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Unit 4 

Further Mechanics 

Momentum 

73 use the expression p = mv 

Momentum of an object is the product of its mass and velocity. 

𝑝 = 𝑚𝑣 

74 investigate and apply the principle of conservation of linear momentum to 

problems in one dimension 

The principal of conservation of momentum states that “The total linear momentum of a 

system of interacting bodies remains constant, providing no external forces are acting.”  

This means the vector sum of (total) momentum of two objects before they collide equals 

the vector sum of (total) momentum after the collision if momentum is conserved.  

𝑠𝑢𝑚 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 = 𝑠𝑢𝑚 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 

 

Explosions also maintain conservation of momentum. Examples: 

1. Before a grenade explodes, its total momentum is zero. After explosion the individual 

parts move in all direction to conserve momentum and hence the vector sum of the 

momentum is zero. 

2. While firing a rifle, the forward momentum gained by the bullet is equal to the backward 

momentum gained by the rifle. That’s why the rifle recoils. 

3. A rocket propels forward by exhausting gas. The momentum of the rocket in the forward 

direction is equal to the momentum of the exhaust in the backward direction. 
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75 investigate and relate net force to rate of change of momentum in situations 

where mass is constant  (Newton’s second law of motion) 

Newton’s 2nd law of motion states, 

“The rate of change of momentum of an object is directly proportional to the resultant force 

which acts on the object and the direction of the change in momentum is same as the 

resultant force.” 

𝐹 =  
𝑚𝑣 − 𝑚𝑢

𝑡
 

If mass is constant, it can be written as F = ma. Force is then directly proportional to 

acceleration. 

 

76 derive and use the expression Ek = p2/2m for the kinetic energy of a non-

relativistic particle 

 K.E. = ½ mv2 

 K.E. = 
1

2
× 𝑚 ×

𝑝2

𝑚2 [Substitution p = mv] 

 K.E. = 
𝑝2

2𝑚
 

 

77 analyse and interpret data to calculate the momentum of (non-relativistic) 

particles and apply the principle of conservation of linear momentum to problems 

in one and two dimensions 

Follow Edexcel A2 Physics Student Book pg – 16. 

78 explain and apply the principle of conservation of energy, and determine 

whether a collision is elastic or inelastic 

If there is no external force, momentum is always conserved. 

However, kinetic energy is not always conserved. 

A collision where kinetic energy is conserved is called elastic collision. 

A collision where kinetic energy is not conserved is called inelastic collision. 
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Circular Motion 

79 express angular displacement in radians and in degrees, and convert between 

those units 

Π in radians is equal to 180 degrees. 

𝑎𝑛𝑔𝑙𝑒 𝑖𝑛 𝑟𝑎𝑑𝑖𝑎𝑛𝑠 =
𝜋

180
× 𝑎𝑛𝑔𝑙𝑒 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

80 explain the concept of angular velocity, and recognise and use the relationships 

v = ωr and T = 2π/ω 

Angular velocity is defined as angular displacement divide by time. 

𝜔 =
𝜃

𝑡
 

𝜔 is angular velocity in rad s-1, θ is in rad, and t is in s. 

The linear velocity, v, and angular velocity can be linked using this equation: 

𝑣 = 𝜔𝑟 

 

For a complete circle, an object turns 2Π degree in time, T. So the angular velocity is given 

by: 

𝜔 =
2𝜋

𝑇
 

Since, 𝑓 =
1

𝑇
, the equation can rearranged as: 

𝜔 = 2𝜋𝑓 
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81 explain that a resultant force (centripetal force) is required to produce and 

maintain circular motion 

To keep a body moving in a circle, there must be a resultant force on it directed towards 

the centre. This force is called centripetal force. It is a resultant force meaning some other 

force must provide the necessary centripetal force. 

The centripetal force required to keep a planet in its orbit around the sun is provided by 

the gravitational force between the sun and the planets. Similarly the necessary centripetal 

force required to keep an electron moving in its orbit around the nucleus is provided by the 

electrostatic force between the electron and the nucleus. 

82 use the expression for centripetal force F = ma = mv2/r and hence derive and use 

the expressions for centripetal acceleration a = v2/r and a = rω2 

Here is an example of a car moving in circular 

motion at a constant speed. Although the car 

is moving in constant speed, it is still 

accelerating towards the center, due to 

change of direction (remember acceleration 

is a vector quantity). This acceleration is 

called centripetal acceleration and its 

direction is always towards the center. The 

centripetal force in this case is provided by 

frictional force. 

The equation of centripetal acceleration is: 

𝑎 =
𝑣2

𝑟
 

Substituting 𝑣 = 𝜔𝑟 gives: 

𝑎 = 𝑟𝜔2 

Since 𝐹 = 𝑚𝑎, the centripetal forces can be given by 

𝐹 =
𝑚𝑣2

𝑟
 

𝐹 = 𝑚𝜔2𝑟 
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More examples of centripetal force 

1. Vertical circular motion 

 

At top, 𝐹𝑐 = 𝑚𝑔 + 𝑇 

At bottom, 𝐹𝑐 = 𝑇 − 𝑚𝑔 

At right and left, 𝐹𝑐 = 𝑇 

2. Vertical rotation of water bucket 

For the water to stay in the bucket at 

the top, the reaction force on the 

water is ≥ 0. 

So at top, 𝐹𝑐 = 𝑊 + 𝑅 

Minimum centripetal force when R=0. 

𝐹𝑐 = 𝑊 

𝑚𝑣2

𝑟
= 𝑚𝑔 

𝑣 = √𝑟𝑔 

Therefore the minimum velocity 

required to keep water in the bucket 

is given by √𝑟𝑔. 
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Electric and Magnetic Fields 

Electric Fields 

Electric Fields 

Electric field: A region where electric force acts on a charged particle. 

Electric field strength: Electric force per unit charge. Unit: NC-1. 

𝐸 =
𝐹

𝑄
  

Electric field strength is a vector pointing in the direction that a positive charge would 

move. Electric field strength can be imagined as how tightly packed the field lines are. 

Uniform electric field: 

 

In a uniform electric field, the field strength remains constant through the field i.e. a given 

charged particle will experience same force throughout the region. The field lines are 

parallel to each other and are equally spaced. The closer the lines are, the stronger the field 

is. 

Uniform electric field can be demonstrated using two parallel plates connected to high 

voltage DC supply. 

The field strength between two parallel plates depends on the potential difference and the 

distance between them. 
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𝐸 =
𝑉

𝑑
 

Example-1 

Q: What is the velocity of the electron after it has been accelerated though a p.d. of 1000 V 

in a uniform electric field? 

Mass of electron = 9.11 x 10-31 

Charge of electron = 1.6 x 10-19 

A:  

VQ = ½mv2 

1000 x 1.6 x 10-19 = ½ x 9.11 x 10-31 x v2 

v = 1.87 x 106 ms-1 

 

Equipotentials 

In an electric field, equipotential lines are the lines that have the same potential at any 

point along it. 

Radial fields 

 

In the region around a positively charged sphere, or point charge like a proton, the electric 

field will act outwards. In negative, the field lines will act inwards. The arrows in the 

diagram get further apart as distance from sphere increases. Hence, the field strength 
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decreases. The equipotential lines also get further apart, so the potential change will be less 

quickly as well. 

Coulomb’s law 

Coulomb’s law states that the force between two charges is directly proportional to the 

product of the charges and inversely proportional to the square of that distance. 

𝐹 =
𝑘𝑄1𝑄2

𝑟2
 

Where k = 8.99 x 109 

So the radial field strength is given by: 

𝐸 =
𝑘𝑄

𝑟2
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Capacitors 

Capacitors 

A capacitor is a device that stores charge. It has a pair of parallel plates with an insulator 

between them. 

 

The amount of charge a capacitor can store, per volt applied across it is called its 

capacitance, C. Its unit is farad, F. The capacitance depends on the size of the plates, their 

separation and the nature of insulator between them. 

𝐶 =
𝑄

𝑉
 

Energy stored on charged capacitors 

Energy stored in a capacitor can be found out from the area under the V-Q graph. 

 

𝐸 =
1

2
𝑄𝑉 

𝐸 =
1

2
𝐶𝑉2 
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Charging and discharging capacitors 

 

Charging: When the capacitor is connected to a power supply, electrons flows to the plate 

connected to the negative terminal, and since it cannot cross the gap, electrons build up 

and the plate gets negatively charged. Electrons from the plate connected to the positive 

terminal flow towards the positive terminal and the plate gets positively charged. The 

attraction between the opposite charges across the gap creates an electric field between 

the plates which increases until the pd across the plate is equal to the pd of the power 

supply. 

Initially the current through the circuit is high. But as charge builds up on the plates, 

electrostatic repulsion makes it harder and harder for more electrons to be deposited. 

Hence the capacitor is charged exponentially, and the current across the circuit decreases 

exponentially. 
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Discharging: When the capacitor is connected across a resistor, it discharges 

exponentially. The current flows in the opposite direction from charging circuit. The 

capacitor is fully discharged when pd across the plates and the current in the circuit are 

both zero. 

Equation for discharging 

𝑄 = 𝑄𝑜𝑒−
𝑡

𝑅𝐶 

𝑉 = 𝑉𝑜𝑒−
𝑡

𝑅𝐶 

𝐼 = 𝐼𝑜𝑒−
𝑡

𝑅𝐶 

Charge, current and voltage decreases exponentially according to the equation. 
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Time constant 

Time constant, τ is the time taken for the charge to drown down to 37% or to rise to 63%.  

𝜏 = 𝑅𝐶 

A greater resistance, or a larger capacitance will cause the capacitor longer time to charge 

up. 

In practice, the time taken for a capacitor to charge or discharge fully is taken to be about 

5RC. 
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Magnetic Fields and Electromagnetic effects 

Magnetic fields 

A region of space which will cause a magnetic pole to feel a force is called magnetic field. 

Magnetic flux density, B, also known as magnetic field strength refers to the strength of 

magnetic field as the name implies. It is a vector quantity. Its unit is tesla (T). 

The magnetic flux, φ, passing through an area, A, perpendicular to a magnetic field, B, is 

defined as:  

𝜑 = 𝐵𝐴 

Magnetic flux linkage is the cutting of magnetic field lines with the number of turns of a 

coil. 

𝛷 = 𝐵𝐴𝑁 

The unit of flux and flux linkage is weber, Wb. 

Fleeming’s left hand rule 

In a magnetic field, moving charge experiences a force. A current carrying wire therefore 

feels force when it cuts magnetic field. This is called motor effect. The effect is greatest 

when the wire and the magnetic field are at right angles. If the wire and magnetic field is 

parallel, no force acts. The direction of the force is given by fleeming’s left hand rule. 
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Strength of electromagnetic forces 

The force, F, on the wire which has a current, I, through it whilst it is in a magnetic field, B, 

is given by the equation: 

𝐹 = 𝐵𝐼𝑙 𝑠𝑖𝑛 𝜃 

If angle is 90o, then, 

𝐹 = 𝐵𝐼𝑙 

Where l is the length of the wire within the field, and θ is the angle the current makes with 

the lines of magnetic field. 

 

 

Motor effect 
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When the switch is closed current flows through the coil and generates a magnetic field 

around it. When the magnetic field around the coil interacts with the magnetic field of the 

permanent magnets, a force is exerted. According to FLHR opposite forces of equal 

magnitude act on either side of the coil that makes it rotate. 

The split ring commutator reverses the direction of current in the coil after every half turn 

which ensures that the coil rotates in the same direction. The carbon brushes provide an 

electrical contact with split ring commutators. 

A motor can be made more powerful using the expression F = BIl: 

 Increasing the current through the motor 

 Increasing the number of turns of wire in the motor 

 Increasing the magnetic field within the motor 

Forces acting on a charged particle 

The equation for the force acting on a single charged particle moving perpendicular to a 

magnetic field is: 

𝐹 = 𝐵𝑞𝑣 𝑠𝑖𝑛 𝜃 

where q is the charge on the particle, v is the velocity, and θ is the angle between the 

velocity and the magnetic field lines. 

If the charged particle is moving right angles to the field, then F = Bqv. 

When a particle is moving freely in a magnetic field, it will travel in a circular path. Because 

according to FLHR, the force acting on the charged particle is always perpendicular to its 

direction of motion. So the magnetic field acts as a centripetal fore, and this leads to a 

circular motion. 
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Generating electricity 

Electromagnetic induction 

If we move a wire across a magnetic field, a voltage is induced in the wire. This 

phenomenon is called electromagnetic induction. 

Faraday’s law of electromagnetic induction states that: 

“The magnitude of an induced emf is proportional to the rate of change of flux linkage.” 

Generator effect 

 

The generator uses the same working principle of motor effect where the rotation of the 

coil inside the magnetic field causes a change in magnetic flux linkage which in turn induces 

an emf across the coil. 

The emf induced in the coil can be increased by: 

 Increasing the number of turns of the coil 

 Increasing the area of the coil 

 Increasing magnetic field strength 

 Increasing angular speed of the coil 

Lenz’s law 

Lenz’s law states that: 

“The direction of an induced emf is such as to oppose the change creating it.” 
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Lenz’s law and Faraday’s law can be combined to give the following formula: 

𝜀 = −
𝑑𝑁𝜑

𝑑𝑡
 

The minus sign is due to Lenz’s law.  

The copper tube example 

If you drop a magnet down a copper tube, it will drop slower than a non-magnetic metal 

through it. This is the result of Lenz’s law. 

As the magnet falls through the tube, it will induce an emf in copper tube, which will cause 

a small current to flow around the tube. The circling current will then generate an 

electromagnetic field, which will interact with the falling magnet. The direction of this 

newly created magnetic field will determine whether it slows the falling magnet or repels it 

faster down the tube. If the latter were the case, then the magnet would end up with more 

kinetic energy than the gravitation potential it had at the start. This is impossible, so the 

law of conservation of energy dictates the Lenz’s law. 

The emf in the tube is such that it slows the magnet, as the movement of the magnet is the 

change creating the emf. 

Finding the direction of induced emf 

 

1. Lenz’s law says that the induced emf will produce a force that opposes the motion of 

the conductor – in other words a resistance. 

2. Using Fleming’s left hand rule, point your thumb in the direction of the force of 

resistance which is in the opposite direction to the motion of the conductor. 

3. Your second finger will now give you the direction of the induced emf. 
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4. If the conductor is connected as part of a circuit, a current will be induced in the 

same direction as the induced emf. 

Lenz’s law graph 

 

 The negative part of the peak is higher. 

 Area under the graph both part of the graph will be same since Nφ is constant. 

 As the magnet enters the coil, there is rate of change of magnetic flux linkage that 

induces an emf across the coil. As the magnet enters the coil, there is a force on it in 

the upward direction to oppose the magnet’s motion according to Lenz’s law. As the 

magnet leaves the coil, the current direction reverses to oppose the magnets motion 

again so suggested by the induced emf being positive at first and then negative. 

 The negative maximum of the emf is greater than the positive maximum as the 

magnet has a greater speed while leaving than entering, since it is accelerating due 

to gravity. 

 The area under the graph while entering is equal to the area while leaving as the 

area represent the total change in flux linkage which remains the same. 

 

 

Farday – Lenz’s law youtube video - https://youtu.be/gm-U3v6K1Sk 

 

 

 

https://youtu.be/gm-U3v6K1Sk
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Identifying poles of an electromagnet 

 

The poles of an electromagnet can be determined using right hand grip rule. The thumb 

shows the direction of magnetic field while the rest of the 4 fingers shows the current 

around the solenoid. 

The right hand grip rule can also be used to determine fields lines around a current 

carrying wire. 

 

Transformers 

It is used to step up or step down an input ac voltage. The working principle of a 

transformer relies on faraday’s law. 

 

The coil with the power supply is the primary coil. 

 If the secondary coil as more no. of turns than the primary coil it is a step up transformer. 
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The AC current on the primary coil produces a changing magnetic field. This causes a 

change in magnetic flux linkage through the secondary coil. According to Faraday’s law a 

voltage is induced on the secondary coil. 

The introduction of the iron core ensures maximum flux linkage which in turn enhances the 

efficiency of the transformer. The iron core of the transformer is insulated so that it is not 

heated up due to the flow of eddy current. 

The output voltage, the input voltage and the number of turns in either coil is linked by the 

equation 

𝑉𝑝

𝑉𝑠
=

𝑁𝑝

𝑁𝑠
 

In an ideal transformer, the power output is always equal to the power input. 

Power output = power input 

𝑉𝑠𝐼𝑠 = 𝑉𝑝𝐼𝑝 

  



Shawon Notes | www.shawonnotes.com 
 

22 

Particle Physics 

Probing matter 

Atomic structure 

Rutherford’s experiment proved the model of atomic structure that we are using today. The 

experiment includes firing a stream of alpha particles at a thin gold foil and recording the 

number of alpha particles scattered at different angles. 

 

Observations: 

1. Most of the alpha particles went straight through the gold foil with little or no 

deflection. 

2. Some of the alpha particles deflected through large angles. 

3. Very few alpha particles came straight back towards the source. 

Conclusions: 

1. Atom is mostly empty spaced. 

2. Nucleus is charged. 

3. All the mass is concentrated densely in the nucleus. 
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Electron beam 

Free conduction electrons in metals need a certain amount of energy if they are to escape 

from the surface of the metal structure. This energy can be supplied by a beam of photons, 

as seen in the photoelectric effect. The electrons can gain enough energy simply through 

heating of the metal. The release of electron from the surface of the metal as it is heated is 

known as thermionic emission. 

After the electron is emitted, it can be accelerated in an electric field, moving in the positive 

direction. The kinetic energy gained by the electron is E = eV. 

1

2
𝑚𝑣2 = 𝑒𝑉 

where e is the charge of the electron. 

Electron probe 

In an electron probe, a beam of electrons is fired at a crystal which shows diffraction 

pattern that can resolve structures of the crystal. The diffraction pattern occurs due to 

electron, as originally considered as particle also shows “wave-like” properties. The 

wavelength of a particle can be using De Broglie’s equation: 

𝜆 =
ℎ

𝑝
 

where 𝜆 is De Broglie wavelength, h is Plank’s constant and p is momentum. 

When aimed at a crystal, the electron diffract when the wavelength is similar to gap size 

between atoms i.e. around 0.1 nm. This produce a pattern on a screen and measuring the 

pattern allows the spacings between the atoms in the crystal to be calculated.  

To get pattern of higher detail or smaller scale, the wavelength of the electron needs to be 

smaller. Hence, higher momentum, which means higher energy particle is required. 
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Particle accelerators 

Linear accelerators 

 

Also known as LINAC, linear accelerators consists of a series of tubes, equally spaced and of 

increasing length connected to a high frequency AC supply. 

The particle moves in constant speed inside tubes. Tubes are of increasing length so the 

particle takes the same time inside each tube which in turn means so that the frequency of 

alternating current remains same. 

The electric field in linac is between two tubes. Therefore, the particle only accelerates in 

between tubes. This electric field continuously alternates i.e. the charge of the tubes 

changes between + and -, so that particle is always attracted to the next tube and repelled 

from the previous tube. 

This is how a high energy particle is formed in a linac. 

Accelerating particles in circles 

Since producing longer linear 

accelerators became difficult, due to 

the space it occupies, scientists made 

accelerators to accelerate particles in 

circle. This is by the help of magnetic 

field. The magnetic field acts 

perpendicularly to the direction of 

the moving charged particle, 

therefore the magnetic force as per 

Fleeming’s left hand rule also always 

acts perpendicularly to the moving 

charged particle. Here the magnetic 
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force acts as a centripetal force and hence the particle moves in a circular path. 

The radius of the circular path can be found by the equations as follows: 

𝐹𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 = 𝐵𝑞𝑣 

𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑝𝑒𝑡𝑎𝑙 =
𝑚𝑣2

𝑟
 

𝐵𝑞𝑣 =
𝑚𝑣2

𝑟
 

 𝑟 =
𝑚𝑣

𝐵𝑞
 

 𝑟 =
𝑝

𝐵𝑞
  

Radius increases with increasing momentum 

According to the above equation, radius is directly proportional to momentum of the 

particle in a given magnetic field. So as the particle accelerates, and the momentum 

increases and so will the radius. This means the particle will move in a circular path 

spiraling outwards.  

As the particle reaches relativistic speed, the speed of the particle doesn’t increase more 

than the speed of light. This is because in such speed, mass of the particle will increase as 

the particle moves faster and hence the acceleration gets limited. The momentum will still 

increase nevertheless and the particle will keep moving in a circular path spiraling 

outwards. 

Cyclotron 
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Cyclotron consists of 2 ‘Dees’ connected to a high frequency a.c. supply. The particle only 

accelerates in the electric field between the two Dees. The polarity of the Dees changes 

every half cycle. 

The electric field in cyclotron provides a force on the charged particle causing it to 

accelerate. 

The magnetic field provides a force on the charged particle in the perpendicular direction 

to its motion, acting as a centripetal force and causing the particle to move in a circular 

path. 

As the energy of the particle increases, the particle spirals outwards. 
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Particle detection 

Particle detectors 

Particle detectors are used to trace the path of charged particles after collisions in particle 

accelerators. These can help identify the properties of the particles like energy, charge or 

mass.  

Examples of particle detectors are: 

 Cloud chamber (uses supercooled vapour) 

 Bubble chamber (uses superheated hydrogen) 

When a charged particle moves inside the detector, it ionizes the substance and leaves a 

trail of ions behind. This is how we see the track in a particle detector. Neutral particles do 

not leave any track. 

Q1: A high-energy gamma photon enters a bubble chamber and produces an electron-
positron 
pair. Magnetic field direction is into the page. Explain the shape of the electron-positron 

tracks and identify which of A and B is electron and positron. 

 

A: The particles are moving in circular path due to the magnetic field applying a force at 

right angles to the direction of the motion. Since the charges of the two particles are 

opposite, the particles spiral in opposite directions. Using Fleeming’s left hand rule B is 

positively charged and hence it is the positron. A is the electron. 

The fact that both tracks have the same curvature/radius shows that both the particles has 

the same mass and charge. 
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In particle detectors, charged particle has a decrease in kinetic energy. Using the equation 

𝑟 =
𝑝

𝐵𝑞
 justifies the reason for decreasing radius. 

Q2: At X, an incoming charged particle interacts with a stationary proton to produce a 

neutral lambda particle and a neutral kaon particle.  Both these particles later decay into 

other particles. With reference to the photograph, describe and explain the evidence 

provided for this event. 

 

A: After X there are no tracks, so neutral particles are produced. These neutral particles 

then went on and as seen in the tracks in V shape, decayed into two charged particles to 

conserve charge. The newly formed charged particle moved into different angle to conserve 

momentum. 
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Particle interactions 

Creation and Annihilation 

Creation: Energy can be converted to mass and interchanged according to Einstein’s 

special theory of relativity, which is summarized by the equation E=mc2.  

An example is when an electron is accelerated to relativistic speed (speed close to the 

speed of light is known as relativistic speed), the mass of the electron increases. The mass 

of the electron comes from the kinetic energy which is provided to the electron. 

Annihilation: When a particle meets its antiparticle, it annihilates. All the mass of these 

two particles gets converted to energy. 

Conservation rules 

In any interaction: 

 momentum is conserved 

 mass/energy is conserved 

 charge is conserved 

Pair production 

When energy is converted into mass, equal amounts of matter and antimatter is produced. 

This is called pair production. For pair production to occur, photon energy must be 

equivalent to the mass of the matter and antimatter. 

Standard Model 

The standard model theory identifies that 12 fundamental particles made up all the matter. 

Fundamental particles cannot be broken down any further.  

 

These 12 fundamental particles is divided into two families – quarks and leptons. The 

difference between the two families is that quarks feel strong nuclear force while leptons 

do not. This strong nuclear force binds quarks together. Leptons can stay independent.  
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Standard model is symmetrical 

Scientists first discovered that nucleons are made of smaller particles which they called 

quarks. Electron, being already known as fundamental, they discovered all the 6 leptons. 

Since the universe is considered balanced and symmetrical, there should be 6 quarks as 

well. In both families, there are three generations categorized by similar order of 

magnitude for mass.  

Up, down and strange quark were first to be identified in theory in 1964. About 10 years 

later, charm was discovered. Since the standard model is symmetrical, there had to be two 

more quarks existing called bottom and top, which wasn’t discovered. These inspired for 

more experiments and bottom and top were discovered in 1977 and 1995 respectively. 

Antiparticles 

Each particle as well as the fundamental particles has a corresponding antiparticle with the 

same mass but with opposite charge. E.g.: positron (e+) is the antiparticle of electron. 

Antiproton (�̅�) is the antiparticle of proton. 
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Particle Reactions 

Hadrons 

Hadrons are groups of quarks held together by strong forces. There are two types of 

hadrons – baryon and meson. 

Baryons are made from three quarks. Examples of baryon are: 

 proton which consists of two up quarks and one down quark (p  uud) 

 neutron which consists of one up quark and two down quark (n  udd). 

 lambda (λ  usd) 

Mesons are made from a quark and an antiquark. Examples of meson are kaon and pion.  

 π+  ud̅ 

 πo  uu̅ or dd̅ 

 Ko  ds̅ 

Properties 

For any particle reaction to occur, the reaction must conserve these properties: 

 mass/energy combination 

 momentum 

 charge 

 baryon number 

 lepton number 

 strangeness 

Each quark has a baryon number, B, of + 
1

3
 and so a baryon has a value of B = +1.  

Each lepton has a lepton number, L, of +1.  

Antiparticles have the opposite number. 

Each strange quark has a strangeness of +1, each anti-strange quark has S = -1, and all 

other particles have zero strangeness. 
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Unit 5 

Thermal Energy 

Temperature scale and Heat Transfer 

Temperature is a measure of the average kinetic energy of the molecules of the matter.  

Absolute temperature is the temperature in kelvin scale.   

𝐾 =  𝐶 +  273 

The lowest possible temperature is called absolute zero. Absolute zero is given a value of 

zero kelvin, 0K. At this temperature, the particles have the minimum possible kinetic 

energy. A particle’s kinetic energy is directly proportional to its absolute temperature. 

According to the kinetic theory, when energy is supplied to an object, the particles in that 

object take up the energy as kinetic energy, and move faster. In solids, the particles vibrate. 

In gases, particles moves around with greater speed. If the average kinetic energy of the 

molecules of a substance increases, then it is at a higher temperature. 

Specific Heat Capacity 

Transferring the same amount of heat energy to different objects will increase their 

internal energy by the same amount. However, the rise in temperature will not be same for 

both. The effect that transferred energy has on the temperature of an object depends on 

1. the amount of heat energy transferred 

2. the mass of an object 

3. the specific heat capacity of the material from which the object is made 

Specific heat capacity is the energy required to raise the temperature of 1kg of a 

particular substance by 1K. 

∆𝐸 = 𝑚𝑐∆𝜃 

where E is energy transferred, m is mass, c is specific heat capacity and ∆𝜃 is change in 

temperature. 

The unit of specific heat capacity is J kg-1K-1. 
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Different materials have different specific heat capacities because their molecular 

structures are different and so their molecules will be affected to different degrees by 

additional heat energy. 
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Example 

Q: An aluminium saucepan of mass 400g, containing 750g of water is heated on a gas hob. 

How much energy would be required to bring the water from a room temperature of 18oC 

to the boil? 

Specific heat capacity of water and aluminium is 4200 and 910 Jkg-1K-1 respectively. 

A: 

∆E = maca∆T + mwcw∆T 

∆E = 0.4 x 910 x (100 - 18) + 0.75 x 4200 x (100 - 18) 

∆E = 290 kJ 

 

 

Measuring specific heat capacity of a solid 

1. At first, we will make two holes in the block. 

2. Measure the mass of the block. 

3. Setup the apparatus as shown in the figure. 

4. Measure the initial temperature (ϴ1). 

5. Switch on the current and stopwatch. 

6. Wait for considerable rise in temperature. 

7. Measure current by using ammeter and voltage 

by using voltmeter. 

8. Switch off the current and stopwatch. 

9. Measure the final temperature (ϴ2) and time (t) 

from stopwatch. 

Energy gained by block = energy gained by heater 

mc(ϴ2 - ϴ1) = IVt 

𝑐 =
𝐼𝑉𝑡

𝑚(𝜃2 − 𝜃1 )
 

Precaution (safety): Use gloves to handle hot object. 

Precaution (accuracy):  

1. Use logging around the block to reduce heat loss. 

2. Add oil in the holes to ensure proper conduction. 
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3. Wait for some time after switch off to take final temperature, so that it reaches 

thermal equilibrium. 

 

Measuring specific heat capacity of liquid 

The same method is used to determine the 

specific heat capacity of liquid. 

 

 

 

 

 

 

 

 

 

 

Internal energy 

Internal energy is the sum of the kinetic and potential energy of the particles within a 

system. The potential energy is due to the bonds between molecules. 

In an ideal gas, the potential energy is 0 since there are no forces of attraction between the 

particles. Therefore the internal energy is only due to the kinetic energy of the molecules. 

The Maxwell-Boltzmann distribution graph 

The individual velocity of each molecule in a gas is random. This ranges from very slow to 

very gast with majority moving at close to the average speed. As they all have the same 

mass, the kinetic energies are directly dependent on the speeds. If we plot the kinetic 

energy against the number of molecules that have energy, we obtain a curved graph called 

the Maxwell-Boltzmann distribution. 
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The characteristics shape of the graph shows that: 

1. there are no molecules with zero energy 

2. only a few molecules have high energies 

3. there is no maximum value for the energy a molecule can have 

The distribution depends on the temperature of the gas. As the temperature of the gas 

increases: 

1. the average particle kinetic energy increases 

2. the maximum particle kinetic energy increases 

3. the distribution becomes more spread out 

Root-mean-square speed 

The symbol for root mean square speed is √< 𝑐2 >.  

Example 

Q: Find the r.m.s speed of the five molecules of atmospheric nitrogen shown 

 

A: 
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< 𝑐2 > =
𝑣12 + 𝑣12 + 𝑣12 + 𝑣12 + 𝑣12

5
 

< 𝑐2 > =
5002 + 5202 + 5052 + 5452 + 5012

5
 

< 𝑐2 > = 264 690.2 

√< 𝑐2 > = 514𝑚𝑠-−1 

Molecular kinetic energy 

The average kinetic energy of a gas particle is expressed as 
1

2
𝑚 < 𝑐2 >  

The average kinetic energy of any molecule in a gaseous sample is proportional to the 

absolute temperature of the gas. This relationship is shown below: 

1

2
𝑚 < 𝑐2 > =

3

2
𝑘𝑇 

where k is Boltzmann constant and T is temperature in kelvin. 

Latent Heat 

It is the energy required to change the state of matter for instance the energy required to 

melt ice at 0oC to water at 0oC is called the latent heat (latent heat of fusion).  

When ice is heated its temperature will not change unless all the ice has been converted to 

water, the heat energy supplied is used to break the bonds in the ice which in turns turn to 

water. 

The graph below shows ice at -20oC to water vapour at 120oC. 
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During the change of state, the internal energy of the particles increases as the substance is 

heated. That is because potential energy increases. The kinetic energy remains same and 

hence the temperature remains constant in this period. 

Kinetic theory of gases 

How pressure is exerted? 

Gas molecules move randomly. They collide with each other as well as with te walls of their 

container. As they re-bound, there is a change in momentum. The rate of change of 

momentum is force and force per unit is called pressure. 

Boyle’s law 

Boyle’s law states that: 

“For a constant mass of gas at a constant temperature, the 

pressure exerted by the gas is inversely proportional to the 

volume it occupies.” 

𝑃 ∝
1

𝑉
 

𝑃1𝑉1 = 𝑃2𝑉2 

When volume is decreased, each molecule travels a shorter distance before colliding with 

the wall of the container. The frequency of collisions increases although the speed of the 

molecules remains same, there is a greater rate of change of momentum which gives a 

greater force and hence pressure increases. 

Charle’s law 

Charle’s law states that: 

“For a constant mass of gas at a constant pressure, the 

volume occupied by the gas is propotional to its absolute 

temperature.” 

𝑉 ∝ 𝑇 

𝑉1

𝑇1
=

𝑉2

𝑇2
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When temperature is increase, average kinetic energy also increases. Speed also increases 

as a result. They require a larger space to move about. The molecular spacing increases and 

therefore the volume increases. 

The pressure law 

“For a constant mass of 

gas at a constant volume, 

the pressure exerted by 

the gas is proportional to 

its absolute 

temperature.” 

 

𝑃 ∝ 𝑇 

𝑃1

𝑇1
=

𝑃2

𝑇2
 

 

When temperature of gas is increased, the average kinetic energy of the gas molecules 

increases. The speed of the gas molecule increases. Although the distance covered remains 

the same, there are more frequent collisions now. There will be a greater rate of change of 

momentum, a greater force and thus a greater pressure. 
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Ideal gases 

The three gas laws are idealized, and would work perfectly if we could find a gas which did 

not suffer from the real world difficulties that real gases have. An ideal gas would have the 

following properties: 

1. The molecules have zero size. 

2. The molecules are identical. 

3. The molecules collide with each other and the walls of their containers without any 

loss of energy, in collisions which take zero time. 

4. The molecules exert no forces on each other, except during collisions. 

5. There are enough molecules so that statistics can be applied. 

The three gas laws can be combined to form an equation called the equation of state for 

an ideal gas. 

𝑝𝑉 = 𝑁𝑘𝑡 

where p is pressure, V is volume, N is the number of particles and k is Boltzmann’s constant 

with a value of 1.38 x 10-23 JK-1. 

𝑝𝑉 = 𝑛𝑅𝑇 

where n is number of moles of the gas and R is the Universal gas constant with a value of 

8.31 Jkg-1mol-1. 
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Nuclear Decay 

Nuclear Decay 

Background radiation 

We are always exposed to small doses of nuclear radiation called the background 

radiation. The sources of background radiation are: 

1. Radon gas 

2. The ground and buildings 

3. Cosmic radiation from outer space 

4. Living things due to presence of carbon-14 

5. Food and artificial radiation 

Radiations levels are reported in counts per second, and this unit is called the Becquerel 

(Bq). 

Measuring activity of a radioactive source 

 

1. Measure activity without source in place, to find the average background radiation. 

The average background radiation can be measured using GM tube and counter. As 

radioactive decay is a random and spontaneous process, the activity must be 

measured over a long period of time (30 minutes or more) and then calculate 

average. 

2. Then measure activity with source over a period of time and calculate average. 

3. Finally, subtract the final activity with the background activity to find the corrected 

reading. 

 

 



Shawon Notes | www.shawonnotes.com 
 

42 

Types of nuclear radiation 

If a nucleus has too many neutrons, not enough neutrons or just too much energy, it is 

unstable. This unstable nucleus will decay by releasing energy or particles, until it forms a 

smaller stable nucleus – this is called radioactive decay. 

There are three types of radiation: 

Alpha, α radiation: Alpha particles are composed of two protons and two neutrons, the 

same as helium nucleus. This is relatively large particle with a significant positive charge 

(+2e), so it is highly ionizing. As it ionizes so much, it quickly loses its kinetic energy and is 

easily absorbed. A few centimeters travel in air is enough to absorb alpha particles, and 

they are completely blocked by paper and skin. 

Beta, β radiation: A beta particle is an electron emitted at high speed from the nucleus 

when a neutron decays into a proton. With its single negative charge and much smaller 

size, the beta particle is much less ionizing than an alpha particle, and thus can penetrate 

much further. Several meters of air, or a thin sheet of aluminium, are needed to absorb beta 

particles. 

Gamma, γ radiation: Gamma rays are high energy, high frequency, electromagnetic 

radiation. These photons have no charge and no mass and so will rarely interact with 

particles in their path, which means they are the least ionizing radiation. They are never 

completely absorbed, although their energy can be significantly reduced several 

centimetres of lead, or several metres of concrete. If the energy is reduced to a safe level, 

gamma rays are often said to have been absorbed. 

This is summarized in the table below: 

Radiation Symbol Ionising Speed Penetrating power 
Affected by 

magnetic 
field 

Alpha α Strong Slow 
Absorbed by paper or 

a few cm of air 
Yes 

Beta β Moderate Fast 
Absorbed by ~3 mm 

of aluminium 
Yes 

Gamma γ Very weak Speed of light 
Absorbed by many 

cm of lead, or several 
m of concrete 

No 

 

The following setup can be used to distinguish alpha, beta and gamma: 
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Dangers of radiations 

Type of radiation Inside body Outside body 
Alpha Highly ionizing – very 

dangerous, radiation 
poisoning and cancer 
possible. 

Absorbed by surface layer of 
dead skin cells – no danger. 

Beta Moderate ionization and 
danger, exposure should be 
minimized. 

Moderate ionization and 
danger, close exposure 
should be minimized. 

Gamma Minimal ionization – cancer 
danger from long-term 
exposure 

Minimal ionization – cancer 
danger from long term 
exposure. 

 

  



Shawon Notes | www.shawonnotes.com 
 

44 

Detecting radiations 

Alpha radiation can be detected using either a spark counter or an ionization chamber. 

GM tube cannot be used to detect α-particles because these cannot penetrate the thin mica 

window of the G-M tube. 

Beta radiation can be detected using a Geiger-Muller tube connected to a scaler or rate-

meter.  

Gamma radiation can be detected by special filters that become foggy when exposed to 

gamma radiation. These detectors are used to detect the presence of ionizing radiation. 

However the trails produced by these types of radiation are analysed using cloud chambers 

or bubble chambers. 

Decay equations 

Alpha 

𝐴𝑚95
241 →  𝑁𝑝93

237 + 𝐻𝑒2
4  

americium-241  neptunium-237 + α-particle 

Beta 

𝑆𝑟38
90 →  𝑌39

90 + 𝑒−1
0  

strontium-90  yttrium-90 + β-particle 

Nature of radioactive decay 

The emission of radioactive decay is random. This means we cannot tell which nucleus 

will decay next, nor when it will decay. 

However, any sample of a particular isotope has the same rate of decay i.e. the same 

proportion of atoms will decay in a given time. 

Radioactive decay is also spontaneous. This means that is unaffected by external factors 

such as temperature, pressure etc. 

Rate of decay 

Activity (A) is the rate of decay i.e. the number of atoms that decay each second. It is 

measured in becquerels (Bq).  

𝐴 =
𝑑𝑁

𝑑𝑡
, 
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where A is activity. 

Activity is proportional to the number of undecayed atoms. 

𝐴 = 𝜆𝑁 

where λ is decay constant and N is the number of undecayed atoms. 

Decay constant (λ) measures how quickly an isotope will decay – the bigger the value of λ, 

the faster the decay. Its unit is s-1. 

Half-life 

The half-life (t1/2) of an isotope is the average time it takes for the number of undecayed 

atoms to halve. 

𝜆 =
𝑙𝑛2

𝑡1
2

 

Exponential decay 

 

Radioactivity graph can either be count rate-time graph or activity-time graph. However 

the case, the decay will always be exponential. 

𝐴 = 𝐴𝑜𝑒−𝜆𝑡 

where A is activity at time t, Ao is initial activity, λ is decay constant and t is time. 

𝑁 = 𝑁𝑜𝑒−𝜆𝑡 

where N is number of undecayed atoms at time t and No is the initial number of undecayed 

atoms. 
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𝑁

𝑁𝑜
 is the fraction of particles remaining. 

Example - 1 

Q: A sample prepared from this object gives a corrected count rate of 10.9 Bq. The 

corrected count rate of a sample obtained from living wood is 29.6 Bq. The two samples 

have the same mass. 

Calculate the age of the ancient object. Assume the half-life of carbon-14 is 6000 years. (3) 

A: 

𝜆 =
𝑙𝑛2

𝑡1
2

𝜆 =
𝑙𝑛2

6000
 

 

𝐴 = 𝐴𝑜𝑒−𝜆𝑡 

10.9 = 29.6𝑒−
𝑙𝑛2

6000
×𝑡 

𝑒−
𝑙𝑛2

6000
×𝑡 =

10.9

29.6
 

−
𝑙𝑛2

6000
× 𝑡 = 𝑙𝑛 (

10.9

29.6
) 

𝑡 = 8650 years (3 s.f.) 

 

Example - 2 

Q: The half life of 212Pb is 3.83 x 104s. 

Show that the decay constant of 212Pb is about 2 x 10-5 s-1 and hence calculate the fraction 

of the original sample that will remain after a time of 1 day (86400 s). 

A: 

𝜆 =
𝑙𝑛2

𝑡1
2

 

𝜆 =
𝑙𝑛2

3.83 × 104
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𝜆 = 1.8 × 10−5 s-1 

 

𝑁 = 𝑁𝑜𝑒−𝜆𝑡 

𝑁

𝑁𝑜
= 𝑒−1.8×10−5×86400 = 𝟎. 𝟐𝟎𝟖 

𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 𝑟𝑎𝑑𝑖𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑗𝑜𝑢𝑙𝑒𝑠 × 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

Example – 3 

Q: Polonium is an alpha emitter. Alpha particles are released with an energy of 5.3 MeV. 

The activity of polonium at a specific time is 8 x 1013 Bq. Calculate the rate at which energy 

is transferred to the alpha particles in the decay process. 

A: 

𝑃 = 𝐸 × 𝐴 

𝑃 = 5.3 × 106 × 1.6 × 10−19 × 8 × 1013 

𝑃 = 67.8 𝑊 

 

Uses of radioactive isotopes 

Carbon-14 dating 

Living plants take in carbon dioxide from the atmosphere, including the radioactive isotope 

carbon-14 and they have almost the same ratio of radioactive carbon-14 to stable carbon-

12. When they die, the activity of carbon-14 starts to fall exponentially with a half-life of 

around 5730 years. From the measurement of the ratio of carbon-14 to carbon-12, the age 

of the fossil can be estimated. 

This method is not entirely accurate for a number of reasons, such as the change in 

composition of the carbon dioxide in the atmosphere that has taken place over the last few 

thousand years. Also, as the half-life of carbon-14 is 5730 years, the method is not suitable 

beyond about 60 000 years because the fraction of carbon-14 remaining is too small to be 

determined accurately.  

Radioactive isotopes can be also be used to diagnose and treat medical problems, sterilize 

food, and in smoke alarms. 
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Nuclear fission and fusion 

Binding energy 

Mass and energy are equivalent. This can be shown using Einstein’s mass-energy 

relationship: 

∆𝐸 = ∆𝑚𝑐2 

where c is the speed of light. 

The mass of a nucleus is always less than the total mass of its constituent nucleons. The 

difference is called mass deficit. This is because when the nucleons join together, some of 

the mass is converted to energy called binding energy of the nucleus which is equivalent 

to mass deficit. 

When you completely separate the nucleons apart, you would require energy equal to 

binding energy to do so. 

𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑚𝑎𝑠𝑠 𝑑𝑒𝑓𝑖𝑐𝑖𝑡 =
𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦

𝑚𝑎𝑠𝑠 𝑑𝑒𝑓𝑖𝑐𝑖𝑡
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Binding energy per nucleon 

𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑛𝑢𝑐𝑙𝑒𝑜𝑛 (𝑖𝑛 𝑀𝑒𝑉) =
𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦

𝑁𝑢𝑐𝑙𝑒𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟
 

Binding energy per nucleon tells us how strongly different nuclei are held together. 

 

 High binding energy per nucleon means that more energy is needed to remove 

nucleons from the nucleus. 

 Isotope with the highest binding energy per nucleon is iron-56 at 8.8 MeV per 

nucleon and it is the most stable nucleus. 

 Any nuclear reaction which increases binding energy per nucleon will give out 

energy. Two of the reactions types are: 

o When small nuclei combine together to make larger nuclei with a greater 

binding energy per nucleon, the process is called nuclear fusion. 

o When larger nuclei break up into smaller pieces which have greater binding 

energy per nucleon, the process is called nuclear fission. 

Nuclear fission 

 In nuclear fission, a large nucleus breaks up into two smaller nuclei, with the release 

of some neutrons and energy. 

 The process is spontaneous if it occurs on its own, or can be induced by making a 

neutron enter the nucleus, causing it to become very unstable. 
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 The larger the nucleus, the more unstable the nuclei will be. 

 

Nuclear fusion 

In nuclear fusion, two light nuclei combine to create a larger nucleus and release a load of 

energy. 

Using nuclear fusion to produce energy is much more efficient than fission. This is because: 

1. Fuel for fusion reactions is virtually infinite. The hydrogen required to fuse it into 

helium is available in sea full of water molecules. Fission relies upon uranium, a 

relatively limited resource. 

2. No radioactive waste produced. The helium produced would be an inert gas which 

would simply float off to the upper atmosphere. Radioactive produced produced in 

fission present significant storage/disposal problems. 

3. For a given mass of fuel, the energy released by fusion is greater than the energy 

released by fission. 

4. There is little possibility of a runaway fusion reaction unlike fission. 

However, a controlled nuclear fusion reaction is very difficult to maintain. This is because: 

1. The kinetic energy needed for a two positively charged particle to come close 

enough together to fuse is very high. To overcome this electrostatic repulsion, very 

high temperature is required. 

2. To have a sustainable reaction, protons must have enough collision frequency. This 

requires a very high density. 

3. If protons touch the walls of the reactor, its temperature falls and fusion stops. 

Hence to stop it strong magnetic fields are required. 

These conditions are possible in the Sun and therefore they emit energy by nuclear fusion. 
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Oscillations 

Simple Harmonic Motion 

Simple Harmonic Motion 

Simple Harmonic Motion (SHM) is an oscillation in which: 

1. the force/acceleration is proportional to the displacement from the equilibrium 

position. 

2. the force/acceleration always acts towards the equilibrium position 

𝐹 = −𝑘𝑥 

An object moving with simple harmonic motion oscillates to and fro, either side of the 

equilibrium position (midpoint). 

The distance of the object from the equilibrium position is called its displacement. The 

maximum possible displacement is called amplitude.  

The time period in SHM is independent of the amplitude. 

Examples of SHM system are: (i) Spring mass system   (ii) Swinging pendulum 

Spring-mass system 

 

Time period of a mass oscillating on a 

spring 

𝐹 = 𝑘𝑥 

𝑚𝜔2𝑥 = 𝑘𝑥 

𝑚 (
2𝜋

𝑇
)

2

= 𝑘 

𝑇2 =
(2𝜋)2𝑚

𝑘
 

𝑻 = 𝟐𝝅√
𝒎

𝒌
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From the equation we can tell that the time period of a mass oscillating on a spring only 

depends on the mass and spring constant. 

Simple pendulum 

 

Time period of simple pendulum 

oscillation 

𝑇 = 2𝜋√
𝑙

𝑔
 

The time period is only dependent on 

the length of the spring and is 

independent of the mass of the ball. 
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Graphs of SHM 

 

Displacement, 𝒙 varies as 

cosine or sine. A is amplitude. 

𝑥 = 𝐴𝑐𝑜𝑠(𝜔𝑡) 

Velocity, 𝒗, is the gradient of 

displacement-time graph. It 

has maximum value of 𝐴𝜔. 

𝑣 =
𝑑𝑥

𝑑𝑡
= −𝐴𝜔𝑠𝑖𝑛 (𝜔𝑡) 

Acceleration, 𝒂, is the 

gradient of velocity-time 

graph. It has a maximum value 

of 𝜔2𝐴. 

𝑎 =
𝑑𝑣

𝑑𝑡
= −𝐴𝜔2𝑐𝑜𝑠 (𝜔𝑡) 

𝑎 = −𝜔2𝑥 

 

A particle oscillating with SHM follows a similar patter to that of circular motion, and so the 

equations for angular velocity, displacement, frequency and time period are equally valid 

for simple harmonic motion. 
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SHM energy 

Energy-displacement graph 

 

1. The kinetic energy and potential energy of the object oscillating in SHM, varies 

during its motion.  

2. At the end of the oscillation, also known as the turning point, the object is 

momentarily stationary. Therefore it has 0 kinetic energy. All the K.E is converted to 

potential energy. 

3. When the object moves towards the midpoint, the P.E. converts to K.E. and at the 

midpoint the P.E. is 0. Therefore, the kinetic energy is maximum and so is the speed 

of the object. 

4. The total energy however, stays constant throughout the oscillations assuming there 

is no air resistance.  

5. The potential energy is mass-spring system is elastic energy and in pendulum is 

gravitational potential energy. 

Energy-time graph 
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Damped and forced oscillations 

Free and forced oscillations 

Free oscillations 

When a system oscillates on its own, it is said to be undergoing free oscillation. The only 

forces acting on the system are the ones generated by the elements of the system itself. 

An example of free oscillation is releasing a pendulum from its maximum amplitude and 

letting it swing freely. The frequency with which it oscillates is called its natural 

frequency. 

An object undergoing damped oscillation is also called free oscillation as energy is added to 

the system. 

Forced oscillations 

When a system is made to oscillate by an external force, it is said to be undergoing forced 

oscillation. The frequency of this is called the driving frequency. 

An example of forced oscillation is pushing a moving pendulum in the opposite direction to 

turn back repeatedly. The pendulum will now oscillate at driving frequency you are forcing. 

Forcing oscillations involves adding energy to a system whilst it oscillates. Unless this is 

done at the natural frequency, the system is unlikely to undergo SHM and will dissipate the 

energy quite quickly. This is what happens if you push a child on a swing at the wrong 

moment in the oscillation. 

Resonance 

When an object is driven at its natural frequency, the object vibrates with the maximum 

possible amplitude. This phenomenon is called resonance. This is because at that frequency 

the energy transfer to the system is most efficient. 
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An example of resonance is a child on a swing gets pushed by his father at a frequency close 

to its natural frequency to increase the amplitude of the oscillation. 

Damping 

When energy is removed from a system undergoing oscillations, it is called damping. It 

reduces the amplitude overtime. This happens due to frictional forces like air resistance. 
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Degree of damping 

 

1. If the oscillator completes several oscillations, the amplitude will decrease 

exponentially. This is known as underdamping. 

2. Critical damping reduces the amplitude in the shortest possible time. Car 

suspension systems are critically damped so that they don’t oscillate but return to 

equilibrium as quickly as possible. 

3. Systems with even heavier damping are overdamped. They take longer to return to 

equilibrium than a critically damped system. 
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Uses of damping 

An example of resonance can be seen in earthquakes, when the driving frequency becomes 

equal to the natural frequency of the buildings causing the building to absorb large amount 

of energy and oscillate in large amplitude resulting it to collapse. Therefore, steel rods are 

used to build buildings. As steel is a ductile material, it will absorb the energy and get 

plastically deformed. Since this won’t release the energy back to the building, the energy is 

removed from the system and the building is safe. 

 

The graph shows when the system is heavily damped, the amplitude doesn’t increase very 

much when the driving frequency becomes equal to the natural frequency. 
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Astrophysics and Cosmology 

Gravitational fields 

Newton’s law of gravitation 

Every mass has a gravitational field and within this field, two masses will always attract 

each other. The force experienced is called gravitational force. 

𝐹 = −
𝐺𝑀𝑚

𝑟2
 

This equation can be used to calculate the gravitational force between two masses, M and 

m separated by a distance, r where G is gravitational constant which is equal to 6.67 x 10-11 

N m2 kg-2. The two masses behave as point masses, therefore r should be measured from 

the centres of the two masses. 

The law of gravitation is an inverse square law (𝐹 ∝
1

𝑟2). 

Gravitation field strength 

Point masses have radial gravitational field. 

 

Closer to the mass, the gravitational field lines are closer together. Therefore, the 

gravitational force is stronger when the distance between the masses is less. This is shown 

mathematically: 

𝐹 = −
𝐺𝑀𝑚

𝑟2
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𝑚𝑔 = −
𝐺𝑀𝑚

𝑟2
 

𝒈 = −
𝑮𝑴

𝒓𝟐
 

This is also an inverse square law. 

Electric and gravitational fields 

Aspects Electric field Gravitational field 
Force between two charges 
or Masses 𝐹 =

𝑘𝑄𝑞

𝑟2
 𝐹 =

𝐺𝑀𝑚

𝑟2
 

Definition of field strength 

Force per unit positive 
charge 

𝐸 =
𝐹

𝑄
 

Force per unit mass 

𝑔 =
𝐹

𝑀
 

Field strength of isolated 
point or mass 𝐸 =

𝑘𝑄

𝑟2
 𝑔 =

𝐺𝑀

𝑟2
 

Energy conservation 
𝑉𝑞 = 𝐹𝑑 

𝑉𝑞 =
1

2
𝑚𝑣2 

𝑚𝑔ℎ =
1

2
𝑚𝑣2 

 

Similarities 

1. Both types of field have an infinite range. 

2. In both types of field, the force varies as an inverse square. 

Differences 

1. Gravitational fields are regions in which a mass experiences a force due to its mass. 

Electric field are regions in which a charge experience a force due to its charge. 

2. Electric field can be both attractive and repulsive whereas gravitational force is 

always attractive. In other words, electric fields can cancel or reinforce but 

gravitational field always reinforce one another. 

3. Objects can be shielded from electric fields, but not from gravitational fields. 

4. The force between unit charges at a given separation is much stronger than the 

force between unit masses at the same separation. 
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Starshine 

The Stefan-Boltzmann law 

Black body 

A black body is a perfect radiator i.e. an ideal emitter and absorber of electromagnetic 

radiation. It radiates wave of all wavelengths. Stars are example of a black body. 

Luminosity 

Luminosity is the rate at which energy of all types is radiated by a star. 

Stefan-Boltzmann law shows that: 

𝐿 = 𝜎𝐴𝑇4 

where L is luminosity, 𝜎 is Stefan-Boltzmann constant = 5.67 x 10-8 W m-2 K-4, A is surface 

area and T is temperature of the star. 

Since, stars are spheres, 

𝐿 = 4𝜋𝑟2𝐴𝑇4 

The unit of luminosity is W. 

Radiation flux 

From Earth, we can measure the radiation flux that reaches us from a star. The flux is 

luminosity per unit area. So as the radiation spreads out and becomes diluted, the flux 

decreases. If the energy has been emitted from a point or sphere, then it obeys the inverse 

square law: 

𝐹 =
𝐿

4𝜋𝑑2
 

where L is luminosity and d is the distance from the star. 

The unit of radiation flux is W m-2. 

Wien’s law 

Stars emit light of all wavelengths in the electromagnetic spectrum but the intensity of 

different wavelengths varies. It depends on temperature. Wien’s law states that the peak 

wavelength is inversely proportional to the surface temperature. 

𝜆𝑚𝑎𝑥𝑇 = 2.898 × 10−3 𝑚𝐾 
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The graph shows how the amount of energy emitted at different wavelengths changes with 

temperature. The peak of the graph moves towards left as the temperature increases. 

According to Stefan-Boltzmann law, the graph shows the star with highest temperature has 

the highest luminosity (intensity). 
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Classifying stars 

Star classes 

The hotter stars tend to have more mass and are more luminous. The larger gravitational 

pressure at the centre of a massive star makes the nuclear fusion reactions within the star 

run very fast, producing a lot of energy and using the hydrogen fuel in the star at an 

incredible rate. In addition, more massive stars are also larger. Therefore, with large size 

and high temperatures, the hotter stars are very luminous, giving off a great deal of energy. 

At the same distance away these will then appear very bright in the night sky, compared 

with a smaller cooler star.  

The Hertzsprung-Russel diagram 

 

Stellar evolution 

Low-mass stars 

1. Stars start as interstellar clouds. Due to gravitational force, the clouds contract very 

slowly and get dense enough to form protostar. 

2. Eventually, the concentration of the atoms increases enough to increase the 

temperature at the centre of the protostar to start fusion of hydrogen nuclei to form 

helium. This releases energy and creates enough pressure to stop gravitational 

collapse. The star has now reached the main sequence. 
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3. When the hydrogen fuel ceases, the outward pressure falls and the star contracts 

due to gravitational force. The star contracts and heats up, until the temperature 

rises enough to start helium fusion reaction. This again releases energy causing the 

star to expand. The star is now a red giant.  

4. When the helium fuel ceases, the outward pressure is no longer balanced with the 

gravitational force and the star contracts again. This time, the temperature of the 

star during contraction won’t rise enough to cause any further fusion. After a certain 

contraction, the outer layer of the star will become unstable and eject into space as 

planetary nebula. The core of the star remains as white dwarf which slowly cools 

down until it eventually dies out. 

*The temperature rise during the contraction of star can be explained using energy 

conservation. When the star contracts, the gravitational potential energy of the molecules 

falls but the kinetic energy of the molecules rises. So the temperature rises.* 

Massive stars 

1. Although massive stars have a lot of fuel, they use up hydrogen at a greater rate and 

have a shorter lifespan than low-mass stars. 

2. Unlike low-mass stars, massive stars can continue fusion reaction until it is mostly 

iron.  

3. After that it can no longer undergo nuclear fusion and it stops producing energy. 

This happens even more abruptly than in a low-mass star, and with the enormous 

gravitational forces produced by the large mass, it undergoes an incredible collapse 

and bounces back. This explosion is called (Type II) supernova. The light from 

supernova can briefly outshine an entire galaxy. 

4. After a high-mass star has exploded as a supernova, the entire star may be 

completely shattered. If there remains a central core of stellar material, this will 

either be a neutron star or a black hole if the star was massive enough.  

5. Neither of those are easy to detect, as they emit little or no light, and they are not 

plotted in Hertzsprung-Russell diagram. A neutron star consists almost entirely of 

neutrons and neutrinos, densely packed at the diameter of 10km. The mass can be 

up to 3 times that of the Sun. Black holes are even smaller and more massive. Their 

gravitational pull is so strong that even things travelling at the speed of light cannot 

escape. 
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The diagram shows the evolution of Sun in the H-R diagram. 
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Measuring astronomical distances 

Trigonometric Parallax 

Trigonometric parallax is used to measure the distance to nearby stars. As the Earth 

moves around the Sun, a relatively close star will appear to move across the background of 

more distant star. This optical illusion is used to determine the distance. 

1. The star is viewed from two positions at 6 months intervals. 

2. The change in angular position of the star relative to fixed/distant stars is measured. 

3. The radius of the Earth’s orbit must be known.  

4. Trigonometry is used to calculate the distance to the star. 

𝑡𝑎𝑛 𝜃 =
𝑟

𝑑
𝑑 = 𝑟/ 𝑡𝑎𝑛 𝜃 

 

Standard candles 

Distance to distant stars or nearby galaxies is too big to measure using trigonometry 

parallax. For these, standard candles are used to find their distances. 

Standard candles are astronomical objects/stars wit known luminosity. Examples of 

standard candle are supernovae and Cepheid variable. 

To calculate the distance, the flux of the standard candle must be measured from Earth. 

Then use inverse square law (𝐹 =
𝐿

4𝜋𝑑2) to calculate the distance. 

One of the simplest methods of determining the luminosity of a star is simply to look at its 

spectrum. The peak wavelength gives the temperature from Wien’s law, and from the 

width of spectral lines you can determine whether or not it is a main sequence star. If it is, 

and you find its place on the main sequence of the H-R diagram, you can read the 
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luminosity from the y-axis. However, this is one of the least reliable standard candle 

methodologies.  
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The age of the Universe 

Doppler red shift 

 

When a light source moves away from us, the wavelength of its light become longer and the 

frequencies become lower. This shifts the light towards the red end of the spectrum and is 

called redshift. 

The amount of red shift a galaxy exhibits, z, allows us to calculate how fast it is moving. This 

can be done using measurement of either wavelength or frequency changes. 

𝑧 =
∆𝜆

𝜆
=

∆𝑓

𝑓
=

𝑣

𝑐
 𝑖𝑓 𝑣 ≪ 𝑐 

where z is redshift, 𝜆 is wavelength,  f is frequency and v is recession velocity. 

The velocity with which the galaxies are moving away from each other is called recession 

velocity. 
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Hubble’s law 

Hubble observed that light from distant galaxies showed redshift, so he concluded that all 

the galaxies must be moving away from each other. This shows that the universe is 

expanding. 

After measuring the distances to distant galaxies Hubble plotted a graph of recession 

velocity, v against distance, d as shown: 

 

The graph showed that velocity and distance is proportional. Therefore the gradient must 

be constant, so he named this Hubble’s constant. 

𝑣 = 𝐻𝑜𝑑 

 

Expanding universe 

The hot Big Bang theory states that the universe started off very hot and very dense 

(perhaps infinitely hot, infinitely dense singularity) and has been expanding ever since. 

The absolute size of the universe is unknown but there is a limit on the size of the 

observable universe. This is simply a sphere with the Earth at its centre and a radius 

equal to the maximum distance that light can travel during its age.  
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Age of the universe 

If the Universe has been expanding at the same rate for its whole life, the age of the 

Universe can be derived from: 

𝑣 = 𝐻𝑜𝑑 

𝑑

𝑡
= 𝐻𝑜𝑑 

1

𝑡
= 𝐻𝑜 

𝒕 =
𝟏

𝑯𝒐
 

where t is the age of the universe. 

The age of the universe is very uncertain because: 

1. There is large uncertainty in measurement of distant stars and galaxies which result 

in uncertainty in Hubble’s constant as well and finally leading to large uncertainty in 

age of the universe. 

2. Gravity tends to slow down the expansion of the universe. So the universe was 

expanding faster in the past than it is now. Which means that we’ve overestimated 

the time it’s taken for the universe to get to the size it is now. The more dense the 

universe, the younger it must be. 

Fate of the universe 

The universe is still expanding however the fate of the universe is still unknown. The factor 

that determines the fate is the density of the universe. 

The three possible fates are: 

1. Open universe. If the 

density of the universe is 

less than the critical 

density, the gravity would 

be too weak to stop the 

expansion and the 

universe will keep 

expanding forever. 
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2. Flat universe. If the density of the universe is just equal to the critical density, the 

universe will stop expanding at a time and remain in that size forever. 

3. Closed universe. If the density of the universe is greater than the critical density, 

the gravity would be strong enough to stop the expansion and start the Universe 

contracting again ending up with a Big Crunch. 

Dark Matter 

The fate of the universe is unknown because the density of the universe cannot be 

calculated. From the light received from the stars in the galaxies, we can calculate the stars’ 

luminosity. This is by measuring flux and using the inverse square law. From the 

luminosity, we can estimate the mass of all stars. The rotation of galaxies means that they 

are all experiencing a centripetal force towards the centre of the rotation which is given by 

gravitational force. When astronomers measure the rotational speed of the stars in the 

galaxies, they find that the mass suggested by the luminosity calculations is not nearly 

enough to create the centripetal force needed to keep the galaxy spinning. In fact, the mass 

of the stars is generally only about 10% of that needed. This suggested that galaxies must 

contain a lot of mass that does not emit light. This is named dark matter, but since it does 

not emit any EM radiation, it cannot be detected directly. 

Another reason for uncertain fate is because critical density has high uncertainty. This is 

because it is calculated using Hubble’s constant, and Hubble’s constant also has high 

uncertainty. 

But even if the exact density of the universe was known, the fate would still be uncertain. 

Evidence in the late 90s shows that the expansion of the universe is now accelerating. This 

is explained by dark energy which leads to a force that increases the expansion of the 

universe.  

 


