
Episode 408: Field strength, potential energy, and potential

This episode introduces the above three quantities for the electric field. The students’ familiarity with the equivalent concepts in the gravitational field should help here. The major difference is that because of repulsion, by defining the zero of potential to be at infinity, we can have positive potentials and positive energies in the electric field, whereas they are always negative in the (solely attractive) gravitational field.

Lesson Summary

· Discussion: Field strength (5 minutes)

· Worked examples: Field strength (10 minutes)

· Discussion: Energy and potential (15 minutes)

· Demonstration: Potential around a charged sphere (30 minutes)

· Discussion: Field strength and potential gradient (10 minutes)

· Worked examples: The non-uniform electric field (25 minutes)

Discussion: Field strength

Recall: how is field strength defined at a point in the gravitational field? (As the force per unit mass placed at that point in the field – with units therefore of N kg-1 .)

What would therefore be the natural way to extend this definition to the electric field? (As the force per unit charge. Thus it would have units of N C-1.)

We thus define the electric field strength at a point in a field as:

E = F/Q
where E is the electric field strength (N C-1)

F is the force on charge Q at that point if the field

Important notes:

· The field strength is a property of the field and not the particular charge that is placed there. For example, at a point where the field strength is 2000 N C-1 , a 1 C charge would feel a force of 2000 N whereas a 1 mC charge would feel a force of 2 N; the same field strength, but different forces due to different charges.

· The field strength is a vector quantity. By convention, it points in the direction that a positive charge placed at that point in the field would feel a force.

As will be explained in the next episode, the unit for electric field strength can also be expressed as volts per metre, V m-1.

Now, for the non-uniform field due to a point (or spherical) charge, we can use Coulomb’s law to find an expression for the field strength. Consider the force felt by a charge q in the field of another charge Q, where the charges are separated by a distance r:

F = kQq /r2
by Coulomb’s Law. /r2
But E = f/Qand so

E = kQ /r2
This is our result for the field strength at a distance r from a (point or spherical) charge Q .

Worked examples: Field strength

Episode 408-1: Field strength (Word, 31 KB) - see end of document
Discussion: Energy and potential

We now turn to considerations of energy. Again, just as in the gravitational case, we choose to define the zero of energy at infinity. However, because of the existence of repulsion, we have the possibility of positive energy values as well as negative ones.


Consider bringing a positive charge q from infinity towards a fixed, positive charge Q . Because of the repulsion between the charges, we must do work on q to bring it closer to Q . This work is stored in the electric field around the charge q . The same would apply if both charges were negative, due to their mutual repulsion. In both cases therefore, the energy of q increases (from zero) as it approaches Q ; i.e. energy of charge q is positive.

If Q and q are of opposite signs, however, they attract each other, and now it would take work to separate them. This work is stored in the electric field around the charge q, and so q's energy increases (toward zero) as their separation increases; i.e. q's energy is negative.

With the aid of integration, we can use Coulomb’s law to find the energy of q in the field of Q . The final expression turns out as:

energy, EE = kQq /r2
where r is the separation of the charges. EE is measured in joules, J.

Notes on this expression:

By considering the work done if q were fixed and Q were brought up from infinity, it should be clear that this expression is the energy of either charge in the other’s field.

This expression is valid for the non-uniform field around point or spherical charges.

By defining energy to be zero at infinity, this expression gives us absolute values of energies. Differences can we worked out as change in:

Δ EE = kQq(1/r1  −  1/r2).

It is essential to include the sign of the charges in this expression to get the correct EE. Thus two positive or two negative charges yield positive EE values, whereas opposite charges yield negative EE values, as we would expect from our discussion above.

We can now go on to discuss potential. In the gravitational field, potential at a point was defined as the energy per unit mass at that point. The natural extension to electric fields is therefore as the energy per unit charge:

V = EE /Q
[image: image1.png]



V is therefore measured in joules per coulomb, J C-1, which has the alternative, and more familiar name of volts, V. (Students sometimes worry about the fact the potential has the symbol V and its unit is also V for volts – the context makes it clear which V is being used, but be aware of this possibility for confusion).

Note again that potential is a property of the field and not the individual charge placed there. Thus at a point in a field where the potential is 500 V, a 1 mC charge has an energy of  0.5 J whereas a 1 C charge has an energy of 500 J. (One might say that potential is to energy exactly as field strength is to force in the field).

For the non-uniform field around a point charge, the above expression for EE gives us a simple expression for potential. The potential at a distance r from a point or spherical charge Q is given by:

Note that this gives positive or negative values for potential depending upon whether Q is positive or negative. (Remember though that a negative charge placed where there is a negative potential will have a positive energy as expected due to the repulsion of the two negative charges).

For the non-uniform field around a point charge, the above expression for EE gives us a simple expression for potential. The potential at a distance r from a point or spherical charge Q is given by:

V = kQ /r
Note that this gives positive or negative values for potential depending upon whether Q is positive or negative. (Remember though that a negative charge placed where there is a negative potential will have a positive potential energy as expected due to the repulsion of the two negative charges).

Demonstration: Potential around a charged sphere

Exploring the electrical potential near a charged sphere. This makes use of a flame probe; it is essential to practise the use of this before demonstrating in front of a class.

Episode 408-2: Potential near a charged sphere (Word, 102 KB) - see end of document
Episode 409-2: Flame probe construction (Word, 237 KB) - see end of document
Discussion: Field strength and potential gradient

As with the gravitational field there is a deep and important connection between the rate at which potential changes in a field, and the field strength there. Quite simply, the field strength is equal to the negative of the rate of change of potential:

E = − Δ EEchange in distance
The minus sign is again a relic of the more precise vector equation – it is there to give the direction of the field strength. The diagram below shows a plot of potential around a positive charge, and the two gradients drawn show where the field is high and where it is low. (Note that both of these gradients are negative. This would give a positive field strength by

E = − Δ V / Δ  r , indicating that the field acts in the positive x-direction, as indeed it does. This is what was meant by the minus sign being a relic of the more precise vector equation).
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We can now also understand why it is that a conductor is an equipotential surface. Inside a conductor, no electric field can exist – if it did, the charges would feel a force and move around in such a way as to reduce the field. At some point equilibrium is reached and the field is zero. If the field is zero, then the potential gradient must be zero – i.e. the conductor is an equipotential surface.

It should now also be clear why equipotential surfaces get further apart as the field decreases in strength as was seen in the diagrams in episode 1, and why field strength can be quoted in units of V m-1.

Worked examples: The non-uniform electric field

Episode 408-3: Non-uniform electric fields (Word, 34 KB) - see end of document
Episode 408-1: Field strength

Data required:

k = 1/(40) = 9.0 ( 109 N m2 C-2
charge of electron = 1.6 ( 10-19 C
1) 
Where the field strength is 1000 N C-1, what is the force on a 1 C charge? On an 
electron?

2) 
A charged sphere is placed in a field of strength 3 ( 104 N C-1. If it experiences a force of 
15 N, what is the charge on the sphere?

3) 
What is the field strength if an electron experiances a force of 4.8 ( 10-14 N?

4) 
Work out the field strengths at the points labelled A and B in the diagram below. What do 
you notice about the values, and why is this? Add arrows at A and B to indicate the 
electric field strengths there. 


[image: image3]
Practical advice

These can be used as worked examples or student problems

Answers and worked solutions

1) 
F = EQ = 1000 x 1 = 1000N

F = EQ = 1000 x 1.6 x 10-19 = 1.6 x 10-16 N

2) 
Q = F/E = 15 / (3 x 104) = 5 x 10-4 C or 0.5 mC.

3E = F/Q = 4.8 x 10-14 / (1.6 x 10-19) = 3 x 105 N C-1
4) 


[image: image4]
EA = kQ/r2 = 9.0 x 109 x -5 x 10-3 / 202 = -1.125 x 105 N C-1
EB = kQ/r2 = 9.0 x 109 x -5 x 10-3 / 102 = -4.5 x 105 N C-1
The negative signs are there simply because the charge creating the field is negative (they are actually from the more precise vector equation for field strength).

The directions of the field are given on the diagram above.

Episode 408-2: Potential near a charged sphere

In this demonstration, you will be using a “flame-probe” to measure potentials around a charged sphere. The flame probe itself requires a little trickery to get the gas flow exactly right – you may want to play around with the probe well before trying to show this to a class!

The flame is required to cause ionisation in the surrounding air to allow the probe to take on the potential of the point where it is placed.

Introduction

A flame probe provides a convenient way of measuring the potential at a point in an electric field. In this investigation, you will be able to look at the variation in potential in the space around a charged metal sphere. You do this by fixing the potential at one end of a voltmeter, so converting all measured potential differences to potentials, by sharing a common origin.

You will need:

metal sphere about 15 cm in diameter with long connecting lead
insulated support for the sphere

demonstration digital multimeter

EHT power supply, 0–5 kV dc
clip component holder

10 M resistor

4 mm leads

metre rule

flame probe

retort stand, boss and clamp

gas supply

calibration coil

	[image: image5.wmf]
	Wire carefully, EHT voltages
School EHT supplies have an output limited to 5 mA or less which makes them safe. In this experiment, very low currents are sufficient so the extra resistor (e.g. 50 MΏ can be included in the circuit is it is built into the supply.
Note the high voltage on the sphere, the naked flame on the flame probe and the sharp point on the hypodermic needle


TAP 409-2: Flame probe construction
Checking and calibrating the flame probe

Before you can measure how the potential difference changes as you move between the plates, check the action of the flame probe.

Everywhere inside the copper coil is at the same potential above 0 V. You can see that the flame probe measures the potential difference above ground in this space by altering the output pd on the EHT power supply.

[image: image6.emf]–
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You can use this arrangement to calibrate the flame probe, matching the numbers on the EHT power supply to the numbers appearing on the multimeter. Note that the multimeter is only measuring a fraction of the pd, as it forms part of a potential divider.

Measuring potential differences

You are now in a position to measure how the potential difference changes at different locations near the metal sphere.
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Explore the region around the sphere.

Place the flame probe a few centimetres from the surface of the sphere. 

The multimeter reads a fraction of the potential at this point. If you move the flame around the sphere keeping the distance from the centre constant, you will notice that the voltmeter reading does not change. You are following an equipotential. Think carefully about what shape this is; what does this tell you about the field lines?

Return the flame probe to a position close to the sphere and fix a ruler to the bench so that you can measure the distance of the probe from the centre of the sphere. By taking measurements of the potential at increasing distances from the sphere, you will be able to plot a graph of the potential against distance from the centre of the sphere, and by analysing this you should be able to confirm that the potential varies as 1/r .

Outcomes

You have found:

1) 
That the equipotentials are spherical and are centred on the centre of the sphere while 
the field lines are radial.

2) 
The graph of potential against distance shows that the potential near a charged sphere 
varies as 1/r, where r is the distance from the centre of the sphere.

Practical advice

The metal sphere has to be mounted in an insulated stand so that it is supported about 30 cm above the bench. The positive terminal of the EHT power supply  has to be connected to the sphere. The earthed negative terminal is connected to a terminal of the multimeter.

The sphere needs to be conducting and about 150 mm diameter. Mounting the metal float from an old water cistern on an insulated rod and supporting this in a wooden retort stand is a convenient solution.

There are further construction details for the flame probe in the Teacher and technician information.

A suggested sequence

Place the flame probe a few centimetres from the surface of the sphere. Turn on the gas supply and wait for a few seconds before trying to light the gas as it takes some time to clear the air out of the tubing. Once there is a flame, you will be able to adjust its size with the Hoffmann clip; a small flame is best.

The multimeter reads a fraction of the potential at this point. If you move the flame around the sphere keeping the distance from the centre constant, you will notice that the voltmeter reading does not change.

Return the flame probe to a position close to the sphere and fix a ruler to the bench so that you can measure the distance of the probe from the centre of the sphere. By taking measurements of the potential at increasing distances from the sphere, students will be able to plot a graph of the potential against distance from the centre of the sphere.

An extension might be to use a twin flame probe to look at potential gradients.

Technician note

Details of the flame probe construction are given in 

TAP 409-2: Flame probe construction
	[image: image8.wmf]
	Wire carefully, no bare wire above 40 V

School EHT supplies have an output limited to 5 mA or less which makes them safe. In this experiment, very low currents are sufficient so the extra resistor (e.g. 50 MΏ can be included in the circuit is it is built into the supply.

Note the high voltage on the sphere, the naked flame on the flame probe and the sharp point on the hypodermic needle


External reference

This activity is taken from Advancing Physics chapter 16, 200D

Episode 408-3: Non-uniform electric fields

Data required:

charge of electron = 1.6 ( 10-19 C

k = 1/ (4 = 9.0 ( 109 N m2 C-2
1) 
In an experiment to test Coulomb’s law, two expanded polystyrene spheres, each with a charge of 1.0 nC were 0.060 m apart (measured from their centres). Calculate the force acting on each sphere.

2) 
The electric field strength field at a distance of 1.0 ( 10-10 m from an isolated proton is 1.44(1011 N C–1 and the electrical potential is 14.4 V.

a) 
Calculate the electric field strength at a distance of 2.0 ( 10-10 m from the proton.

b) 
Calculate the electrical potential at a distance of 2.0 ( 10-10 m from the proton.

3) 
A simple model of a hydrogen atom can be thought of as an electron 0.50 ( 10-10 m from a proton.

a) 
Calculate the electrical potential 0.50 ( 10-10 m from a proton.

b) 
The electron is in the electric field of the proton. Calculate the electrical potential energy of the electron and proton in joules.

4) 
When a uranium nucleus containing 92 protons and rather more neutrons emits an alpha particle of charge + 3.2 ( 10-19 C the remaining nucleus then behaves like a sphere of charge of magnitude + 1.4 ( 10-17 C.

a) 
Assuming that the alpha particle is 2.0 ( 10-14 m from the centre of the nucleus on release, calculate the electric field experienced by the alpha particle.

b) 
Calculate the force on the alpha particle when at this distance.

c) 
Calculate the maximum acceleration of the alpha particle (of mass 6.6 ( 10-27 kg).

5) 
The graph shows the variation of potential with distance from the charged dome of a van de Graaff generator.

Use the graph, together with the equation 
[image: image9.wmf]dr
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 to find the electric field strength at a distance of 0.3 m from the dome. (You may like to check your answer with an alternative calculation).

Answers and worked solutions

1) 
F=kQ1Q2/r2 = 9.0 x 109 x 1.0 x 10-9 x 1.0 x 10-9 / 0.0602 = 2.5 x 10-6 N

2 a) 
Field strength is proportional to 1/r2. Therefore doubling the distance decreases field strength by a factor of 4. Thus, answer is 1.44 x 1011 / 4 = 3.6 x 1010 N C-1
b) 
Potential is proportional to 1/r. Thus doubling the distance halves the potential. The answer is therefore 14.4 / 2 = 7.2 V

3 a)

V = kQ/r = 9.0 x 109 x 1.6 x 10-19 / (0.50 x 10-10) = 28.8 V

b) 
EPE = VQ = 28.8 x 1.6 x 10-19 = 4.61 x 10-18 J

4) a)
E = kQ/r2 = 9.0 x 109 x 1.4 x 10-17 / (2.0 x 10-14)2 = 3.2 x 1020 N C-1
b) 
F = EQ = 3.2 x 1020 x 3.2 x 10-19 = 101 N (3sf)

c) 
a =F/m = 101 / 6.6 x 10-27 = 1.5 x 1028 m s-2

The field strength will be the negative of the gradient at r = 0.3m. This should give a value of around 1.7 x 105 N C-1.

To calculate this we note that at 0.3 m the potential is 50 kV. Now V=kQ/r, and we note that E=kQ/r2, so numerically, we can see that E = V/r. In other words, in this case E = 50,000 / 0.3 = 1.7 x 105 N C-1.

External reference

This activity is taken from Advancing Physics chapter 16
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