	Revision Notes
A-Level Physics
	2




A-Level Physics
Revision notes



		




Table of Contents
SI units and prefixes	10
SI units:	10
SI prefixes:	10
Mechanics	11
Vectors:	11
Resolving vectors into horizontal and vertical components:	11
Finding the resultant force on an object:	11
Kinematics:	12
Velocity-time graphs:	12
Displacement-time graphs:	13
Velocity, displacement and time:	13
Equations of motion:	13
Circular motion	14
Momentum and energy	17
Force, momentum and impulse:	17
Conservation of momentum in one dimension:	18
Conservation of momentum in two dimensions:	18
Energy:	19
Work:	19
Power:	20
Gravitational potential energy:	20
Kinetic energy:	20
The conservation of energy:	21
Elastic potential energy:	21
Kinetic energy and momentum:	21
Elastic and inelastic collisions:	22
Thermal energy:	23
The continual flow method:	23
Efficiency:	24
Molecular kinetic theory:	24
Absolute zero:	24
The ideal gas equation:	25
Average kinetic energy of the particles at a given temperature:	26
Relating the r.m.s. speed of the particles to the properties of the gas, regardless of the volume:	26
Root-mean-square speeds:	27
Attenuation losses:	27
Flux and luminosity:	28
Electricity	29
Current:	29
Resistance and power:	29
Resisitance:	29
Power:	31
Resistance and temperature:	31
Resistivity:	32
Conductivity:	32
EMF and potential difference:	33
Electrical energy:	33
EMF and internal resistance:	33
Efficiency and power from an EMF source:	35
DC circuits:	35
Adding resistors in series and in parallel:	35
Kirchoff’s laws:	36
Potential dividers:	37
Capacitance:	37
Capacitors and their storage capability:	37
Discharge:	38
Nuclear physics	40
Rutherford’s experiment and the atomic model:	40
Ionising radiation:	42
Background radiation:	42
Alpha, beta and gamma radiation:	43
Nucleon number and proton number:	43
Writing balanced nuclear equations:	44
Radioactive decay:	45
The decay constant:	45
Binding energy:	46
The binding energy graph:	46
Nuclear fusion:	47
Conditions for nuclear fusion:	47
The quark-lepton model:	48
Quarks:	48
Leptons:	48
Antiparticles:	49
Fundamental forces:	50
Hadrons:	50
Creation and annihilation reactions:	51
Quantum physics	52
Line emission spectra from atoms:	52
The photoelectric effect:	53
Wave particle duality:	54
Electron diffraction:	55
Waves and oscillations	55
Displacement-time graphs for waves:	56
Pressure-distance graphs:	57
Speed of a wave:	58
Speed of a wave in a string or wire:	58
Speed of a sound wave through a solid material:	58
The Doppler effect:	59
Superposition, interference and standing waves:	61
Phase and path difference:	61
Coherence:	62
Superposition:	62
Standing waves:	63
Factors affecting the pitch (frequency) of a musical note in a string/wire:	65
Tension and mass per unit length:	65
Length:	65
Factors affecting the pitch (frequency) of a musical note in a tube/pipe:	66
Length:	66
Active noise control:	66
Polarisation and diffraction:	67
Plane polarised light:	67
Diffraction:	67
Lenses:	68
Focal length and power:	68
Drawing a ray diagram:	69
The thin lens formula:	70
Refraction and reflection:	71
Snell’s law:	71
Critical angle:	71
Acoustic impedance:	72
Reflection at a boundary:	73
Oscillations:	73
Simple harmonic motion:	73
Energy and simple harmonic motion:	75
Damped oscillations:	76
Fields:	78
Electric fields:	78
Coulomb’s law:	79
The role of electric fields in particle accelerators:	81
The role of electric fields in particle detectors:	81
Gravitational fields:	81
Gravitational force:	81
Magnetic effects of currents:	83
Magnetic fields:	83
Magnetic flux:	83
Magnetic flux density:	83
Electromagnetic force:	84
Force on a current carrying wire in a magnetic field:	84
Force on a charged particle in a magnetic field:	85
The role of magnetic fields in particle accelerators:	85
The role of magnetic fields in particle detectors:	85
Circular motion due to magnetic fields:	86
Electromagnetic induction:	87
Faraday’s law:	87
Lenz’s law:	87
Transformers:	89
Materials:	90
Bulk properties of solids:	90
Mechanical properties:	90
Hooke’s law:	90
Stress:	91
Strain:	91
Young modulus:	92
Stress-strain graph:	92
Plastic deformation and damping:	93
Bulk properties of fluids:	94
Density:	94
Laminar and turbulent flow:	94
Terminal velocity:	94
Upthrust:	95
Viscous drag and stokes law:	95
Microscopic properties:	96
How temperature affects the resistance of a conductor:	96
The structure of polymers:	97
Thermoluminescence:	97
Thermionic emission:	98
Signals:	98
Analogue and digital signals:	98
Modulation:	99
Amplitude modulation:	99
Frequency modulation:	100
Pulse code modulation:	100
Multiplexing:	103
Frequency division multiplexing:	103
Time division multiplexing:	103



[bookmark: _Toc200881393]SI units and prefixes
[bookmark: _Toc200881394]SI units:
	Name
	Symbol
	Used to measure

	metre
	m
	length

	kilogram
	kg
	mass

	second
	s
	time

	ampere
	A
	electrical current

	kelvin
	K
	temperature

	mole
	mol
	amount of substance

	candella
	Cd
	luminous intensity


 
[bookmark: _Toc200881395]SI prefixes:
	Name
	Symbol
	Factor

	peta-
	P
	

	tera-
	T
	

	giga-
	G
	

	mega-
	M
	

	kilo-
	K
	

	deci-
	d
	

	centi-
	c
	

	milli-
	m
	

	micro-
	
	

	nano-
	n
	

	pico-
	p
	

	femto-
	f
	





[bookmark: _Toc200881396]Mechanics
[bookmark: _Toc200881397]Vectors:
A vector has magnitude and direction. A scalar only has magnitude.
[bookmark: _Toc200881398]Resolving vectors into horizontal and vertical components:
 (
θ
)



Here the force  has been resolved into a horizontal component, , and a vertical component, .
[bookmark: _Toc200881399]Finding the resultant force on an object:
· Resolve all of the forces acting on the object/particle into the horizontal and vertical components
· For the horizontal resultant force:
· Add the horizontal forces acting in the same direction together.
· If there are now two forces acting in opposite directions subtract the smaller force from the larger force. 
· Repeat these steps for the vertical forces to find the vertical resultant force.
We can now find the resultant force using Pythagoras’ theorem:

 (
θ
)



The angle between the resultant force and the horizontal can be found by using trigonometry:

[bookmark: _Toc200881400]Kinematics:
[bookmark: _Toc200881401]Velocity-time graphs:
 (
Area = displacement
Gradient = acceleration
Area = - displacement
)





[bookmark: _Toc200881402]Displacement-time graphs:
 (
Gradient = velocity
)




Where  is the displacement from a fixed position (in metres).
[bookmark: _Toc200881403]Velocity, displacement and time:


[bookmark: _Toc200881404]Equations of motion:





[bookmark: _Toc200881405]Circular motion







The radius of the circle, , is measured in metres.
The angular displacement of object , , is measured in radians. This is the angle that the object has moved through, relative to a fixed position, .
The angular velocity of the object, , is measured in radians per second ().

Where:
·  is the time taken to complete one full revolution
·  is the frequency of revolutions (i.e. the number of revolutions in one second).

The object’s speed, , is measured in metres per second ().


Although the speed of the object  is constant, the object is changing direction all the time and so the velocity is not constant. If velocity changes, then there is acceleration.












The change in velocity can be found from the vector triangle drawn above. Provided  is small and expressed in radians:

Dividing both sides by  gives:


Remembering that  and :

By using appropriate substitutions ():


The force that keeps the object moving in a circular path acts towards the circle centre and is called the centripetal force.







Using the relationship , we can multiply the equations for acceleration to find the centripetal force:



[bookmark: _Toc200881406]Momentum and energy
[bookmark: _Toc200881407]Force, momentum and impulse:

Where:
·  is the momentum of the object, measured in newton seconds (Ns).
·  is the mass of the object, measured in kilograms (kg).
·  is the velocity of the object, measured in metres per second (ms-1).


Where:
·  is the force causing the change in momentum, measured in newtons (N).
·  is the initial velocity, measured in metres per second (ms-1).
·  is the final velocity measured in metres per second (ms-1).
·  is the time taken for the velocity to change from  to , measured in seconds (s).
If the mass of the object changes from an initial value  to a final value , then:

If a force is applied to an object for a period of time  then a change of momentum is observed. This is called impuse (), and is measured in newton seconds (Ns):

[bookmark: _Toc200881408]Conservation of momentum in one dimension:



 (
Before collision
After 
collision
)


Note that the positive direction is towards the right (→).
[bookmark: _Toc200881409]Conservation of momentum in two dimensions:
The process is similar to before, except that the velocity of the particles is resolved into horizontal and vertical components, and the conservation of momentum equation is applied twice, once for the horizontal motion and again for the vertical motion:


Momentum is conserved in all collisions.
[bookmark: _Toc200881410]Energy:
[bookmark: _Toc195889514][bookmark: _Toc200881411]Work:

Where:
·  is measured in joules (J).
·  is the force acting in the direction of motion, and is measured in newtons (N).
·  is the displacement of the object and is measured in metres (m).

[bookmark: _Toc195889517]Work done when the force is at an angle to the direction of motion:
 (
θ
F
)


As the object only moves in the horizontal direction, only the horizontal component is doing any work. Therefore:

[bookmark: _Toc200881412]Power:

Where  is measured in watts (W) 
(1W 1Js-1)
[bookmark: _Toc200881413]Gravitational potential energy:

Where:
·  is the change in gravitational potential energy of the object, and is measured in joules (J).
·  is the mass of the object.
·  is the acceleration due to gravity, 9.81 ms-2.
·  is the change in height that the object experiences.
[bookmark: _Toc200881414]Kinetic energy:

Where:
·  is the kinetic energy of the object, and is measured in joules (J).
·  is the mass of the object.
·  is the velocity of the object.

[bookmark: _Toc200881415]The conservation of energy:
When an object loses gravitational potential energy it is usually converted into kinetic energy, such that the energy before the motion is equal to the energy after the motion:

[bookmark: _Toc200881416]Elastic potential energy:

Where:
·  is the elastic potential energy, measured in joules (J).
·  is the force applied to the elastic material.
·  is the extension of the material caused by the applied force.
·  (
Gradient = 
) (
Area =
) (
Limit of proportionality
) is the stiffness of the elastic material.





[bookmark: _Toc200881417]Kinetic energy and momentum:
Squaring the equation  gives:

Dividing both sides by  gives:

Simplifying the right hand side gives :


Where:
·  is the kinetic energy of the object.
·  is the momentum of the object.
·  is the mass of the object.

[bookmark: _Toc200881418]Elastic and inelastic collisions:
In an elastic collision, there is no overall loss of kinetic energy:

i.e.  constant.

In an inelastic collision some of the kinetic energy is lost due to work being done to produce some plastic deformation of the object. Although kinetic energy is not conserved, the total amount of energy is.
[bookmark: _Toc200881419]Thermal energy:

Where:
·  is the amount of energy applied to the substance, measured in joules (J).
·  is the mass of the substance, measured in kilograms (kg).
·  is the specific heat capacity of the substance, measured in joules per kilogram per kelvin (Jkg-1K-1).
·  is the change in temperature that the substance experiences, measured in kelvin (K).
The specific heat capacity of water is 4180 Jkg-1K-1.
The thermal capacity of an object is equal to . 
[bookmark: _Toc200881420]The continual flow method:
The continual flow method is used to find the specific heat capacity of a fluid (either a liquid or a gas).




How it works:
· A mass () of the fluid is passed through the chamber and  is found (). The power transferred () via the heating coil is found using the equation .
· The mass of the gas is then increased () and the power transferred () via the heating coil is also increased to keep  the same as before.
· The specific heat gravity is given by the equation:

[bookmark: _Toc200881421]Efficiency:

Note that power can be substituted for energy (but only if both energy terms are substituted).
[bookmark: _Toc200881422]Molecular kinetic theory:
[bookmark: _Toc200881423]Absolute zero:
Absolute zero is defined as the temperature at which the pressure of an ideal gas (i.e. one that does not liquefy) becomes zero. Absolute zero, 0 K, is equivalent to -273 oC.
To get from oC to K, add 273.


[bookmark: _Toc200881424]The ideal gas equation:

Where:
·  is the pressure in exerted by the gas particles, and is measured in pascals (Pa). 1 Pa = 1 Nm-2.
·  is the volume of the gas in cubic metres (m3).
·  is the number of moles of gas.
·  is the universal gas constant, 8.31 Jmol-1K-1.
·  is the temperature of the gas in kelvin (K).

The number of moles of gas is given by the equation:



The mass of one mole of the gas can be found on the periodic table. It is otherwise known as the relative atomic mass.

The internal energy of a collection of particles is the sum of their kinetic and potential energies. The overall distribution of kinetic energy depends only on the temperature.


[bookmark: _Toc200881425]Average kinetic energy of the particles at a given temperature:

Where:
·  is the average kinetic energy.
·  is the root-mean-square (r.m.s. ) of the particles speed, squared.
·  is the Boltzmann constant:
 JK-1
·  is the temperature in kelvin

[bookmark: _Toc200881426]Relating the r.m.s. speed of the particles to the properties of the gas, regardless of the volume:

Where:
·  is the pressure of the gas in pascals (Pa)
·  is the density of the gas in kilograms per cubic metre (kgm-3).
·  is the root-mean-square (r.m.s. ) of the particles velocity, squared.

[bookmark: _Toc200881427]Root-mean-square speeds:
To find the root-mean-square (r.m.s.) speed,  :
· Square all of the individual speeds.
· Sum all of the squares.
· Divide by the number of particles.
· Square root the result.
For example, the r.m.s. speed in a system where 3 particles have a speed of 2 ms-1, 5 particles have a speed of 3 ms-1 and 1 particle has a speed of 7 ms-1 is:


This is not the same as the ordinary average speed, which in this case is 3.11 ms-1.
[bookmark: _Toc200881428]Attenuation losses:

Where:
·  is the intensity of the received radiation, measured in watts per square metre (Wm-2)
·  is the initial intensity of the radiation, measured in watts per square metre (Wm-2).
·  is the coefficient of attenuation, and has units of (m-1).
·  is the distance travelled through the medium, measured in metres (m).
[bookmark: _Toc200881429]Flux and luminosity:

Where:
·  is the flux, and is measured in watts per square metre (Wm-2). Flux is sometimes called “brightness”.
·  is the luminosity of the source, measured in watts (W).
·  is the distance between the source and the point at which the flux is radiating, and is measured in metres (m).Hertzsprung-Russell diagram:
 (
Surface temperature /K
) (
Supergiants
Red giants
White dwarfs
Main sequence
)[image: ]
[bookmark: _Toc200881430]Electricity
[bookmark: _Toc200881431]Current:
The continuous flow of charged particles (electrons) constitutes an electric current.  Current is defined as the rate of flow of charge past a fixed point in the circuit:

Where:
·  is the current flowing past a fixed point, measured in amperes (A).
·  is the amount of charge that passes the fixed point, measured in coulombs (C).
·  is the time taken for the amount of charge to pass the fixed point, and is measured in seconds (s).
[bookmark: _Toc200881432]Resistance and power:
[bookmark: _Toc200881433]Resisitance:

Where:
·  is the potential difference across the component, measured in volts (V).
·  is the current in the load of resistance  measured in amperes (A).
·  is the resistance of the component and is measured in ohms (Ω)
Ohm’s law:
Ohm’s law states that potential difference across a component is directly proportional to the current in it:

However not all components obey ohm’s law. Components that obey ohm’s law are called ohmic conductors, and components that don’t obey ohm’s law are called non-ohmic conductors.
 (
Ohmic conductor
)
 (
Gradient = R
) (
Non-ohmic conductor
)









[bookmark: _Toc200881434]Power:

Where:
·  is the power transferred (the amount of energy transferred in a given time), measured in watts (W).
·  is the amount of current in the component, measured in amperes (A).
·  is the potential difference across the component, measured in volts (V).
·  is the resistance of the component, measured in ohms (Ω).

[bookmark: _Toc200881435]Resistance and temperature:
The resistance of a metallic conductor varies with temperature. As temperature increases, so does the resistance of the conductor.
Thermistors are components whose resistance varies depending on the temperature. There are two types of thermistor:
· Positive temperature coefficient (PTC) – the resistance of these thermistors increases as the temperature increases.
· Negative temperature coefficient (NTC) – the resistance of these thermistors decreases as the temperature increases.
[bookmark: _Toc200881436]Resistivity:

Where:
·  is the resistance of the component, measured in ohms (Ω).
·  is the resistivity of the material, measured in ohm metres (Ωm)
·  is the length of the material, measured in metres (m).
·  is the cross sectional area of the material, measured in square metres (m2).








[bookmark: _Toc200881437]Conductivity:

Where:
·  is the conductivity of the material, measured in   (Ω-1m-1).
·  is the resistivity of the material, measured in ohm metres (Ωm).
[bookmark: _Toc200881438]EMF and potential difference:
[bookmark: _Toc200881439]Electrical energy:

Where:
·  is the electrical energy provided to the charge, measured in joules (J).
·  is the electrical charge, measured in coulombs (C).
·  is the potential difference (a.k.a. energy per unit charge), measured in volts (V).
[bookmark: _Toc200881440]EMF and internal resistance:
The EMF of a power supply is the total voltage output. 
However the potential difference across a power supply is less than the EMF of the cell. This is because of internal resistance:





Where:
·  is the EMF of the power supply, measured in volts (V).
·  is the potential difference across the load resistor , measured in volts (V).
·  is the potential difference across the internal resistance , measured in volts (V).
Using the equation :

Changing the load resistance affects the current:

To find the internal resistance:
Equate the two equations:

Collect all the  on one side:

Factorise:

Rearrange:

To find EMF:
Find the internal resistance as above, and substitute it into one of the previous equations (i.e.  or )
[bookmark: _Toc200881441]Efficiency and power from an EMF source:
When , the power is maximum.

So at maximum power,  and therefore efficiency is 50%.
[bookmark: _Toc200881442]DC circuits:
[bookmark: _Toc200881443]Adding resistors in series and in parallel:
In series:


In parallel:




[bookmark: _Toc200881444]Kirchoff’s laws:
· The sum of the currents going into a junction is equal to the sum of the currents leaving the junction:



In this example:

· The sum of the potential differences across all of the components in a loop is equal to the potential difference across the power supply.
 (
Loop 1
)
 (
Loop 2
)


In loop 1:

In loop 2:

[bookmark: _Toc200881445]Potential dividers:






[bookmark: _Toc200881446]Capacitance:
[bookmark: _Toc200881447]Capacitors and their storage capability:


Where:
·  is the charge that the capacitor can store, measured in coulombs (C).
·  is the capacitance of the capacitor. Capacitance is the amount of charge that can be stored for every volt across the terminals of the capacitor, measured in farads (F). 1 F = 1 CV-1.
·  is the potential difference between the terminals of the capacitor (i.e. the voltage of the power supply used to charge the capacitor), measured in volts (V).
Energy stored by a capacitor:

Where:
·  is the amount of electrical energy stored by the capacitor, measured in joules (J).
·  is the charge that the capacitor is storing, measured in coulombs (C).
·  is the potential difference between the terminals of the capacitor, measured in joules (J).
·  is the capacitance of the capacitor, measured in farads (F).

 (
Area = Energy stored, 
)



[bookmark: _Toc200881448]Discharge:

Where:
·  is the charge remaining in the capacitor at time , measured in coulombs (C).
·  is the initial charge stored by the capacitor (i.e. when ), measured in coulombs (C).
·  is the amount of time passed since the capacitor began discharging, measured in seconds (s).
·  is the resistance that the capacitor is discharged through, measured in ohms (Ω).
·  is the capacitance of the capacitor, measured in farads (F).

Substituting  (the ’s cancel):

Where:
·  is the potential difference across the capacitor at time , measured in volts (V).
·  is the initial potential difference across the capacitor (i.e. when ), measured in volts (V).

If we substitute  into this equation (the ’s cancel):


Where:
·  is the current output of the capacitor at time , measured in amperes (A).
·  is the initial current output (i.e. when ), measured in amperes (A).
The time constant:

Where  is the time constant, and the charge, voltage, and current drop to 37% in each interval of . The time constant is measured in seconds (s).
[bookmark: _Toc200881449]Nuclear physics
[bookmark: _Toc200881450]Rutherford’s experiment and the atomic model:
 (
 
+
+
+
+
+
Nucleus in the gold foil
Alpha particles fired at the gold foil
Paths of the deflected particles
)








The experiment showed that the positive alpha particles were deflected by the gold atoms. However, there were also some large angle deflections, which were unexpected.  Thompson had previously proposed the “plum pudding” model:
 (
-
-
-
-
-
-
Positively charged sphere
Electrons
)





Because the positive charge is so spread out, and the electrons are very light, the alpha particles would only be deflected slightly. 
To explain the large angle of deflection observed in the experiment, Rutherford concluded that all of the atoms positive charge, together with most of its mass, was concentrated in the centre of the atom as a tiny nucleus and the electrons orbited around this nucleus.
 Because the positive nucleus is very small compared to the whole atom, this also explains why a lot of the alpha particles we passing through the foil with little deflection. Therefore Rutherford proposed the nuclear atomic model:


 (
-
-
-
-
+
Small and positively charged nucleus
Negative electrons orbit the nucleus
)






[bookmark: _Toc200881451]Ionising radiation:
[bookmark: _Toc200881452]Background radiation:
Background radiation comes from space and from radioactive materials in the earth itself. 
The background radiation from space is known as cosmic radiation. 
The background radiation that originates on the earth is chiefly due to the radioactive elements such as uranium and potassium in the rocks and soil, and from carbon-14, which is found in rocks, the atmosphere and in living tissue.


[bookmark: _Toc200881453]Alpha, beta and gamma radiation:
Alpha radiation:
Alpha particles (α) are helium nuclei (), and so are positively charged. Alpha radiation is easily stopped by a sheet of paper.
Beta radiation:
Beta particles (β) are electrons (), and so are negatively charged. Beta radiation is stopped by 15mm of aluminium.
Gamma radiation:
Gamma radiation (γ) is electromagnetic radiation with a high frequency and short wavelength. Gamma radiation is very penetrating, and 50mm of lead (or 1m of concrete) is needed to stop it.

[bookmark: _Toc200881454]Nucleon number and proton number:
The nucleon number of a particle is the number of protons and neutrons in the particle
The proton number of a particle is the number of protons in the particle
The number of neutrons in a particle can be found by subtracting the proton number away from the nucleon number:

[bookmark: _Toc200881455]Writing balanced nuclear equations:
Each particle taking place in the reaction is written with its chemical symbol with its nucleon number at the upper left and its proton number at the lower left, e.g. . 
A neutron is written as . 
A proton can either be written as  or . 
An electron is written as  (as it has -1 protons).
A nuclear equation is balanced when the sum of the nucleon numbers on both sides are identical, and the sum of the proton numbers on both sides are also identical.
The following nuclear equation is balanced:

One atom of Lithium-6 reacts with one atom of hydrogen-2 (a.k.a. deuterium) to produce two atoms of helium-4.
An isotope of an element has the same proton number but a different nucleon number (therefore a different number of neutrons in the nucleus).
Radioactive decay occurs because the nucleus of the atom is unstable, and it is a completely random process. That means that not all of the atoms of a radioactive sample will decay at the same time, and you cannot predict which one of the atoms in the sample will decay next.
[bookmark: _Toc200881456]Radioactive decay:

Where:
·  is the number of radioactive particles remaining at time .
·  is the number of radioactive particles when .
·  is the decay constant of the material and has units -of (s-1)
·  is the amount of time passed since the sample started to decay, measured in seconds (s).

[bookmark: _Toc200881457]The decay constant:

Where:
·  is the decay constant of the radioactive element.
·  is the half-life of the radioactive element, measured in seconds (s).


[bookmark: _Toc200881458]Binding energy:
Binding energy is the amount of energy needed to split a nucleus into its constituent protons and neutrons.
When the nucleons join together to form a nucleus, energy (equal to the binding energy for that element) is given out.
[bookmark: _Toc200881459]The binding energy graph:
 (
Energy per nucleon
Number of nucleons
)






Elements to the left of experience nuclear fusion (joining of nuclei).
 Elements to the right of experience nuclear fission (splitting of the nucleus).


[bookmark: _Toc200881460]Nuclear fusion:
In nuclear fusion the mass of the reactant particles is slightly less than the mass of the products. The difference in mass is called the mass defect (a.k.a. mass deficit). The reason for the mass defect is because this small difference in mass is converted into energy, using the formula:

Where:
·  is the amount of energy produced by the nuclear reaction, measured in joules (J).
·  is the mass defect, measured in kilograms (kg).
·  is the speed of light,  ms-1.
If energy is given in electron-volts, then the mass of the particle is measured in .
[bookmark: _Toc200881461]Conditions for nuclear fusion:
For fusion to occur the nuclei need to be moving at high speeds so that the electrostatic repulsion between the two positively charged nuclei is overcome, enabling them the get close enough to fuse. This is best achieved by using very high temperatures. For collisions between particles to be often, a very high density also needs to be used.
When the nuclei are close enough to fuse the nuclear force between the two nuclei is stronger than the electrostatic force (repulsion) between them.
The equation  can only be applied when the speed of the particle is of the speed of light. When the if the particle has more velocity than this then kinetic energy will start being converted into mass, up to the point where a particle cannot reach the speed of light because it becomes infinitely heavy. This only applies if the particle has rest mass.
[bookmark: _Toc200881462]The quark-lepton model:
[bookmark: _Toc200881463]Quarks:
There are 6 types of quark:

	1st generation
	2nd generation
	3rd generation
	Charge

	Up, 
	Charm, 
	Top, 
	

	Down, 
	Strange, 
	Bottom, 
	


[bookmark: _Toc200881464]Leptons:
There are 6 types of lepton:
	1st generation
	2nd generation
	3rd generation
	Charge

	Electron, 
	Muon, 
	Tau, 
	

	Electron-neutrino, 
	Muon-neutrino, 
	Tau-neutrino, 
	0



The charge is relative to the charge of an electron, .
[bookmark: _Toc200881465]Antiparticles:
Each quark and lepton has an antiparticle.
Antiquarks:

	1st generation
	2nd generation
	3rd generation
	Charge

	Anti-up, 
	Anti-charm, 
	Anti-top,
	

	Anti-down, 
	Anti-strange, 
	Anti-bottom, 
	



Antileptons:
	1st generation
	2nd generation
	3rd generation
	Charge

	
	
	
	

	Electron-antineutrino, 
	Muon-antineutrino, 
	Tau-antineutrino, 
	0



The charge is relative to the charge of an electron, .
It is worth noting that there is symmetry in the model, and this was one of the reasons why physicists expected to find another particle when they had discovered the top quark; the particles are in pairs.


[bookmark: _Toc200881466]Fundamental forces:

	Force
	Range
	Relative strength
	Acts between…

	Gravity
	No limit
	
	All objects

	Electromagnetic
	No limit
	
	Charged objects

	Strong
	m
	
	Quarks

	Weak
	m
	
	Fundamental particles



The range of a force is the maximum distance by which two objects can be separated and still feel the force acting.
[bookmark: _Toc200881467]Hadrons:
As far as physicists are able to tell, quarks are never found on their own, but bound together as hadrons. There are two types of hadron; baryons and mesons.
Baryons:
Baryons are always composed of 3 quarks. Examples of baryons are protons () and neutrons ().
Mesons:
Mesons consist of two particles bound together; a quark and an antiquark. For example:
	Meson
	Components
	Symbol
	Total charge

	Pi zero
	
	
	0

	Pi zero
	
	
	0

	Pi plus
	
	
	+1

	Pi minus
	
	
	-1


The table shows a family of mesons called pi-mesons (or pions). Notice that there are two ways to make a pi zero meson.
[bookmark: _Toc200881468]Creation and annihilation reactions:
When a particle collides with its antiparticle (e.g. a proton and an antiproton), then a reaction occurs where the two particles turn into electromagnetic radiation. This is called an annihilation reaction:
e.g.


Note that electrons can be written as  and antielectrons (positrons) can be written as .
The reverse can also happen:

The equation  is useful here. When particles annihilate, their mass is converted into energy. When particles are formed, energy is converted into mass. The energy of a system is conserved (that includes the kinetic energy of the reactants and products). 
Charge is conserved; the overall charge of the reactants is equal to the overall charge of the products.
Finally momentum is conserved when particles interact:

[bookmark: _Toc200881469]Quantum physics
[bookmark: _Toc200881470]Line emission spectra from atoms:
If light is observed through a line spectrometer (a.k.a. spectrum analyser) then the light is split into various lines, each differing in frequency.
 Each line in the spectrum is due to an electron transition in an element. The spectrum is unique for each element as the energy levels in the atoms are discrete.
As the electron absorbs energy it jumps up to a higher energy level. When it falls back down, it emits light of equal energy to the energy gap between the different levels.
The energy of this light can be found using the formula:

Where:
·  is the light energy (i.e. the size of the energy gap in the atom), measured in joules (J).
·  is Planck’s constant,  Js.
·  (
Electron gains energy.
Electron falls and the energy is emitted as light.
) is the frequency of the light emitted by the atom, measured in hertz (Hz). 



[bookmark: _Toc200881471]The photoelectric effect:
When electromagnetic radiation shines on a clean metal surface, electrons are sometimes given off. This is called the photoelectric effect, and the electrons given off are called photoelectrons. Materials that readily release photoelectrons are said to be photosensitive.
The work function of a material, , is the minimum amount of energy needed to release an electron to the surface of the material:

Where:
·  is the work function of the material, measured in joules (J).
·  is Planck’s constant,  Js.
·  is the threshold frequency (i.e. the minimum frequency needed to release an electron to the surface of the material), measured in hertz (Hz).
If the energy provided by a photon, , is less than , then no electron is released.
If the energy provided by a photon, , is equal to , then an electron will be released to the surface of the metal, it will not have any kinetic energy.
If the energy provided by a photon, , is greater than , then an electron will be released to the surface of the metal, and it will have kinetic energy equal to .

Where:
·  is the energy of the photon.
·  is the work function of the material.
·  is the kinetic energy of the released electron.
All three terms are measured in joules (J).
[bookmark: _Toc200881472]Wave particle duality:
Light can be represented as a wave and as a stream of particles (photons; little “packets” of energy). Both models are right because they each explain some of the properties of light.
We can convert between the two models by using De Broglie’s equation:

Where:
·  is the wavelength of the wave, measured in metres (m).
·  is Planck’s constant,  Js.
·  is the momentum of the particle, measured in newton seconds (Ns).
[bookmark: _Toc200881473]Electron diffraction:
The diffraction of an electron beam can be explained using wave-particle duality. The electrons (particles) act as a wave, the wavelength of which can be found using De Broglie’s equation.
Electron diffraction patterns can be used to deduce whether the structure of a material is ordered or not. The pattern of an ordered structure will usually have some symmetry.
In order to see fine structure (e.g. the quarks in a proton or neutron) the electrons must be moving very fast (i.e. have large kinetic energy and thus momentum) so that the wavelength of the electron beam is small enough to be diffracted by the gaps between the quarks.
[bookmark: _Toc200881474]Waves and oscillations
 (
Distance 
Displacement
)



The amplitude of a wave, , is a measure of how much energy the wave has.
The wavelength, , is the distance in metres between two adjacent peaks of the wave.
The period of a wave, , is the amount of time in seconds for one wavelength to pass.
The frequency of a wave, , is the number of wavelengths that pass a fixed point in one second. It is defined as:

The speed of a wave is dependent upon its frequency and its wavelength. The speed of a wave can be found using the wave equation:

Where:
·  is the speed of the wave, measured in metres per second (ms-1).
·  is the frequency of the wave, measured in hertz (Hz).
·  is the wavelength of the wave, measured in metres (m).
[bookmark: _Toc200881475]Displacement-time graphs for waves:
 (
Displacement
)



[bookmark: _Toc200881476]Pressure-distance graphs:
Only longitudinal waves can also be represented as a pressure-distance graph
 (
Distance
Pressure
Min
Max
Compression
Rarefaction
Compression
Rarefaction
)







The intensity of a sound (longitudinal) wave is proportional to the square of its amplitude:

Where:
·  is the intensity of the wave, measured in watts per square metre (Wm-2). The intensity of a wave is defined as the rate of energy transfer to a surface area.
·  is the amplitude of the wave, and is measured in pascals (Pa). This is because the amplitude of a wave can be measured as a pressure (see graph above).
[bookmark: _Toc200881477]Speed of a wave:

[bookmark: _Toc200881478]Speed of a wave in a string or wire:

Where:
·  is the speed of the wave in the string or wire, measured in metres per second (ms-1).
·  is the tension on the string or wire, measured in newtons (N).
·  is the mass per unit length of the string or wire, and is measured in kilograms per metre (kgm-1).

[bookmark: _Toc200881479]Speed of a sound wave through a solid material:

Where:
·  is the speed of the wave in the string or wire, measured in metres per second (ms-1).
·  is the Young modulus of the material, measured in pascals (Pa)
·  is the density of the material, measured in kilograms per cubic metre (kgm-3).
[bookmark: _Toc200881480]The Doppler effect:
 (
Detector
Detector
Source
)





If a source remains stationary then both detectors will measure the same wavelength (and so the same frequency).
If the source is moving then one detector will measure in increase in frequency (the left detector), and the other will measure a decrease in frequency (the right detector).
 (
Detector
Detector
Source has speed 
)







Where:
·  is the redshift.
·   , and is the shift in wavelength
·  , and is the shift in frequency.
·  is the speed of the source (i.e. emitter), measured in metres per second (ms-1).
·  is the speed of the wave, measured in metres per second (ms-1). For electromagnetic waves this is the speed of light ().
At cosmological distances, Hubble’s law applies:

Where:
·  is the redshift.
·  is Hubble’s constant, and ranges between 50 -100 kilometres per second per megaparsec (km s-1 Mpc-1).
·   is the distance between the observer/detector and the astrological object.
·  is the speed of light.

[bookmark: _Toc200881481]Superposition, interference and standing waves:
[bookmark: _Toc200881482]Phase and path difference:
If two waves are in phase then they reach the same stage of their oscillations at the same time (i.e. they have crests and troughs at the same time).
One oscillation is generally expressed as 360o or 2π radians:
 (
360
o
2π
180
o
π
0
)



 (
Phase difference of 
 radians
)Two waves can have a phase difference. This is where one of the waves is a fraction of an oscillation behind the other wave. Waves with a path difference of π radians are in antiphase. Waves with a phase difference of  radians are in quadrature.



 (
Phase difference of π radians
)
Phase difference can be caused by having a difference in path length of one of the waves:
 (
Bump height=
)
 (
Path difference between the waves is 
) (
Waves are in phase
)



Phase difference is π radians (i.e. half a wavelength).
[bookmark: _Toc200881483]Coherence:
If two waves are coherent then they have the same frequency and a constant phase relationship. Light emitted by a laser is an example of coherent waves.
[bookmark: _Toc200881484]Superposition:
When two or more waves are at the same place at the same time then their amplitudes sum. This is known as superposition and the effects are most noticeable when the waves are coherent.
 (
+
=
)



Constructive and destructive interference:
Constructive interference occurs when the waves are in phase, like the above diagram. 
Destructive interference occurs when the waves are in antiphase. If the two waves have the same amplitude when they superimpose the resulting amplitude is zero:
 (
=
+
)





[bookmark: _Toc200881485]Standing waves:
Standing waves are a special case of superposition and only occur when:
· The amplitude and wavelength of the waves are identical.
· The waves are travelling in opposite directions
The resulting superimposed wave does not appear to move; it only changes profile. The points that always have zero amplitude are called nodes, whereas the points at which a maximum amplitude occurs are called antinodes.
The profile of a standing wave cycles though 3 main stages:














The red dots represent the nodes
The green dots represent the antinodes.

[bookmark: _Toc200881486]Factors affecting the pitch (frequency) of a musical note in a string/wire:
[bookmark: _Toc200881487]Tension and mass per unit length:

By increasing the tension in the wire, the speed of the wave in the wire also increases. Using the formula  we can see that the frequency has increased, as wavelength is unchanged.
By increasing the mass per unit length of the wire, the speed of the wave decreases. Using the formula  we can see that the frequency has decreased, as wavelength is unchanged.
[bookmark: _Toc200881488]Length:

Where:
·  is the wavelength of the wave, measured in metres (m).
·  is the length of the string, measured in metres (m).
·  is the number of antinodes present on the string.
By increasing the length of the wire, the wavelength also increases. Using the formula  we can see that the frequency has decreased, as the speed of the wave remains unchanged.
[bookmark: _Toc200881489]Factors affecting the pitch (frequency) of a musical note in a tube/pipe:
[bookmark: _Toc200881490]Length:

Where:
·  is the wavelength of the wave, measured in metres (m).
·  is the length of the string, measured in metres (m).
·  is the number of antinodes present on the string.
By increasing the length of the tube, the wavelength also increases. Using the formula  we can see that the frequency has decreased, as the speed of the wave remains unchanged.
[bookmark: _Toc200881491]Active noise control:
· The noise is detected by a microphone.
· A computer processes the signal, and creates the same wave but in antiphase.
· The wave is produced by a loudspeaker, and superimposes with the noise wave.
· Destructive interference occurs and the amplitude of the noise is greatly reduced.

[bookmark: _Toc200881492]Polarisation and diffraction:
[bookmark: _Toc200881493]Plane polarised light:
Normal light has oscillations in all transverse planes (i.e. those perpendicular to the direction of travel).
Plane polarised light has oscillations in only one of these transverse planes. Light can be plane polarised by using polarising filters, but it is also polarised (either partially or completely) upon reflection.
 (
Plane polarised light
) (
Normal light
)



Polarimetry:
Optically active materials rotate the plane of polarisation. One such material is sugar solution. The rotation of the plane of polarised light can be measured with a polarimeter.  Polarimetry can be used to compare the concentrations of sugar solutions (for example), as concentration is one of the factors that affects the amount of rotation.
[bookmark: _Toc200881494]Diffraction:
Waves can be diffracted when they pass through a gap. The effect is most noticeable when the gap is about the same size as the wavelength of the wave
 (
λ
More complete bending of the wave front is observed when the wavelength matches the size of the gap.
The wave front is slightly deformed by passing through the gap which is larger than the wavelength of the wave.
)







[bookmark: _Toc200881495]Lenses:
[bookmark: _Toc200881496]Focal length and power:
The focal length is the distance between the lens and the principal focus (i.e. the point where two parallel beams converge), and is given the letter . The focal length is measured in metres (m).
The power of a lens is the reciprocal of the focal length:

The power of a lens is measured in dioptres (D).


[bookmark: _Toc200881497]Drawing a ray diagram:
 (
40cm
) (
50cm
) (
Lens
) (
1.00cm
) (
1.25cm
)
 (
Object
)

 (
Image
)



Three rays need to be drawn in a ray diagram:
· One ray needs to travel parallel to the axis, and is deflected to pass through the principal focus, point  on the diagram. The distance from the lens to the principal focus is the focal length.
· A second ray passes through the centre of the lens, and continues travelling in the same direction (i.e. it is not deflected at all).
· The third ray passes through the principal focus before it reaches the lens, and emerges from the lens parallel to the axis.
Magnification is defined as:

[bookmark: _Toc200881498]The thin lens formula:

Where:
·  is the focal length of the lens, measured in metres (m).
·  is the distance from the object to the lens, measured in metres (m).
·  is the distance from the image to the lens, measured in metres (m).
Real is positive:
· The focal length of a converging lens is positive.
· The focal length of a diverging lens is negative.
· Real objects and images have positive distances.
· Virtual distances are negative.
If two lenses are in contact, then their powers are added together. Diverging lenses have a negative power (as their focal length is negative).
A virtual image is one that cannot be projected onto a screen. Virtual images are created by diverging lenses, and also by converging lenses when.


[bookmark: _Toc200881499]Refraction and reflection:
[bookmark: _Toc200881500]Snell’s law:

Where:
·  is the refractive index at the boundary.
·  is the angle of incidence, measured in degrees (o).
·  is the speed of the incident wave, measured in metres per second (ms-1).
·  is the wavelength of the incident wave, measured in metres (m).
·  is the angle of refraction, measured in degrees (o).
·  is the speed of the refracted wave, measured in metres per second (ms-1).
·  is the wavelength of the refracted wave, measured in metres (m).
[bookmark: _Toc200881501]Critical angle:
The critical angle is the angle of incidence above which total internal reflection occurs (i.e. there is no longer refraction occurring).

Where:
·  is the refractive index at the boundary.
·  is the critical angle, measured in degrees (o).


 (
Glass block
)


When drawing ray diagrams:
· If a wave moves from a less dense material into a more dense material (e.g. moving from air to glass), the wave slows down and so bends towards the normal
· If a wave moves from a more dense material into a less dense material (e.g. moving from glass to air), the wave speeds up and so bends away from the normal.
· Light rays should always be drawn going into the observer’s eye.

[bookmark: _Toc200881502]Acoustic impedance:

Where:
·  is the acoustic impedance of the material, measured in kilograms per square metre per second (kgm-2s-1).
·  is the density of the material, measured in kilograms per cubic metre (kgm-3).
·  is the speed of sound in the material, measured in metres per second (ms-1).
[bookmark: _Toc200881503]Reflection at a boundary:

Where:
·  is the intensity of the reflected sound wave, measured in watts per square metre (Wm-2).
·  is the intensity of the incident sound wave, measured in watts per square metre (Wm-2).
·  is the acoustic impedance in material 1, measured in kilograms per square metre per second (kgm-2s-1).
·  is the acoustic impedance in material 2, measured in kilograms per square metre per second (kgm-2s-1).

[bookmark: _Toc200881504]Oscillations:
[bookmark: _Toc200881505]Simple harmonic motion:
Simple harmonic motion is motion where the force acting on a body is proportional to and in the opposite direction of its displacement relative to the equilibrium position:



Where:
·  is the force acting on the body, measured in newtons (N).
·  is the constant of proportionality, and has units of newtons per metre (Nm-1).
·  is the displacement of the body from the equilibrium point, measured in metres (m).

Simple harmonic motion will occur when the driver frequency matches the natural frequency of the body. When an object reaches its natural frequency a large increase in the amplitude of its oscillations is observed. This is called resonance

Displacement in simple harmonic motion:

Where:
·  is the displacement of the body from the equilibrium point, measured in metres (m).
·  is the amplitude of the oscillation, measured in metres (m).
·  is the angular velocity of the body, measured in radians per second (rad s-1).
·  is the time taken to reach the displacement of  metres, measured in seconds (s).

Acceleration in simple harmonic motion:

Where:
·  is the acceleration experienced by the body, measured in metres per second squared (ms-2).
·  is the angular velocity of the body, measured in radians per second (rad s-1).
·  is the displacement of the body from the equilibrium point, measured in metres (m).

Substituting  into this equation gives us another expression for acceleration:

[bookmark: _Toc200881506]Energy and simple harmonic motion:
The total energy of an undamped simple harmonic system remains constant.


The total energy in the system at any point in time is equal to the kinetic energy () plus the potential energy ():

Using the identity :


As , we can divide by  to get an expression for acceleration:

We also know that . Using these two equations we can say that:

So:


We can find another expression for the total energy if we rearrange this equation to make , and substitute this into the first equation for the total energy:


[bookmark: _Toc200881507]Damped oscillations:
Damping is a method of reducing the amplitude of oscillations in a simple harmonic system. Damping reduces the amplitude of the oscillations exponentially with time, as shown in the following graph:
 (
Time
Displacement
Exponential decay of the amplitude
)              [image: ]

A damped system will absorb energy when driven (forced oscillations), but the oscillations will have a smaller amplitude and the increase in amplitude close to resonance will be “spread” over a wider frequency range.



[bookmark: _Toc200881508]Fields:	
[bookmark: _Toc200881509]Electric fields:
An electric field is defined as a region in which a charged particle will experience a force. 

Where:
·  is the electric field strength, measured in newtons per coulomb (NC-1).
·  is the force experienced by the charged particle, measured in newtons (N).
·  is the charge on the particle, measured in coulombs (C).

Applying a potential difference to parallel plates produces a uniform electric field in the central region between them.

Where:
·  is the electric field strength, measured in volts per metre (Vm-1).
·  is the potential difference across the parallel plates, measured in volts (V).
·  is the distance between the parallel plates, measured in metres (m).
Electric field lines are drawn in the direction that a positive particle would want to move:
 (
-
+
)







[bookmark: _Toc200881510]Coulomb’s law:

Where:
·  is the electrostatic force between two charged particles, measured in newtons (N).
·  is the charge on particle 1, measured in coulombs (C).
·  is the charge on particle 2, measured in coulombs (C).
·  is known as the permittivity of free space, and has the value  Fm-1.
·  is the distance between the two charged particles, measured in metres (m).
If the particles have opposite charges (i.e. one is positive and the other is negative), the electrostatic force between them is negative.
From coulomb’s law we can derive another expression for the electric field strength, by substituting in 

The  cancel leaving:


Where:
·  is the electric field strength at a distance from a charged particle, measured in newtons per coulomb (NC-1).
·  is the charge on the particle, measured in coulombs (C).
·  is known as the permittivity of free space, and has the value  Fm-1.
·  is the distance between the point at which the electric field strength is being measured and the charged  particle, measured in metres (m).

[bookmark: _Toc200881511]The role of electric fields in particle accelerators:
When a charged particle enters an electric field it experiences a force (according to coulomb’s law). This force produces acceleration of the particle according to newtons second law ().
[bookmark: _Toc200881512]The role of electric fields in particle detectors:
A multiwire detection chamber consists of an array of fine wires, with potential differences applied between them. The electric fields between the wires attract the charged particles onto the wires, resulting in a small pulse of current which is then recorded electronically.
[bookmark: _Toc200881513]Gravitational fields:
[bookmark: _Toc200881514]Gravitational force:

Where:
·  is the gravitational force between the two masses, measured in newtons (N).
·  is the gravitational constant, and has the value  Nm2kg-2.
·  is the mass of body 1, measured in kilograms (kg).
·  is the mass of body 2, measured in kilograms (kg).
·  is the distance between the centres of the two masses, measured in metres (m).
If we substitute  into the formula for gravitational force, then we obtain a formula for the gravitational field strength:

The  cancel:

Where:
·  is the gravitational field strength at a distance from the mass, measured in metres per second squared (ms-2).
·  is the gravitational constant, and has the value  Nm2kg-2.
·  is the mass of the body, measured in kilograms (kg).
·  is the distance between the point at which the gravitational field strength is being measured and the body of mass, measured in metres (m)
Similarities between electric and gravitational fields:
· Both diminish with distance according to the inverse square law.
· Both have their own respective constant.
· One deals with charged particles, whilst the other deals with bodies of mass.
[bookmark: _Toc200881515]Magnetic effects of currents:
[bookmark: _Toc200881516]Magnetic fields:
[bookmark: _Toc200881517]Magnetic flux:
Magnetic flux is the essentially the amount of magnetic field lines in a given area.
[bookmark: _Toc200881518]Magnetic flux density:
Magnetic flux density is defined as the amount of magnetic flux per unit area, measured in tesla (T). It is loosely described as the magnetic field strength.

Where:
·  is the magnetic flux, measured in webers (Wb). 1Wb = 1Tm-2.
·  is the magnetic flux density, measured in tesla (T).
·  is the area of the loop in the magnetic field, measured in square metres (m2).
·  is the angle between the magnetic flux and the loop, measured in degrees (o).
 (
Wire loop with area 
 at angle 
 to the magnetic field.
(Sideways view)
)



[bookmark: _Toc200881519]Electromagnetic force:
[bookmark: _Toc200881520]Force on a current carrying wire in a magnetic field:

Where:
·  is the electromagnetic force acting on the wire, measured in newtons (N).
·  is the magnetic flux density surrounding the wire, measured in tesla (T).
·  is the size of the current that is flowing through the wire, measured in amperes (A).
·  is the length of the wire in the magnetic field, measured in metres (m).
·  is the angle between the wire and the magnetic field, measured in degrees (o).
 (
Current carrying wire of length 
 and at angle 
 to the magnetic field.
)



 In this case the wire would either move out of or into the plane of the page, depending on the direction the current is flowing.
[bookmark: _Toc200881521]Force on a charged particle in a magnetic field:

Where:
·  is the electrostatic force acting on the particle, measured in newtons (N).
·  is the magnetic flux density of the magnetic field that the particle is moving through, measured in tesla (T).
·  is the charge on the particle, measured in coulombs (C).
·  is the speed of the charged particle as it moves through the magnetic field, measured in metres per second (ms-1).
·  is the angle between the direction of travel of the particle and the magnetic field, measured in degrees (o).
[bookmark: _Toc200881522]The role of magnetic fields in particle accelerators:
Magnetic fields are used to bend the path of charged particles in a non-linear particle accelerator. This prevents the charged particles from colliding with the walls of the accelerator, which would cause dissipation of energy due to friction and heat.
[bookmark: _Toc200881523]The role of magnetic fields in particle detectors:
In a bubble chamber, the presence of a magnetic field allows differentiation between positively charged particles and negatively charged particles (using Fleming’s left hand rule).
[bookmark: _Toc200881524]Circular motion due to magnetic fields:
When a charged particle moves in a magnetic field it follows a curved path. This is because a force is exerted on the particle in a direction according to Fleming’s left hand rule. We can therefore equate the electromagnetic force with the force causing circular motion:

As the field is applied at right angles to the direction of motion, . Rearranging and cancelling like terms:

As :

Where:
·  is the radius of the circular path, measured in metres (m).
·  is the momentum of the particle, measured in newton seconds (Ns).
·  is the magnetic flux density of the magnetic field that the particle is moving through, measured in tesla (T).
·  is the charge on the particle, measured in coulombs (C).
[bookmark: _Toc200881525]Electromagnetic induction:
The induced emf, ℰ, is proportional to:
· The strength of the magnetic field.
· The rate at which the coil or magnet is moved.
·  The number of turns on the coil.
The emf changes direction if the magnet is reversed, or if the direction of movement is reversed.
[bookmark: _Toc200881526]Faraday’s law:

Where:
·  is the induced emf, measured in volts (V).
·  is the magnetic flux linkage, measured in webers (Wb). Magnetic flux linkage is the magnetic flux that passes through the cross sectional area of a coil (), multiplied by the number of turns on the coil ().
·  is the time taken for the change in magnetic flux linkage, measured in seconds (s).

[bookmark: _Toc200881527]Lenz’s law:
Lenz’s law states that the direction of the induced current is such that its magnetic field opposes the motion. This can be shown in combination with Faraday’s law as:

Eddy currents:
Eddy currents (a type of induced current) are formed in conductive materials (due to the conductive electrons) and are caused by the movement of a magnet.
 (
S
N
)
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As the diagrams show, Lenz’s law is in effect. If the south pole is moved towards the sheet of metal, a current will be induced that has a south pole, and so the motion of the magnet is opposed (repulsion).
If the north pole is moved away from the sheet of metal, a current will be induced that has a south pole, and so the motion of the magnet is opposed (attraction).
[bookmark: _Toc200881528]Transformers:
In an ideal transformer, the transfer of energy from the primary coil to the secondary coil is 100% efficient (i.e. ):

Where:
·  is the voltage across the primary coil, measured in volts (V).
·  is the number of coils on the primary coil.
·  is the current in the primary coil, measured in amperes (A).
·  is the voltage across the secondary coil, measured in volts (V).
·  is the number of turns on the secondary coil.
·  is the current in the secondary coil, measured in amperes (A).


[bookmark: _Toc200881529]Materials:
[bookmark: _Toc200881530]Bulk properties of solids:
[bookmark: _Toc200881531]Mechanical properties:
· Strong – can withstand large loads.
· Elastic – will return to its original size and shape when the load is removed.
· Plastic – will remain deformed when the load is removed.
· Brittle – will break without plastic deformation.
· Hard – will resist scratching and indentation.
· Stiff – will require a large load to produce a small deformation.
· Tough – will deform plastically and can withstand dynamic loads (e.g. collisions).
· Smooth – has a low friction surface.
· Durable – properties will remain constant with repetitive loading and unloading.
· Malleable – can be shaped easily.
· Ductile – can be drawn into wires easily.
[bookmark: _Toc200881532]Hooke’s law:

Where:
·  is the force applied to the material, measured in newtons (N).
·  is the stiffness of the material, measured in newtons per metre (Nm-1).
·  is the change in length of the material when the force is applied, measured in metres (m).
[bookmark: _Toc200881533]Stress:

Where:
·  is the strain experienced by the material, measured in pascals (Pa).
·  is the force applied to the material, measured in newtons (N).
·  is the cross sectional area of the material, measured in square metres (m2).
Tensile stress occurs when the material is pulled. Compressive stress occurs when the material is squashed.
[bookmark: _Toc200881534]Strain:

Where:
·  is the strain on the material. Strain has no units.
·  is the change in length of the material, measured in metres (m).
·  is the original length of the material, measured in metres (m).
Tensile strain occurs when the material is pulled. Compressive strain occurs when the material is squashed.
The stress needed to break a material is known as the breaking stress. It is a measure of strength that does not rely upon the size of the sample.
[bookmark: _Toc200881535]Young modulus:

Where:
·  is the young modulus of a material, measured in pascals (Pa).
·  is the stress in a material, measured in pascals (Pa).
·  is the strain in a material. Strain has no units.

[bookmark: _Toc200881536] (
Breaking stress
Limit of proportionality
Elastic limit
)Stress-strain graph:








The limit of proportionality is the point at which the force applied to the material is no longer proportional to the change in length that the material experiences.
The elastic limit is the point at which elastic deformation stops and plastic deformation begins. If the material is removed from the stress at a point beyond this then there is a permanent change in length.
The breaking stress is the point at which the material breaks.
The graph for force-extension/compression is the same shape and has the same points.
[bookmark: _Toc200881537]Plastic deformation and damping:


[bookmark: _Toc200881538]Bulk properties of fluids:
[bookmark: _Toc200881539]Density:

Where:
·  is the density of the fluid, measured in kilograms per cubic metre (kgm-3).
·  is the mass of the fluid, measured in kilograms (kg).
·  is the volume that the fluid occupies, measured in cubic metres (m3).
[bookmark: _Toc200881540]Laminar and turbulent flow:
Laminar (a.k.a. streamlined) flow is where the fluid does not make abrupt changes in speed or direction.
An example of laminar flow:
Turbulent flow is where the movement of the fluid is chaotic and uncontrolled.
An example of turbulent flow:
[bookmark: _Toc200881541]Terminal velocity:
Terminal velocity is the maximum velocity obtainable by an object as it falls through a fluid. When an object is travelling at its terminal velocity the forces acting on it are in equilibrium (there is no resultant force and thus no acceleration).
[bookmark: _Toc200881542]Upthrust:
Upthrust acts against an object as it falls through a fluid. Archimedes’s principle states that the size of the upthrust is equal to the weight of the fluid displaced by the object. Upthrust is measured in newtons.
[bookmark: _Toc200881543]Viscous drag and stokes law:
When a sphere falls through a fluid, it experiences a resistive force known as viscous drag. The size of the viscous drag can be found using Stokes’ law:

Where:
·  is the viscous drag, measured in newtons (N).
·  is the coefficient of viscosity, measured in newtons seconds per square metre (Nsm-2).
·  is the radius of the sphere, measured in metres (m).
·  is the speed of the sphere relative to the fluid, measured in metres per second (ms-1).
Assumptions made by stokes’ law:
· Laminar flow.
· Small sphere.
· Perfect sphere.
The viscosity of a fluid is dependent upon temperature. The more viscous a fluid is, the lower its rate of flow (i.e. the slower it moves).
[bookmark: _Toc200881544]Microscopic properties:
[bookmark: _Toc200881545]How temperature affects the resistance of a conductor:
As the temperature increases, the atoms in the material vibrate more vigorously. The frequency of collisions between the electrons that are flowing and the atoms is therefore increased. This reduces the rate of flow of the electrons and thus the current is reduced.  This means that the resistance has increased.
However more electrons can be released from the atoms at elevated temperatures, and so there are more electrons present to flow. This increases the rate of flow of electrons and thus the current is increased. This means that the resistance has decreased.
 (
R
R
Temperature
Temperature
Atomic vibrations
Release of electrons
)The change in resistance with temperature therefore is dependent on which one of these two effects “wins”. In a metal, the temperature has virtually no effect on the release of electrons, and so the resistance decreases as temperature increases. In a semiconductor a small rise in temperature can release a large number of electrons and so the resistance decreases as temperature increases.



[bookmark: _Toc200881546]The structure of polymers:
Unstretched polymers have no regular structure and are said to be amorphous; the long chain polymer molecules are intertwined and jumbled up.
A stretching force tends to uncoil the chains and straighten them out into orderly lines, and so a regular diffraction pattern is obtained. When released the molecules in the polymer coil up again.
[bookmark: _Toc200881547]Thermoluminescence:
Thermoluminescence is the emission of light cause by heating an artefact to approximately 400oC. Only electrical insulators can thermoluminesce as electrical conductors have an overlap of the valence and conduction bands (i.e. there is no “forbidden gap”).
Radiation from the surroundings of the artefact causes electrons to be “promoted” from the valence band to a defect energy level within the “forbidden gap”. This happens because the radiation provides the electron with energy.
The electrons in the defect levels are metastable, and when heated they “fall back” to the valence band, emitting the energy they previously gained from the radiation as light.
This emitted light can be measured and compared with the radiation dose that is provided by the surroundings to date the artefact. 
[bookmark: _Toc200881548]Thermionic emission: 
When a filament is heated by an electric current, some electrons can escape the filaments surface, and this effect is known as thermionic emission. In an electron gun there is a cathode just in front of the filament, and the thermionic electrons and the radiant energy from the filament cause the cathode to heat up. This results in the thermionic emission of a large number of electrons from the cathode.
[bookmark: _Toc200881549]Signals:
[bookmark: _Toc200881550]Analogue and digital signals:
Analogue signals are continuous signals whose amplitude varies with time.



Digital signals are non-continuous signals whose amplitude “jumps” between two discrete levels (i.e. the signal is either “on” or “off”).

 (
     1 1   0  0  1  1  1  1  0  1
)

[bookmark: _Toc200881551]Modulation:
Modulation is the process of combining a signal with a carrier wave of a much higher frequency.
[bookmark: _Toc200881552]Amplitude modulation:
 (
Carrier wave
)Amplitude modulation (AM) is the process of superimposing the signal with a carrier wave of a much higher frequency. This produces a signal that has the same frequency as the carrier wave and an amplitude that varies.
 (
Signal
) (
Transmitted waveform
)[image: ]
The carrier wave can be a radiowave, but it can also be light. At the reciever the carrier wave is removed from the transmitted waveform to leave the signal. This process is known as demodulation.
AM transmission is relatively cheap but it does suffer from noise.


[bookmark: _Toc200881553]Frequency modulation:
Frequency modulation (FM) is also a method of transmission. The frequency of the carrier wave is varied according to the amplitude of the signal. Where the signal has a high positive value, the frequency is increased. Where the signal has a high negative value, the frequency is decreased.
 (
Transmitted waveform
(after modulation)
) (
Signal
)[image: ]
At the receiver the transmitted wave is demodulated to recover the signal. 
FM transmission is more expensive than AM, but it is far less affected by noise.
[bookmark: _Toc200881554]Pulse code modulation:
Pulse code modulation (PCM) is used to convert an analogue signal into a digital one. 
First the analogue wave is sampled at regular intervals. The sample rate must be greater than twice the highest frequency present in the signal to avoid loss of fine detail.
The next step is quantisation. This is where the whole voltage range of the signal is split up into a number of discrete levels called quantum levels. The voltage of each sample is then matched up to the closest quantum level.

 (
Signal
) (
Sampling rate
) (
Quantum levels
)[image: Image:Pcm.svg]
We now have a string of numbers that represent the signal. These numbers (the quantum levels) can be converted into four-bit binary, which then allows us to transmit the signal as a digital wave.
0 0 0 0
So in binary, a sample with a quantum level of 9 would be represented as 1001 (as ).
The digital wave is then transmitted, and once received, it undergoes the reverse process to recover the analogue signal.
As a quantum level corresponds to a range of voltages, the signal is distorted somewhat; this effect is known as quantising distortion. Low amplitude signals are more affected by quantising distortion. Rather than dividing the voltage range into equal levels, it is common to use companded quantum levels. 
Companding is the process of compressing the low amplitude quantum levels, and expanding the higher amplitude quantum levels. This reduces the distortion as there is less “rounding” in the lower amplitudes. 
A companded scale looks like this:




PCM is a more reliable method of transmitting information than AM or FM as it is a digital signal that is broadcast. It is much easier to see if a digital wave has been affected by noise, and to correct any alterations originating from the noise.


[bookmark: _Toc200881555]Multiplexing:
Rather than having a separate cable for each signal, it is useful to send many different signals down one cable, using a technique known as multiplexing.
[bookmark: _Toc200881556]Frequency division multiplexing:
Frequency division multiplexing (FDM) is used to transmit analogue signals. The different signals are superimposed onto individual carrier waves, each with a unique frequency range (e.g. 12-16kHz, 16-20kHz, and 20-24kHz). The three signals can then be transmitted down the same cable. 
At the receiving end, the signals are separated by the use of band-pass filters (a band-pass filter severely reduces the intensity of signals below and above its operating range), and demodulated to recover the original signals.
[bookmark: _Toc200881557]Time division multiplexing:
 (
Transmitted sequence
) (
Signals out
) (
Signals in
) (
Demultiplexer
) (
Multiplexer
)Time division multiplexing (TDM) is used to transmit digital signals. The different signals are “sliced up” into equal time sections. These sections are then sent down the cable in sequence. At the other end the fragments are extracted in order and reassembled to recover the separate signals.
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