problems and analyse information using:  

• An example problem to solve is shown below where the velocity of an electron 
is given as 2.3 × 10-5 ms-1 and you are required to calculate the wavelength of 
the electron. When analysing, remember h is Planck's constant and is found on 
the data sheet, the mass of the electron is also found on the supplied data sheet 
for the HSC examination. 

 

Note the size of this wavelength is very short. It is this short wavelength that makes the 
use of electrons in the electron microscope so effective in producing high resolution 
images of objects with fine detail. 

 

define diffraction and identify that interference occurs between waves that 
have been diffracted 

• Diffraction is the process by which waves travelling through a small hole, slit or 
around a boundary will spread out.  
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• Go to this web site for a Notes and diagrams on diffraction Diffraction and 
interference, University of Tennessee, Knoxville, Tennessee, USA  

• Interference is caused by waves overlapping with each other, causing a 

cancellation of the wave where troughs coincide and amplification of the wave 
where crests coincide. Interference information Diffraction and interference, 
University of Tennessee, Knoxville, Tennessee, USA. Scroll down intil you come to 
the information on interference.  

 

describe the confirmation of de Broglie’s proposal by Davisson and Germer 

• Davisson and Germer annealed a nickel crystal so that it had a surface that was 
smooth in regions larger than the width of the electron beam they aimed at the 
crystal in a near vacuum. The electrons in the beam were diffracted. This 

demonstrated that the beam of electrons had properties like a wave. This 
confirmed the De Broglie hypothesis of a wave nature for matter (the electrons 
were recognised as matter) for the first time. 

 

explain the stability of the electron orbits in the Bohr atom using De Broglie‘s 

hypothesis 

• The linking of wave properties to stable orbitals is critical in any explanation of 
this dot point. The stability of the Bohr atom electron orbits could be explained in 
terms of De Broglie's wavelike character of matter. The idea was that the orbits of 
the electrons about the hydrogen atom nucleus was an integer number of 
wavelength in a similar condition to the formation of a standing wave in a length 
of string. In this case the circumference of the electron orbits was equivalent to 

. The De Broglie wavelength is . Since to form a standing wave there 

has to be an integer n wavelengths in the circumference the relationship 
between the circumference of the electron orbits and the De Broglie wavelength 

becomes  
 

Combing the two equations leads to  
 

This is Bohr's condition for the quantisation of angular momentum existing only in 

integer multiple of . 

 

http://electron9.phys.utk.edu/phys136d/modules/m9/diff.htm
http://electron9.phys.utk.edu/phys136d/modules/m9/diff.htm
http://hsc.csu.edu.au/physics/options/quanta_quarks/3005/phy982.html#top
javascript:newWindow('describe')
http://hsc.csu.edu.au/physics/options/quanta_quarks/3005/phy982.html#top
javascript:newWindow('explain')
http://hsc.csu.edu.au/physics/options/quanta_quarks/3005/phy982.html#top


gather, process, analyse and present information and use available evidence to 
assess the contributions made by Heisenberg and Pauli to the development of 
atomic theory 

• Gather information from various sources including scientific journals and the 
Internet.  

• Process the information by evaluating the validity of the different sources. If 
several sources have conflicting information, primary sources should be 
consulted.  

• Analyse the information to show the progression of their ideas of atomic theory.  

• Present your information in a format that will be interesting and clear to the 
audience.  

• In your conclusions use evidence from your research to assess the 

contributions of Pauli and Heisenberg. 

Sample information 

The contribution made by Heisenberg and Pauli to the development of atomic theory was 
significant in that they took the ideas of others and developed a theoretical basis for 
describing why these things happened through mathematics. Werner Heisenberg 
developed the mathematical theory of quantum mechanics because he was unhappy 
with the mixed classical and quantum model of Bohr's that was used to explain the 
hydrogen atom. Pauli took the quantum mechanical model that was in its entirety 
theoretical and applied it to the hydrogen atom and was theoretically able to derive the 
Rhydberg constant and to develop Balmer's equation. This was the first time in the 
history of atomic physics where the theoretical preceded the supporting observation. 

9.8 Option - From Quanta to Quarks: 3. Fermi and Chadwick: The nuclear age 
begins 

Syllabus reference (October 2002 version) 

3. The work of 
Chadwick and 
Fermi in 
producing 
artificial 
transmutations 
led to practical 
applications of 

nuclear 
physics  

Students learn to:  

• define the components of 
the nucleus (protons and 
neutrons) as nucleons and 
contrast their properties 

• discuss the importance of 

conservation laws to 
Chadwick’s discovery of the 
neutron 

• define the term 
'transmutation’ 

• describe nuclear 
transmutations due to 
natural radioactivity 

• describe Fermi’s initial 
experimental observation 
of nuclear fission 

• discuss Pauli’s suggestion 
of the existence of neutrino 

Students:  

• perform a first-hand 
investigation or gather 
secondary information to 
observe radiation emitted 
from a nucleus using 

Wilson Cloud Chamber or 
similar detection device 

• solve problems and analyse 
information to calculate the 
mass defect and energy 
released in natural 
transmutation and fission 

reactions 
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and relate it to the need to 
account for the energy 
distribution of electrons 
emitted in ß-decay 

• evaluate the relative 
contributions of 
electrostatic and 
gravitational forces 
between nucleons 

• account for the need for 

the strong nuclear force 
and describe its properties 

• explain the concept of a 
mass defect using 
Einstein’s equivalence 
between mass and energy 

• describe Fermi’s 

demonstration of a 
controlled nuclear chain 
reaction in 1942 

• compare requirements for 
a controlled and 
uncontrolled nuclear chain 
reaction 

 

Extract from Physics Stage 6 Syllabus (Amended October 2002) © Board of 
Studies, NSW.  
[Edit 2 July 09] 

Prior learning: Preliminary modules 8.5, 9.4. 

Background: Today, nuclear power is taken for granted. In some countries it supplies 
up to 40% of electricity yet our understanding of how energy can be released from the 
atom was poorly understood until the period just before the Second World War. The 
scientific impetus to invent new weapons and massive government financial support led 

to much more detailed understanding of the structure of the atom. 

 

define the components of the nucleus (protons and neutrons) as nucleons and 
contrast their properties 

• Protons and neutrons are nucleons. Protons carry a charge of 1.602 × 10-19C. 
Neutrons carry no charge. Protons have a mass of 1.673 × 10-27 kg. Neutrons are 
slightly more massive with a mass of 1.675 × 10-27 kg. 

 

perform a first-hand investigation or gather secondary information to observe 
radiation emitted from a nucleus using Wilson Cloud Chamber or similar 
detection device 
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• You will only do this dot point as a first-hand investigation if your school has a 
Wilson Cloud Chamber and has access to suitable radioactive material. If this is 
the case all safety precautions for using radioactive material will have to 
be followed.  

• Secondary information can be gathered from the Internet, from Physics texts or 
from appropriate scientific journals. A starting point could be The Cloud 
Chamber C R Nave, HyperPhysics, Department of Physics and Astronomy, 
Georgia State University, USA and the experiment done by Wilson is explained 
here Department of Physics, Brown University, Providence, Rhode Island, USA 

 

discuss the importance of conservation laws to Chadwick’s discovery of the 
neutron 

Background information 

As early as 1907 and definitely in 1920, Rutherford proposed the presence of a neutral 
particle in the nucleus. That proposal was based largely on the fact that the mass of the 
nucleus of small elements had been measured and was found to be greater than the 
mass of the number of protons they contained. The presence of the neutron was also 
suggested by the discovery of isotopes. 

Soddy, in 1907, suggested that atoms of the same element might contain different 
numbers of neutrons without affecting their chemical nature. This was able to account 
for the non-integral atomic weights of certain elements. 

In 1912, Aston used a primitive mass spectrograph to show that neon of atomic weight 
20.2 atomic mass units (amu) had two isotopes of atomic weight 20 amu and 22 amu 
respectively. This could only be explained by virtue of the law of conservation of mass if 
the nucleus contained neutral particles of some form. 

In 1930, Bothe and Becker of Germany found that beryllium under alpha bombardment 
emitted radiations of great penetrating power. It was thought they were gamma rays 
because they apparently did not have a charge. 

Frederic Joliot and his wife Irene Joliot-Curie, who was the daughter of Pierre and Marie 
Curie, found that this radiation could expel protons from paraffin wax, a dense 
hydrocarbon, and calculated that the energy of any such γ-rays would need to be about 
50 MeV. This was unreasonably high. 

The idea of using the uncharged radiation to eject protons was so that the uncharged 
radiation that was difficult to detect would be detectable because protons were easily 
detectable in experiments using an ionisation chamber. 

• In 1932, James Chadwick suggested that the highly penetrating radiation was 
Rutherford's neutral particle from within the nucleus. Chadwick thought that a 
neutral particle of mass about 1 amu could expel protons from hydrogen 

compounds much more efficiently. His measurements of the momenta and 
energies involved in these and other nuclear reactions confirmed that these 
neutrons actually existed.  
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• His experimental work on the nature of the uncharged radiation used 
conservation of momentum and energy laws to show that the neutron had a mass 
of just slightly more than that of a proton. 

 

define the term ‘transmutation’ 

• Transmutation is the process responsible for transforming one element into 
another. This occurs by the emission of an α or β-particle from the nucleus in 

natural transmutations. 

 

solve problems and analyse information to calculate the mass defect and 
energy released in natural transmutation and fission reactions 

Background information 

This idea is based on the use of Einstein's equation for the mass defect , E= mc2. 

Using this equation, it is possible to determine the mass defect for every 1 atomic mass 

unit (u) converted to energy, approximately 931 MeV of every 1u of mass. The energy 
release comes about because during fission the total mass of the products is less than 
the total mass of the reactants with the difference being converted to energy. 

• To solve this type of problem you will need to know the total mass in atomic 
mass units (u) of the element undergoing fission including the mass contribution 
from its binding energy and the total mass of the elements and subatomic 

particles that are the products of the fission.  

• Analysing the information, the difference in the atomic mass units before and 
after the fission in u can be multiplied by 931 MeV to give the energy released in 
a fission reaction. 

 

describe nuclear transmutations due to natural radioactivity 

• Natural transmutations involve the emission of α-particles or β-particles from the 
nucleus of a radioactive atom.  

• An example of α-decay  
Note how the atomic mass falls by 4 and the atomic number by 2 with the 
emission of the α-particle to form a new element.  

• An example of β-decay  
Note how the atomic mass remains the same but the atomic number increases by 
1 when a β-particle is emitted. 
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describe Fermi’s initial experimental observation of nuclear fission 

• In 1934, the Italian-American physicist, Enrico Fermi used the observed half lives 
of radiation emitted by atoms bombarded by neutrons to identify the element as 

having an atomic number higher than 92 which is uranium. This was an 
observation of nuclear fission.  

• In 1942, Fermi built the first atomic pile in a converted squash court at the 
University of Chicago. He used 6 tonnes of uranium metal (the entire nation's 
supply) and 40 tonnes of uranium oxide separated by 385 tonnes of graphite 

bricks. Control rods of cadmium, known to be a good neutron absorber, were 
inserted amongst the uranium and graphite bricks to prevent the chain reaction 
from becoming supercritical. The experiment was successful and the primitive 
unshielded nuclear reactor generated 0.5 W of thermal power. 

 

discuss Pauli’s suggestion of the existence of neutrino and relate it to the need 
to account for the energy distribution of electrons emitted in ß-decay 

• The electrons emitted in the process of beta decay have different energy levels. 
They are all generated in a similar process whereby an electron is emitted from a 
neutron to leave behind a proton in the transmutation process of increasing the 
atomic nucleus of an atom by 1 atomic mass unit but causing only a small 
difference to the atomic mass.  

• The problem facing Pauli was simply that although the process was the same 
from the same element, why and how could the range of energies of the electrons 
be explained. The same transmutation reaction should release beta particles of 
the same energy level.  

• To overcome this problem, Pauli assumed the release of another particle, the 
neutron (later called the neutrino by Fermi), which was released at the same time 
as the beta particle. This particle although not detected was thought to be neutral 
and to carry an amount of energy that was equivalent to the amount of energy 
that was less than the maximum kinetic energy possible for an ejected beta 

particle produced in a particular transmutation. 

 

evaluate the relative contributions of electrostatic and gravitational forces 
between nucleons 

• The gravitational and electrostatic forces are both inverse square forces, although 
their effects in the nucleus are opposite. At the small distances of separation 
between the proton and neutrons in the nucleus the gravitational attraction due 
to the mass of these particles should be high.  

• The electrostatic forces between the protons where like charges repel should also 

be high at the minimum distances of separation in the nucleus. Calculation of the 
relative calculation of these two oppositely directed forces leads to a finding that 
the electrostatic force is by far the stronger of the two forces. This should cause 
the nucleus to fly apart and become unstable for all elements except hydrogen. 
Clearly this doesn't happen so another force is required to explain why the 
nucleus stays together.  
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• To stabilise the nucleons in the nucleus another force termed the strong nuclear 
force is required. 

 

account for the need for the strong nuclear force and describe its properties 

• The strong nuclear force is needed to account for the stability of the nucleons in 
the nucleus and to overcome the repulsive electrostatic force due to proton- 
proton repulsion. The properties required of such a force include:  

o The force is strong enough to be able to overcome the electrostatic force. 
o The force is independent of charge. It acts between proton-protons and 

proton-neutrons. 
o The force is able to account for an even spread of matter and hence 

density of nucleons in the nucleus. To do this the force must be a short-
range force acting only between immediate neighbour nucleons. 

o The force is carried by the messenger particle called the pi meson. This 
particle is 273 times heavier than an electron. 

 

explain the concept of a mass defect using Einstein’s equivalence between 
mass and energy 

• When the C-12 standard was established, it was not anticipated that the nuclear 
masses of other nuclides would be perfectly integral numbers of amu's. The truth 
turned out to be that measurement confirmed that the nuclear mass of any 
isotope is invariably less than the total mass of its constituent protons and 
neutrons.  

• This missing mass is referred to as the mass defect of the nucleus. This mass 
defect as measured is invariably negative.  

• By the time this feature was recognised, Albert Einstein had produced his General 
Theory of Relativity in which he argued that mass and energy were 
interconvertible under the now famous relation E = m c2 , where c is the speed of 

light in a vacuum, which Einstein regarded as the universal constant. Einstein did 
not suggest that whole bodies of matter could be converted to energy, but rather 
that a body possessing kinetic energy would effectively have a relativistic mass 
which was greater than its rest mass by the mass-equivalent of that kinetic 
energy: m = mo + E/c2  

• Similarly, a composite body like an atomic nucleus composed of protons and 

neutrons held together by cohesive forces possesses potential energy and would 
have an effective mass less than the total mass of its constituent parts if 

measured separately:  

• The mass defect of a nucleus is the mass-equivalent of the energy of 
formation/dissolution of the nucleus which in turn is equal to the binding energy 

of the nucleus. 

 

describe Fermi’s demonstration of a controlled nuclear chain reaction in 1942 
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• In 1942 Fermi, built the first atomic pile in a converted squash court at the 
University of Chicago. He used 6 tonnes of uranium metal (the entire nation's 
supply) and 40 tonnes of uranium oxide separated by 385 tonnes of graphite 
bricks. Control rods of cadmium known to be a good neutron absorber were 
inserted amongst the uranium and graphite bricks to prevent the chain reaction 
from becoming supercritical. The experiment was successful and the primitive 
unshielded nuclear reactor generated 0.5 W of thermal power. 

 

compare requirements for a controlled and uncontrolled nuclear chain reaction 

• The essence of a controlled fission reaction is that each fission that occurs should 
produce one and one only further fission of another nucleus. Such a perfectly 
controlled reaction is called a critical reaction and the amount of fissionable 
material of given purity that can provide that one-for-one capture probability is 

called the critical mass.  

• An uncontrolled fission process involves a process whereby more than one 
nucleus is caused to undergo fission as a result of the fission of a single nucleus. 
This type of reaction is produced in an atomic bomb. For such a reaction to occur 
the amount of fissionable material of a given purity brought together in one lump 
must exceed the critical mass. 

9.8 Option - From Quanta to Quarks: 4. Applications of a knowledge of the 
structure of the atom 

Syllabus reference (October 2002 version) 

4. An 
understanding 
of the nucleus 
has led to 
large science 
projects and 
many 
applications  

Students learn to:  

• explain the basic principles 
of a fission reactor 

• describe some medical and 
industrial applications of 
radio-isotopes 

• describe how neutron 
scattering is used as a 
probe by referring to the 
properties of neutrons 

• identify the ways by which 
physicists continue to 
develop their 
understanding of matter 
using accelerators as a 
probe to investigate the 
structure of matter 

• discuss the key features 
and components of the 
standard model of matter, 

including quarks and 
leptons 

Students:  

• gather, process and 
analyse information to 
assess the significance of 
the Manhattan Project to 
society 

• identify data sources, and 
gather, process, and 
analyse information to 
describe the use of:  

o a named isotope in 
medicine 

o a named isotope in 
agriculture 

o a named isotope in 
engineering 
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Extract from Physics Stage 6 Syllabus (Amended October 2002) © Board of 
Studies, NSW.  
[Edit: 14 Aug 08] 

Prior learning: Preliminary modules 8.5.  
HSC Modules 9.2, 9.4. 

Background: Nuclear fission and an understanding of how elements could be 
transmutated to form useful radioactive isotopes changed the face of the world in terms 
of defence, medicine with medical isotopes, research science and elemental tracing, 

cancer treatment and the production of electrical power. 

 

explain the basic principles of a fission reactor 

• The fission of heavy nuclei results in the release of significant amounts of energy 
that can be as much as 0.1% of the total mass of the reactants. This is much 
greater than the relative energy extraction in any chemical reaction. Mechanisms 
designed to do this are called nuclear fission reactors.  

• Nuclear fission reactors are large shielded structures that utilise controlled fission 
of uranium or the manufactured element plutonium for the production of heat 

that is used to generate electricity in a conventional sense. The following features 
are common to most or all fission reactors:  

• The fuel is U235 and/or plutonium in the form of compounds of oxides or carbides 
packed into long fuel rods 

Additional information 

These fuel rods are hollow tubes of metals such as stainless steel or can be alloys of 
magnesium or zirconium. Each fuel rod contains a sub-critical mass of fissionable 
material. When several of these rods are arranged vertically in the reactor core at 
suitable close distances in a geometric array usually a rectangular grid or concentric 
circles the effect is that a critical mass of fissionable material is achieved. 

• A moderator, either graphite blocks or heavy water, is used to fill the space 
between the fuel rods in thermal reactors. The purpose of the moderator is to 
slow the neutrons down from 1 MeV to less than 0.5 eV through multiple 
collisions. Slow neutron will be captured by atoms of the fissionable material and 
cause those atoms to undergo fission. As a safety precaution the reactor is 
designed to enable additional rods to be dropped vertically into the reactor core in 
the event of the core overheating. These rods must be able to withstand the high 
temperatures in the core to be effective. 

Additional information 

To ensure that a controlled fission reaction occurs control rods of boron or cadmium are 
inserted horizontally into the mass of the fuel rods from all sides to depth to keep the 
chain reaction at the critical phase but prevent the mass of fissionable material from 
becoming supercritical and the reaction becoming uncontrolled. The control rods absorb 
neutrons. The depth of control rod insertion is varied as needed. 

http://hsc.csu.edu.au/physics/options/quanta_quarks/3007/phy984.html#top
javascript:newWindow('explain')


• To assist with temperature control and enable the heat produced during fission to 
be used a coolant is used to transfer the heat from the reactor core. The coolant 
is fluid that is circulated through the core. It absorbs heat from the neutrons and 
fission products. This heat is transferred to a separate water or steam system 

that drives conventional turbine electricity generators. 

 

identify data sources, and gather, process, and analyse information to describe 
the use of: 

o a named isotope in medicine 
o a named isotope in agriculture 
o a named isotope in engineering 

• Identify data sources by refering to Internet sites, modern texts and journals 
for the latest information. The list below identifies some of the radioactive 
isotopes used in each of the fields listed above but is by no means a complete 
list.  

• Gather appropriate information from the various sources. You should identify one 
isotope for each example and then do detailed research on that isotopes use.  

• Process the information by assessing the accuracy of the information.  

• Analyse the information to find any trends or patterns in the relationship of 
isotopes for the different purposes. 

Medicine: Radioactive isotopes are used in diagnosis as radioactive tracers or in 
scanning. Isotopes used as such include chlorine151 used for scanning the spleen, 

iodine131 used for scanning the lungs and thyroid, technetium99 used for scanning the 
bones and lungs, cobalt60 used for radiation treatment of cancers. 

Agriculture: Radioactive isotopes are used in the agricultural industry as tracers in 
plants. Radioisotopes are added to fertilisers in small but known quantities. The uptake 
of the fertiliser can be measured by the researcher measuring how radioactive a plant 

has become. This technique is largely a research tool without practical application on 
farms. Examples of isotopes used for this purpose include phosphorous32 and nitrogen15. 

Engineering: Applications of radioactive isotopes in engineering are varied but mainly 
centre around smoke detection, using the shielding capacity of a structure or component 
to measure its thickness. This concept is based on the idea that shielding from 
radioactivity is increased with greater thicknesses of material in a predictable manner. 

Another way of using radioactive isotopes themselves in machinery components is to use 
the rate of radioactive decay from the machine to predict the wear of non-visible 
radioactive parts. Some uses involve measuring the radioactivity of lubricants that are in 
contact with machinery that is itself radioactive. As the machine wears the lubricant 
becomes contaminated with radioactive material. Measuring the radioactivity of the 
lubricant indicates the amount of wear. Radioisotopes used in measuring the thickness of 

materials include cobalt60 and iridium190. Americium241 is used in smoke detectors. 

 

describe some medical and industrial applications of radio-isotopes 
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• Medical applications of radio-isotopes:  
o Radioactive isotopes are used in diagnosis as radioactive tracers or in 

scanning. A short-half-life isotope is administered into a biological system 
such as an animal or plant and the progress of that isotope through the 
system can be described. Its passage and accumulation can lead to 
important information such as pathways for certain elements or 
abnormalities in a biological system can be detected. 

o Radiation therapy for patients with cancer is a common treatment. The 
radio-isotope can either be administered to the site of the cancer or 
radiation from a radio-isotope can be administered externally. 

 

• Industrial applications of radio-isotopes.  
o Applications of radioactive isotopes in engineering are varied but mainly 

centre on smoke detection, using the shielding capacity of a structure or 
component to measure its thickness. This concept is based on the idea 

that shielding from radioactivity is increased with greater thicknesses of 
material in a predictable manner. 

o Another way of using radioactive isotopes themselves in machinery 
components is to use the rate of radioactive decay from the machine to 
predict the wear of non-visible radioactive parts. Some uses involve 
measuring the radioactivity of lubricants that are in contact with 
machinery that is itself radioactive. As the machine wears the lubricant 
becomes contaminated with radioactive material. Measuring the 
radioactivity of the lubricant indicates the amount of wear. 

o Radioactive isotopes such as those of phosphorous and nitrogen are used 
in the agricultural industry as tracers in plants. Radioisotopes are added to 
fertilisers in small but known quantities. The uptake of the fertiliser can be 
measured by the researcher measuring how radioactive a plant has 
become as a proxy for measuring the fertiliser uptake directly. This 
technique is largely a research tool without practical application on farms 
although it does provide farmers with useful information. 

o Radioisotopes such as Americium241 are used in the fire protection and fire 
warning industry as smoke detectors. Interruption of the regular stream of 
ionised radiation being disrupted by the fine smoke particles in the air 
causes the triggering of the smoke alarms. 

 

describe how neutron scattering is used as a probe by referring to the 
properties of neutrons 

• Neutrons are neutral and as such can enter the nucleus much more easily than 
protons. They are also of a large enough mass to enable them to eject other 
subatomic particles and smash atoms apart to reveal their inner structure. 

 

identify ways by which physicists continue to develop their understanding of 
matter using accelerators as a probe to investigate the structure of matter 

• From the 1930s onward, particle accelerators have enabled physicists to further 
their knowledge of nuclear structure and reactions. Many different designs have 
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been developed but they all have some common features. The common features 
of all of these accelerators are:  

o they can use any type of charged particle as a projectile and provide those 
particles with large amounts of kinetic energy. These particles can then be 
aimed at target atoms. 

o they can provide these particles at great rates in a beam 
o they can focus these particle beams to increase the probability of collisions 

and interactions with specific targets. 

 

discuss the key features and components of the standard model of matter, 
including quarks and leptons 

• There are thought to be four fundamental forces in nature. They are:  
o The gravitational force that acts on all mass in the Universe. Of the 

fundamental forces this is thought to be the weakest. 
o The electromagnetic or coulomb force that acts on all charges and holds 

atoms and molecules together. 
o The nuclear strong force that enables protons and neutrons to form nuclei. 

This weak force acts only over very short distances such as those within 
the confines of a nucleus. 

o The nuclear weak force that can allow electrons and other types of 

subatomic particles to change into other types of particles. 

 

• The fundamental forces are thought to be associated with the exchange of 
particles that belong to a family of particles called the bosons. The 
electromagnetic force is carried by a photon, the gravitational force by a 

gravitron, the strong force by a gluon and the weak force by a W particle.  

• These forces interact with the 12 basic subatomic particles (and 12 subatomic 
anti-particles because every particle has an antiparticle equivalent in mass but 
opposite in charge) to form matter. How they interact determines whether they 
are classified as leptons or hadrons. There are six leptons and six hadrons.  

• The leptons interact by the electromagnetic and weak nuclear forces. They 
include the electron, muon, tau, electron neutrino, muon neutrino and tau 
neutrino. Leptons interact with coulomb, gravitational and weak forces.  

• The hadrons interact by the strong nuclear force. They include particles from the 
groups known as baryons and mesons. These particles are all made from 
combination of smaller particles called the quarks. Baryons are made from a 
combination of three quarks; mesons are made from a quark-antiquark pairs. 
Quarks interact with coulomb, gravitational and weak forces. Quarks have 
charges of either +2/3 or -1/3. 

 

gather, process and analyse information to assess the significance of the 
Manhattan Project to society 

• Some of the best sources of data on the Manhattan Project can be found on the 
Internet. Typing in the search terms "Manhattan Project" and "the bomb" will 
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bring up many relevant websites from which you can gather excellent historical 
and social perspectives on this turning point in human history.  

• Process and analyse the information from a number of sources to reliably 

assess the significance of the Manhatten Project to society. 

Sample assessment 

The Manhattan Project was the second chain reaction after Fermi's 1942 nuclear pile. 
The difference was this reaction was uncontrolled. In this case, subcritical-mass pieces of 

plutonium were imploded together by conventional explosives to achieve a critical mass 
and resulting explosion. This reaction was the first atomic bomb. It was detonated at 
Algomordo, New Mexico on 16 July 1945. This blast was not large by modern standards 
with an energy yield equivalent to 20 000 tonnes of TNT. The bomb, as it became 
known, was dropped on the Japanese cities of Hiroshima and Nagasaki. This cut short 
the war in the Pacific during WW II. After the war, the race to develop more powerful 
atomic bombs contributed to the Cold War and effectively split the world into two allied 
camps. This push for nuclear research led to the establishment of significant science 
programs and the laboratories at nuclear research laboratories at Los Alamos, and 
Berkeley in USA and Chalk River, Canada. Research in these locations although primarily 
aimed at weapons development also contributed positively to many peaceful advances in 
nuclear technology such as electricity generation and fission reactor power stations. 


