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Unit 4 - Fields and Further Mechanics
4.1 Further Mechanics
Momentum

The momentum of an object is the product of the body’s mass and velocity.

Momentum, p = mv

Where mass is in kg, velocity is in ms-1 and the units of momentum are kgms-1.

The momentum of an object is a measure of how difficult it is to stop it moving.

Momentum is a vector quantity – direction must be taken into account.

Example:
The mass of a pigeon is 700g and it flies with a velocity of 12ms-1. What is the pigeon’s momentum?

p = mv = 0.7x12 = 8.4kgms-1
Principle of Conservation of Momentum
“In any collision or explosion, total momentum remains constant provided no external forces act.”

Example:
A truck, mass 1500kg, travelling at a velocity of 25ms-1 collides head-on with another truck moving in the opposite direction with a velocity of 15ms-1. On impact, both trucks stop, what is the mass of the second truck?

By conservation of momentum,

Momentum of truck 1 = Momentum of truck 2

1500 ( 25 = m ( 15

Therefore, m = 2500kg

Types of Momentum Question:
1. Simple calculation of an object’s momentum.

2. Collision – colliding objects stop.

3. Collision – colliding objects stick together and carry on moving.

4. Collision – colliding objects do not stick together but do carry on moving, possibly in different directions.

5. Explosion – momentum is equal in size but opposite in direction.

Note:
There is usually a mark available for stating the principle of conservation of momentum at the start of a calculation.

Elastic / Inelastic Collisions
A collision where kinetic energy is conserved is described as an elastic collision.

A collision where kinetic energy is not conserved is described as an inelastic collision.

In reality there are no perfectly elastic collisions, there will always be an energy transfer to heat / sound / deformation of colliding bodies.
Force and Rate of change of momentum

From GCSE Physics, 


resultant force = mass x acceleration

and 
acceleration is the rate of change of velocity


F = ma
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Combining the two equations:
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Therefore, force is equal to the rate of change of momentum (how fast the momentum changes).

Rearranging,
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The product, 
[image: image4.wmf]t

F

Δ

, is called the impulse.

If we consider a situation where a force acts on an object for a period of time as shown in the graph below:
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The area under such a graph is F x t which is equal to the change in momentum of the object.

Example:

A 5kg hammer moving with a velocity of 15ms-1 strikes a nail and stops in 0.01s. What is the deceleration of the nail?
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What is the average force acting on the nail?
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What is the impulse while the force acts on the nail?

Impulse, 
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What is the change in momentum of the hammer?
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The impulse is equal to the change in momentum of the hammer.
Circular Motion
The radian is an SI unit for an angle (as opposed to degrees). 1 radian is the angle subtended by a circle of radius r by an arc of length r, as shown in the diagram below:
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The angle ( is defined by:
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Where ( is in radians, s and r are both measured in metres.

When s = 2(r, 
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Angular Velocity

Linear Speed, 
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and since
 
[image: image14.wmf]f

1

=

T

,

v = 2πrf 
Where r is the amplitude, A, when the motion isn’t circular.

Angular speed, ( = angle turned through in 1s. = 2( ( angular frequency
( = 2(f

Comparing the two equations for linear and angular speed, it can be seen that 
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Objects moving in a circular path at constant speed implies there is an acceleration and requires a centripetal force. This force is given by:
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m is the mass of the object (kg), v is the linear speed of the object (ms-1), r is the radius of the circular path (m)
By comparing this equation with F = ma from GCSE, it can be seen that 
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If we substitute into the equation for centripetal force with an expression for the linear speed of an object moving in a circular path:
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and 
v = 2πrf
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And, if we compare 
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 with F = ma, it can be seen that 
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To summarise:

Angular speed:
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Linear speed:

v = 2πrf

Centripetal acceleration:
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Centripetal force:  
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Simple Harmonic Motion
An oscillation is an action that repeats itself periodically. The term “periodically“ refers to a time interval in which the action is complete.

Examples of oscillators include: 


A simple pendulum







A child on a swing







A bungee jumper

A vibrating springboard

Definition of one oscillation: An oscillation could begin at any point of an object’s movement and continue until the object passed through that same point while travelling in the same direction a second time.
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Consider the simple pendulum above; one oscillation would involve the bob being released from A, swinging to B (its point of maximum Ek) and then up to C (its point of maximum Ep) and then back to A.

Definitions:

Amplitude, A:

The maximum displacement from equilibrium (m).

Period, T:

The time for one complete cycle of the oscillation (s).

Frequency, f:

The no .of complete oscillations (cycles) per s. (Hz)

Period and frequency are inversely related: 
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Questions:

1. What is the period of a 50Hz oscillation?
2. What is the frequency of a swing that moves from one extreme to the centre of its motion in 0.7s?

Definition of Simple Harmonic Motion (SHM):
Motion is simple harmonic if these two criteria are met:

1. The acceleration of the object is proportional to its displacement from the equilibrium position.

2. The acceleration is always directed back towards the equilibrium position.

The equation below mathematically describes these two criteria:
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a is the object’s acceleration (ms-2), f is the frequency of the oscillation (Hertz, Hz) and x is the displacement from the equilibrium position (m).

The negative sign ensures that the acceleration is always directed towards the equilibrium position.

The equation that describes the position of an object moving in SHM at a time t is as follows:

x = A cos (2(ft)

This requires that x = A when t = 0, the object starts moving from its point of maximum displacement. 

The equation describing the body’s velocity at any point in its motion is:

v = ± 2πf
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The ±sign means that the body could be either side of the equilibrium position and have the same speed.
By considering the equation for acceleration:
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When the displacement, x, is equal to the amplitude A, the acceleration is a maximum: 

[image: image30.wmf]x

f

π

a

2

max

)

2

(

-

=


By considering the equation for velocity:
-
v = ± 2πf
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When the displacement, x, is zero, the velocity, v, is maximum:

vmax = 2πfA
Energy in SHM

The graph below shows how the energy of an oscillating system varies with displacement:
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For an object undergoing SHM:
When the displacement is zero, all the energy is kinetic and the velocity is vmax = 2πfA
(see above)

The kinetic energy is given by, Ek = ½ mv2 = ½ m (2πfA)2 = 2mπ2f2A2
And since 
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For an object travelling in a circular path at constant speed:
Constant speed means constant kinetic energy, given by, Ek = ½ mv2

The linear speed, v = 2πrf

So, Ek = ½ m (2πrf)2 = 2mπ2r2f2
And since 
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Simple Pendulum
A simple pendulum is a light string with a small mass fixed to the end that is displaced 5° from the equilibrium position and allowed to swing in one plane only.

SHM occurs when the oscillations are small (angle θ ≤ 5°) and occur in only one plane.
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The restoring force acting toward the equilibrium position is equal to mg sinθ.

The period of oscillation of a simple pendulum depends only on the acceleration due to gravity and the length of the simple pendulum, as measured from the point of suspension to the centre of mass of the pendulum bob. 
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The length of the string should be measured with a tape measure and the diameter of the bob with a micrometer screw gauge. The number of complete oscillations that occur in approximately one minute should be timed using a stopclock. This figure can then be used to calculate the time period, T, for one oscillation. By varying the length of the simple pendulum and finding the corresponding time period at each length, a graph can be plotted of T2 against l and the gradient of such a graph will be equal to 4π2/g, allowing g to be found.
Mass-Spring Oscillator
A mass attached to a spring can be made to undergo vertical oscillations by displacing it downwards below the equilibrium position and then releasing it. The amplitude of oscillations should be small so that the oscillations only occur in one plane.
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Situation (a) is the unloaded spring, situation (b) is the loaded spring showing extension Δl and situation (c) is the loaded spring displaced a further distance, x, below the equilibrium position.
The period of oscillation of the loaded spring depends only on the mass on the spring and the spring constant of the spring itself. The spring constant is the force required to extend the spring by 1m and is measured in Nm-1.

The equation for the period of oscillation, T, is:


[image: image40.wmf]k

m

π

T

2

=


Where m is the mass (kg), and k is the spring constant (Nm-1).

The masses on the spring should be measured (if necessary) using an accurate and precise top pan balance. The number of complete oscillations that occur in approximately one minute should be timed using a stopclock. This figure can then be used to calculate the time period, T, for one oscillation. By varying the mass on the spring and finding the corresponding time period for each mass, a graph can be plotted of T2 against m and the gradient of such a graph will be equal to 4π2/k, allowing k to be found.
Free and Forced Vibrations

A free vibration occurs when a system is displaced and left to oscillate at its natural frequency.

A forced vibration occurs when a system is driven at a frequency other than that of its natural frequency.

Resonance occurs when a system is driven at its natural frequency.

Below is a graph of amplitude against driving frequency:
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When a system is driven at its natural frequency, the amplitude of the oscillations will increase. 
An obvious example of this occurs when a child sits on a swing and kicks his / her legs at just the right frequency to make the swing’s amplitude increase.

When a system isn’t driven at its natural frequency the displacement of the system is likely to be out of phase with the displacement of the driver. This occurs in the experiment known as Barton’s Pendulums:
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The phase difference between the driving pendulum X’s displacement and another pendulum’s displacement is expressed as a fraction of a complete cycle (either 2π radians or 360°).

Resistive forces will tend to reduce the amplitude of a system’s oscillations. In the example of the swing, this force is provided by air resistance. This reduction in amplitude of a system’s oscillations is called damping.

Damping is used in a number of useful applications as well as being a nuisance in others:

· Suspension systems in vehicles use oil to reduce oscillations quickly to zero.

· Moving coil meters use damping to settle the needle quickly about a particular reading.

Where the oscillations gradually die away, the damping is said to be light. The simple pendulum provides an example of a lightly damped system, so light that the oscillations are almost free:
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When the damping is more noticeable, the displacement-time graph is as shown:
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Car suspension with light damping would not be very satisfactory. After passing over a bump, the passengers would be thrown all over the place until the oscillations died away. One method of damping the springs of a suspension system is to use oil.

Too thick an oil can lead to overdamping, however, where after being displaced the oil takes too long to flow back into the piston chambers. This leads to a graph that looks like this:
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The damping is then said to be heavy, or the system said to be overdamped. If a system, when displaced and released, returns to equilibrium without overshooting and in the shortest possible time, the system is said to be critically damped.

EM Damping

An oscillating metal plate between two magnetic poles experiences damping due to eddy currents that occur as the metal plate slices through the magnetic field lines.
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Damping and Stationary Waves
Damping affects stationary waves like the waves shown in the diagram below:
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The amplitude of the vibrating particles decreases due to a damping force like air resistance for a stationary wave on a stretched string.

4.2 Gravitation
Newton’s Law

Gravity is an attractive force between point masses that is proportional to the product of the two masses and inversely proportional to the square of the distance between them.-
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The negative sign simply indicates that the force is attractive.

F is the force between the two masses (N), G is the universal gravitational constant (6.67x10-11Nm2kg-2), m1 and m2 are the masses of the two objects attracting one another and r is the distance between the centres of mass of the two objects (m).
When one of the masses in the above equation is 1kg, we arrive at the equation for the gravitational field strength, g, which is defined as the force per unit mass acting on a small test mass placed in a gravitational field.
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Where M is the mass (kg) of the cause of the gravitational field (like a planet), r is the distance from the centre of mass of the object (m) and g is the gravitational field strength (Nkg-1).

The gravitational field lines around an object indicate the magnitude of the field strength (by the proximity of the lines) and also the direction (indicated by arrows) that a mass would experience the gravitational force in.
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A radial gravitational field surrounds the Earth on a large scale. Objects released above the Earth's surface at opposite ends of a diameter fall towards the Earth's centre and hence move in opposite directions. The field lines are radial and are always directed inwards.
The gravitational field strength obeys an inverse square law, meaning that as the distance is doubled the magnitude of the field strength is quartered.
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Equipotentials

An equipotential is a surface of constant potential. 

No change of potential energy occurs when an object is moved along an equipotential. 

A table top is an example of an equipotential surface since it takes a fixed amount of energy to raise a 1kg mass from the floor to the table top, but doesn’t require any further work done against gravity to slide the mass across the table surface.
On a larger scale, around a planet for example - where the gravitational field is radial, the equipotentials form concentric circles arranged around the centre of mass.
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The lines of force are therefore always perpendicular to the equipotential surfaces as the force does no work when an object moves along an equipotential and so the force has no component parallel to the surface.

Gravitational Potential
Gravitational potential is the energy required to bring a unit mass from infinity to some point in a gravitational field, this is work done by gravity.
Gravitational potential is the energy per unit mass at a point in the field and is a scalar quantity:
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V is the gravitational potential (Jkg-1)
M is the mass (kg) causing the gravitational field

R is the distance (m) from the centre of the gravitational field

The work done, ΔW, in moving from one point to another in a gravitational field:
ΔW = mΔV

Where ΔV is the difference in gravitational potential between the two places and m is the mass of the object.

The gravitational field strength is related to gravitational potential by the following equation:
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and
ΔV = g(r
Where g is in Nkg-1, r is in metres and V is in Jkg-1.

Consider the graph below of gravitational potential versus distance, the gradient of the graph at any point is equal to the gravitational field strength at that point:
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Gravitational potential is expressed as a negative value, since you do work on a mass in lifting it and therefore increasing its potential energy until at infinity it reaches zero. 

For a mass at the Earth’s surface, V = - 62.4 ( 106 Jkg-1. 

This means 62.4 ( 106J of energy would be required to move a 1kg mass from the Earth’s surface and take it to infinity. This would be work done against the force of gravity.

Comparison of gravitational field strength’s and gravitational potential’s dependence on distance:
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4.3 Electric Fields
Electric fields have to do with the forces electric charges exert on one another. 

An electric field occupies the space round a charged object, such that a force acts on any other charged object in that space.

Inverse Square Law for Electric Fields:

The lines of force of an electric field trace the direction of the force on a small positive charge. A radial electric field surrounds a point charge. The field lines are directed outwards if the point charge is positive and inwards if the point charge is negative.
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Electric field strength

The electric field strength, E, at a point in an electric field is defined as the force per unit charge acting on a small positive charge at that point. 

Electric field strength is a vector quantity in the direction of the force on a positive charge.

The electric field at a distance r from a point charge Q is:
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Where 
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 is the permittivity of free space.

E is equal to F / q, the force per unit charge at that distance. Hence the electric field of a point charge is radial and varies with distance according to the inverse square law.

The SI unit of electric field strength is the Newton per Coulomb (NC-1) or (equivalently) the Volt per metre (Vm-1).

Forces between charges

Point charges Q1 and Q2 at separation r in a vacuum exert equal and opposite forces on each other given by Coulomb's law:
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The force F on a point charge q at a point in an electric field is given by F = qE, where E is the electric field strength at that point.
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The force varies with distance according to the inverse of the square of the distance apart. 

Electric Potential

The electric potential, V, at a point in an electric field is defined as the work done in bringing a unit positive charge from infinity to that point.
Since the unit for electric field strength is Vm-1, it follows that E = V / d and electric potential V = E ( d, therefore:
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The electric potential at a point in an electric field is the potential energy of a unit charge placed at that point (Just like unit mass in a g field). Electric potential is measured in Joules per Coulomb, JC-1, or Volts.

Electric Potential Difference
The electric potential difference between two points in an electric field is defined as the work done in moving a unit positive charge from the point at the lower potential to that at the higher potential.
ΔW = QΔV
The unit for electric potential difference, is the Volt, V.
Reasons for a “Point charge”:
Electric field strength is the force per unit charge on a small positive point charge on a test object. 

· The test object must be charged in order to experience a force in the field. 

· The charge must be positive or the force would be in the opposite direction. 

· The charge must be small enough not to affect the distribution of other charges which produces the field, and so alter the field. 

· The term 'point charge' means that the charged object has small physical dimensions so that its charge is effectively all at one place.

The larger the magnitude of the potential gradient, the stronger the electric field strength. 

The direction of the electric field is down the potential gradient (just as gravitational forces point downhill). 

A strong field is indicated by a concentration of lines of force or by equipotential surfaces close together.

Electric Potential and Electric Field Strength Graphs
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Uniform electric field
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A uniform electric field exists between two oppositely charged parallel conducting plates at fixed separation. 

· The lines of force are parallel to each other and at right angles to the plates. Because the field is uniform, its strength is the same in magnitude and direction everywhere. 

· The potential increases uniformly from the negative to the positive plate along a line of force. 

· For perpendicular distance d between the plates, the potential gradient is constant and equal to V / d, where V is the potential difference between the plates. 
· The electric field strength therefore has magnitude, 
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· A point charge q at any point in the field experiences a force, 
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 at any position between the plates.

Motion of Charged Particles in Electric Fields
The force on a charged particle in an electric field, F = QE, the direction of which is also constant. The particle will, therefore, follow a parabolic path (as a mass would do in a g field). After leaving the field, the particle will travel in a straight line as it is no longer acted on by a force (Newton’s 1st Law).
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If a charged particle moved along a field line it would simply accelerate or decelerate. 

It’s increase in velocity can be found by using the potential difference and the equation for kinetic energy. The work done in accelerating the charge is equal to the electrical potential energy gained by the charged particle. 
Electrical potential energy is equal to the electric potential (JC-1) multiplied by the charge of the particle (C).
E = qV = ½ mv2
Question: 


The particle in the diagram above is a proton and the width of the plates is 50mm, the p.d. between the plates is 250V. If the proton passes midway between the plates with a horizontal velocity of 107ms-1:

(a) What is the horizontal component of the proton’s velocity when it leaves the plates?

(b) For what period of time is the proton between the plates?

(c) What is the size of the electric force on the proton?

(d) What is the acceleration of the proton in the vertical direction?
(e) What is the vertical component of the proton’s velocity when it leaves the plates?

(f) What is the proton’s velocity when it leaves the two plates?
Similarities and Differences between Electric and Gravitational Fields

	Similarities
	Gravitational property
	Electrical property

	For the force to act…
	Contact not needed – force acts at a distance.
	Contact not needed – force acts at a distance.

	Range
	Infinite – size of force decreases as distance increases, but in theory never falls to zero.
	Infinite – size of force decreases as distance increases, but in theory never falls to zero.

	Field lines
	Can be used to describe the field – direction is the direction of the force on a mass.
	Can be used to describe the field – direction is the direction of the force on a positive charge.

	Field strength
	Defined as the force on unit mass: 
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	Defined as the force on unit charge:
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	Force between two objects
	Given by Newton’s law of universal gravitation: 
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(inverse square law).
	Given by Coulomb’s law: 
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(inverse square law).

	Potential
	Can be used to describe work done in moving masses: 
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(inverse law).
	Can be used to describe work done in moving charges: 
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(inverse law).

	Potential energy
	Gravitational potential energy, 

Ep = m(V
	Electric potential energy = QV

	Relationship between potential and field strength
	Field strength is (negative of) potential gradient: 
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	Field strength is (negative of) potential gradient:
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	Kinetic energy
	Calculated from: ½mv2 = mV
	Calculated from ½mv2 = QV


	Differences
	Gravitational property
	Electrical property

	Origin
	Produced by and act upon masses
	Produced by and act upon charges

	Effect
	Cause attraction only
	Can cause attraction and repulsion

	Shielding
	Not possible – no material has been found that is able to shield gravitational forces.
	Possible – shielding possible using devices such as Faraday cages.

	Comparative sizes
	Insignificant unless one (or both) of masses is huge.
	Much bigger.


4.4 Capacitance
Capacitance is a measure of how much charge a capacitor stores at a given p.d. 

A capacitor is any device that can be used to store charge when a source of p.d. is connected to its terminals.

Capacitance is defined as charge stored / potential difference. 
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The SI unit of capacitance is the farad (symbol F).

[image: image82.png]Capacitor symbol

_“_




One farad is the capacitance of a capacitor that stores a charge of one coulomb when the potential difference across its terminals is one volt. 

The simplest form of a capacitor consists of two insulated conducting plates facing each other. When a p.d. is connected to the plates, electrons flow onto one plate and off the other plate. One plate becomes negatively charged because it gains electrons. The other plate becomes positively charged because it loses electrons. 

The two plates gain equal and opposite amounts of charge. The charge stored is defined as the amount of charge on either plate.

The p.d. across the capacitor is the same as across the battery.
Energy Stored by Capacitors
The energy stored in a capacitor is released when the capacitor is discharged. 

For example, if a charged capacitor is discharged through a torch bulb, the electrons from the negative plate of the capacitor flow through the torch bulb onto the positive plate. This discharge current may be large enough to light the torch bulb briefly.

From the definition of the Volt (
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), the Work Done in moving a charge Q through a potential difference V is W = QV. However, the p.d. across the capacitor during charging is not constant. The p.d. increases from zero up to a maximum value of V. The average p.d. is therefore:
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The work done in charging a capacitor is, therefore:


W = Q ( ½V = ½QV

Since C = Q / V and Q = CV,
W = ½CV2
and 
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In principle the capacitance of a capacitor can be measured as follows. The method is only applicable to large value capacitors, as a low capacitance capacitor charges too quickly.
1. Choose values of R and C so that the time constant for the circuit is between 5 and 10 minutes. 
2. Close switch and adjust variable resistor to keep the current I constant.

3. Record V at regular intervals.

4. Plot Q (= It) against V.
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For the graph above the area under the graph is how much energy the capacitor stores as E = ½QV.

Relationships:
For a capacitor of capacitance C charged to a p.d. V, the energy stored is 

E = ½CV2

For a capacitor of capacitance C charged to a p.d. V:

Charge stored, Q = CV.

Energy stored in a charged capacitor E = ½QV = ½CV2.

RC circuits

An RC circuit puts to use growth and decay of currents, charge and p.d. For example, time-delay circuits, tuning circuits and power supply circuits.

The simplest RC circuit is a charged capacitor in series with a resistor and a switch. When the switch is closed, the capacitor discharges at a rate that depends on its capacitance and on the resistance of the resistor.

Time constant

The time constant RC is the time taken by the capacitor to discharge to 37% (i.e. e-1) of its initial value when it discharges through the resistor.

Capacitor charging through a fixed resistor:
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With a fixed resistor, the charge increase is described as an exponential build-up. It increases rapidly at first, but the rate at which charge is deposited on the capacitor’s plates decreases.
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The current follows an exponential decay pattern, with an initial large current which decreases rapidly. Current is the rate of flow of charge, so the gradient of the graph above at any point is the current at that time.
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The current is the rate of flow of charge and the rate of flow decreases as the capacitor stores more and more charge and the p.d. across it becomes more equal to that of the battery. 

The graphs show how the charge and the current vary with time from the moment the switch is closed. 

Because the capacitor p.d. is proportional to the charge, the capacitor p.d. increases at the same rate as the charge increases.

Note: the gradient of a graph of charge (on the y-axis) against time is the current since the current is the rate of flow of charge. Notice that the current gradually decreases to zero.

[image: image91.png]



In the circuit shown, the capacitor is discharged through the resistor when the switch is closed. The charge on the capacitor, the capacitor p.d. and the current decrease gradually to zero at the same rate.
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Discharging

For a capacitor of capacitance C discharging through a resistor of resistance R, at any time after the switch has been closed, the capacitor p.d. (
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Since the current I is equal to the rate of flow of charge 
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The solution of this equation is
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where Q0 is the initial charge, RC is the time constant of the circuit and e is the exponential constant. The time constant is the time taken for the current (or charge, or p.d.) to decrease to 0.37 (e-1) of its initial value.

Relationships:
For a capacitor discharging with time constant RC:
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Dielectric Materials
Dielectric materials are insulators used in capacitors, the simplest capacitor uses air as a dielectric. Dielectrics are used in capacitors for several reasons:

· To keep the plates apart.

· To raise the capacitance relative to air.

· To reduce the chance of electric breakdown, and thus to enable a large V to be used.

To achieve this they require a large dielectric strength, which is the largest potential gradient that can exist in the material.

	Material
	Dielectric strength

/ 106 Vm-1

	Vacuum
	-

	Air (at s.t.p.)
	3

	Water
	Conductor

	Mica
	150

	Polyethene
	50


4.5 Magnetic fields

A magnetic field is a field created by a magnet or moving charged particles which act on other magnets or on moving charged particles.

Magnetic flux density
The strength of a magnetic field or magnetic flux density B is the…

…force per unit current per unit length..

…acting on a current-carrying conductor placed perpendicular to the lines of a uniform magnetic field. 
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The SI unit of magnetic flux density B is the Tesla, T, equal to 1NA-1m-1. 

Motion of charged particles in a magnetic field

The force F on a charged particle moving at speed v in a uniform magnetic field is given by:

F = Bqv
(where q is the charge of the particle)

The direction of the force is perpendicular to both the direction of motion and the direction of the field. The forces on positively and negatively charged particles are opposite in direction.
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The relationship F = Bqv is related to the relationship F = BIl for the force on a current-carrying conductor in a magnetic field. 

A beam of charged particles in a vacuum moving at speed v in a direction perpendicular to the lines of a uniform magnetic field is forced along a circular path because the magnetic force (Bqv) on each particle is always perpendicular to the direction of motion of the particle. 

F is the magnetic force on the charged particle, v is the particle’s velocity at that point in the diagram and C is the centre of the circle. 
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The direction of the magnetic field is into the plane of the diagram, this is represented by the region in the square box that has the X symbols shown. If the magnetic field was coming out of the plane of the diagram the region would have ( symbols shown. One way of remembering this is to think of an arrow; as the arrow moves away from you, you see the flights (X) and when it is coming towards you, you see the point (().

The magnetic force does no work on the particle because it acts at right angles to its direction of motion. The particles therefore continue to move at constant speed on a circular path.

Uses of Magnetic Fields
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In a particle accelerator or collider, a ring of electromagnets is used to guide high-energy charged particles on a closed circular path. Accelerating electrodes along the path of the beam increase the energy of the particles. The magnetic field strength of the electromagnets is increased in synchronisation with the increase of momentum of the particles, so that the radius of curvature remains unchanged. 

[image: image106.jpg]Deflecting Plates

Deflecting Coils




In a TV tube, electron beams in a vacuum are made to scan across the inside of the TV screen to create a visible image on the screen. The electron beams are controlled by magnetic deflecting coils fitted at the neck of the tube. One set of coils makes the spot move horizontally and a different set of coils makes it move vertically at a slower rate so it traces out a raster of descending horizontal lines once for each image.

Magnetic Fields around Current Carrying Conductors
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The magnetic field forms circular loops centred on the wire. The magnetic field is cylindrical along the length of the wire, so only a part of the magnetic field is shown above.
The strength of the magnetic field increases with the size of the current, I, and decreases with distance from the wire, r. The concentric circles of magnetic field increase their separation as we move away from the wire.
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NOT ON OUR SPECIFICATION
Where (0 is the permeability of free space, it has to do with the ability of free space to support a magnetic field.
Force between two current carrying conductors:
When the currents associated with the two wires flow as shown, an attractive force is experienced by the two wires. If the currents flow in opposite directions the force is repulsive. 
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EM Induction
Passing a current through a motor causes the motor to rotate. 

Turning a motor yourself produces a current in the motor coils. A way to generate electricity is to use a motor in reverse. 

Faraday’s right hand rule applies to generating electricity.
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To keep the conductor moving the applied force must be equal to the magnetic force BIl.

The size of the induced current can be increased by:


· Increasing the no. of coils

· Stronger magnetic field

· Faster movement

· Larger area coil

The Laws of EM Induction

Lenz’s Law:

The direction of the induced EMF is such that the current it causes to flow opposes the change which causes it.

Consider the diagram below:
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The bar magnet will induce a current in the coil of wire as the coil of wire slices through the magnetic flux. The coil will form a magnetic field like a bar magnet as a result with the North seeking pole on the left hand side. If the magnet continues to move through the coil, the opposite will occur when the South seeking pole leaves the coil; the right hand side of the coil will become a North seeking pole.
Faraday’s Law
The product of field strength, B, and area of coil, A is called the magnetic flux, (. Units of which are webers (Wb) equal to 1Tm2.

( = BA

A coil of 1 turn will slice through a number of field lines equal to (. The coil is said to be “linked” to the field lines. 

Flux linkage is equal to the product of the number of turns in the coil, N, and the magnetic flux, (.

Flux linkage = N( = NBA
when the coil is perpendicular to the magnetic field
Flux linkage = N( cosθ = NBA cosθ

Where θ is the angle between the normal to the plane of the coil and the magnetic field.
Faraday’s Law:

The induced EMF in a circuit is equal to the rate of change of flux linkage through the circuit.

(The magnitude of the EMF is proportional to the rate of cutting)

Magnitude of induced e.m.f. 
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For a conductor moving steadily through a magnetic field the following graph’s gradient is the magnitude of the induced emf.
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The gradient of the graph is constant as the magnetic flux steadily increases, constant rate of cutting of flux, means constant EMF induced.

Consider a straight conductor like a metal bar moving at right angles through a magnetic field. This is like the situation where a plane flies through the Earth’s magnetic field: 
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The magnitude of the induced EMF is given by the rate of change of flux linkage, or:
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In this case, 




ε = NBA
Where N, the no. of conductors cutting through the magnetic field is one and A is the area swept out per second, which will be equal to the velocity of the metal bar, v, multiplied by the length of the bar. The equation becomes:

ε = Blv

Induced EMF in a uniformly rotating coil in a magnetic field
The EMF induced in a straight conductor, 
ε = Blv

For a coil, which has two sides:


ε = 2Blv

And has N turns:



ε = 2NBlv

The speed of each side of the coil is given:
v = Circumference x angular frequency






v = πwf 

where w is the width of the coil
Consider the diagram below:
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The flux linkage through the coil varies from zero in diagram 1, where angle θ is 90º, up to some maximum value ε0 in diagram 2, where the coil is at right angles to the magnetic field and angle θ is zero.
From above:

ε0 = 2NBl(πwf)

ε0 = 2πfNB(lw)
where (lw) is the area of the coil

ε0 = (2πf)NBA

ε0 = ωNBA
The value of ε, the EMF induced, depends on the angle that the coil makes with the magnetic field, such that:

ε = ε0 sin (ωt)

Or:


ε = ωNBA sin (ωt)
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The sin function in the equation means that the coil starts in the position shown above (when t=0), because in this position sin(ωt) will be zero, as will the EMF induced.

This equation gives the EMF induced in a coil rotating uniformly in a magnetic field, where N is the no. of turns on the coil, B is the magnetic field strength (T), A is the area of the coil (m2), ω is the angular velocity (rad s-1) and t is the time in seconds.
Transformers
Transformers consist of a laminated iron core around which are wrapped two coils of insulated wire. 

Transformer Symbol:
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· An alternating p.d. across the primary coil produces an alternating magnetic field in the iron core.

· This is linked to the secondary coil.

· An alternating p.d. is induced in the secondary coil and a current flows if it is part of a complete circuit.

The ratio of the no. of turns, Np, on the primary coil to the no. of turns, Ns, on the secondary coil is equal to the ratio of the p.d.s across each coil, where Vp is the primary coil’s p.d. and Vs is the secondary coil’s p.d.:


[image: image120.wmf]s

p

s

p

V

V

=

N

N


[image: image121.png]Primary p.d. Secondary p.d.

N o

Primary Coil

Secondary Coil





Where there are more turns on the secondary coil compared to the primary coil, the p.d. is stepped up and where there are less turns on the secondary coil compared to the primary coil, the p.d. is stepped down.

Transformers are almost 100% efficient and the efficiency of the transformer can be calculated by comparing the input power to the output power.

P = IV
IpVp = IsVs
Transformers use a number of measures to make efficiency as high as possible:

· The core is made from iron which can be magnetised and de-magnetised quickly.

· The core is laminated, meaning that it is made in strips with insulating layers in between. This reduces eddy currents which are induced currents in the core itself.

· Low resistance wire is used for the coils, this reduces the heating effect of the current.
If the transformer is considered to be 100% effiient, when the p.d. is stepped up, the current is reduced by the same factor and the opposite applies to the step down process.
Electricity is generated at 25kV. Transformers are used in power transmission to step-up the p.d. to 400kV and reduce the current, to improve the efficiency of the transmission process. Using a lower current means that there is less dissipation of heat in the wires, meaning less power loss by the wires themselves, as P=I2R.
Closer to people’s home the p.d. is stepped down to 230V (and the current increased), a safe operating p.d. for domestic appliances.
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		2.50		6.25		-0.16				-0.40				1.57

		3.00		9.00		-0.11				-0.33				1.09

		3.50		12.25		-0.08				-0.29				0.80

		4.00		16.00		-0.06				-0.25				0.61

		4.50		20.25		-0.05				-0.22				0.48

		5.00		25.00		-0.04				-0.20				0.39

		5.50		30.25		-0.03				-0.18				0.32

		6.00		36.00		-0.03				-0.17				0.27

		6.50		42.25		-0.02				-0.15				0.23

		7.00		49.00		-0.02				-0.14				0.20

		7.50		56.25		-0.02				-0.13				0.17

		8.00		64.00		-0.02				-0.13				0.15

		8.50		72.25		-0.01				-0.12				0.14

		9.00		81.00		-0.01				-0.11				0.12

		9.50		90.25		-0.01				-0.11				0.11

		10.00		100.00		-0.01				-0.10				0.10
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