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Higher Physics 

Particles & Waves Unit 

Book 1 of 2 

St Andrew’s Academy 
 

 

Name: _____________________________________ 

 

This booklet has homework exercises, notes and space for 

completing worked examples on the Particles & Waves Unit 

and covers the following key areas: 

 

1.   Orders of magnitude 

2.   The standard model 

3.   Electric fields 

4.   Potential Difference 

5.   Deflection of Particles 

6.   Radioactive Decay 

7.   Decay Examples & Fission 
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1. Orders of magnitude 

 

Learning Outcomes: 

 Describe the standard model of the atom 

 The orders of magnitude – the range of orders of magnitude of length from the 

very small (sub-nuclear) to the very large (distance to furthest known celestial 

objects). 

The atom: 

Ernest Rutherford carried out a series of experiments investigating the shape of the 

atom. Rutherford’s conclusions: 

(a) The atom was mainly empty space. 

(b) At the centre of the atom there was a small, highly dense, positively charged 

nucleus.  

 

 

This model of the atom 

is not to scale. If the 

atom was the size of a 

football stadium then the 

nucleus would be the 

size of a pea. 

 

 

Where protons are positive, electrons are negative and neutrons have no charge. 

The relative masses and charges of the proton, neutron and electron are: 

Particle Mass Charge Symbol 

Proton 1 +1 1 p 
1 
 

Neutron 1 0 1 n 
0 
 

Electron 1/1840 -1 0 e 
-1 
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Orders of magnitude: 

It is important to understand the scale of sizes scientists have studied. In physics, we 

look at the very large and the very small. Examples of different objects and their 

sizes are listed below: 

Smaller than a human, eg: 

Particle or 
object 

Neutrino Proton 
Hydrogen 
atom 

Dust 
Human 
being 

Order of 
magnitude ~10

–24

 m 10
–15

m 10
–10

 m 10
–4

 m 10
0

 m 

 

Larger than a human, eg: 

Particle or 
object 

Earth Sun 
Solar 
system 

Nearest 
star 

Galaxy 

Order of 
magnitude 10

7

m 10
9

m 10
13

m 10
17

m 10
21

m 

 

• One order of magnitude is equal to a difference of 10 times. 

• For example, if a distance is 1000 times longer than another (km compared to 

m), we say it is 3 orders of magnitude bigger (10 x 10 x 10). 

 

Past Paper examples (multi-choice, paper 2 and open-ended): 

Revised Higher 2012: 
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CfE Higher 2017: 

 

 

 

 

 

 

 

Example - CfE Higher 2015: 

In the earlier part of this question you are asked to show the mass of the Higgs 

Boson. 

 

This will be covered later. The next part of the question is an order of magnitude 

question and was answered very poorly by students during the exam. 

 

 

 

 

 

 

 



9 
 

2013 Revised Higher: 
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2. The Standard Model: 

Learning Outcomes: 

• The standard model of fundamental particles and interactions. 
• Evidence for sub-nuclear particles and the existence of antimatter. 
• Fermions, the matter particles, consist of quarks (six types) and leptons 

(electron, muon and tau together with their neutrinos). 
• Hadrons are composite particles made of quarks. 
• Baryons are made of three quarks, and mesons are made of two quarks. 
• The force-mediating particles are bosons (photons, W- and Z-bosons, and 

gluons). 
• Description of beta decay as the first evidence for the neutrino. 

 

What happens when we break everything (all matter) down?: 

• Everything, all matter, is made up of elements 

• Elements are made up of atoms 

• Atoms have a central nucleus 

• The nucleus has protons and neutrons 
 

• Can we break protons and neutrons down any further? 

• YES! 
 

What is the Standard Model of Fundamental Particles? 

• Physicists have developed a theory called The Standard Model that explains 
what the world is and what holds it together.  

• It is a simple and comprehensive theory that explains all the hundreds of 
particles and complex interactions with only: 

 

• 6 quarks 

• 6 leptons (The best-known lepton is the electron. We will talk about leptons in 
just a few pages).  

• Force carrier particles (like the photon. These are known as bosons and we 
will talk about these particles later). 

 

• All the known matter particles are made up of quarks and leptons (known as 
fermions), and they interact with each other by exchanging force carrier 
particles. 
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What is antimatter?: 
 

• For every type of matter particle we've found, there also exists a 
corresponding antimatter particle, or antiparticle.  

• Antiparticles look and behave just like their corresponding matter particles, 
except they have opposite charges. 

• For instance, a proton is electrically positive whereas an antiproton is 
electrically negative.  

 

• Many sub-atomic particles have been isolated and studied in the particle 
accelerators.  

• Fermions have an antiparticle, which has the same mass but the opposite 
charge, eg. 

    Particle: electron(e)  > charge (-1) 
Anti-particle: positron(ē) >   charge (+1) 

 
The group of anti-particles are known as anti-matter. 
 

Multi-choice questions: 

2013 Revised Higher: 
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2012 Revised Higher: 

 

 

What are the fermions?: 

• The fermions (quarks and leptons) are split into their particles and anti-
particles. 

 
The 6 quarks quite literally have strange names: 

• Up and down 

• Strange and charm 

• Top and bottom 
 
The 6 leptons are made up of: 

• Electron and electron neutrino 

• Muon and muon neutrino 

• Tau and tau neutrino 
 

CfE Specimen Paper: 
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What holds them all together? 

• There are four fundamental forces that allow the particles to interact with each 
other: 

1. The electromagnetic force 
2. Strong nuclear force 
3. Weak nuclear force 
4. Gravity 

 

What are the force carrier particles  (also known as bosons)? 

The force carriers describe the ways in which the particles interact with each other. 
These are known as bosons and there are four of them: 
 

• Photon 
• Z boson 
• W boson 
• gluon 

 

The Strong Nuclear Force: 

• The strong nuclear force acts inside the nucleus to keep the protons from 
flying apart. 

• The electromagnetic force (like charges repel) means that protons should 
repel one another. 

• The nuclear force acts against the electromagnetic force and they balance 
each other out. 

• This allows the protons to stay inside the nucleus. 
• The gluon force works in a range of approximately x 10-14 m 

 

A table of the force carrier particles, their associated forces and uses is listed below: 

Boson Force Use 

Gluon Strong Holding nucleus together 

W and Z Weak Fermion decay 

Photon Electromagnetic Causes like charges to repel and opposite 

charges to attract 

 

 

 

 

 

 



14 
 

The Standard Model of Fundamental Particles and Interactions: 

The standard model was developed in the early 1970’s in an attempt to tidy up the 

number of particles being discovered and the phenomena that physicists were 

observing. 

At present physicists believe that there are 12 fundamental mass particles (called 

Fermions) split into two groups: 

    quarks (and antiquarks) 

    leptons (and antileptons) 

There are also 4 force carrying particles called bosons. 

The fundamental mass particles interact with each other by exchanging force 

particles. 

 

 

 

Hadrons: 

Quarks can combine together to form hadrons: 

• Baryons are made up of 3 quarks 

• Mesons are made of 2 quarks (a quark and an anti- quark). 

Quarks have fractional charges so combine to give hadrons with an overall charge. 

Each quark has a partner with the same size but opposite charge.  These are called anti-

quarks. 
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Revised Specimen Paper: 

 

 

Examples of Baryons and Mesons: 

(you don’t need to know these just that 2 quarks means Mesons and 3 means 

Baryons) 

Name Baryon/ 
Meson 

Combination 
of quarks 

Combination 
of charges 

Overall 
charge 

Proton Baryon 2u + 1d +2/3 +2/3 -1/3 +1 

Neutron Baryon 2d + 1u -1/3 -1/3 +2/3 0 

Lambda Baryon 1u + 1d + 1s +2/3 -1/3 -1/3 0 

Sigma Baryon 2u + 1s +2/3 +2/3 -1/3 +1 

Delta Baryon 3u +2/3 +2/3 +2/3 +2 

Pion Meson 1u + 1ad +2/3 +1/3 +1 

Kaon Meson 1u + 1as +2/3 +1/3 +1 
 

Beta Decay: 

• In nuclear physics, beta decay (β decay) is a type of radioactive decay in which a 
neutron is transformed into a proton (or vice versa) inside an atomic nucleus. 

• As a result, the nucleus emits a detectable beta particle – which is an electron or an 
anti-electron (positron). 

• Beta decay is mediated by the weak force. There are two types of beta decay: 
• Beta minus (β−): produces an electron and an antineutrino 

 
• Beta plus (β+): produces an anti-electron (positron) and a neutrino 
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Neutrinos: 

Neutrinos were ‘discovered’ in the 1930s during the study of beta decay. The law of the 

conservation of momentum was not being observed by the particles: 

 Before     After       neutrino 

 

 

 

 Nucleus    nucleus        electron 

 V = 0     V = ?        V = ? 

Momentum before and after the decay did not match up so the hypothesis was that another 

particle, which couldn’t be seen, must be moving to the right. 

This particle was named the neutrino and was not detected by experiment until 1956.  It has 

a very small mass and weak interaction with other particles. 

 

Example – 2014 Revised Higher 
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Example 2 – Revised Specimen Paper: 

 

 

 

Paper 2 Examples: 

CfE Specimen Paper: 

 

 

 

 

  



18 
 

2012 Revised Higher: 
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Revised Specimen Paper: 
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The Standard Model homework     Due date:________________ 

1.  

 
 
2.  

 
 
3. 
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4. 
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5.  
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3. Electric Fields 

 

Learning Outcomes: 

• Fields exist around a charged particle and between charged parallel plates. 
• Examples of electric field patterns for single-point charges, systems of two-

point charges and between parallel plates. 
• Movement of charged particles in an electric field. 

 

Forces on a charged particle – Electric fields: 

 

In an electric field, a charge experiences a force. 

 

Electric field lines show the direction of a force (on a positive charge).  

The separation of the field lines is an indication of the strength of the field. 
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Uniform Electric Field: 

A uniform electric field exists between two parallel charged plates. 

 The space around an electric charge where the 
influence of that charge on another charge can be 
detected, is called an electric field. 

 Like charges repel. Unlike charges attract. 
 Field lines are continuous, starting on a +ve charge 

and ending on a –ve charge. They give the direction 
of the force acting on a positive charge at a point in 
the field. 
 

Multi-choice examples: 

CfE Specimen Paper: 
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Revised Higher 2014: 

 

 

 

 

 

 

 

 

CfE Higher 2016 Qu: 7 
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4. Potential Difference 

 

Learning Outcomes: 

• The relationship between potential difference, work and charge gives the 
definition of the volt. 

• Calculation of the speed of a charged particle accelerated by an electric field. 
 
Potential Difference: 
 
When a charge Q is moved in an electric field, work W is done.  
If one joule of work is done moving one coulomb of charge between two points in an 
electric field, the potential difference between the two points is one volt. 
 

 The potential difference (p.d.) = Work done  V = W 

       Charge    Q 

What is meant by potential difference between two points in an electric field (or in a 

circuit)? 

It is a measure of the work done in moving one coulomb of charge between the 

two points. 

1 volt = 1 joule per coulomb   1 V = 1 JC-1 

 

Worked Example:  

A +ve charge of 3 μC is moved as shown, between a 

p.d. of 10 V.  

(a) Calculate the potential energy gained. 

(b) If the charge is released, state the energy 

change. 

(c) How much kinetic energy is gained on 

reaching the negative plate? 
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Note: In this section we will use the symbol W for work done (i.e. energy 

transferred). We can therefore infer that in electrical terms: 

Change in electrical potential energy = electric force x distance 

If the force is in the direction of the electric field then it appears as kinetic energy. 

If the force is against the direction of the electric field then the energy is stored as 

potential energy. 

Through the conservation of energy we know that Ep = Ek. However we have 

previously stated that Ep = W = QV. This allows us to come up with the following 

equation for conservation of energy for charges in an electric field: 

   QV = ½ mv2 

When carrying out problems on charges in an electric field the data sheet at the 

beginning of the exam supplies us with lots of information regarding the charges and 

masses of various charged particles: 

 

Worked example: 

An electron is accelerated (from rest) through a potential difference of 200 V. 

 Calculate: (a)  the kinetic energy gained 

   (b)  the final speed of the electron. 
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Common Problem Solving Questions: 

Very often the question may change one of two possible factors and ask you to 

comment on how this would affect the velocity of the charged particle. 

You should refer to the equation (QV = ½ mv2) to see if it the velocity is affected by 

the change: 

1. The distance of the field (i.e. is halved or doubled) – This would not affect 

the velocity of the charge as it is only dependent on the variables in the 

equation which are Q, V and m. These have not changed so neither does the 

velocity. 

2. The charge of the particle: This would affect the velocity of the charged 

particle. A smaller charge (value for Q) means a smaller value for QV so this 

results in a smaller value for velocity, v (as long as mass is kept constant). 

Conversely if Q increases then so will velocity, v. 

 

Multi-choice examples: 

2010 Qu: 7 

 

2005 Qu: 7 
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2003 Qu: 8: 

 

  

 

 

 

 

2005 Qu: 8: 
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2008 Qu: 8: 

 

 

 

 

 

 

 

2009 Qu: 8: 
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Paper 2 examples: 

2006 Qu: 24: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



32 
 

2007 Qu: 24: 
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Revised Higher 2012:  
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CfE Higher Specimen Paper: 
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Electric fields and potential difference homework  Due date:________________ 

1. 

 
 
2.  
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3. 

 
 
4.  

 



37 
 

5. Deflection of particles 

 

Learning outcomes: 

• A moving charge produces a magnetic field 
• The determination of the direction of the force on a charged particle moving in 

a magnetic field for negative and positive charges (right-hand rule for negative 
charges).  

• Basic operation of particle accelerators in terms of acceleration, deflection and 
collision of charged particles.  

 

Electric fields: 

• When an electric field is applied to a conductor, the free electric charges in 

the conductor move. 

 

Multi-choice examples: 

Revised Higher 2013 
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CfE Higher Specimen Paper 

 

How do electricity and magnetism interact? 

• The discovery of the interaction between electricity and magnetism, and the 
resultant ability to produce movement, has to rank as one of the most 
important developments in physics in terms of the impact on everyday lives. 
 

• When a charged particle moves a magnetic field is generated. A current 
carrying wire will have a magnetic field around it. 
 

What will happen when a moving electric charge is brought into a static 

magnetic field? 

• The moving electric charge is surrounded by an (electro) magnetic field. 
• This interacts with the static magnetic field which causes the charge to 

experience a force. 
• Simple rules can be used to determine the direction of force on a charged 

particle in a magnetic field. 
 

What happens to electrons (-ve charges)? 

• We use the right-hand motor rule. 
• The current, field and motion of force are 

all perpendicular to one another. 
• Current – Central finger 
• Field – Fore finger 
• Motion of force - ThuMb 
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What happens to protons (+ve charges)? 

• We use the left-hand motor rule. 

• (Same representation as previous) 

 

 

 

 

 

 

 

 

Things to note 

• An x usually symbolises that the magnetic field goes into the page:  

 xxxx 

 xxxx 

• A ● usually symbolises that the field is coming out of the page: 

 ● ● ● 

 ● ● ●  

Multi-choice example: 

Revised Higher 2014: 
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CfE Higher 2016: 

 

 

 

Revised Higher 2013: 
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Do we have evidence of this? 

• The Sun produces a solar wind (a flow of charged particles) which can cause 
significant damage to life and electrical equipment. 

• The power of the solar wind can fluctuate over time. 
• Fortunately for us, Earth has a strong magnetic field (North and South poles) 

that interact with these charged particles. 
• The force produced by the magnetic field on the particles deflect them to the 

poles. 
• This is why Aurora (Northern and Southern lights) are produced. 

 
How do we use this in practice? Particle Accelerators 
 

• The movement of charged particles in an electric field is a key component in 
particle accelerators. 

• Accelerators were invented to provide energetic particles to investigate the 
structure of the atomic nucleus.  

• Since then, they have been used to investigate many aspects of particle 
physics. Their job is to speed up and increase the energy of a beam of 
particles by: 
 

- generating electric fields that accelerate the particles  
- magnetic fields that deflect (steer and focus) them – the more deflection, the 

bigger the magnetic field. 
 

• A.C. is used to ensure that the particles travel in the same direction. 
 

How does a particle accelerator actually work? 

• A charged particle, say an electron, is accelerated through several metal 
tubes close together that have an alternating current passing through them as 
shown below: 

 

 
 

• As it passes through the first metal tube P, the far end of the tube is positively 
charged and the electron is attracted to it. 

• Once the electron reaches and passes this plate the alternating current 
changes it to a negative charge.  

• The electron is repelled by the negative charge and this also helps to 
accelerate it. This process is constantly repeated and as the electron travels it 
accelerates fast so the metal tubes have to be longer. 
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• As it passes through the first metal tube P, the far end of the 

tube is positively charged and the electron is attracted to it. 
 
 
 
 
 
 

• Once the electron reaches and passes this plate 
the alternating current changes it to a negative 
charge.  

• The electron is repelled by the negative charge 
and this also helps to accelerate it. This process 
is constantly repeated and as the electron travels 
it accelerates fast so the metal tubes have to be 
longer. 

 

Revised Higher 2014 Qu: 26 
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Section 2 Past Paper Examples: 

Revised Higher 2013 Qu: 26 
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Revised Higher Specimen Qu: 26 
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Revised Higher 2012 Qu: 26 

 

 

CfE Higher 2017 Qu: 8 
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Revised Higher Specimen 
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Deflection of particles homework     Due date:________________ 

1. 

 
 

2. 
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6. Radioactive Decay 

 

Learning Outcomes: 

• Nuclear equations to describe radioactive decay, fission and fusion reactions 

with reference to mass and energy equivalence including calculations. 

 

Nuclear Reactions 

Structure and Symbols 

• Atomic Number – The number of protons in the nucleus (Z) – also equal to the 
number of orbiting electrons. 

• Mass number - The total number of protons + neutrons (A), known as 
nucleons. 

• This is normally written: 
• AX where X is the chemical symbol for that element 

 Z  

 
Example 

• Carbon can be represented by    12C 
         6 

 
• Where no. of protons (atomic no.) = 6 
• No. of protons and neutrons (mass no.) = 12 

 
Atomic Number & Isotopes 
 

• Every element has a different atomic number and these are arranged in 
increasing order in the periodic table.  

• Nuclei which have the same atomic number can have different mass 
numbers, i.e. same number of protons but different numbers of neutrons, eg: 
 

 
 

• These nuclei (neon in the case above) are known as isotopes. 
• It is also possible for atoms of different elements to have the same mass 

number. 
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The relative masses and charges of the proton, neutron and electron are 
 

Particle Mass Charge Symbol 

Proton 1 +1 1 p 
1 
 

Neutron 1 0 1 n 
0 
 

Electron 1/1840 -1 0 e 
-1 
 

 

Radioactive decay 

• Many nuclei are unstable. In order to achieve stability, they can emit nuclear 
radiation in the form of alpha, beta or gamma. 

• Such unstable nuclei are called radioisotopes (or radionuclides). 
• This process of emitting radiation is called decay.  

 
Decay Summary 
 

Radiation Nature Symbol 

Alpha particle Helium nucleus 4 He   α 
2 

Beta particle Fast electron 0 e     β 
-1 

Gamma ray High frequency em wave γ 

 
 

• In alpha decay, the mass number loses 4 and the atomic number loses 2. 
• The resulting isotope (known as the daughter isotope) is a different element. 

 
• In beta decay, the mass number remains the same and the atomic number 

gains one. 
• The daughter isotope is a different element. 

 
• In gamma decay, there is no change in the isotope, only energy is emitted. 

 

Example 1 – alpha decay 

• Radioactive decay of Radium (226) 
 

• 226Ra  → 222Rn + 4He 
 88    86     2 
 

 



50 
 

Example 2 - beta decay 

• Radioactive decay of Polonium (218) 

• 218Po  → 218At + 0e 
 84    85     -1 
 

Section 2 Past Paper Example: 

Old Higher 2010 Qu: 30 
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7. Decay Examples and Fission & Fusion 

 

Learning Outcomes: 

• Nuclear equations to describe radioactive decay, fission and fusion reactions 
with reference to mass and energy equivalence including calculations. 

• Coolant and containment issues in nuclear fusion reactors. 

 

Radioactive decay examples 

Example 1 

• Identify the particle emitted at each stage in the decay series shown: 
 

        (a)          (b)         (c) 
• 226 Ra → 222 Rn → 218 Po → 218 At 

 88     86          84     85 

 
(a) 

(b) 

(c) 
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Example 2 

• We do not have to learn values from the periodic table. All information will be 

included in any relevant questions 

• Information from part of the periodic table is shown below: 

 

• Use a periodic table to identify the missing isotope at each stage in the decay 
series shown: 
 

         α        β        β       α 
• 242 Pu → (a) → (b) → (c) → (d) 

 94      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CfE Higher 2017 
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Nuclear Fission 

• In fission, a large nucleus splits into two nuclei of smaller mass with the 

release of several neutrons and energy. 

 

 

• This fission can occur at random (spontaneous) with a fixed half-life, or 
stimulated. 

• In stimulated fission, the nucleus is hit by an incident neutron causing it to 
undergo fission. 

• When measured it is found that the mass of the nucleus before the fission is 
bigger than the mass of all components after the collision. 

 

E = mc2 

 

• This lost mass is converted into energy according to Einstein’s famous 
equation: 
 

    E = mc2 

 
• E - Energy (J) 
• m – mass (kg) 
• c – velocity of light (3x108ms-1) 
• NB: only c is squared – c2 = 9x1016 

 

Why is energy produced in E = mc2 reactions? 

 

• Some mass is lost in the reaction and this is converted to energy 
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Example - (it is very important that you do not round up too early for these 

calculations) 

236

U 

92

 

3.901 x 10
-25

 kg 

134

Te 

52

 

2.221 x 10
-25

 kg 

98

Zr 

40

 

1.626 x 10
-25

 kg 

1

n 

0

 

0.017 x 10
-25

 kg 

 

Find the energy given out by this reaction: 

235U   +  1n → 134Te  + 98Zr + 4 1n 
92  0  52  40    0 
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The electron-volt 

• Another unit for energy is the electron-volt. 
• Where 1 eV = 1.6 x10-19 J 

 

Section 2 Past Paper Examples: 

CfE Higher 2015 Qu: 6 

 

 

 

 

 

 

 

 

 

 

 

 

Nuclear Fusion 

• Fusion is process of joining things together. 
• Nuclear fusion is when two light nuclei combine to form a nucleus of larger 

mass number and a neutron. 
• Like in fission, there is a decrease in mass after the fusion, this loss in 

mass produces the Energy (E = mc2) 
• However, the energy released is produced as kinetic energy of the fusion 

products. 
• Fusion only occurs at massive temperatures, this explains why the energy 

released by the Sun and other stars is produced by nuclear fusion. 
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Nuclear Fusion diagram 
 

• Note the two smaller nuclei forming a larger nucleus. 

 

Coolant and Containment issues in Nuclear Fusion Reactors 

• There are a number of safety issues and concerns surrounding nuclear fusion 

reactors that are up for debate. These are mainly: 

• Coolant – As nuclear fusion creates incredibly high (and potentially 

dangerous) temperatures, coolants are required to remove the excess energy. 

• Containment – After the nuclear fuel has been used in can still remain 

dangerously radioactive for a number of years. It has to be kept in thick 

concrete and hidden away from the general public. 

Section 2 Past Paper Examples: 

CfE Higher Specimen Qu: 9(a)(iii) 
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CfE Higher 2017 Qu: 9 
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Recognising Fission and Fusion 

• In Fission reactions, the large nucleus is at the start of the reaction with the 

smaller at the end.  

• In Fusion it is vice versa. 

• In stimulated (induced) Fission reactions, the reactants (on LHS) will 

contain a neutron, eg shown in the box below: 

 

 235U   +  1n → 134Te  + 98Zr + 4 1n 

 92  0  52 40     0  

• If there is no neutron at the start we say the reaction is spontaneous. 
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Multi-choice - Past Paper Examples 

Old Higher 2000 Qu: 18 

 

CfE Exemplar Paper Qu: 11 
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Old Higher Past Paper Examples 

2001 Qu: 20 

  

 

 

2003 Qu: 20 

 

 

2003 Qu: 20 
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2010 Qu: 18 
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2000 Qu: 29(a) 
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2004 Qu: 30 
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2006 Qu: 29 
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Revised and CfE Higher Past Paper Examples 

Revised 2012 Qu: 13 

 

 

Revised 2012 Qu: 13 
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Revised 2013 Qu: 12 

  

 

 

Revised 2014 Qu: 10 

 

 

 



67 
 

CfE Specimen Paper 
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Radioactive decay, fission and fusion homework Due date:________________ 

 

1.  

 
2.  

 
3.  
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4.  

 
5.  

 
 

6. (use periodic table from relationship sheet at start of this booklet) 

 

 

 


