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3.1 Measurements and their errors. 
3.1.1 use of SI units and their prefixes 

 
Content 

 
• Fundamental (base) units.  
• Use of mass, length, time, amount of substance, temperature, electric current and their 

associated SI units. 
• SI units derived. 
• Knowledge and use of the SI prefixes, values and standard form. 
• The fundamental unit of light intensity, the candela, is excluded. 
• Students are not expected to recall definitions of the fundamental quantities. 
• Dimensional analysis is not required. 
• Students should be able to use the prefixes: t, g, m, k, c, m, μ, n, p, f. 
• Students should be able to convert between different units of the same quantity, e.g. J 

and eV, J and kWh. 
 
The fundamental base units are as follows: 
 
The ampere (A) for electrical current, the candela (cd) for luminous intensity, the kelvin (K) 
for thermodynamic temperature, the kilogram (kg) for mass, the metre (m) for length, the 
mole (mol) for amount of a substance, the second (s) for time. 
 
Examples of deriving SI units from other units are: 
 
Joule = kg.m2.s-2, watt= kg.m2.s-3. These units can be derived from equations i.e. From the 
equation p=fv, where the unit of power is the newton. F=ma so F=kg.m.s-2, so kg.m.s-2 
multiplied by ms-1 (which is the “v” from p=fv) equals kg.m2.s-3. So these are the derives SI 
units of power which has the unit of the watt. 
 
SI prefixes, values and standard form. 
 
 
 
 
 
 
 
 
 
 
 
Above is a table of the SI prefixes and values, with their respective symbols. The symbols 
can be used in place of using standard form, however sometimes you will be required to use 
standard form, which can be done as follows… 
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Converting between J and eV, J and kWh. 
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3.1.2 limitation of physical measurements 
 
Content 

 
• Random and systematic errors. 
• Precision, repeatability, reproducibility, resolution and accuracy. 
• Uncertainty:  

Absolute, fractional and percentage uncertainties represent uncertainty in the final 
answer for a quantity. 

• Combination of absolute and percentage uncertainties. 
• Determine the uncertainties in the gradient and intercept of a straight-line graph. 
• Individual points on the graph may or may not have associated error bars. 
 

Opportunities for Skills Development 
 

• Students should be able to identify random and systematic errors and suggest ways to 
reduce or remove them. 

• Students should understand the link between the number of significant figures in the 
value of a quantity and its associated uncertainty. 

• Students should be able to combine uncertainties in cases where the measurements 
that give rise to the uncertainties are added, subtracted, multiplied, divided, or 
raised to powers. Combinations involving trigonometric or logarithmic functions 
will not be required. 

 
 

Random and systematic errors. 
 
A random error is one which is always present in data, and is due to readings that vary 
randomly, with no recognizable trend or bias. A random error could be caused by a faulty 
instrument, human error or a poor technique.  
 
A systematic error is one which follows a pattern/trend, or a bias, and results in readings 
that systematically differ from the true mean reading. Systematic errors could be caused by a 
non-zero reading at the beginning i.e. on a voltmeter/ammeter. There could also be a 
consistent error in a technique used, or a calibration error in the instrument. 
 
Precision, repeatability, reproducibility, resolution and accuracy. 
 
Precision can be either precision of an instrument, or precision of a measurement. Precision 
of an instrument is the smallest non-zero value that can be measured, also referred to as the 
resolution of that instrument. The precision of a measurement is the degree of exactness of a 
measurement, usually referred to as the uncertainty of the readings used to obtain a 
measurement.  
 
Uncertainty  
 
This is the precision of a measurement due to the instrument used.  
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Absolute, fractional and percentage uncertainties represent uncertainty in the final 
answer for a quantity. 
 
The absolute uncertainty is the size of the range of values that the ‘true’ value lies. For 
example in a measurement of 10.0m, the uncertainty is ±0.1m. So the absolute uncertainty 
would be 10.0m ± 0.1m, as this is the range of values that could be the ‘true’ value. If you 
have a range of results ie 0.4, 0.5 and 0.6, the uncertainty is the range of results divided by 2. 
Also, anomalies must be ignored in these situations. 
  
Fractional uncertainty is simply the calculating by dividing the uncertainty by the value of 
the data. For example: 1.2 s ± 0.1s, the fractional uncertainty would be equal to 0.1 / 1.2 
= 0.083̇.  
 
Percentage uncertainty is just the fractional uncertainty multiplied by 100. So for the 
fractional uncertainty given above, the percentage uncertainty would be 8.	3̇%. So this tells 
us that the value of 1.2 can deviate by ± 8.3̇%.  
 
Combination of absolute and percentage uncertainties. 
 

1.  If you add or subtract the two (or more) values to get a final value 
The absolute uncertainty in the final value is the sum of the absolute uncertainties. For 
example: 
 
10.0 ± 0.1 mm + 4.0 ± 0.1 mm = 14.0 ± 0.2 mm 
10.0 ± 0.1 mm - 4.0 ± 0.1 mm = 6.0 ± 0.2 mm 
 

2.  If you multiply one value with absolute uncertainty by a constant the absolute 
uncertainty is also multiplied by the same constant. For example: 

 
2 x (10.0 ± 0.1 mm) = 20.0 ± 0.2 mm 
 

3. If you multiply or divide two (or more) values, each with an uncertainty you add the 
% uncertainties in the two values to get the % uncertainty in the final value. For 
example: 

 
10.0 ± 0.1 mm x 4.0 ± 0.1 mm 
 
This is 
10.0 ± 1% x 4.0 ± 2.5% 
 
So the final result is 
40.0 ± 3.5% 
 

4. If you square a value, then you multiply the % uncertainty by 2. If you cube a value, 
then you multiply the % uncertainty by 3. If you need the square root of a value, you 
divide the % uncertainty by 2. 
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In the question to the right, you are told to find the 
absolute and percentage uncertainty in the value of 
s when using the equation s = ut + at2/2. This is 
done by combining the uncertainties of ut, and 
at2/2.  
 

1. This question applies knowledge of 
uncertainties from the last topic. 

2. First we need to find the percentage 
uncertainty on ‘ut’. Since ‘ut’ is two values 
multiplied together, we have to add their 
percentage uncertainties. This can be done 
by finding their fractional uncertainty and 
then multiplying this by 100. For example, 
for u: 0.1/10.0 = 0.01 which is the 
fractional uncertainty. We need the 
percentage uncertainty, which is 0.1 x 100, 
so 1%. We know that the percentage 
uncertainty on u is 1%, and on t is 0.5%, so 
the final percentage uncertainty on ‘ut’ is 
200.0 ± 1.5%.  

3. On $
%
at2, we have to find the percentage 

uncertainty on t, and add it to that of a. ½ 
does not carry an uncertainty. So we know that the uncertainty on t is 0.5%, so the 
uncertainty on t2 is therefore 0.5% x 2, so 1%. Then we need to find the percentage 
uncertainty on a, which is 2%, and add this to that of t2. This gives an answer of 
1000.0 ± 3%.  

4. Now we have the percentage uncertainty on the product of ‘ut’ and ‘at2/2’. However 
these two quantities are added together in the equation s = ut + at2/2, so to add the 
uncertainties we need to convert to fractional uncertainties.  

5. The final answer is therefore 1200 ± 54 as an absolute uncertainty, or 1200 ± 4.5% as 
a percentage uncertainty. The absolute uncertainty is worked out using either the 
fractional or percentage uncertainty, as it it just the range of values that the answer 
could be, using the fractional or percentage uncertainty will give the same answer. 

 
 
Determine the uncertainties in the gradient and intercept of a straight-line graph 
 
To determine the uncertainty in the gradient of a graph you simply simply add error bars to 
the first and last point, and then draw a straight line passing through the lowest error bar of 
the one points and the highest in the other and vice versa. This gives two lines, one with the 
steepest possible gradient and one with the shallowest, we then calculate the gradient of each 
line and compare it to the best value. The figure below shows how this is done. 
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To determine the uncertainty in the y – intercept we do the same thing as when calculating 
the uncertainty in gradient. This time however, we check the lowest, highest and best value 
for the intercept by drawing the different possible intercepts from the different gradients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Individual points on the graph may or may not have associated error bars. 
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3.1.3 Estimation of Physical Quantities 
 

Content 
 

• Orders of magnitude. 
• Estimation of approximate values of physical quantities. 

 
Opportunities for Skills Development 
 

• Students should be able to estimate approximate values of physical quantities to the 
nearest order of magnitude. 

• Students should be able to use these estimates together with their knowledge of 
physics to produce further derived estimates also to the nearest order of magnitude. 

 
 
Orders of Magnitude 
 
An order-of-magnitude estimate of a variable whose precise value is unknown is an estimate 
rounded to the nearest power of ten. For example, there are two orders of magnitude between 
104 and 106, so a factor of 102 difference between them.  
 
Estimation of approximate values of physical quantities 
 
When making estimates, it is reasonable to give the figure to one or two significant figures 
since the estimate is not supposed to be completely precise. For example, the mass of a car to 
be 1000kg, or the length of a football pitch to be 100m. Or you could be asked to estimate the 
area under a graph of a curved line. This can be done by drawing trapeziums in, so you can 
calculate the area of regular trapeziums along the line. This is shown in the diagram below: 
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3.2 Particles and Radiation 
3.2.1 Particles 
3.2.1.1 Constituents of the Atom 
 

Content 
 

• Simple model of the atom, including the proton, neutron and electron. Charge and 
mass of the proton, neutron and electron in SI units and relative units.  

• The atomic mass unit (amu) is included in the A Level Nuclear physics section. 
• Specific charge of the proton and the electron, and of the nuclei and ions. 
• Proton number Z, nucleon number A, nuclide notation. 
• Students should be familiar with the AZ X notation. 
• Meaning of isotopes and the use of isotopic data. 

 
So a simple model of the atom...  

 
From Rutherford’s experiments we understand that the atom consists of positively charged 
protons with neutral neutrons in one place, called a nucleus. The nucleus sits in the middle of 
the atom with negatively charged electrons orbiting it.  
 
Constituent Charge (C) Relative Charge Mass (kg) Relative Mass 
Proton + 1.6 x 10-19 +1 1.67 x 10-27 +1 
Neutron 0 0 1.67 x 10-27 +1 
Electron - 1.6 x 10-19 -1 9.11 x 10-31 1/2000 (Negligible) 

 
Specific Charge 
 
Specific charge is the charge to mass ratio of an atom/ion or other mass. The equation for it 
therefore, is: Specific Charge = Charge/Mass.  
The charge on an atom will always be 0, so if an atom loses two electrons, that is 2 x (1.6 x 
10-19) of charge lost, or -2e. Therefore, the specific charge of the newly formed ion would be -
2e divided by its mass. In short, if an atom loses an electron it will lose 1e (1.6x10-19), and if 
it gains an electron, it will gain 1e. 
The electron has the highest specific charge; the neutron has the lowest. 
 
Specific Charge Calculations 
 

• Proton = +1.6 x 10-19/1.67 x 10-27 = 9.58 x 107 C/kg or Ckg-1 
• Electron = 1.6 x 10-19/9.11 x 10-31 = 1.76 x 1011 Ckg-1 
• 73Li Nucleus = The nucleus has 3 protons and 4 neutrons, neutrons have a charge of 0 

so the charge of the nucleus is 3 x the charge of the proton. It has a total of 7 nucleons 
(neutrons and protons) so therefore 7 x the mass of the neutron/proton.                
Equals 3 x 1.6 x 10-19/7 x 1.67 x 10-27 = 4.1 x 107 Ckg-1 



marksphysicshelp   15 

• 73Li atom that has lost two electrons = Charge of the ion is +2e (2 x 1.6 x 10-19) as it 
has lost two negatively charged electrons, divided by the mass of the nucleus plus the 
mass of the 1 remaining electron. +2e / (7 x 1.67 x 10-27) + (1 x 9.11 x 10-31) =2.7 x 
107 Ckg-1.               

 
Notation 

 
ZAX is the notation where Z is the proton number, and A is the nucleon number. Proton 
number is also equal to the number of electrons in an uncharged atom. A-Z = the number of 
neutrons.  
 

Isotopes  
 
An isotope has the same number of protons and electrons, however a different number of 
neutrons, thus behaving the same chemically. For example, Chlorine 35.517Cl where 35.5 is the 
average nucleon number of the isotopes.  
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3.2.1.2 Stable and Unstable Nuclei 
 

Content 
 

• The strong nuclear force; its role in keeping the nucleus stable; short-range attraction 
up to 3fm, very-short range repulsion closer than approximately 0.5fm.  

• Unstable nuclei; alpha and beta decay. 
• Equations for alpha decay, b- decay including the need for the neutrino. 
• The existence of the neutrino was hypothesized to account for conservation of energy 

in beta decay. 
 
Opportunities for skills development 
 

• Demonstration of the range of alpha particles using a cloud chamber, spark counter or 
Geiger counter.  

• Use of prefixes for small and large distance measurements. 
 

The Strong Force 
 
The strong nuclear force is one of the four fundamental forces, the other three being the 
Weak Nuclear, Electromagnetic and Gravity. The strong nuclear force only acts at extremely 
short-range attraction from 0.5fm to 3fm (fm=femtometre=10-15). Its effects slowly become 
negligible as the distance increases above 3fm, and repulsion occurs at distances lower than 
0.5fm. It acts within the nucleus to overcome the electrostatic repulsion that usually occurs 
between protons of the same charge, and therefore keeps the nucleus stable by keeping 
protons and neutrons together.  
 
Alpha and Beta Decay 
 

 
• Alpha Decay is the omission of an alpha particle from the nucleus of an atom, which 

has the same chemical composition of a helium nucleus. It is comprised of 2 neutrons 
and 2 protons. Its notation is 24a.  Alpha decay occurs in proton rich nuclei, where the 
ratio of protons to neutrons is too high, for example Polonium – 210. It has 126 
neutrons and 84 protons, a ratio of 1.5 to 1. It omits an alpha particle to leave 124 
neutrons to 82 neutrons and thus the ratio becomes 1.51 to 1. 
 
 
 

 
• b- decay is the omission of an electron from an unstable nucleus. Its notation is -10b-. 

It happens when a neutron changes to a proton in the nucleus, the beta particle is 
released as a result of this. Also, an antiparticle with no charge, called an antineutrino  
The symbol for an antineutrino is        
Due to the fact a neutron changes to a proton, the atomic number increases by 1, but 
nucleon number stays the same.  



marksphysicshelp   17 

 
 
 
         
The antineutrino is crucial to conserving energy within beta decay. It also ensures 
conservation of lepton number, in b- decay an antineutrino is released, and in b+ decay 
a neutrino is released. However this is a concept you will cover later in the 
specification. The electron neutrino was first theorised in 1930 by Wolfgang Pauli to 
account for missing energy and momentum in b- decay, and then discovered in 1956 
by Clyde Cowan and Frederick Reines. Its mass is negligible, with no charge either, 
purely energy and a small momentum to converse these values in the equation. 
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3.2.1.3 Particles, Antiparticles and Photons 
 

Content 
 

• For every particle, there is a corresponding antiparticle.  
• Comparison of particle and antiparticle masses, charge and rest energy in MeV. 
• Students should know the positron, antiproton, antineutron and antineutrino are the 

antiparticles of the electron, proton, neutron and neutrino respectively. 
• Photon model of electromagnetic radiation, the Planck constant.  
• E = hf = hc/l. 
• Knowledge of annihilation and pair production and the energies involved.  
• The use of E=mc2 is not required in calculations. 

 
Opportunities for skills development 
 

• Detection of gamma radiation 
• Students could determine the frequency and wavelength of the two gamma photons 

produced when a ‘slow’ electron and a ‘slow’ positron annihilate each other.  
• The PET scanner could be used as an application of annihilation. 

 
Antiparticles have the same mass, opposite charge, and the same rest energy in MeV. 
They also have opposite baryon number/lepton number, strangeness, and the opposite 
quark composition (concepts that will be studied later on).  
Paul Dirac was the first person to propose the existence of a particle of equal mass to an 
electron, but opposite charge, a particle called the positron. He proposed this in 1928. 
The main antiparticles are as follows. 
 

Particle Antiparticle 
Electron Positron 
Proton Antiproton 

Neutron Antineutron 
Neutrino Antineutrino 
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Photon model of Electromagnetic Radiation and the Planck Constant 
 

 
Max Planck revolutionised the way we perceive light, he said that light could be released as 
‘packets’ of energy. Einstein named these packets photons, and said that energy could be 
carried in these photons where the energy was equal to E=hf. E equals energy of a photon, h 
equals Planck’s constant (6.63 x 10-34) and f equals frequency of the photon. Since c=lf, then 
if you substitute c/ l = f into E=hf then you also get the equation E=hc/l. Essentially 
Planck’s constant links the amount of energy a photon carries with the frequency of its 
electromagnetic wave. Although you just need to be able to use h in equations, and are given 
the value of h in the data and formulae sheet.  
 
Annihilation and Pair Production  
 

Annihilation 
 
Whenever a particle and antiparticle meet, they will annihilate each other, producing two 
photons where the mass of the particles is converted into energy. An example of this is when 
an electron and positron annihilate, they produce two photons of energy with energy equal to 
their rest mass energies and any other energy the particles may have had. 
 

Pair Production 
 
Pair production is where energy is converted into mass, the opposite of annihilation. A single 
photon of energy is converted into a particle-antiparticle pair. This can only happen if the 
photon has enough mass-energy to produce the particle-antiparticle pair, and any leftover 
energy is converted into kinetic energy for the particles to travel. Pair production occurs 
spontaneously; however, it must occur in very close proximity to a nucleus (the nucleus helps 
to conserve momentum) Furthermore, if pair production was to occur in a magnetic field, 
then the particle-antiparticle pair would move in opposite directions if they are oppositely 
charged, i.e. an electron and positron.   
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AQA Jan 2011 Unit 1 
Question: 

Give one reason why the photon could not produce a single electron instead of an electron 
and a positron. (pair production) 

Answer: 

• Conservation law stated (charge or lepton number must be conserved)  
• Shown to be true eg lepton number +1 -1 = 0   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



marksphysicshelp   21 

OCR (B) A Level Specimen 2 2014 Q6b 
 

Question: 

Fig. 6.3 shows a positron–electron pair being produced by a gamma photon in a cloud 
chamber. There is a uniform magnetic field acting perpendicularly into the diagram, shown 
by the shaded area.  

 

 

 

 

Add a line to Fig. 6.3 to show the path of the incoming gamma photon. Explain why the 
gamma photon left no track in the cloud chamber, and why the positron and electron follow 
the paths shown in Fig. 6.3.  

Answer: 

• Straight line diagonally up to point of pair creation roughly bisecting the ‘V’� 
• Gamma is uncharged/not very ionising� 

e+

 

and e-

 

have opposite charges (so qvB has opposite sign, or r = mv/BQ has opposite 
charge) 

• so they curve in opposite directions� 
• paths are spirals or radius of paths becomes less as they go on (because) the positron 

and electron are slowing down  
• due to energy loss through ionising the air particles (which is why you can see the 

tracks)� 

Question: 

Fig. 6.4 shows an annihilation in a cloud chamber. There is a uniform magnetic field acting 
perpendicularly into the diagram, shown by the shaded area. An antiproton enters near the 
bottom and collides with a stationary proton. The annihilation creates eight hadrons 
numbered 1 – 8 in Fig. 6.4.  
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Explain how the tracks of the particles in Fig. 6.4 show that charge is conserved in this 
reaction.  

Answer: 
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3.2.1.4 Particle Interactions 
 

Content 
 

• Four fundamental interactions: gravity, electromagnetic, weak nuclear, strong nuclear. 
(The strong nuclear may be referred to as the strong interaction.) 

• The concept of exchange particles to explain forces between elementary particles. 
• Knowledge of the gluon, Z0 and graviton will not be tested. 
• The electromagnetic force; virtual photons as the exchange particle. 
• The weak interaction limited to b- and b+ decay, electron capture and electron-proton 

collisions; W+ and W- as the exchange particles.  
• Simple diagrams to represent the above reactions or interactions in terms of incoming 

and outgoing particles and exchange particles.  
 

Opportunities for skills development 
 
• Momentum transfer of a heavy ball thrown from one person to another. 

 
Fundamental Forces and their Exchange Particles 

 
 
If you look at the virtual photon, the exchange particle for the electromagnetic force, its 
purpose is to carry electromagnetic force between charged particles. Particles with charges 
either attract or repel each other by exchanging particles called virtual photons. The W and Z 
bosons involved in the weak interaction, and when particles decay, the W and Z bosons take 
the charge and energy and almost instantaneously decay into whatever is being produced. 
The gluon and gravitons are involved in the strong interaction and gravity, however will not 
be tested.  
 
b- and b+ decay 

 
This is beta minus decay. An electron and anti 
electron neutrino is produced. In beta plus decay, a 
proton decays into a neutron and W+ boson, which 
then decays instantaneously into a positron and 
electron neutrino. This is shown below 
 
 

 
 

Force Exchange Particles Range 
Strong Interaction Gluons/Pions About 10-15 metres  
Weak Interaction Z0, W+, W- About 10-17 metres 
Electromagnetic Virtual Photon (g) Infinite 
Gravity Gravitons  Infinite 
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Electron Capture and Electron-Proton Collisions 
  
Electron capture is where unstable atoms become more stable. They draw an electron from 
the atom’s inner shell into the nucleus. Here it causes combines with a proton to form a 
neutron, which causes the production of an electron neutrino as well (to conserve energy and 
momentum). The picture below illustrates an electron proton collision, producing a neutron 
and electron neutrino. The v on the diagram should have a subscript ‘e’ on it.  
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AQA June 2012 Unit 1 Q3ci)ii) 

‘Explain what is meant by electron capture.’  

• An atomic/orbital electron interacts with a proton in the nucleus (via the weak 
interaction), which forms a neutron (u quark changes to d quark) and also forms an 
electron neutrino.  

‘In the space below draw a Feynman diagram representing electron capture.’ 
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3.2.1.5 Classification of Particles 
 

Content 
 

• Hadrons are subject to the strong interaction. 
• The two classes of hadrons: 

o Baryons (proton, neutron) and antibaryons (antiproton and antineutron) 
o Mesons (pion, kaon). 

• Baryon number as a quantum number 
• Conservation of baryon number 
• The proton is the only stable baryon into which other baryons eventually decay. 
• The pion is the exchange particle of the strong nuclear force.  
• The kaon as a particle that can decay into pions. 
• Leptons: electron, muon, neutrino (electron and muon types only) and their 

antiparticles. 
• Lepton number as a quantum number; conservation of lepton number for muon 

leptons and for electron leptons. 
• The muon as a particle that decays into the electron. 
• Strange particles. 
• Strange particles as particles that are produced through the strong interaction and 

decay through the weak interaction (e.g. kaons) 
• Strangeness (symbol s) as a quantum number to reflect the fact that strange particles 

are always created in pairs.  
• Conservation of strangeness in strong interactions.  
• Strangeness can change by 0, +1 or -1 in weak interactions. 
• Appreciation that particle physics relies on the collaborative efforts of large teams of 

scientists and engineers to validate new knowledge. 
 
Opportunities for skills development 
 

• Use of computer simulations of particle collisions. 
• Cosmic ray showers as a source of high energy particles including pions and kaons; 

observation of stray tracks in a cloud chamber; use of two Geiger counters to detect a 
cosmic ray shower. 

 
Hadrons, Baryons and Mesons 

 
The building blocks of matter are (as far as we know) leptons and quarks, they are what is 
called fundamental (cannot be subdivided into smaller constituents). There are two main 
classifications of particles, hadrons and leptons. Leptons are fundamental as I mentioned, 
whereas hadrons are made of quarks. There are six types of quarks, however this course only 
requires knowledge of three, the up, down and strange quark. Each quark has its own 
respective charge, strangeness, and baryon number, this data is all given in the data and 
formula sheet. Each quark also has an antiquark, which has opposite charge, strangeness and 
baryon number. The other differentiation between hadrons and leptons are that leptons are 
not subject to the strong nuclear force, whereas hadrons are.  
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There are many different hadrons, so to make it easier, there are smaller groups within the 
classification of hadrons. These two groups are baryons (protons, neutrons) and mesons 
(pions, kaons). Baryons consist of a combination three quarks and antiquarks, whereas 
mesons are comprised of a quark antiquark pair. Hadrons all have a baryon number; this 
number must be an integer; each quark has a baryon number of 1/3. Their charge must also 
be of an integer, i.e. a proton made up of uud quarks has a charge of 1 and baryon number 1. 
Baryon number is therefore a quantity given to quarks, and must always be conserved in 
interactions.  
 
The only stable baryon is the proton; all other baryons will eventually decay into the proton. 
In terms of mesons, the pion is the exchange particle for the strong force, and the kaon is a 
particle that can eventually decay into a pion.  
 
Leptons 
 
As mentioned before, leptons are subject to the strong interaction, and are fundamental. The 
leptons required for the course are the electron, muon and the neutrino. The electron and 
muon have their own respective neutrinos, as well as their own antiparticles. The electrons 
being the positron, the muons being the antimuon. Lepton number must also always be 
conserved, and each type must be conserved in its own right. For example in an interaction if 
there is an electron of lepton number 1 on one side, and a muon neutrino on the other side 
with lepton number 1, then conservation of lepton number will not be satisfied as it would 
have to be an electron neutrino to be satisfied. Therefore, within each family of lepton, lepton 
number must be conserved. The muon will eventually decay into the electron, and is around 
200x heavier than the electron. The different lepton families are shown below. 
 
 
 
 

Strangeness 
 
Strangeness is a quantity given to the aptly named strange quark, and strangeness refers to the 
amount of strange quark content in a given hadron. Before the discovery of quarks, Murray 
Gell-Mann (He was the person that discovered and named these elementary particles 
“quarks” because of the book “Finnegan’s Wake” he had read which included the line, 
“Three quarks for Muster Mark…”.) had said that a new set of particles that had been 
discovered, had a conserved quantum number called “strangeness”, this was purely put in for 
bookkeeping reasons, just to explain the decay of the new particles into the old familiar 
particles. However when the quark theory was introduced, this property was associated with a 
new particle, the strange quark. 
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Strange particles are produced through the strong interaction and decay via the weak 
interaction i.e. the kaon into the pion, they are also always produced in pairs. Strangeness 
must always be conserved in strong interactions, however does not need to be in the weak 
interaction. Strangeness can also only change by -1, 0 or +1 in weak interactions, this type of 
knowledge is embedded into questions so is worth keeping fresh in your mind as it may be 
difficult to realise at first sight.   
 
Appreciation that particle physics relies on the collaborative efforts of large teams 
of scientists and engineers to validate new knowledge. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



marksphysicshelp   29 

3.2.1.6 Quarks and Antiquarks 
 

Content 
 

• Properties of quarks and antiquarks: charge, baryon number and strangeness. 
• Combinations of quarks and antiquarks required for baryons (proton and neutron 

only), antibaryons (antiproton and antineutron only) and mesons (pion and kaon only) 
• Only knowledge of up (u), down (d) and strange (s) quarks and their antiquarks will 

be tested. 
• The decay of the neutron should be known.  

 
Properties of Quarks and Antiquarks 
 

Type Charge Baryon Number Strangeness 
u +2/3e +1/3 0 
d -1/3e +1/3 0 
s -1/3e +1/3 -1 

 
Combinations of Quarks 
 
As you already know, quarks are fundamental particles that make up hadrons. Their 
combinations consist of two quarks (mesons) and three quarks (baryons), a pentaquark 
composition was supposedly found but there was not enough evidence for this, so those are 
the two groups of quarks that we know of. The combinations of quarks that make up various 
particles are as follows;  
 

Particle Quark Combination Baryon Number Strangeness Charge 

Proton (p) uud 1 0 1 
Neutron (n) udd 1 0 0 
Antiproton (�̅�) u)u)d) -1 0 -1 
Antineutron (𝑛)) u)d)d) -1 0 0 
Neutral Pion (p0) dd)/uu) 0 0 0 

Positive Pion (p+) ud) 0 0 +1 
Negative Pion (p-) u)d 0 0 -1 
Neutral Kaon (K0) sd)/s̅d 0 -1/+1 0 
Positive Kaon (K+) us̅ 0 +1 +1 
Negative Kaon  (K-) u)s 0 -1 -1 

 
The protons, neutrons, antiprotons and antineutrons are straightforward in the fact that they 
only have one possible combination. However, the Pion and Kaons have various different 
combinations. First of all, you can get a positive, neutral and negative version of the Pion and 
Kaon. Then, you are also able to get more than one possible combination for the neutral kaon 
and pion. For the pion it can be either an antidown-down combination or antiup-up 
combination. This is because both combinations give exactly the same baryon number, 
strangeness and charge, i.e. exactly the same particle, but just with different quarks. This is 
not the same for the positive and negative versions of the Pions and Kaons however, that 
have only one possible combination. You are able to work out their combinations by knowing 
that Kaons are the only mesons that can be strange.  
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For example, if you were given a neutral Kaon in a question then knowing that Kaons are 
strange particles, there must be a strange quark present. Also knowing that Kaons are 
composed of 2 quarks, with a baryon number of 0, and that neutral Kaons have a charge of 0, 
you can work out that the combination of quarks must be strange with an antidown or vice 
versa.  
 
Decay of the Neutron 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The neutron will decay into a proton, as well as producing an electron and anti electron 
neutrino. The exchange particle for this is the W- boson. This is because the neutron is 
neutral, and the proton produced has a charge of +1, so to conserve charge, the charge of the 
exchange particle needs to be -1. This exchange particle then almost instantaneously decays 
into the electron and anti electron neutrino. The reason an anti electron neutrino is produced 
is to conserve lepton number, as the original lepton number is 0, so the final lepton number 
should be 0. Lepton number of the electron is +1 and of the anti electron neutrino is -1, so it 
is conserved.  
 
You can also look at the decay in terms of quarks. A down quark changes to an up quark to 
produce a proton (uud) from the neutron (udd). Questions may give you decays or 
interactions/diagrams in terms of quarks or particles so you need to be familiar with both.  
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3.2.1.7 Application of Conservation Laws 
 

Content 
 

• Change of quark character in b- and in b+ decay.  
• Application of conservation laws for charge, baryon number, lepton number and 

strangeness to particle interactions. The necessary data will be provided in questions 
for particles outside those specified.  

• Students should recognise that energy and momentum are conserved in interactions. 
 

Change of quark character in b- and b+ decay 
 
The first diagram shows b- decay, and the second shows b+ decay. 
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Application of conservation laws for charge, baryon number, lepton number and 
strangeness to particle interactions. The necessary data will be provided in 
questions for particles outside those specified.  
 
When applying conservation rules, you need to consider all of the different properties that 
need to be conserved. The main ones will be charge, baryon number, lepton number and 
strangeness. If you write these properties down the side, then write out the various amounts 
of each, you can see if the property has been conserved. For example in number one, the 
relative charge on the proton is +1 so overall charge initially was +2. The charge after the 
interaction was also +2 so charge had been conserved. If all properties are conserved then the 
interaction is possible, and vice versa. 
 
 
 
 
 
 
 
 
 
 
 
 
Energy and Momentum 
 
Energy and momentum are always conserved in interactions. You should remember facts like 
these, as well as charge, baryon number, lepton number and others being conserved as 
questions are likely to come up on this topic.  
 
Summary of 3.2.1 
 
Usually in this section of particle physics, questions asked are short answer questions, purely 
based on recall. Therefore, it is important that you memorise the facts that I have covered.  
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3.2.2 Electromagnetic Radiation and Quantum 
Phenomena 
 

3.2.2.1 The Photoelectric Effect 
 

Content 
 

• Threshold frequency; photon explanation of threshold frequency. 
• Work function f, stopping potential. 
• Photoelectric equation: hf = f + Ek(max) 
 
Opportunities for Skills Development 
 
• Demonstration of the photoelectric effect using a photocell or an electroscope with a 

zinc plate attachment and UV lamp.  
 

What is the Photoelectric Effect? 
 
It is where electrons are emitted from the surface of a metal when light shines at it. Formerly 
light was thought of as a wave, but various remarkable observations led scientists to believe 
that actually light behaves both as a wave and a particle, dependent on the situation. There 
are many reasons that in the photoelectric effect light cannot be a wave: 
 

1. Electrons are emitted immediately after light shines on the metal. If light were a wave 
then there should be a lag before this happens, whilst the energy required to remove 
the electrons builds up.  

2. Increasing the intensity of the light increased the number of photoelectrons, but not 
the maximum kinetic energy of these electrons. If light were a wave, then the 
maximum kinetic energy of the photoelectrons should increase as intensity is 
increased, however the number of photoelectrons should not be affected.  

3. Red light will not cause electrons to be emitted no matter what the intensity is, if it 
were a wave then eventually electrons would be emitted from red light as the 
electrons gained more energy. 

 
This led to the concepts I will move on to now, like threshold frequency, work function, 
stopping potential and others.  
 
Threshold frequency 
 
Threshold frequency (f0) is the minimum frequency of a photon (incident light) required to 
eject photoelectrons from a metal surface. Photons each have a certain amount of energy 
which is equal to “hf”, h being Planck’s constant, and f being their frequency. The photon 
hits the metal at a certain frequency and if f > f0 then threshold frequency is met. This amount 
of energy is just enough to eject them, however not give them any extra energy (kinetic) to 
travel further. 
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Work Function and Stopping Potential 
 
Work function is the minimum energy of a photon (incident light) required to move an 
electron from within the metal to the surface of the metal (photoelectron emission). It is 
denoted as f and is equal to the product of hf0. It is a property of a material, and therefore is 
different for every material. If a photon comes in with twice the work function in energy, 
then the leftover energy will go to kinetic energy in moving it from the surface of the metal 
onwards. 
 
If you have a circuit shown below whereby light is being shone onto a metal and 
photoelectrons are being released, the photoelectrons will be released with energy. This 
energy has a maximum and so if the distance between the positive and negative terminal is 
too far then photoelectrons will not reach the other side as none will have enough energy. 
Although if you move it closer so that you start to show a current as electrons reach the other 
side, then your circuit will be complete with a current. However if Vp ¹ 0, then the 
photoelectrons travelling from the positive to the negative terminal will lose energy, as it will 
oppose their direction of travel. Therefore, the current will decease, and when current 
becomes 0, this can be called the stopping potential i.e. the potential difference (V) that 
causes the current to become 0, and ultimately stops photoelectrons from reaching the other 
side and completing the circuit. Therefore work is done on the electrons to stop them, this 
work done is equal to W=QV, here V is the stopping voltage, and Q is the charge, so in this 
case the charge on the electron. Thus you can work out the maximum kinetic energy of the 
electrons, as the stopping potential causes the electrons with 
maximum kinetic energy to lose all of their energy. To work out 
maximum kinetic energy you would substitute into the equation 
W=QV, this would be the charge on the electron multiplied by 
whatever stopping voltage you would have calculated, and this 
gives you the maximum K.E of the electrons.  
 
You will not be required to recall the experimental 
determination of stopping potential, but it is useful to know in 
order to consolidate your understanding.  
 
Photoelectric Equation 
 
hf = f + Ek(max) which can be rearranged to give hf - f = Ek(max), thus another way of finding 
the maximum kinetic energy of the photoelectrons. 

 
Main Factors Affecting the number of Photoelectrons Emitted:  
 

1. The nature of the material i.e. the work function of the material. 
2. The frequency of incident radiation. 
3. The intensity of incident radiation 
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AQA June 2012 Q4a)i)ii)iii) 

‘When monochromatic light is shone on a clean cadmium surface, electrons with a range of 
kinetic energies up to a maximum of 3.51 x10-20

 

J are released. The work function of cadmium 
is 4.07 eV.’ 

‘State what is meant by work function.’ 

• It is the minimum energy required to remove an electron from metal (surface). 

‘Explain why the emitted electrons have a range of kinetic energies up to a maximum value.’ 

• Photons have energy dependent on frequency/ the energy of photons is constant 
• There is a one to one interaction between photons and electron 
• Max KE = photon energy – work function 
• More energy required to remove deeper electrons so they will be emitted with less 

kinetic energy 

‘Calculate the frequency of the light. Give your answer to an appropriate number of 
significant figures.’ 

• (Use of hf=f+Ek(max))  
•  So hf=f+Ek(max), thus f must equal f+Ek(max)/h 
• f = 4.07 x 1.6 x 10-19, Ek(max) = 3.51 x 10-20 and h = 6.63 x 10-34. 

AQA Jan 2011 Unit 1 
 

Question: 

The photoelectric effect suggests that electromagnetic waves can exhibit particle - like 
behaviour. Explain what is meant by threshold frequency and why the existence of a 
threshold frequency supports the particle nature of electromagnetic waves.  

The quality of your written communication will be assessed in this question.  

Answer: 

• Threshold frequency minimum frequency for emission of electrons  
• If frequency below the threshold frequency, no emission even if intensity increased  
• Because the energy of the photon is less than the work function  
• Wave theory can not explain this as energy of wave increases with intensity  
• Light travels as photons  
• Photons have energy that depends on frequency  
• If frequency is above threshold photon have enough energy  
• Mention of lack of time delay  
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OCR (A) A Level Specimen 2 Q19a 
 

Question: 

State what is meant by the photoelectric effect.  

Answer: 

The emission of electrons from the surface of a metal when electromagnetic waves (of frequency 
greater than the threshold frequency) are incident on the metal 

Question: 

The photoelectric effect cannot be explained in terms of the wave-model of electromagnetic 
waves. Discuss how the new knowledge of the particulate nature of radiation was used by 
physicists to validate the photon model.  

Answer: 
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3.2.2.2 Collisions of Electrons with Atoms 
 
Content 

 
• Ionisation and excitation; understanding of ionisation and excitation in the fluorescent 

tube. 
• The electron volt.  
• Students will be expected to convert eV into J and vice versa. 

 
 
Ionisation and Excitation, example in a Fluorescent Tube 
 
To understand ionisation and excitation you must first understand energy levels and the role 
of electrons within this. Atoms are said to have discrete energy levels within them, energy 
levels that electrons can move up to, as shown below. 
 
 
 
 
 
 
 
 
 
 
The first level is called the ground state, where all electrons will begin. They can then move 
up through the discrete energy levels if given the correct amount of energy, as the energy 
levels are specific and will not change. Therefore, outside high energy electrons passing 
through a gas will collide with orbital electrons and give them energy. If given the correct 
amount of energy, these electrons are then said to be excited so they will move up energy 
levels from ground state. However, to be ionised, the electron in ground state must be given 
enough energy to leave the atom, and move up past the highest energy level, not just move up 
one or two energy levels. The final key point is that when electrons fall back down the energy 
level to ground state again, or just to a lower energy, they will emit a photon. This photon 
will have energy E=hf, dependent on how much energy is lost when the electron falls. If the 
electron were to fall from energy level n=3 to n=1, it would lose a different discrete amount 
of energy in contrary to if it fell from level n=3 to ground state. Therefore photons of 
different energy would be emitted, so photons of different frequencies would be released, 
frequency of E/h = f by rearranging the equation.  
 
If you apply this scenario to a fluorescent tube, it goes that within the glass of the narrow 
tube, there are two electrical connections on either side, allowing a current to be passed 
through. The tube also contains mercury vapor alongside an inert (unreactive) gas like argon 
or neon. A high voltage is then required to start the flow of current. Then high energy 
electrons will bombard orbital electrons, providing them with energy. This energy will excite 
orbital electrons, raising them from ground state to higher, discrete energy levels. After the 
electrons fall they will release photons of frequency E/h, with a mixture of fixed frequencies 
due to the different levels the electrons have fallen to and from. The frequency of the photons 
released is categorised as UV radiation. The inside of the tube is then coated with 
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phosphorous material that emits visible light when excited with UV radiation and gives off 
visible light as the electrons de-excite and release slightly less energy. These lights are four to 
six times more efficient than incandescent bulbs and will not affect room temperature 
drastically, allowing a cool office environment to stay cool.  
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AQA June 2011 Q4bi 
 
Question: 
 
‘State what is meant by the ionisation energy of hydrogen.’ 
 
Answer: 

• Energy required to (completely) remove an electron from atom/hydrogen  
• Ground state/lowest energy level 
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3.2.2.3 Energy Levels and Photon Emission 
 

Content 
 

• Line spectra (e.g. of atomic hydrogen) as evidence for transitions between discrete 
energy levels in atoms. 

• hf = E2 – E1 
• In questions, energy levels may be quoted in J or eV. 

 
Opportunities for Skills Development 
 

• Observation of line spectra using a diffraction grating. 
 
Line Spectra 
 

 
As you can see, the line spectra of hydrogen are shown above. This line spectra, and the 
colours shown correlate to the frequencies of light released equal to E/h when the photons fall 
from the different energy levels after excitation within the atom. So its clear there are few 
energy levels in hydrogen as very few colours on the visible light spectrum are visible.  
 
The way you work out the frequency of the photons released is by subtracting the final 
energy level from the initial energy level. For example, if the electron falls from n=5 to n=3 
there will be a drop in E energy, this energy will be equal to the energy of n=5 (E1) subtracted 
from the energy on n=3 (E2) so E2 – E1. This energy will give a discrete frequency by 
rearranging the equation to E/h=f.  
 
They may give the values of the energy levels in eV or J, usually it will be in eV. 
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3.2.2.4 Wave-particle Duality 
 

Content 
 

• Students should know that electron diffraction suggests that particles possess wave 
properties and the photoelectric effect suggests that electromagnetic waves have a 
particulate nature.  

• Details of particular methods of particle diffraction are not expected. 
• de Broglie Wavelength l = h/mv where mv is the momentum.  
• Students should be able to explain how and why the amount of diffraction changes 

when the momentum of the particle is changed.  
• Appreciation of how knowledge and understanding of the nature of matter changes 

over time.  
• Appreciation that such changes need to be evaluated through peer review and 

validated by the scientific community. 
 
Opportunities for Skills Development 

 
• Demonstration using an electron diffraction tube. 
• Use prefixes when expressing wavelength values. 

 
 
Electron Diffraction 
 
Electron diffraction suggests that particles also possess wave properties, as a property of a 
wave is that it can diffract as particles cannot. So whereas the photoelectric effect shows that 
electromagnetic waves have particulate nature, electron diffraction shows the opposite. This 
ultimately shows wave-particle duality. 
 
de Broglie Wavelength 
 
de Broglie wavelength is used to determine wavelength, and is found using l = h/mv. “h” is a 
constant so will never change, therefore the effect of changes in momentum heavily impacts 
the wavelength. If you have a momentum M, then h/M will be the wavelength. If this 
momentum is doubled you will get h/2M, so wavelength will be halved as h is now being 
divided by a larger number. Whereas if the momentum is halved to get M/2, then h/M/2 will 
give you double the wavelength. We know that longer wavelengths will diffract more than 
smaller wavelengths, so decreasing momentum will cause increased diffraction.  
 
Appreciation of how knowledge and understanding of the nature of matter changes 
over time.  
 
Appreciation that such changes need to be evaluated through peer review and 
validated by the scientific community. 
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AQA June 2012 Unit 1 Q4b 

‘In order to explain the photoelectric effect, the wave model of electromagnetic radiation was 
replaced by the photon model. Explain what must happen in order for an existing scientific 
theory to be modified or replaced with a new theory.’ 

• Theory makes predictions that are then tested and are repeatable/checked by other 
scientists/peer reviewed experimentally 

AQA Specimen A2 Paper 1 Q6.7 

‘State the steps taken by the scientific community for the value of a quantity to be accepted 
(line 13).’ 

• The method and values are published  
• Other scientists repeat the experiment using the same method  
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3.3 Waves 
 

3.3.1 Progressive and Stationary Waves 
 
3.3.1.1 Progressive Waves 
 

Content 
 

• Oscillation of the particles of the medium; 
o amplitude, frequency, wavelength, speed, phase, phase difference, c=fl, 

f=1/T. 
• Phase difference may be measured as angles (radians and degrees) or as fractions of a 

cycle. 
 

Opportunities for Skills Development 
 

• Laboratory experiment to determine the speed of sound in free air using direct timing 
or standing waves with a graphical analysis. 

 
Oscillation of particles in a medium with characteristics 
 
Definitions; 

A progressive wave is a wave that transfers energy from one point to another… 

Without transferring material / (causing permanent displacement of the medium)  

• Amplitude: Maximum displacement of a wave from its equilibrium position, 
measured in metres, m. 

• Frequency: The number of waves passing a given point each second, measured in 
Hertz, Hz. 

• Wavelength: The length of one compete cycle of a wave e.g. distance from crest to 
crest, or shortest distance between two particles oscillating in phase. This is also 
measured in metres. 

• Speed: Speed of a wave c is equal to fl, measured in ms-1 
• Phase: The fraction of a wave cycle that has elapsed relative to a given origin. 
• Phase Difference: It is the difference in the fraction of cycle that has elapsed between 

two waves, measured in radians, rad. 
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Phase Difference 
 
Phase difference can be measured as angles in both degrees and radians, or just as fractions of 
a cycle.  
 
One cycle is equal to 360° or 2p, so you can describe the relationship between two crests as 
either being 360°/2p out of phase, or that they are in phase as there is one wavelength 
difference between the two points. Furthermore, if you have a particle in equilibrium and 
another particle at a crest ¼ of a wavelength away, you can say it is 90° or p/2 out of phase.  
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3.3.1.2 Longitudinal and Transverse Waves 
 

Content 
 

• Nature of longitudinal and transverse waves. 
• Examples to include: sound, electromagnetic waves, and waves on a string. 
• Students will be expected to know the direction of displacement of particles/fields 

relative to the direction of energy propagation and that all electromagnetic waves 
travel at the same speed within a vacuum.  

• Polarisation as evidence for the nature of transverse waves. 
• Applications of polarisers to include Polaroid material and the alignment of aerials for 

transmission and reception.  
• Malus’s Law will not be expected. 

 
Opportunities for Skills Development 
 
• Students can investigate the factors that determine the speed of a water wave. 

 
Longitudinal and Transverse Waves 
 
Longitudinal Waves: The energy transfer in the wave travels parallel to the direction of 
propagation of the wave. 
Transverse Wave: Energy transfer occurs perpendicular to direction of propagation of the 
wave. 
 
Examples of Longitudinal and Transverse Waves 
 
Examples of Transverse Waves; Electromagnetic Waves*, Waves on a string. 
Examples of Longitudinal Waves; Sound Waves, Seismic Waves. 
 
* All Electromagnetic Waves travel at the same speed in a vacuum (Light, UV, Gamma etc.) 
 
Polarisation 
 
Polarisation is a phenomenon exclusive to transverse waves. Polarisation is evidence of 
transverse nature as transverse waves can oscillate in any plane, and polarisation is the 
process in which the waves are made to oscillate in one plane only. This can be demonstrated 
in the diagram below.  
This is basically done by passing the waves through a grid so that only waves in the correct 
plane can pass through. 
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Applications of Polarisation 
 
It is used in polaroid glasses, where it attempts to reduce the amount of light reaching the eye 
by polarising the light. Also it can be taken into account when transmitting and receiving 
waves, an aerial has to be aligned to the plane of the polarised waves for it to receive 
maximum signal.  
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AQA June 2006 Unit 4 Q2 

Question: 

Answer: 
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3.3.1.3. Principles of Superposition of Waves and Formation of Stationary Waves 
 

Content 
 

• Stationary waves 
• Nodes and antinodes on a string 

• for first harmonic. 
• The formation of stationary waves by two waves of the same frequency travelling in 

opposite directions.  
• A graphical explanation of formation of stationary waves will be expected. 
• Stationary waves formed on a string and those produced with microwaves and 

sound waves should be considered.  
• Stationary waves on strings will be described in terms of harmonics. The terms 

fundamental (for first harmonic) and overtone will not be used.  
 
Opportunities for Skills Development 
 

• Students can investigate the factors that determine the frequency of stationary wave 
patterns of a stretched string. 

 
Stationary Waves 
 
Stationary waves are combination of two progressive waves moving in opposite directions, 
each having the same amplitude, frequency and wavelength. In a stationary wave the 
oscillations occur in a vertical plane, as opposed to particles moving left/right, so the particles 
oscillate between fixed points, called nodes. There is also no energy transfer, whereas in 
progressive waves you will get energy transferred from the source outwards. Only certain 
frequencies will cause the formation of a stationary wave, a given frequency will cause the 
first harmonic (1/2 wavelength), then if the string is bound by fixed points double this 
frequency will give the 2nd harmonic (1 wavelength) and so on. 
 
The phenomenon is caused as a result of interference, both constructive and destructive.  
 

 
This is constructive interference, where two waves in 
phase will add up to form a wave of double the 
amplitude. The point of maximum displacement from 
this interference is called an antinode on a stationary 

wave.  
 
 

When waves arrive out of phase (antiphase) they cancel 
each other out, causing destructive interference. This is 
basically a point of no displacement, called a node on a 
stationary wave, the nodes have fixed positions on the 

wave. 
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   This figure shows a stationary wave, where 
constructive and destructive interference of two waves 
travelling with equal amplitude, frequency and 
wavelength in opposite directions, have superposed to 
form a stationary wave. This stationary wave has 
characteristic points of no displacement, and maximum 
displacement (nodes, and antinodes). These are formed 
as a result of the interference. The stationary wave is 
clearly bound by two fixed points, which causes the 

reflection of the wave, and thus the formation of the stationary wave.  
 

If we are asked to find the frequency, of a stationary wave we can use the 
equation given to the left, where f = frequency, L = length of the string, T = 

tension, and µ = mass per unit length. This equation can be used for the first harmonic. This 
means that if, like in the picture above, there is a third harmonic, the length would be equal to 
1/3 of the total length, or half of the wavelength.  
 
You may be asked to look at stationary waves on a string, stationary waves formed by 
microwaves, or sound waves. They are formed in the same way, and thus have the same 
characteristics.  
 
The terms ‘fundamental’ which is used instead of first harmonic will not be used, and neither 
will overtone. 
 
The videos below give a good explanation of stationary waves:  
 
https://www.youtube.com/watch?v=MVFGQ8QZAjE&list=PLlDtVvefFYT9NxoJ70Ns7Htg
9Um2gUPRP 
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AQA June 2011 Q7e 
 
Question: 

Explain how the wave theory of light accounts for the areas on the screen where the intensity 
is a minimum  

Answer: 

• Cancellation/waves cancel/destructive interference/destructive superposition   
• (light from one slit meets light from the other) in antiphase (180 out of phase) or a 

path difference of (n+ 1/2λ) 

AQA Jan 2011 Unit 2 Q4 
Figure 4 shows a stationary wave on a string. The string is tied onto a thin metal bar at A and 
fixed at B. A vibration generator causes the bar to oscillate at a chosen frequency.  

Question: 

Explain how a stationary wave is formed. Then describe the key features of the stationary 
wave shown in Figure 4.  

The quality of your written answer will be assessed in this question.  

Answer: 

• 4 nodes where there is no movement/zero amplitude  
• 3 antinodes where amplitude is maximum  
• Wavelength 0.80 m  
• End antinodes in phase/middle and ends in antiphase  
• Between node and antinode, amplitude of oscillation increases  
• Waves reflect off the clamp (and the rod)  
• Waves travelling in opposite directions superpose/add/interfere  
• Wave have same wavelength and frequency (similar amplitude)  
• Always cancellation at nodes/always constructive superposition at antinodes  
• Energy is not transferred along string  
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3.3.2 Refraction, Diffraction and 
Interference 
 
3.3.2.1 Interference 
 

Content 
 

• Path difference. Coherence. 
• Interference and diffraction using a laser as a source of monochromatic light. 
• Young’s double-slit experiment: the use of two coherent sources or the use of a 

single source with double slits to produce an interference pattern.  
• Fringe spacing, w = lD/s.  
• Production of interference pattern using white light.  
• Students are expected to show awareness of safety issues associated with using lasers. 
• Students will not be required to explain how a laser works.  
• Students will be expected to describe and explain interference produced with sound 

and electromagnetic waves. 
• Appreciation that knowledge and understanding of nature of electromagnetic radiation 

has changed over time. 
 

Opportunities for Skills Development 
 
• Investigation of two-source interference with sound, light and microwave radiation 

 
 
Path Difference and Coherence 
 

 
Say two stones have been thrown into a pond nearby, and their 
paths have followed the ones that are shown on the diagram. If 
you took their first point of disturbance and marked the points 
s1 and s2, its clear that the waves from s1 have arrived one full 
cycle earlier than s2. Therefore, their path difference would be 
one wavelength. Path difference can be defined as the 
difference in path traversed by two waves, measured in terms 
of their wavelengths. Coherence of waves is when the phase 

difference/relationship of the two waves is constant, and their frequency is the same. 
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Interference and diffraction using a laser as a source of monochromatic light. 
 
Monochromatic light is light that is of the same wavelength, for example light merely 
composed of one colour.  Interference is a phenomenon whereby two waves will superpose to 
produce a resultant wave, either interfering constructively or destructively. Diffraction is 
where a wave will spread out after passing through a gap, the amount of diffraction depends 
on the size of the gap relative to the wavelength. 
 
Lasers are highly monochromatic and almost perfectly parallel, so convex lenses can be used 
to focus the lasers onto a very fine spot. The beam power is then concentrated in a very small 
area. 
 
Laser are also a very convenient source of coherent light, and so when using a laser to show 
double slit interference, you can just illuminate the double slits directly. So you don’t need to 
make the light pass through a single slit first as with non-laser light. Inside a laser, each 
emitted photon causes more photons to be emitted as it passes through the light-emitting 
substance. This means that photons are always in phase with each other, but in non-laser light 
sources the atoms emit photons at random, so there are random phase differences. 
 
Young’s double-slit experiment: the use of two coherent sources or the use of a 
single source with double slits to produce an interference pattern.  
 
For the double slit experiment, you can either use two coherent sources, or a single source 
with double slits as these both produce interference patterns. The interference pattern for a 
double slit diffraction can be seen below, the maxima have equal distances between them, 
and the same intensity. Sometimes the pattern can be illustrated as equally spaced maxima 
that progressively decrease in intensity. The fringe separation is equal to w. 
 
 
 
 
 
 
 
 
 
 
 
The use of a single source with double slits can be seen below. The single slits diffract the 
wave so that it travels an equal distance to get to the next double slits, thus ensuring a 
constant phase difference. Thus when the two waves overlap after passing the double slits, 
they will overlap and interfere to produce the bright and dark fringes 
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The other method is just simply to use two coherent sources that will interfere and produce a 
pattern. Coherence being where there is a constant phase difference and the same frequency.  
 
Fringe spacing, w = lD/s.  
 
Fringe spacing is equal to the wavelength (l), multiplied by the distance to the screen (D), all 
divided by the separation of the sources (s). The derivation of this equation is shown below. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Production of interference pattern using white light.  
 
White light contains visible light wavelengths from across the whole visible light spectrum, 
from the highest wavelengths of the reds, to the lower wavelengths of blue/violet. Therefore, 
its interference pattern is composed of a variety of different wavelengths that each have 
different points of maxima. The interference pattern contains a central fringe of white light, 
thus a mixture of all colours as they all form a maximum at n=0. Then because the different 
wavelengths will be diffracted by different amounts, as the distance d between the slits is a 
constant, then some will travel a further distance away from the central maximum. This 
happens to be red, which has the longest wavelength and so will diffract the most so will be 
further away from the central maximum than say blue, whose wavelength is at the lower end 
of the visible light spectrum.  
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The picture below shows if you were to look at the actual colours produced on a screen from 
the interference of white light vs monochromatic light. Clearly they both have a central 
maximum of a single colour, and they both lose intensity as you move from the central 
maximum. However the white light clearly shows a dispersion of different colours, whereas 
the monochromatic light is obviously only one colour. 
 

 
 
 
 
 
 
 
 

 
 
 
Students are expected to show awareness of safety issues associated with using 
lasers. 
 
Lasers are particularly dangerous if aimed at the eyes, as they can damage the retina. Lasers 
send out such concentrated beams of light that they can damage the retina. The retina is vital 
in converting focused images into neural messages to the brain for visual recognition, 
therefore is damaged can be cause blindness. Thus laser beams should always be directed 
away from the eye.  

 
Students will not be required to explain how a laser works.  
 
Students will be expected to describe and explain interference produced with sound 
and electromagnetic waves. 
 
Appreciation that knowledge and understanding of nature of electromagnetic 
radiation has changed over time. 
 
Newton told us that visible light (electromagnetic radiation) was a stream of microscopic 
particles called corpuscles. However, these corpuscles could not explain interference or 
diffraction effects, thus the view of light as a wave was adopted. Then, Einstein discovered 
that in fact light did behave as a particle, and came in little packets of energy called photons. 
And so now we understand that light has a wave-particle duality.   
 
If you are interested in reading more on this topic, then visit 
http://scienceblogs.com/builtonfacts/2010/03/31/a-brief-history-of-light/  
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AQA June 2013 Unit 2 Q7bcd 

 
‘Figure 9 shows a laser emitting blue light directed at a single slit, where the slit width is 
greater than the wavelength of the light. The intensity graph for the diffracted blue light is 
shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The laser is replaced by a laser emitting red light. 
 
On the axes shown in Figure 9, sketch the intensity graph for a laser emitting red light. ‘ 
 

• Red light will have a wider base as it diffracts more (longer wavelength) 
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‘State and explain one precaution that should be taken when using laser light.’ 

One from 

• Don’t shine towards a person  
• Avoid (accidental) reflections  
• Wear laser safety goggles  
• ‘laser on’ warning light outside room  
• Stand behind laser  
• Other sensible suggestion   

Then one for 

• Eye / skin damage could occur 

‘The red laser light is replaced by a non-laser source emitting white light.  

Describe how the appearance of the pattern would change.’ 

• Central white (fringe)  
• Each/every/all subsidiary maxima are composed of a spectrum (clearly stated or 

implied)  
• Each/every/all subsidiary maxima are composed of a spectrum (clearly stated or 

implied) and (subsidiary maxima) have violet (allow blue) nearest central maximum 
or red furthest from centre 

• Fringe spacing less / maxima are wider / dark fringes are smaller (or not present)  
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AQA Jan 2011 Unit 2 Q3cde 
 

 

 

 

 

Question: 

Describe how the pattern would change if light of a longer wavelength was used (the diagram 
above shows the answer to the first question, ie the original pattern) 

Answer: 

Maxima further apart/central maximum wider/subsidiary maximum wider/maxima are wider  

Question: 

State two ways in which the appearance of the fringes would change if the slit was made 
narrower.  

Answer: 

• Lower intensity 
• Wider separation 

Question: 

The laser is replaced with a lamp that produces a narrow beam of white light. Sketch and 
label the appearance of the fringes as you could see them on a screen. 

Answer: 
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AQA June 2005 Unit 4 Q1 
 

 
Answer: 
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With the loudspeaker emitting sound of frequency 480Hz, the effect described in part (a) is 
noticed first when l = 168mm. It next occurs when l = 523mm. 
 
Use both values of l to calculate 
 

Question: 
 
The wavelength of the sound waves in the air column 
 

Answer: 
 
l/2 = 523 – 168 = 355mm. So 355 x 2 = 710mm 
 

Question: 
 

The speed of the sound waves 
 

Answer: 
 
c = fl so c = 480 x 710 x 10-3 = 340 ms-1 
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3.3.2.2 Diffraction  
 

Content 

• Appearance of the diffraction pattern from a single slit using monochromatic and 
white light.  

• Qualitative treatment of the variation of the width of the central diffraction maximum 
with wavelength and slit width. The graph of intensity against angular separation is 
not required.  

• Plane transmission diffraction grating at normal incidence.  
• Derivation of dsinq=nl 
• Use of the spectrometer will not be tested. 
• Applications of diffraction gratings.  

Appearance of the diffraction pattern from a single slit using monochromatic and 
white light.  
 
Diffraction through a Single Slit; This produces the interference pattern shown below. You 
get bright fringes followed by dark fringes. These are produced by constructive and 
destructive interference respectively, constructive interference where the waves arrive in 
phase, and destructive in antiphase. In other words, the constructive interference forms when 
there is a path difference of an integer, and destructive the opposite, i.e. 1 and 1.5. There is 
also a characteristic wider base with single slit diffraction, where the central maxima are 
double the width of the other maxima, and by far the brightest. 
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Qualitative treatment of the variation of the width of the central diffraction maximum 
with wavelength and slit width. The graph of intensity against angular separation is 
not required.  
 
The greater the wavelength, the wider the fringes. Also, making the slit narrow makes the 
fringes wider.  
 
Plane transmission diffraction grating at normal incidence.  
 
Diffraction Grating; A series of narrow, parallel slits for example 500 slits per mm. When 
light shines on the grating, you get a series of bright lines. You get orders of maximum where 
m=0, m=1 etc. These are essentially the placing of the bright fringes, where the diffracted 
waves are constructively interfering. There is no path difference on the zero order maximum 
(m=0), as the waves arrive in phase and interfere constructively, with no path difference. The 
second order maximum (m=2) has a path difference of 
1. This means that one wave has travelled one full 
cycle further than the other, however they are both in 
phase as they are the same proportion of a cycle in. 
Thus they interfere constructively again, to produce a 
bright fringe. This process is exactly the same for 
every maximum, however where there is no light 
present destructive interference of the waves is 
present. So between the maxima you get destructive 
interference, where the waves arrive with a path difference that is not an 
integer number of wavelengths. The waves therefore arrive out of phase, interfering 
destructively to produce a point of no light.  
 
Diffraction gratings can be useful to separate out different colours, like in a hydrogen 
spectrum. The hydrogen gas in a thin tube is excited by an electrical discharge, releasing 
photons of light with different wavelengths. Thus you can use the diffraction grating to 
separate out these different wavelengths, and colours as you can see in the diagram above. 
Red light and blue light will diffract by different amounts as they have their own 
characteristic frequencies. This will give maxima at different points, allowing you to see the 
emission spectrum.  

 
 
 
 
 
 
 
 
 
 
The above diagram shows a diffraction grating at normal incidence. The angle of diffraction 
between each transmitted beam and the central beam can be increased by using light of 
longer wavelength ie red instead of green, or a grating with closer slits. 
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Derivation of dsinq=nl 
 
The equation related to diffraction gratings is dsinθ=nλ, the derivation of this is shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The number of slits per metre on the grating, N = 1/d, where d is the grating spacing. Also, 
for a given order and wavelength, the smaller value of d, the greater angle of diffraction. This 
can also be looked at as the larger number of slits per metre, the bigger the angle of 
diffraction.  
 
Moreover, to find the maximum number of orders produced, substitute q = 90 into the 
equation, ie sinq = 1, then calculate n using n = d/l. The max number will be given by the 
resulting value of d/l rounded down to the nearest whole number.  
 
Use of the spectrometer will not be tested. 
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Applications of diffraction gratings.  
 
A diffraction grating is used when attempting to separate light of different wavelengths with 
high resolution, for example it can be used in measuring atomic spectra, or the composition 
of a star. 
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AQA AS June 2016 7407 
Question: 

In a diffraction-grating experiment the maxima are produced on a screen. What causes the 
separation of the maxima of the diffraction pattern to decrease?  

Answer: 

 

Answer is D 
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3.3.2.3 Refraction at a plane surface 
 

Content 

• Refractive index of a substance, n = c/cs 
• Students should recall that the refractive index of air is approximately 1.  
• Snell’s law of refraction for a boundary n1sinq1 = n2sinq2 
• Total internal reflection  
• Simple treatment of fibre optics including the function of the cladding.  
• Optical fibres will be limited to step index only.  
• Material and modal dispersion.  
• Students are expected to understand the principles and consequences of pulse 

broadening and absorption.  

Refractive index of a substance, n = c/cs 
 
Refraction occur when light reaches a boundary between two different transparent 
substances. At the boundary the light will undergo a change in direction, as it will travel at 
different speeds within different substances depending on their refractive index. Light rays 
bend towards the normal when passing from air to glass, do not bend at all when passing 
along the normal, and bends towards the normal when passing into a denser substance.  This 
is due to the change of speed when travelling in different substances, as when passing into a 
denser substance the rays will slow down, thus bend towards the normal.  
 
When a light ray in air enters for example, glass, partial reflection will occur.  
 
Furthermore, the frequency of waves does not change when refraction occurs 
 
Students should recall that the refractive index of air is approximately 1.  
 
The refractive index of air is approximately 1 because light rays travel at approximately the 
speed of light in air (as opposed to full speed in a vacuum).  
 
Snell’s law of refraction for a boundary n1sinq1 = n2sinq2 
 
Snell’s law states that n1sinq1 = n2sinq2, where n1 is the refractive index of one substance, and 
q1 is the angle of incidence/refraction depending on which side you take to be 1 or 2. 
 
Total internal reflection  
 
If the angle of incidence is increased to a certain value, called the critical angle, the light ray 
refracts along the boundary. If the angle is increased above this value, the light ray undergoes 
total internal reflection.  
 
Total internal reflection requires two things to occur: 
 

1. The incident substance has a larger refractive index than the other substance 
2. The angle of incidence exceeds the critical angle 
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When the critical angle is reached, the angle of refraction is 90, so sin90 =1 and you can 
rearrange n1sinq1 = n2sinq2 to get sinqc = n2/n1, where sinqc is equal to the critical angle.  
 
An example of total internal reflection is in diamonds. Diamonds sparkle when white light is 
shone on them because as the white light enters the diamond, it is split into the colours of the 
spectrum. Diamond has a very high refractive index so it separates out the colour more than 
other substances, also with a very low critical angle, a light ray in diamond may totally 
internally reflect many times before emerging. This means the colours spread out more.  

Simple treatment of fibre optics including the function of the cladding.  
 
Optical fibres have many uses, like in endoscopes which are used to see inside the body, and 
in communications to carry light signals.  
 
In an optical fibre the light ray is totally internally reflected each time it reaches the fibre 
boundary. These fibres allow pulses of light entering at one end from a transmission signal, to 
the other end. Such fibres need to be highly transparent in order to reduce absorption of light 
as if the light was absorbed, the amplitude of the pulses would decrease progressively.  
 
The fibres all contain a core surrounded by a layer of cladding with a lower refractive index 
to reduce light loss from the core. The cladding provides protection to the core to prevent 
scratching, which could cause loss of light. Also the cladding is of lower refractive index to 
ensure that TIR takes place.  
 
TIR takes place at the core-cladding boundary, as without cladding, at a point where two 
fibres are in direct contact, light would cross from one fibre to the other. Thus the signals 
would reach the wrong target.  
 
Optical fibres will be limited to step index only.  
 
Material and modal dispersion.  
 
The core needs to be very narrow in order to prevent modal dispersion. This is more 
prominent in wider cores because it means that light travelling along the axis of the core will 
travel a shorter distance than light undergoing total internal reflection. It causes pulse 
broadening as the pulses emerging are longer than they should be. On the contrary, material 
dispersion (sometimes called spectral dispersion) occurs when white light is used as opposed 
to monochromatic light. Different colours will travel at different speeds, ie blue travels 
slower than red in the fibre. This also results in pulse broadening, and so monochromatic 
light is used to prevent this.  
 
Students are expected to understand the principles and consequences of pulse 
broadening and absorption.  
 
Absorption results in a reduction of amplitude of the pulses, thus the core must be as 
transparent as possible. The result of pulse broadening is that different pulses could merge, 
resulting in a completely distorted final pulse.  
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AQA A2 Specimen Paper 1 Q5.1/2/3 

‘Describe the structure of a step-index optical fibre outlining the purpose of the core and the 
cladding.’ 

• The core is the transmission medium for EM waves to progress (by total internal 
reflection) 

• Cladding provides lower refractive index so that total internal reflection takes place 
• And cladding offers protection of the boundary from scratching which could lead to 

light leaving the core.  

‘A signal is to be transmitted along an optical fibre of length 1200 m. The signal consists of a 
square pulse of white light and this is transmitted along the centre of a fibre. The maximum 
and minimum wavelengths of the light are shown in Table 1. 

Table 1 

 

Explain how the difference in refractive index results in a change in the pulse of white light 
by the time it leaves the fibre’ 

• Blue travels slower than red due to the greater refractive index 
• So red reaches end before blue, leading to material pulse broadening 

‘Discuss two changes that could be made to reduce the effect described in part 5.2.’ 

• Use of monochromatic source so speed of pulse is constant  
• Use of shorter repeaters so that the pulse is reformed before significant pulse 

broadening has taken place.  
• Use of monomode fibre to reduce multipath dispersion 
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AQA June 2011 Q5e 

Question: 

Figure 7 shows a pulse of monochromatic light (labelled X) that is transmitted a significant 
distance along the fibre. The shape of the pulse after travelling along the fibre is labelled Y. 
Explain why the pulse at Y has a lower amplitude and is longer than it is at X  

 

 

 
Answer: 

• (reduced amplitude) due to absorption/energy loss (within the fibre)/ 
attenuation/scattering (by the medium)/loss from fibre  

• (pulse broadening caused by) multi-path (modal) dispersion/different rays/ modes 
propagating at different angles/non axial rays take longer time to travel same distance 
along fibre as axial rays  
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3.4 Mechanics and Materials 
 

3.4.1 Force, Energy and Momentum 
 

3.4.1.1 Scalars and Vectors 
 

Content 
 

• Nature of scalars and vectors. 
• Examples should include:  

o Velocity/speed, mass, force/weight, acceleration, displacement/distance. 
• Addition of vectors by calculation or scale drawing. 
• Calculations will be limited to two vectors at right angles. Scale drawings may 

involve vectors at angles other than 90°. 
• Resolution of vectors into two components at right angles to each other.  
• Examples should include components of forces along and perpendicular to an inclined 

plane. 
• Problems may be solved either by the use of resolved forces or the use of a closed 

triangle.  
• Conditions for equilibrium for two or three coplanar forces acting at a point.  
• Appreciation of the meaning of equilibrium in the context of an object at rest or 

moving with constant velocity. 
 
Opportunities for Skills Development 
 
• Investigation of the conditions for equilibrium for three coplanar forces acting at a 

point using a force board. 
 
Scalars and Vectors 
 
Scalar:  A quantity that has only magnitude, no direction i.e. speed. 
Vector: A quantity with magnitude and direction i.e. velocity. 
 
Examples 
 
Velocity is an example of a vector; it is the rate of change of displacement. v = s/t where v = 
velocity, s = displacement and t = time. Since displacement is a vector quantity also, as it has 
direction as well as magnitude i.e. 10m in the north direction, velocity is also a vector as it is 
the rate of change of this vector. However speed is the rate of change of the distance 
travelled, therefore since distance is a scalar quantity, speed is a scalar quantity. 
Other examples include force/weight and mass. Pretty much everything has a quantity called 
mass, which is a scalar quantity. Weight is a force caused by gravity. You multiply 
somethings mass by the force of gravity (9.81/’g’) to find its weight. The units for 
force/weight are in ‘Newton’s’ whereas mass is ‘kilograms’. If you had an object that had a 
mass of 10kg, then the weight would be 10 multiplied by 9.81. This works the other way and 
you can convert the weight into mass, as you may need to do this for certain questions.  
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Acceleration is also a vector quantity, and is the rate of change of the velocity. Displacement 
and distance have already been touched on, where displacement is a vector quantity and 
distance a scalar. You may be given other examples which you will be required to know 
however you will pick them up as you go through the course. Some questions in the multiple 
choice section may test your knowledge on scalars and vectors. 
 
Addition of vectors 

 
Addition of vectors in the same plane is fairly simple 
as you can see. If the vectors are working together in 
the same plane you simply add them up, if not it is the 
difference between the two, in the direction of the 
larger vector. 
 
 
If we apply the rules to actual situations with real 
forces it stays fairly simple. In the picture on the far 
right, the 50N’s cancel each other out, therefore the 
resultant force is 20N left. 

 
Resolving Vectors 
 
Resolution of vectors is most commonly done by Pythagoras and Trigonometry. If you have 
two vectors at a right angle to each other, you can use Pythagoras to find the missing side 
length.  
For example, if a car moves 11km north, then 11km east, what is its displacement from its 
original position? Well if you drew a triangle for its path, with a straight line from the 
original position to its final position, this would be the hypotenuse, and also its displacement. 
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The diagram above illustrates this concept, where R is the displacement. Ultimately, using 
a2=b2+c2 you can calculate the displacement. You may also be asked to find the angle of 
displacement, in which case you can use trigonometry to find this. 

 
Here you can see that q is the missing angle. To find it, 
you can call on your knowledge from GCSE to find the 
angle used SOHCAHTOA. So sinq = 11/15.6 so q = 45 
degrees. 
 
 
 
 
 

 
 
Resolving vectors not at right angles to each other 
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Conditions for equilibrium for two or three coplanar forces acting at a point. 
Appreciation of the meaning of equilibrium in the context of an object at rest or 
moving with constant velocity. 
 
The conditions for three coplanar forces acting at a point is that they must form a closed 
triangle, or their individual forces must be resolved into vertical and horizontal components, 
so that the sums of both equal 0, if not then they are not in equilibrium. To form a closed 
triangle, in a scale drawing you can draw the individual vectors, and if you end up in the 
position you started then the object is in equilibrium. The same principle of resolving into 
horizontal and vertical components can be used for two coplanar forces also. 
 
You can get equilibrium from an object moving at constant velocity, or at rest. The object 
moving at constant velocity has no resultant force acting on it, as if there were a resultant 
force acting on it, it would accelerate and thus would not be in equilibrium. An object at rest 
may have many forces acting on it, however they may cancel each other out therefore the 
object will stay at rest. If you look at and object at rest, the weight of the object acts 
downwards, therefore there must be an equal and opposite force acting upwards to make the 
resultant force 0. 
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3.4.1.2 Moments 
 

Content 
 

• Moment of a force about a point. 
• Moment defined as force x perpendicular distance from the point to the line of action 

of the force. 
• Couple as a pair of equal and opposite coplanar forces. 
• Moment of couple defined as force x perpendicular distance between the lines of 

action of the forces. 
• Principle of moments. 
• Centre of mass. 
• Knowledge that the positon of centre of mass of a uniform regular solid is at its 

centre. 
 

Moments 
 

A moment is defined as the force x the perpendicular distance from the point to the line of 
action of the force. The unit of a moment is the Nm. If you look at the diagram below it gives 
a simple example of how to calculate the moment of a force about a point. An example of a 
question is given below.  
 

 
The moment it is the force x perpendicular distance from the point to the line of action of the 
force. The force is equal to the mass multiplied by ‘g’, which is the acceleration due to 
gravity. So the force is written in shorthand as 20g, therefore the moment = 5 multiplied by 
20g, equal to 100g. Leaving it as 100g is much easier than writing out the answer to 100 x 
9.81. 
 
Couple as a pair of equal and opposite coplanar forces and that the Moment of 
couple defined as force x perpendicular distance between the lines of action of the 
forces. 
 
A couple is a pair of equal and opposite coplanar forces, oppositely directed, and the moment 
of a couple is called torque. An example is given below, where the moments of both forces 
are equal, in opposite directions. Therefore the object would keep spinning however there 
would be no acceleration. The moment would be F x s/2 upwards and downwards, so the 
resultant moment would be Fs. So in short, the moment of the couple shown below would be 
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the force (F) multiplied by the perpendicular distance between the lines of actions of the 
forces, (s), so instead of taking of taking individual moments, you can do this and get the 
final moment equal to Fs. 
 
 

 
 
 

 
 
 
 
Principle of Moments 

 
The principle of moments is that, in equilibrium, the sum of TOTAL anticlockwise moments 
is equal to the sum of TOTAL clockwise moments. If asked to state the principle of 
moments, do not be fooled into giving the equation, as that is the definition of moments, not 
the principle.  
 
Centre of Mass 
 
Centre of mass is essentially the distribution of mass in an object, and where that centre of 
mass acts. In uniform objects it always acts down the middle of the object, i.e. a uniform 
plank of wood 2m long. The centre of mass will act down the middle, as if it did not then if 
you were to put a pivot in the middle of the plank, there would be a resultant moment on one 
side as a larger force would be acting on that side. If you are given a non uniform object in a 
moment question, you may be asked to find where the centre of mass acts. If the system is in 
equilibrium, then you do as follows in the diagram below.  
 
In the diagram below, the plank is non uniform therefore its centre of mass does not act 
directly down the middle. Given that the plank is in equilibrium, it means the forces should 
all be equal in the vertical plane, and the moments should be equal both in the clockwise and 
anticlockwise direction. Therefore you can get to the fact that 2R + R = 130 + 50, as since 
there is no vertical movement, the reactions of the supports should be the same value as the 
forces acting downwards. After you have done this, you can find the value of R and use then 
when taking clockwise and anticlockwise moments. So the forces that are attempting to move 
A upwards, in an anticlockwise direction are the supports, and the weight of the plank and 
object are attempting to make the plank move clockwise, relative to A. Once you put all the 
information in you can get to the final answer. 
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3.4.1.3 Motion along a straight line  
 

Content 
 

• Displacement, speed, velocity, acceleration. 
• v = Ds/Dt 
• a = Dv/Dt 
• Calculations may include average and instantaneous speeds and velocities. 
• Representation by graphical methods of uniform and non-uniform acceleration. 
• Significance of areas of velocity-time and acceleration-time graphs and gradients of 

displacement-time and velocity-time graphs for uniform and non-uniform acceleration 
eg graphs for motion of bouncing ball. 

• Equations for uniform acceleration:  
 

 
 

 
 
 
 
 
 

• Acceleration due to gravity, g. 
 
Opportunities for Skills Development 
 

• Distinguish between instantaneous velocity and average velocity. 
• Measurements and calculations from displacement-time, velocity-time and 

acceleration-time graphs. 
• Calculations involving motions in a straight line. 

 
 

Displacement, speed, velocity, acceleration. 
 
Motion along a straight line can be evaluated using these four terms. Displacement is the 
essentially how far an object is relative to its origin. If a car travels 10km North, then 5km 
South, its overall displacement from the origin is 5m, however the distance it has travelled it 
clearly 15km. Speed is how fast something is going, calculated by the distance travelled 
divided by the time taken to travel the distance. Velocity is a scalar quantity, and is the rate of 
change of the displacement. Finally, acceleration is the rate of change of velocity. 
 
Calculations may include average and instantaneous speeds and velocities. 
 
To find the average velocity you would divide the displacement by the time taken. For 
example, if someone move 12 metres in 24 seconds, their average speed would be 0.5ms-1. 
However if you were to say they moved 6 metres forward then 6 metres back to their origin, 
then their displacement is 0m hence an average velocity of 0ms-1. Instantaneous 
speed/velocity are the speed/velocity at a given time. One way to calculate these, if you are 
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given a distance time graph or displacement time graph, is to draw a tangent at a given time 
then work out the gradient to find the instantaneous speed/velocity.  
 
Representation by graphical methods of uniform and non-uniform acceleration. 

 
On a velocity time graph, a straight line indicates uniform acceleration (not changing), 
however if the line curves then there is non uniform acceleration.  
 
Significance of areas of velocity-time and acceleration-time graphs and gradients of 
displacement-time and velocity-time graphs for uniform and non-uniform 
acceleration eg graphs for motion of bouncing ball. 
 
Area of velocity-time graph = distance travelled. 
Gradient of velocity-time graph = acceleration. 
Area of acceleration-time graph = change in velocity. 
Gradient of displacement-time graph = velocity. 

 
 

The graph to the below illustrates a ball bouncing. Initially the ball is at rest raised off the 
ground. Since velocity is a vector quantity, when the ball changes direction as it hits the 
ground there will be a change in velocity as it goes from negative to positive.  
So if you were to unpick the graph, the gradient should always be constant, as the 
acceleration/deceleration is always constant, at 9.8ms-2. This is because gravity is the only 
force acting on the ball.  
When the ball is dropped, since we have picked downwards as the positive direction, it 
increases to a certain speed Vms-1. As it bounces up its direction has changed so the velocity 
instantaneously reverts to a negative velocity, falling to 0 as it reaches its maximum height. 
This maximum height is shown by the point where the velocity is at 0, as once it begins to 
fall from its maximum height the velocity increases up until a maximum velocity again, 
before it bounces and repeats the process. The reason that the maximum velocity keeps 
decreasing is because when the ball hits the ground it loses energy, so there is less energy that 
can be converted to kinetic energy and therefore gravitational potential energy, thus the 
maximum speed will keep decreasing. 
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In the above picture, the slope 
 
 
 
Equations for uniform acceleration 
 
The equations for uniform acceleration are shown below, where v = final velocity, u = initial 
velocity, a = acceleration and t = time. 
 
 
 
 
 
 
Acceleration due to gravity, g. 
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Acceleration due to gravity, otherwise notated as ‘g’ is equal to 9.81ms-2, or just 9.8ms-2 if 
you are told to use this value of g. It is the rate at which objects accelerate towards earth, or 
the rate at which objects decelerate if they are travelling in the opposite direction to gravity 
providing no other forces are acting upon them. 
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3.4.1.4 Projectile Motion 
 

Content 
 

• Independent effect of motion in horizontal and vertical directions of a uniform 
gravitational field. Problems will be solvable using the equations of uniform 
acceleration. 

• Qualitative treatment of friction. 
• Distinctions between static and dynamic friction will not be tested.  
• Qualitative treatment of lift and drag forces. 
• Terminal speed. 
• Knowledge that air resistance increases with speed. 
• Qualitative understanding of the effect of air resistance on the trajectory of a 

projectile and on the factors that affect the maximum speed of a vehicle. 
 
Opportunities for Skills Development 
 

• Investigation of the factors that determine the motion of an object through a fluid. 
• Independent effect of motion in horizontal and vertical directions of a uniform 

gravitational field. Problems will be solvable using the equations of uniform 
acceleration. 

 
 
Independent effect of motion in horizontal and vertical directions of a uniform 
gravitational field. Problems will be solvable using the equations of uniform 
acceleration. 
 
The effect of motion in the horizontal field is based on an assumption that air resistance is 
negligible. Thus the acceleration in the horizontal plane will be 0. So if a particle is fired with 
horizontal velocity of 15ms-1 then this velocity will still be 15ms-1 at the instant before the 
particle hits the ground. In the vertical direction however, if a particle is fired upwards its 
acceleration due to gravity will be -9.81ms-2. This is because gravity acts downwards, so as 
the particle is moving upwards, gravity is acting against it, causing deceleration at 9.81ms-2. 
Therefore, the acceleration due to gravity is +9.81ms-2 as the particle is moving in the same 
direction as gravity is acting, causing an acceleration.  
 
 
 
Questions on projectile motion can be solved using the equations for uniform acceleration 
shown below. 
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In the question above, we are trying to find the maximum height reached by an object thrown 
vertically upwards from the ground. The object is thrown with initial velocity 12ms-1. So we 
know the initial velocity, we also know the final velocity, at maximum displacement, will be 
0ms-1. Also since the object is travelling upwards, it is working against gravity so its 
acceleration is -9.8ms-2. Therefore, we know three variables so can work out the 
displacement (s). It turns out to be 7.35m, using the equation v2 = u2 + 2as.  
 
Qualitative treatment of friction. 
 
Qualitative refers to looking at somethings quality as opposed to quantity. Thus friction can 
be defined at the resistance on an object attempting to move over another object. Whilst 
friction is usually looked at as being a hindrance, it is actually necessary for an object to 
move. Without friction, objects like cars would not be able to move forward on the road, as 
the wheels would keep turning but there would be no friction to allow the car to move, like a 
car moving on ice. Also, objects in motion would never rest until acted on by another force. 
To understand this fully we must apply Newton’s Third Law of motion that states, “If a body 
A exerts a force on body B, then said body B will exert an equal and opposite force on body 
A. These forces will be of the same type, acting on two different bodies. So if we apply this 
to walking, saying body A is your foot and body B if the ground. If your foot exerts a force X 
in order to move forward, there will be a frictional force X that will act in the opposite 
direction. Your foot exerts a force backwards to move you forward, thus the frictional force 
acts forwards on your foot. This frictional force drives the movement. However on a surface 
with a lower coefficient of friction, clearly it will be easier to walk, but too small of a 
frictional force e.g. on ice, and you will fall.  
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3.4.1.5 Newton’s Laws of Motion 
 

Content 
 

• Knowledge and application of the three laws of motion in appropriate situations.  
• F=ma for situations where mass is constant. 

 
Opportunities for Skills Development 
 

• Students can verify Newton’s second law of motion. 
• Students can use free-body diagrams. 

 
 
 
Knowledge and application of the three laws of motion in appropriate situations.  
 
Newton’s First Law: This law is sometimes referred to as inertia, and states that an object 
will stay in constant motion, or rest, unless acted on by a resultant force. 
 
Newton’s Second Law: It states that the force applied, F, is equal to the mass multiplied by 
acceleration, F=ma. This is derived from the fact that Force is proportional to the change in 
momentum divided by the time, Fµ  -./012	30	45620786

7362
 . We know that change in 

momentum is equal to the impulse, which is calculated by using m(v-u), otherwise written as 
Dmv. So substituting in m(v-u) to the equation gives 6(:;8)

7
 where (:;8)

7
 is equal to 

acceleration, giving Fµma. This can be written as F=kma, where k is the constant of 
proportionality which conveniently is equal to 1, so can be written as F=ma. 
 
Newton’s Third Law: This appears to be the simplest law, but in practice can be quite 
difficult. It states that if a body A exerts a force on body B, then body B will exert an equal 
and opposite force on body A. These forces, as well as being equal, will be opposite, and act 
on the two different bodies.  
 
Application of the Laws 

 
Newton’s First Law:  
 

1. Consider a car at rest, where we will look at the horizontal and vertical forces acting 
on the car. If we look at the car as a uniform particle, it gives a clearer representation 
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The object is taken to have a mass 1000kg, and so an approximate weight of 10000N. This 
object is at rest, and so if we resolve the forces horizontally we find there is no resultant 
force. Also if we resolve the forces horizontally we find that 1000-1000 also equals 0. The 
force acting downwards is the force exerted on the earth by the object. The arrow acting 
upwards is actually the reaction of this force, and so should really be below the arrow of the 
weight acting downwards on the diagram. Although this is usually the easiest notation to 
visualise.  
 

2. If you were to have a particle moving with constant velocity, then clearly the resultant 
force acting must be 0, otherwise you would get an acceleration. So if there was 
2000N acting east and 2000N acting west, this provides a resultant force of 0. So 
F=ma would be 0 as F = 0, this proving there would be no acceleration. 

3. If we were to replace the horizontal forces with 500N acting east, and 200N acting 
west, you would find a resultant force of 200N. Thus providing the horizontal forces 
stay balanced, there will be no horizontal movement, and movement east with a force 
of 300N. This force can then be used to work out the acceleration of the object using 
F=ma. So for this car/particle of 1000kg, its acceleration would be 0.3ms-2. This links 
to Newton’s Second Law. 
 

F=ma for situations where mass is constant. 
 
F=ma only works where mass is constant, as where an object approaches the speed of light, 
its mass changes significantly. This is where Einstein’s equation E=mc2 comes in useful, 
however knowledge of this is not required for this unit. 
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3.4.1.6 Momentum 
 

Content 
 

• Momentum = mass x velocity 
• Conservation of linear momentum. 
• Principle applied quantitatively to problems in one dimension. 
• Force as the rate of change of momentum, F = D (mv)/ Dt  
• Impulse = Change in momentum. 
• FDt = D(mv), where F is constant. 
• Significance of area under a force-time graph. 
• Quantitative questions may be set on forces that vary with time. Impact forces are 

related to contact time (eg kicking a football, crumple zones, packaging). 
• Elastic and inelastic collisions.  
• Appreciation of momentum conservation issues in the context of ethical transport 

design. 
 
Opportunities for Skills Development 
 

• Students can apply conservation of momentum and rate of change of momentum to a 
range of examples. 

 
 
Momentum = mass x velocity 
 
Momentum is a quantity associated will all objects that are moving. It is simply calculated by 
the mass multiplied by the velocity, but remember that it is a vector. This means that 
depending on which direction of motion you pick to be positive, the other direction will be 
negative. For example two particles A and B moving along a horizontal plane, before they 
collide they both have a velocity of 4ms-1 and mass 2kg and 4kg respectively. This means 
that before the collision particle A had momentum 8kgms-1, and particle B had momentum 
16kgms-1. If we say that particle A was moving in the negative direction, then its momentum 
would be -8kgms-1, and so the momentum of particle B would be positive. 
 
Conservation of linear momentum 
 
This states that provided no external forces act on the objects, total momentum before the 
collision is equal to total momentum after the collision. An external force could be friction 
for example.  
 
 
Principle applied quantitatively to problems in one dimension. 
 
To apply this to real situations, we must first understand that m1u1 + m2u2 = m1v1 + m2v2. 
However this is a complete over complication of the principle, and if you ensure you 
understand momentum and its properties this equation is unnecessary. I have shown this in 
the question below. By considering total momentum before and total momentum after, you 
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can perform the equation above without remembering it, as you are not given it in the 
equation sheet, essentially it is trivial. 
 
 
 
 
 
 
 
 
 
 
 
 
The question above shows a simple conservation of linear momentum problem. It asks you to 
find the final velocity of the particle with mass 2m. Since the momentum before must be 
equal to the momentum after, you can form the equation and solve to find v, after cancelling 
the common ‘m’ in the equation. It turns out to be 1.5ms-1 in the positive direction. 
 
Since velocity is a vector quantity, remember the velocity can be negative or positive, so you 
need to pick a positive and negative direction for the velocity. The left direction in the 
question above is the negative direction, so that is why the initial momentum of the particle 
mass m was -6 multiplied by m.  
 
Force as the rate of change of momentum, F = D (mv)/ Dt  
 
Simply, the force on an object i.e. if you kick a football, is equal to the change in momentum 
divided by the change in time. I will provide examples of this principle later on in this 
section.  
 
Impulse = Change in momentum. 
 
Impulse is equal to the change in momentum, and so what is the change in momentum? As I 
have mentioned previously, this is equal to I = m(v-u), or mv-mu. However remember the 
vector nature of velocity, since mass is a scalar and velocity is a vector, a scalar multiplied by 
a vector equals a vector. So in summary be careful with the signs used, i.e. the direction of 
the impulse, where it is negative or positive, and the direction of the velocity. The example 
below shows this. However, if you are only asked for the ‘magnitude’ of the impulse then the 
impulse will not have a positive or negative value, but the velocities you use will still require 
positive and negative directions. If you are studying M1 then momentum and impulse will 
become trivial, if you are not then it may be worthwhile to attempt some past paper questions 
on momentum from M1 to further your knowledge. 

Practice Question 

Two trucks A and B, moving in opposite directions on the same horizontal railway track, 
collide. The mass of A is 600 kg. The mass of B is m kg. Immediately before the collision, th 
speed of A is 4 ms-1

 

and the speed of B is 2 ms-1 Immediately after the collision, the trucks are 
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joined together and move with the same speed 0.5 ms-1. The direction of motion of A is 
unchanged by the collision. Find  

(a) The value of m, 
(b) The magnitude of the impulse exerted on A in the collision.  

 
 
 
 
 
 
 
 
 
 
 
 
The first answer is another simple conservation of linear momentum question. Again, be 
careful about the signs you use as velocity is a vector quantity. 
 
However part (b) in an impulse question. Impulse is defined as the rate of change of 
momentum, so I = mv-mu or m(v-u). For this question it asks to find the impulse exerted on 
A, which is given by B. The direction of the impulse of B is going in the left direction, which 
is a negative as we picked left as the negative direction. So the impulse is equal to –I = 
600(0.5-4) so I = 2100Ns after you rearrange the equation. 
 
 
FDt = D(mv), where F is constant. 
 
Using F = Dmv/Dt, we can rearrange to get FDt = Dmv. This means that the force multiplied 
by the time is equal to the change in momentum.  
 
Significance of area under a force-time graph. 
 
If you draw a force-time graph, you can find the change in momentum by calculating the area 
under the graph.  
 
Quantitative questions may be set on forces that vary with time. Impact forces are 
related to contact time (eg kicking a football, crumple zones, packaging). 
 
If we are to look at forces that vary with time, the best example is kicking a football. Using 
the equation for calculating the force, we can see that if the change in momentum is constant, 
however the time is decreased then the impact force increases. Thus kicking a football to 
produce the same change in momentum, but in a quicker time will increase the force on the 
ball. This principle is also extremely useful in cars. Crumple zones aim to increase the 
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contact time in a crash, thus reducing the force on both cars, and possibly saving lives. The 
crumple zones will do exactly as they sound, and essentially fold in on themselves. This can 
also be applied to packaging of an expensive object i.e. a watch. The packaging will again 
reduce the force on the object by increasing contact time if for example the watch were to be 
dropped on the floor in transit. 
 
Elastic and inelastic collisions.  
 
Quite simply, in an elastic collision kinetic energy is conserved, likewise momentum is too 
and it essentially an idealised situation. However, in an inelastic these quantities are not 
conserved, as kinetic energy may be lost as thermal energy, or energy from the sound created. 
In practice, most collisions are inelastic. 
 
Appreciation of momentum conservation issues in the context of ethical transport 
design. 
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AQA Jan 2010 Unit 4 Section A Q2 
 

Question: 

Water of density 1000 kg m-3

 

flows out of a garden hose of cross-sectional area 7.2 x 10-4

 

m2

 

at a rate of 2.0 x 10-4

 

m3

 

per second. How much momentum is carried by the water leaving 
the hose per second?  

Answer: 

Momentum = Mass x Velocity 

Mass = Density x Volume  
          = 1000 x (2 x 10-4) because 2 x 10-4 m3 are flowing each second (asks for momentum 
per second)  
So mass = 0.2kg 
 
Velocity. If you divide 2 x 10-4 m3s-1 by 7.2 x 10-4 m2, you will get 0.277…ms-1, thus the 
units are units of velocity. 
 
So Momentum = 0.2 x 0.277.. = 0.05555… @ 5.6 x 10-2 Ns.  
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Edexcel Jan 2011 Unit 6 Q2a 
 

Question: 

A student has an air track which has two trucks, A and B, supported by a cushion of air. He 
does an experiment to see whether momentum is conserved when the two trucks collide.  

Using an air track reduces friction on the trucks. State why this is important in a momentum 
conservation experiment.  

Answer: 

Conservation of momentum only applies in there are no (resultant) external forces  

 
Question: 

 
The student uses two light gates as shown in the diagram. Truck A carries a card of negligible 
mass and length l. A light gate records the time t taken by the card to pass through it.  

Explain how you would show that the air track is horizontal before starting the experiment.  

Answer: 

Truck A given a (gentle) push (1) 
The times shown on both timers are similar/calculated velocities are similar (1) 
OR 
Put truck on track, check if it remains stationary (1) Check in more than one position/use both 
trucks (1) 
OR 
Use spirit level (1) Check bubble in middle/check in more than one position (1) 
OR 
Check height of track above bench with rule and set square (1) 
At both ends (1)  
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Question: 

Truck B carries no card and is placed so that it is stationary between the light gates. Truck A 
is set off towards truck B. As the card passes through the first gate it records a time t1. Truck 
A then collides with truck B. They stick together and move through the second gate which 
records the time t2 

Both trucks have the same mass. Explain why t2 = 2t1 if momentum is conserved. 

Answer: 

Mass doubles 
(So) velocity halves  

time = (card) length/velocity  

 (so time is doubled) 

allow mathematical proof which hides v ratio e.g. mu = 2mv then we know that u = l/t1, and v 
= l/t2 so substitute these values in and solve for t2 = 2t1 

Question: 

The student records the following data for 5 separate collisions:  

Use this data to discuss whether momentum can be considered to be conserved in this 
experiment.  

Answer: 
(We know that since t2 = 2t1 for conservation of momentum, t2/t1 = 2) 

1. Mean ratio t2/t1

 

= 2.1 (1)  
2. Uncertainty is + 0.2 (1)  
3. Uncertainty range includes 2.0 (1)  
4. (Hence, yes, momentum is conserved) 

Alternatives for last 2 marks  

1. Calculates % difference as 5% (1) 
2. 5% is less than the experimental uncertainty of 9.5% (1)  
3. (Hence, yes, momentum is conserved)  
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3.4.1.7 Work, Energy and Power 
 

Content 
 

• Energy transferred, W = Fscosq 
• Rate of doing work = rate of energy transfer, P = DW/Dt = Fv 
• Quantitative questions may be set on variable forces. 
• Significance of the area under a force-displacement graph. 
• Efficiency = useful power output/ input power. 
• Efficiency can be expressed as a percentage. 

 
Opportunities for Skills Development 
 

• Investigate the efficiency of an electric motor being used to raise a mass through a 
measured height. Students should be able to identify random and systematic errors in 
the experiment and suggest ways to remove them.  
 

Energy transferred, W = Fscosq 
 
For an object to move, work needs to be done on said object as a result of action from a force. 
Work done is defined as the force multiplied by the distance moved in the direction of the 
force. This therefore means that one joule of energy is equal to the energy required to move 
1N through a vertical height of 1m. To further the equation ‘W=Fd”, the equation 
“W=Fscosq” provides you with the work done when the force may be acting at an angle. So 
you can calculate the horizontal component of the force and multiply this by the displacement 
to find the work done. If q were to equal 90 then the work done would be 0, as cos(90) is 
equal to 0. 
 
 
 
 
 
 
Rate of doing work = rate of energy transfer, P = DW/Dt = Fv 
 
The rate of doing work is called the power output, so the work done over the time taken. 
Since the work done is equal to the force x distance moved in direction of force, the equation 
P = Fv can also be derived. F = Force and v = velocity.  

 
Quantitative questions may be set on variable forces. 

 
Significance of the area under a force-displacement graph. 
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If you are given a force-displacement graph, then the work done will be the area underneath 
the graph. If the line is not a straight line then you may be required to use the trapezium rule 
to provide an estimate for the value. 

 
Efficiency = useful power output/ input power. 
 
Simply the efficiency is the useful power output divided by the input power. So if the input 
power were 40kW and the useful power output was 20kW, then 20/40 = 0.5 
 
Efficiency can be expressed as a percentage. 
 
The efficiency can be expressed as a percentage, so the fraction above could be multiplied by 
100 to get 50% efficiency.  
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3.4.1.8 Conservation of Energy 
 

Content 
 

• Principle of conversation of energy. 
• DEp = mgDh and Ek = 1/2mv2 
• Quantitative and qualitative application of energy conservation to examples involving 

gravitational potential energy, kinetic energy, and work done against resistive forces. 
 
Opportunities for Skills Development 

 
• Estimate the energy that can be derived from food consumption. 

 
 
Principle of conversation of energy. 
 
Energy cannot be destroyed or created, so for example in a collision, the total energy before 
the collision will be equal to the total energy after the collision if you ensure to include 
energy loss to things like heat or sound. 
 
DEp = mgDh and Ek = 1/2mv2 

 
The gravitational potential energy is equal to the mass multiplied by the gravitational field 
strength (9.81), multiplied by the change in height. Whereas kinetic energy is equal to 1/2mv2 
where m equals the mass, and v being velocity. These are quantities always possessed by 
objects, however if an object is 0m from the surface of the earth it will therefore have 0J of 
gravitational potential energy. For a football mass 1kg and velocity 10ms-1, its kinetic energy 
would be 50J. 
 
Quantitative and qualitative application of energy conservation to examples 
involving gravitational potential energy, kinetic energy, and work done against 
resistive forces. 
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3.4.2 Materials 
 

3.4.2.1 Bulk Properties of Solids 
 

Content 
 

• Density, r = m/v. 
• Hooke’s Law, elastic limit, 
• F = kDL, k as stiffness and spring constant. 
• Tensile strain and tensile stress. 
• Elastic strain energy, breaking stress. 
• Energy stored = 1/2FDL = area under force-extension graph. 
• Description of plastic behaviour, fracture and brittle behaviour linked to force-

extension graphs. 
• Quantitative and qualitative application of energy conservation to examples involving 

elastic strain energy and energy to deform. 
• Spring energy transformed to kinetic and gravitational potential energy. 
• Interpretation of simple stress-strain curves. 
• Appreciation of energy conservation issues in the context of ethical transport design. 

 
Opportunities for Skills Development 
 

• Students can compare the use of analogue and digital metres. 
• Estimate the volume of an object leading to an estimate of its density. 

 
  
Density, r = m/v 
 
Density is equal to the mass per unit volume, so has the units kgm-3.  
 
Hooke’s Law, elastic limit  
 
Hooke’s Law states that the extension of a spring/wire etc. is proportional to the force 
applied. Once a spring reaches its elastic limit, it will not return to its original length and is 
permanently deformed (plastic deformation). 
 
F = kDL, k as stiffness and spring constant. 
 
The equation F = kDL gives us the equation to find the force applied (F), the extension (L) or 
the spring constant (k). k is essentially the stiffness of a spring, which is referred to as the 
spring constant. The greater the value of k, the stiffer the spring.  
 
Tensile strain and tensile stress. 
 
Tensile strain is the force per unit area, so F/A, so has the units Nm-2. Tensile strain is the 
extension divided by the length, so DL/L, thus has no units as is a ratio.  
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Elastic strain energy, breaking stress 
 
Elastic potential energy is stored in a stretched spring, and so when released, this potential 
energy will become kinetic energy. However the work done in stretching a spring by an 
extension DL, is given by $

%
 FDL. The change in extension is from the unstretched length, and 

F is the force required to extend it by DL. This work done in stretching the spring is elastic 
potential energy stored, and is what the area under a graph represents in a force – extension 
graph, as you can see below. 
 
 
 
 
 
 
 
 
 
 
 
 
Breaking stress is the maximum tensile stress that an object can take before failing by 
breaking. 
 
Energy stored = 1/2FDL = area under force-extension graph. 
 
Description of plastic behaviour, fracture and brittle behaviour linked to force-
extension graphs. 
 
Plastic behaviour is permanent deformation or change in shape of a solid body under the 
action of a sustained force, without the object breaking. A graph below shows a brittle 
material (A), and a ductile material showing plastic behaviour (B). 
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A brittle material (A) under load breaks without undergoing a significant amount of prior 
deformation, so is usually quite sudden. It will absorb relatively little energy prior to its 
fracture, shown by the small area underneath its line. So brittle materials can usually 
withstand a large force, showing little plastic deformation. Examples are glass or concrete. If 
we look at material B, it can be described as ductile. This is because it can be easily stretched 
without breaking or decreasing in strength, so can also withstand large forces. They show 
areas of elastic deformation and also plastic deformation, as seen on the graph above. 
Therefore these types of materials can be drawn into long thin wires without breaking, like 
copper or steel.  
 
Loading and Unloading Graphs 
 
The graph below shows what you would expect from a metal wire. The wire will return to its 
original length when unloaded provided the elastic limit is not reached. Although beyond this 
limit, the unloading wire will return parallel to the loading wire. It also means that the wire 
will be permanently longer than its original length.  
 
 
 
 
 
 
 
 
 
 
 
This graph shows what you expect to see from a rubber band. The rubber band will return to 
its original length, with the unloading curve lower than the loading curve apart from when 
there is maximum extension, and when they are at 0. The rubber band stays elastic as it 
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regains its initial length, but it has a low limit of proportionality so curves quickly. Another 
thing is that the extension when unloading is greater than that when loading for given 
tensions. 
 
 
 
 
 
 
 
 
For a polythene strip, the graph will look as is shown below. The unloading extension will 
also be greater than that of the loading extension. Also the strip will not return to its original 
length, and will follow a straight line almost directly downwards. The strip suffers from 
plastic deformation and has a very low limit of proportionality, as shown by the graph. 
 
 
 
 
 
 
 
 
 
 
Quantitative and qualitative application of energy conservation to examples 
involving elastic strain energy and energy to deform. 
 
If you were to take a rubber band, work is done in stretching the rubber band, so work is done 
to deform it. This work is converted into elastic strain energy within the rubber, and if this 
applied stretching force is then slowly reduced, the rubber band will use this energy to “pull” 
back. If the force is removed then the band will retract quickly, and this strain energy would 
be converted into kinetic energy and sound energy. If you were to bend a metal bar, and then 
lay it on the ground, the bar will not nearly recover its original position. This is because it has 
undergone permanent deformation, and the elastic potential energy that was stored was then 
converted into heat energy, resulting in a slight temperature rise of the bar. In any material 
undergoing deformation, at least some of the supplied energy will be converted into 
heat. However looking at an ideal elastic material, we assume that all energy supplied is 
converted into strain energy, and when the material returns to its original position there is no 
energy loss.   
 
Spring energy transformed to kinetic and gravitational potential energy. 
 



marksphysicshelp   100 

As mentioned in the previous point, spring energy can be transformed to kinetic energy. The 
same is also true for gravitational potential energy, so if a spring is pulled downward, its loss 
in potential energy will be transformed to elastic potential energy. 
 
Interpretation of simple stress-strain curves. 
 
 

 
 
 
O to A: The limit of proportionality is shown by A, and from the origin to point A the 
material obeys Hooke’s Law. After A the proportionality is lost and the graph begins to 
curve. The straight line can be referred to as the elastic region, as the material can regain its 
original shape after the load has been removed. 
 
A to B: Between A and B the strain increases faster than the stress, and point B is where any 
continuous stress will result in permanent, plastic deformation. B is known as the elastic 
limit. 
 
B to C: Beyond B, the material goes to the plastic stage. After C, the material starts 
decreasing in its cross-sectional area, so the stress decreases down to point D. This point is 
called yield point 1. 
 
C to D: This is the second yield point, and is where a small increase in the tensile stress 
causes a large increase in tensile strain, as the material undergoes plastic flow.  
 
D to E: This point is the point of ultimate tensile stress (UTS), and beyond this point the 
wire loses its strength, extends, and becomes narrower approaching its weakest point. This is 
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also shown by a decreased cross section as well, and this continues until the wire breaks 
(breaking stress). 
 
E to F: The point of fracture. 
 
The strength of a material is therefore its point of maximum tensile stress (UTS). 
 
Appreciation of energy conservation issues in the context of ethical transport 
design. 
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OCR (A) A Level Specimen 1 Q18bc 
Question: 

State the meaning of elastic and plastic behaviour.  

Answer: 

Elastic: material returns to original dimensions when load is B1 removed. 
Plastic: material has permanent change of shape when load is 
removed  

Question: 

Repeatedly stretching and releasing rubber warms it up.  

Fig. 18.1 shows a force-extension graph for rubber.  

 

 

 

 

 

 

Rubber is an ideal material for aeroplane tyres. Using the information provided, discuss the 
behaviour and properties of rubber and how its properties minimise the risks when aeroplanes 
land  

Answer: 

• The material is elastic because the removal of force returns the B1 rubber to its 
original length.  

• The area under force-extension graph is work done. 
• Repeated stretching and releasing the rubber warms up the 

rubber because not all the strain energy is returned back. The area enclosed represents 
the amount of thermal energy. During landing, some of the aeroplane’s kinetic energy 
is transferred to thermal energy and therefore the aeroplane does 
not “bounce” during landing; hence this minimises the risk to 
passengers.  
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3.4.2.2 The Young Modulus 
 

Content 
 

• Young Modulus = Tensile Stress/ Tensile Strain = FL / ADL 
• Use of stress-strain graphs to find Young Modulus. 
• (One simple method of measurement is required.) 

 
Young Modulus = Tensile Stress/ Tensile Strain = FL / ADL 
 
Young modulus is equal to the tensile stress divided by the tensile strain, as given in the 
equation above. It is essentially a measure of elasticity. 
 
Use of stress-strain graphs to find Young Modulus. 
 
The gradient of the stress-strain graph is the value of young’s modulus.  
 
One simple method of measurement is required. 
 
You might be given a 6 marker on how to find the young’s modulus of a material. Here is 
one method you could use. Initially you may like to draw a diagram, showing a workable 
arrangement of suitable apparatus. An example of an arrangement is shown in the picture 
below. So if you were finding the Young’s modulus of a wire, you would need to find its 
cross sectional area, so would need to measure its diameter. Its important you say you are 
measuring the diameter, not the radius, as you are going to calculate the radius. To measure 
the diameter a micrometer can be used, various measurements along the wire should be taken 
to obtain a mean diameter. Then you can half this value for the radius. After this you can 
proceed to outline your arrangement of apparatus. You will need to make sure that the wire is 
taut, so you could add an initial mass to ensure this, and then measure the original length of 
the wire. After this you will be adding a range of masses to the wire, ensuring you use at least 
seven different masses, and repeat measurements for the same wire. You will then need to 
measure the extension i.e. using a metre rule alongside a pointer touching scale or set square 
(to reduce parallax error). The weight (force) can be calculated using the mass multiplied by 
g. Once you have all of your measurements of L, DL, F and A, you can plot a graph of stress 
against strain and calculate the gradient to find the Young’s Modulus.  
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These points are a variety of different points that you can use, and you may decide to choose 
a different method. However irrespective of this, it would be ideal to include over 5 points, 
alongside points on how you can make your results more accurate i.e. repeat readings.  
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Edexcel June 2009 Unit 3B Q6d 
 
(not added yet) 
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OCR (A) A Level Specimen 1 Q18a 
Question: 

A group of scientists have designed an alloy which is less dense than copper but may have 
similar mechanical properties. A researcher is given the task to determine the Young modulus 
of this alloy in the form of a wire.  

Write a plan of how the researcher could do this in a laboratory to obtain accurate results. 
Include the equipment used and any safety precautions necessary.  

Answer: 

Equipment used safety  

• Wire fixed at one end with load added to wire 
• Suitable scale with suitable marker on wire.  
• Micrometer screw-gauge or digital/vernier callipers for measuring diameter of wire 
• Reference to safety concerning wire snapping 

Measurements 

• Original length from fixed end to marker on wire 
• Diameter of wire.  
• Measure load.  
• New length of wire when load increased.  

Calculation of Young modulus 

• Find extension (for each load) OR strain 
• Determine cross-sectional area of wire or stress 
• Plot stress-strain graph OR graph of load-extension 
• Young modulus = gradient OR Young modulus equals gradient x original length/area 
• Calculate Young modulus from single set of measurements of load, extension, area 

and length 

Reliability of results  

• Measure diameter in 3 or more places and take average.  
• Put on initial load to tension wire and take up ‘slack’ before measuring original 

length. 
• Take measurement of extension while unloading to check elastic limit has not been 

exceeded 
• Use long wire (to give measureable extension and reduce percentage uncertainty) 

Scale or ruler parallel to wire. Readings read off parallel to scale (reduce parallax error) 
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3.5 Electricity 
 

3.5.1 Current Electricity 
 

3.5.1.1 Basics of Electricity  
 

Content 
 

• Electric current as the rate of flow of charge; potential difference as the work done per 
unit charge. 

• I = DQ/Dt, V = W/Q 
• Resistance defined as R = V/I. 

 
Opportunities for Skills Development 
 
• Students can construct circuits from the range of components. 

 
 
Electric current as the rate of flow of charge; potential difference as the work done 
per unit charge. 
 
Electric current is defined as the rate of flow of charge, I = DQ/Dt.  
Potential Difference is the work done per unit charge, V = W/Q. 
 
Resistance defined as R = V/I. 
 
Resistance is the defined as V/I, where V = potential difference, and I = current.  
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3.5.1.2 Current–Voltage Characteristics 
 

Content 

• For an ohmic conductor, semiconductor diode, and filament lamp. 
• Ohm’s law as a special case where I¥V under constant physical conditions.  
• Unless specifically stated in questions, ammeters and voltmeters should be treated as 

ideal (having zero and infinite resistance respectively).  
• Questions can be set where either I or V is on the horizontal axis of the characteristic 

graph.  

Ohmic conductor, semiconductor diode, and filament lamp. 
 
Ohmic Conductor… An example of an ohmic conductor is a fixed resistor, it’s resistance is 
fixed therefore current increases in direct proportion to potential difference. The I-V graph 
shows this relationship as a straight line through the origin. A component that gives a graph 
like the one shown below can be described as following Ohm’s Law. 
 
 
 
 
 
 
 
 
 
 
 
 
Semi-Conductor Diode… is a component that only allows current to flow in one direction, 
as in the other direction it has an infinite resistance, so current cannot flow. This is illustrated 
in the graph below. 
 
 
 
 
 
 
 
 
 
 
Filament Lamp… This component does not follow Ohm’s Law, and so the current does not 
increase in direct proportion to potential difference as physical conditions change. This is 
because, as current increases in the filament lamp, resistance also increases. This increase in 
resistance is due to the fact that as the wire heats up, the ions within the metal move faster, 
thus providing more opposition to the flow of electrons. This opposition to the flow of 
electrons is otherwise described as resistance of the circuit, so as this resistance increases, the 
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rate of change of the potential difference decreases. The graph illustrates the I-V 
characteristics of the filament lamp. 
 
 
 
 
 
 
 
 
 
 
 
Ohm’s law as a special case where I is proportional to V under constant physical 
conditions.  
 
Ohm’s Law is, as stated above, a special case whereby current is proportional to the potential 
difference under physical conditions. A fixed resistor obeys Ohm’s Law. 
 
Unless specifically stated in questions, ammeters and voltmeters should be treated 
as ideal (having zero and infinite resistance respectively).  
 
Ammeters are idealised as having zero resistance, as not to take a share of the potential 
difference in the circuit. Voltmeters are idealised as having infinite resistance so that they do 
not take a share of the current in the circuit.  
 
Questions can be set where either I or V is on the horizontal axis of the 
characteristic graph.  
 
In terms of the I-V graphs earlier, the reverse of these should be known as they could put V 
on the y axis and I on the x axis. 
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AQA Jan 2011 Unit 1 Q6c)di)ii)e) 
 

Question: 
 
 

 
 
 
 
 
 
 
 
 
 
 

Explain why the current through the lamp decreases between 0.05 s and 0.50 s  

Answer: 
 

resistance of filament increases or more collisions/scattering 

as temperature of filament increase or filament gets hot/heats (until reaches thermal 
equilibrium)  

State and explain the change, if any, to the final current through the lamp if it is connected to 
the same supply with another similar lamp. 

Question: 

in series 

Answer: 
 

• voltage of supply now shared by lamps or resistance increased   
• hence current reduced  

Question: 
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in parallel.  

Answer: 

current through the lamps unchanged/stays the same  
as both connected directly to the supply or correct resistance argument  

Question: 

State and explain why a filament lamp is most likely to fail as it is switched on.  

Answer: 

• Resistance of lamps will be lower when first switched on   
• Hence initial current will be larger 
• Sudden rapid change in temperature 
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3.5.1.3 Resistivity 
 

Content 
 

• Resistivity, r = RA/L 
• Description of the qualitative effect of temperature on the resistance of metal 

conductors and thermistors.  
• Only negative temperature coefficient (ntc) thermistors will be considered.  
• Applications of thermistors to include temperature sensors and resistance–temperature 

graphs.  
• Superconductivity as a property of certain materials which have zero resistivity at and 

below a critical temperature which depends on the material.  
• Applications of superconductors to include the production of strong magnetic fields 

and the reduction of energy loss in transmission of electric power.  
• Critical field will not be assessed.  

Opportunities for Skills Development 

• Investigation of the variation of resistance of a thermistor with temperature. 

Resistivity, r = RA/L 
 
Resistivity is defined by the equation above, and equals the resistance (R), multiplied by the 
cross sectional area of the wire (A), all divided by the length of the wire (L). The unit of 
resistance is the ohm (W), the unit for cross-sectional area is m2, and for length is m. 
Therefore the unit for resistivity is the Wm.  
 
Description of the qualitative effect of temperature on the resistance of metal 
conductors and thermistors.  
 
As temperature increases in metal conductors, the ions contained within the metal move 
faster. This makes it harder for electrons to pass, as the ions are constantly moving and 
getting in their way, providing more resistance to the motion of the electrons. Therefore, as 
the temperature increases in metal conductors, resistance increases.  
 
However in thermistors as the temperature increases, the resistance decreases. 
 
Only negative temperature coefficient (ntc) thermistors will be considered.  
 
An example of a negative temperature coefficient (ntc) is a thermistor, whereby the resistance 
decreases as the temperature increases. The opposite of this would be a positive temperature 
coefficient (ptc). 
 
Applications of thermistors to include temperature sensors and resistance–
temperature graphs. 
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The graph above shows a resistance-temperature graph for a thermistor. It clearly shows how 
resistance decreases with an increase in temperature. This concept is applied to one of its 
main uses as a temperature sensor. The way it works in a temperature sensor is covered when 
you come to potential dividers.  
 
Superconductivity as a property of certain materials which have zero resistivity at 
and below a critical temperature which depends on the material.  
 
Superconductivity is where, at and below a critical temperature, a given material will have 
zero resistivity.  
 
Applications of superconductors to include the production of strong magnetic fields 
and the reduction of energy loss in transmission of electric power.  
 
Superconductors can provide power cables that can transfer electrical energy without energy 
dissipation, so making cables much more efficient by having less wasted energy. Also, they 
can be used for making extremely strong electromagnets, for things like particle accelerators 
or MRI scanners that require a very strong magnetic field.  
 
Critical field will not be assessed.  
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3.5.1.4 Circuits 
 

Content 
 

• Resistors: 
o in series, RT = R1 + R2 + R3 
o in parallel, 1/RT = 1/R1 + 1/R2 + 1/R3 

• Energy and power equations: E=IVt; P=IV = I2R = V2/R 
• The relationships between currents, voltages and resistances in series and parallel 

circuits, including cells in series and identical cells in parallel.  
• Conservation of charge and conservation of energy in dc circuits. 

Opportunities for Skills Development 

• Students can construct circuits with various components configurations and measure 
currents and potential differences. 

Resistors 
 
In series, the resistance of resistors simply adds up, where RT = R1 + R2 + R3… RT is equal to 
the total resistance of the circuit. 
In parallel, the total resistance is equal to 1/RT = 1/R1 + 1/R2 + 1/R3… 
 
Energy and power equations 
 
E=IVt; P=IV = I2R = V2/R. The first equation gives the equation for energy, equal to the 
current (I), multiplied by the potential difference (V), multiplied by the time (t). Current is 
measured in amperes (A), potential difference in volts (V), and time in seconds (s). 
 
The relationships between currents, voltages and resistances in series and parallel 
circuits, including cells in series and identical cells in parallel.  
 
Current 
 
Conservation of charge – “The total charge flowing into a junction of wires must equal the 
total charge flowing out of the junction”. 
Kirchhoff’s First Law – “The sum of the currents flowing into a junction of wires must 
equal the sum of the currents flowing away from the junction of wires”. 
 
 
In series circuits… is the same if you where to put an ammeter anywhere in the circuit. This 
can be seen in the diagram below. 
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In parallel circuits… splits as it approaches a junction. It splits by different amounts 
depending on the resistance down the junction, however charge flowing into the junction 
must be equal to the charge flowing out. The diagram below illustrates this, as depending on 
the resistances down each branch, the current would change. If the resistance were the same 
down each branch, then current would split equally. Also it is important to remember that 
after the current splits into I1, I2 and I3, the current will add up to form I0 (the total charge that 
flowed into the branches). 
 
 
 
 
 
 
 
 
 
 
Potential Difference 
 
In series circuits… is shared amongst the different components. As each electron passes 
through each component it will drop by a given amount in voltage, which is the potential 
difference at that point. So from a source V0, if there are three components V1, V2 and V3, 
then V0 will be equal to the sum of the three components. In the example below, the potential 
difference of the circuit is 12V, and there are three identical bulbs connected in series. Since 
they are identical, they will take the same share of the voltage, so 4V each. The voltmeter 
below each of them is measuring the difference in potential between two points.  
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In parallel circuits… the potential difference is the same in each branch. This is because 
electrons carrying the charge cannot split in half, so each branch will get the same voltage 
across it. This can be seen in the diagram below, where each component has a potential 
difference of 12V across it. If there were two components in one branch, then the two 
components would take a share of the 12V depending on their respective resistances.  
 
 
 
 
 
 
 
 
 
 

 
 
Resistance 
 
In series circuits… just add up where RT = R1 + R2 + R3…+Rn 
 
 
 
 
 
 
 
 
In parallel circuits… the resistance is equal to 1/RT = 1/R1 + 1/R2 + 1/R3…+1/Rn. So if the 
resistance of R1 was 5W, R2 4W and R3 6W, then… 
 
1/RT = 1/5 + 1/4 + 1/6 
1/RT = 37/60 
RT = 60/37 = 1.62W 
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Cells 
 
In series… add up if they are all connected in the same direction. For example, in the 
diagram below they are all facing in the same direction to VT = V1 + V2 + V3 so VT = 2 + 2 + 
2 = 6V. However, in circuits where the cells are not all facing the same direction, they can 
cancel each other out. 
 
 

 
 
 
 
 
 
 
 
The questions above give examples of how cells interact with each other. Each cell has a 
potential difference of 1.5V. 
 

1. The cells are working in the same direction so total is 3V. 
2. The cells are working in opposite directions, so cancel each other out, so 0V. 
3. The cells all work together, total is 6V. 
4. Two of the cells cancel each other out, and two are working together, so total is 3V. 
5. The left two cancel each other out, and the right two also cancel each other out, so 

total is 0V. 
 
In parallel circuits… the total potential difference in the circuit will be 2V in the circuit 
below, as potential differences are the same. 
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Conservation of charge and conservation of energy in dc circuits. 
 
Charge and energy are both conserved in direct current (DC) circuits. 
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AQA Jan 2011 Unit 1 Q7b 

 
Question: 

The temperature of the thermistor is increased so that its resistance decreases. State and 
explain what happens to the pd across the 1200 Ω resistor.  

Answer: 

• (voltage of supply constant) and (circuit resistance decreases) 
• (supply) current increases or potential divider argument   
• hence pd across 540 Ω resistor increases  
• hence pd across 1200 Ω decreases  
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3.5.1.5 Potential Divider 
 

Content 

• The potential divider used to supply constant or variable potential difference from a 
power supply.  

• The use of the potentiometer as a measuring instrument is not required.  
• Examples should include the use of variable resistors, thermistors, and light 

dependent resistors (LDR) in the potential divider.  

Opportunities for Skills Development 

• Students can investigate the behaviour of a potential divider circuit. 
• Students should design and construct potential divider circuits to achieve various 

outcomes. 

The potential divider used to supply constant or variable potential difference from a 
power supply.  
 
The potential divider is a type of circuit that supplies a constant of variable potential 
difference from a power supply. They will consist of two or more resistors in series with each 
other, with a fixed potential difference. The voltage from the source is therefore divided 
between the resistors, and so you are able to supply a fixed potential difference from 0 to the 
source potential difference, you can vary this pd, or supply a pd which will vary with 
physical conditions i.e. temperature.   
 
The use of the potentiometer as a measuring instrument is not required. 
 
Examples should include the use of variable resistors, thermistors, and light 
dependent resistors (LDR) in the potential divider.  
 
If you look at the diagram below, it shows a standard potential divider circuit. It can be 
shown that the ratio of the potential difference across each resistor is equal to the ratio of 
their resistances. So in other words V1/V2 = R1/R2.  
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As you can see above, when attempting to find the output voltage, you can use the equation 
given above. This is not an equation that is given to you, but is a useful shortcut for finding 
the output voltage quickly. The derivation of the formula is shown below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Variable Resistors: if you were to replace the top resistor in the circuit above with a variable 
resistor, then the output voltage can be adjusted. In this circuit, a low-value fixed resistor 
should be placed in series with a variable resistor. If you were to increase the resistance of the 
resistor R2 it would increase the total resistance of the circuit, thus lowering the current in the 
circuit. Now, R1 would get a lower share of the voltage than R2. So if you wanted the 
potential difference across your variable resistor (which would be in place of R2 in the circuit 
above), then you would be able to adjust its output voltage accordingly. 
 
This gives the potential divider circuits a use in sensor circuits, i.e. for temperature or light, 
which has an output pd that will change as a result of one of these physical variables.  
 
Thermistor: These act as a temperature sensor. The circuit is formed by having a fixed pd 
source and then a variable resistor in series with a thermistor.  Your voltage out is across the 
thermistor as shown below. When the temperature of the thermistor changes, its temperature 
changes, so therefore the pd across it will change. Also, at constant temperatures, the variable 
resistor can be used to set the pd across the thermistor to be any value.  
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So thermistors work by using known pd values at certain temperatures, so we can read off the 
voltage value to give us the temperature.  
 
Light - Dependent Resistor: This can be used in a light sensor, with the LDR in place of the 
thermistor. The pd across the LDR will change when the light intensity incident on its surface 
changes, so if the light intensity increases, resistance of the LDR falls and the pd will fall. 
Therefore, using known values of pd at certain light intensity’s, we can use this circuit as a 
sensor for when the light intensity falls too low i.e. at night.  
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3.5.1.6 Electromotive Force and Internal Resistance 
 

Content 
 

• e = E/Q, e = I(R+r) 
• Terminal pd; emf 
• Students will be expected to understand and perform calculations for circuits in which 

the internal resistance of the supply is not negligible.  
 
e = E/Q, e = I(R+r) 
 
The electromotive force is the electrical energy per unit charge produced by the source, given 
by the equation E/Q. It is also given by the equation I(R+r), where I is the current, R is the 
resistance and r is the internal resistance. 
 
Terminal pd; emf 
 
The terminal potential difference is the pd delivered by the source to the circuit, and is always 
less than the emf due to something called internal resistance. The circuit below illustrates this 
concept. The internal resistance is as simple as it sounds, it is resistance to the motion of the 
electrons that actually originates within the cell or power supply. This can be lessened but 
will always be present even in the smallest amounts, therefore there is a drop in energy due to 
this resistance, and thus the actual energy supplied by the supply is lessened. This drop can 
be measured by putting a voltmeter around the supply, and measuring what is called the 
terminal pd. 

 
 
 

 
 
You can measure internal resistance by taking readings of the terminal pd for different values 
of the current, where the current can be adjusted by using a variable resistor. It follows that 
you can plot a graph of voltage against current, and that the terminal pd will increase as 
current increases. The graph follows the equation V = - Ir + e,  which mirrors the equation of 
a straight line y = mx + c. It also follows that –r is equal to the gradient, and a y intercept of 
e.  
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AQA Jan 2012 Q7ab 

‘A battery of emf 9.0 V and internal resistance, r, is connected in the circuit shown in Figure 
2.  

 

 
 
 
 
 

 

The current in the battery is 1.0 A. 
Calculate the pd between points A and B in the circuit.’ 

• The total resistance between A and B = 1W (1/RT = 1/R1 + 1/R2 + ..) 
• Using V = IR we know that V = 1 x 1 since current in the circuit is 1A. 

Be careful not to ignore the internal resistance, for example taking the potential difference of 
the resistor to be 6 x 1 = 6V, you cannot straight away way say the potential between A and B 
is 3V because the internal resistance will take a share of V also.  

‘Calculate the internal resistance, r.’ 

• We know that the current in the circuit is 1A, so total resistance of the circuit is V/I 
=R. 9/1 = 9W.  

• We know that the resistance between A and B is 1W, resistance of the resistor is 6W 
therefore the resistance of r must be 2W.  

‘Calculate the total energy transformed by the battery in 5.0 minutes.’ 

• P = VI (in the battery) 9 x 1 = 9W 
• P x t = Work done. So 9 x (5 x 60) = 2700J 

‘Calculate the percentage of the energy calculated in part (iii) that is dissipated in the battery 
in 5.0 minutes.’ 

• Power dissipated by the battery is power dissipated by the internal resistance 
• P = VI (for the internal resistance) 2 x 1 = 2W 
• P x t = Work done. So 2 x (5 x 60) = 600J dissipated in the battery 
• So =>>

%?>>
 x 100 = 22.22.. %, so = 22%.  

‘State and explain one reason why it is an advantage for a rechargeable battery to have a low 
internal resistance.’ 
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• Internal resistance limits current 
• Hence can provide higher current 
• or energy wasted in internal resistance/battery 
• Less energy wasted (with lower internal resistance)  
• or charges quicker 
• As current higher or less energy wasted  
• or (lower internal resistance) means higher terminal pd/voltage  
• As less pd across internal resistance or mention of lost volts 
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Sources: 

 
http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html 
 
https://www.itp.uni-hannover.de/~zawischa/ITP/diffraction.html 
 
http://www.cyberphysics.co.uk  
 
http://www.bbc.co.uk/education 
 
http://ibguides.com/physics/notes/measurement-and-uncertainties 
 
http://www.doctronics.co.uk/voltage.htm 
 
http://homepages.engineering.auckland.ac.nz/~pkel015/SolidMechanicsBooks/Part_I/BookS
M_Part_I/08_Energy/08_Energy_01_Energy_in_Deforming_Materials.pdf 
 
https://www.kerboodle.com/app/courses/17892/modules/Home 

 
 

 
 
 


