
Episode 406: Fields, field lines and equipotentials
This episode introduces fields, field lines and equipotentials in the context of electric fields. Much of this is revision from g-fields, but with the slight added twist of needing to take account of the sign of charge when examining electric fields.

Summary

Discussion and demonstration: Field lines. (20 minutes)

Discussion and student experiment: Equipotentials. (35 minutes)

Student questions: Field lines and equipotentials. (10 minutes)

Discussion + demonstration:

Field lines

Electrical charges exert forces upon one another. Just as with gravity, these forces can be understood in terms of fields that exist between ‘charged’ particles.

What is the basic law of force between charges? (Like charges repel, unlike charges attract.)

How do these forces occur if, as usual, the charges are not in contact? (The presence of electric fields between the charges. A field is set up by a charge, and any other charge in that field will experience a force due to the field.)

How do we usually represent these fields? (With field lines or lines of force.)

Now we have to be careful with our use of field lines to represent electrical fields. In the gravitational field all forces are attractive and so putting a direction on the field line is unambiguous – it gives the direction a mass will feel a force at a point in a field. Because both attraction AND repulsion can occur in an electric field, we introduce the following convention that is consistent with the fact that only one type of mass exists, i.e. ‘positive mass’:

The direction of a field line in the electric field is the direction of the force on a small POSITIVE charge. 

Thus if a positive charge is placed at a point in a field, it will feel a force in the direction of the field line at that point, but if a negative charge is placed there, it will feel a force in the OPPOSITE direction to the direction of the field line at that point.

We can see the field lines for certain geometries of charge using a simple demonstration with semolina powder in oil, between two electrodes connected to a high voltage supply. 

TAP 406-1: Demonstration – electric field lines
This allows us to visualise the following fields: 


(resourcefulphysics.org)

[image: image11.jpg]



Again, there are some basic rules and observations about field lines:

They never start or stop in empty space – they stop or start either on a charge or “at infinity”.

They never cross – if they did, a small positive charge placed there would feel forces in different directions, which could be resolved into the one true direction of the field line there.

The density of field lines on a diagram is indicative of the strength of the field.

The second diagram above also shows a point exactly between two like charges where no field exists (since the forces on a charge placed there would be exactly equal and opposite in direction). Such a point is called a neutral point.

Discussion + student experiment:

Equipotentials

Exactly as with the gravitational field, we define an equipotential surface as one that joins points of equal potential in the field; in other words, no work is done in moving a charge on an equipotential surface. Although our discussion and definition of potential will be almost exactly the same as in the gravitational case, we will leave that to a later episode. For now, we just need to know that:

1
Equipotential surfaces are perpendicular to field lines.

2
Any electrical conductor is an equipotential surface. 

As a result of (1) and (2) above, field lines always meet conductors at right angles (see the fourth field diagram in the last section).

Unlike with gravitational equipotentials there is quite a simple practical that the students can do to discover the shapes of electrical equipotentials in 2 dimensions.

TAP 406-2: Plotting equipotentials
Sum up by discussing the shapes of some common fields and their equipotential lines. Note that where the field is uniform, the equipotentials are evenly spaced, but in a non-uniform field equipotentials get further apart as the field decreases in strength (see episode 408).


(Note: the full lines represent the electric field and the dotted lines the equipotentials)

Student questions:

Field lines and equipotentials 

TAP 406-3: Fields lines and equipotentials
TAP 406-1: Demonstration – electric field lines

Apparatus and materials

Power supply, EHT, 0-5 kV (or Van de Graaff generator)

Electric field apparatus 

Semolina 

Castor oil 

	[image: image1.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 can be included in the circuit if it is built into the supply.
Do not be tempted to try an HT power supply. The current which can be delivered by such a unit is too high to be used with bare electrodes



Procedure

a) 
Fill the electrode unit with a layer of castor oil to a depth of about 0.5 cm. Sprinkle a thin layer of semolina over the surface. (A thin piece of glass tubing drawn out to give a fine pointed stirrer is helpful so that the semolina is evenly distributed.) It is better to start with too little semolina than to start with too much. You can always increase the quantity later.

b) 
Place the electrodes in the castor oil. Connect the positive and negative terminals of the EHT power supply to the electrodes. Adjust the supply to give 3000 to 4000 V. When the voltage is switched on, the field lines will be clearly visible.

c) 
Try electrodes of different shapes. For example, one can be a 'point' electrode whilst the other is a plate, or two point electrodes can be used. A wire circular electrode with a point electrode at the centre will show a radial field. The field with two plates quite close together should also be shown.


Practical advice

It helps to warm the castor oil first. Use a radiator or a warm place.  Do not heat castor oil directly

1 
The object of the demonstration is to show electric fields, in much the same way that magnetic fields are demonstrated with iron filings. The similarity of the field patterns will be obvious. Just as scientists talk of a magnetic field in the space around a magnet, they talk of electric fields in the space around an electric charge. The grains of semolina behave like electric compass needles (electric dipoles), and line up to show the direction of the electric field. 

2 
There is an electric field spreading out from any electric charge, ready to ‘grip onto’ any other charge and exert a force on it. This is similar to the Earth’s readiness to grip another mass such as the Moon, or a student, or a mug on the edge of a table, with a gravitational force. However the force that an electric field exerts is not there until there is a charge for the field to push or pull on. You could say ‘charged’ just means ‘ready to make forces’ in the same way as soldiers say that a ‘gun is charged with explosive ready to make forces on a bullet’. 

3 
The illustrations show some electric field patterns which can be modelled in this demonstration.


Technical notes

A Van de Graaff generator can be used in place of the EHT power supply. If both these supplies are used in turn, students will see that electrostatic charges make the same field patterns as the charges provided by a power supply which can drive currents.

The ‘electric field apparatus’ consists of two electrodes mounted in a glass dish – see the illustration. The electrodes can be made from aluminium sheet or can be purchased complete with dish. Apart from the care which needs to be taken with the insulation, this unit is readily improvised. Bent copper wires held in 4 mm plugs will work.  Do not have bare positive and negative leads on the bench.  A radial field can be demonstrated with a wire bent in a circle, (best earthed and connected to negative so it can lean on the bench and a vertical copper wire in the centre of the ring. This vertical wire should be insulated except for the tip in the castor oil. 
22 SWG copper wire or thicker is satisfactory for the ring and point.

	[image: image2.wmf]
	Wire carefully, EHT voltages

School EHT supplies have an output limited to 5mA or less, which makes them safe. In this experiment, very low currents are sufficient so the extra resistor can be included in the circuit if it is built into the supply.
Do not be tempted to try an HT power supply. The current which can be delivered by such a unit is too high to be used with bare electrodes.


External reference

This activity is taken from: http://www.practicalphysics.org/go/Experiment_302.html?topic_id=8&collection_id=39, which was an adaptation of Revised Nuffield Advanced Physics experiment E3.

TAP 406-2: Plotting equipotentials

Here you study the shapes of various fields. The fields are created (in two dimensions) between conducting electrodes of various shapes on a piece of conducting paper. It will be easy to see equipotentials and their relationship to the field itself.

You will need:

power supply, 5 V dc with one or two 4 mm leads
multimeter with one probe
conducting paper

carbon paper

plain white paper

softboard, a little larger than A4

various shaped electrodes made from copper strips (see below)

eight drawing pins

two drawing pins soldered onto 4 mm leads

crocodile clips

The experiment

1) 
Before you are able to make measurements, you will have to set up a ‘recording system’ which makes use of carbon paper below the conducting paper. Place the softboard on the bench and put a sheet of white paper on this. Cover this with carbon paper (carbon side down) and, on top, the conducting paper. All three sheets have to be held firmly in place with drawing pins at each corner.
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2) 
The two copper electrodes need to be secured very firmly. The diagram below shows the set-up for parallel electrodes to create a uniform field. These should be placed close to and parallel to the longer edge of the conducting paper and then secured by pushing drawing pins through the small holes in each strip. The central hole in each strip is for a drawing pin to which a 4 mm lead has been soldered, allowing you to set up this circuit:


[image: image4]
3) 
When you have set up this circuit, touch the probe on the end of the flying lead gently onto the conducting paper. The voltmeter records the potential difference between the point where the probe touches the paper and one copper electrode. You should be able to see the potential difference vary as you move from one strip to the other. If you keep the distance from each strip the same (i.e. move parallel to the electrodes), you find that the voltmeter reading does not change. You are following an equipotential.

4) 
Check that the supply is set to 5 V by placing the probe on the ‘positive’ strip. Now move the probe until the voltmeter reads 1 V and then push down firmly on the paper. This will make a mark on the white paper below. Find other points where the potential is 1 V and mark their position in a similar way. Five or six points will allow you to draw an equipotential when the upper layers of paper are removed (but don’t remove them yet!).

5) 
Repeat the procedure described above for potentials of 2, 3 and 4 V and then mark the position of each electrode by using probe to draw round each strip. Remove the conducting paper and carbon paper, to see a series of dots on the white paper. Join these to show the position of the equipotentials.

6) 
Draw one or two field lines between the two electrodes (remember that these will be at right angles to the equipotentials, including the strips).

7) 
Repeat the procedure for other shapes of field by using electrodes of various shapes. A couple of examples are given below:
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Field close to a sharp point

[image: image6.emf]5
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Radial Field

Practical advice

This is a simple introduction to field lines and equipotentials. 

Simply using the end of a 4 mm plug to mark points onto the white paper below the carbon paper and conducting paper is quick and easy. There are many ways of measuring and marking the potential at a point with specially constructed probes. These can be made from graphite pencils, used ball-point pens with a lead soldered onto the metal tip, or old instrument probes. These will give a finer mark, but adequate results can be obtained from 4 mm plugs.

The electrodes can be painted using conducting paint which gives better contact but is expensive.

External reference

This activity is taken from Advancing Physics chapter 16, 60E, 220E, 240E

TAP 406-3: Fields lines and equipotentials.

1) 
Part of the electric field pattern has been drawn in each of the diagrams below. Use your 
knowledge of symmetry to complete the electric field pattern in each case.

[image: image7.emf]


Each of the diagrams below shows a pair of electrodes connected to a voltage supply.
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2) 
For each of the diagrams, add solid lines to illustrate the shape of the electric field 
between the electrodes. Draw arrows to indicate the direction of the field.

3) 
Add dotted lines to show the shape of equipotential lines associated with the field. The 
spacing of the equipotential lines should give an indication of the relative strength of the 
electric field.

Practical advice

These questions are intended to be straightforward, to reinforce understanding and to build confidence.

Answers 

1)

[image: image9.emf]


2) 
Yellow lines below (with arrows)

3) 
Green lines below (without arrow); please ignore largest equipotential circle on left diagram.
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External reference

This activity is taken from Advancing Physics chapter 16, 180S

(resourcefulphysics.org)
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