
EM Section 2: Electric Fields 

This chapter introduces the concept of electric fields. Or rather reintroduces them, as they were referred 

to in section 1 on electric charge, but this time in a more formal setting. Three important types of field are 

discussed in detail, namely the field due to a point charge, the field due to a dipole, and uniform electric 

fields. The concept of electric field lines and the rules for sketching them are explained. The section ends 

with a discussion of the electric field inside a conductor.  

 

2.1 Electric field strength 

Electric charge has been defined as that quantity which experiences a force in an electric field but the 

size of that force relative to the electric field has not yet been mentioned – the only force that has been 

considered is the force between two static charges which is empirically determined.  

The electric field strength, 𝑬, at a point in an electric field is defined as the force due to the electric field 

per unit charge placed at the point. This is expressed in equation form as  

𝑬 =
𝑭

𝑞
      Equation 2.1 

Electric field strength is a vector with the direction in the same direction as the force on the charge. It 

has SI units of NC−1, or, as shall be seen in section 4, volts per metre (Vm−1) with SI base units of 

kg. m. s−3. A−1. All standard SI prefixes can be seen used with the NC−1.  

The Earth has an electric field strength of approximately 100 NC−1 downwards; to reproduce Millikan’s 

oil drop experiment a field strength of about 20 kNC−1 is usually employed. The electric field strength 

required to cause air to ionize and conduct (i.e. cause anything from a spark to a lightning bolt) is 

approximately 3 MNC−1.  

So if the electrical field strength at a point is known, the force on any charge in the field is simply given 

by 𝑭 = 𝑞𝑬. A charge doesn’t have to be present for the field to exist, and the strength at a point in the 

field is the same regardless of the presence of the point charge.  

 

2.2 The field due to a point charge 

Consider a point charge 𝑄 fixed in position that is defined as the origin of whatever coordinate system 

and inertial reference frame that is being used. If another test charge, 𝑞, is brought to a distance 𝑟 from 

the origin, then the magnitude of the force between the charges is given by 
1

4𝜋𝜖0

𝑄𝑞

𝑟2  and thus the 

magnitude of the electric field strength – the force per unit charge at 𝑟 - is thus given by 
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𝐸 =
1

4𝜋𝜖0

𝑄

𝑟2      Equation 2.2 

with the direction defined by the sign of 𝑄.  

   

2.3 Electric field lines 

Electric field lines are lines showing the direction of the force experienced by a positive point test charge 

when placed in an electric field. The first example shows point charges and is used to highlight the rules 

and usefulness of field lines:  

 

Point charge 

In two dimensions the field lines around a positive point charge can be represented as shown in figure 

2.1a, and the field lines around a negative point charge in figure 2.1b:  

 

Figure 2.1 Field lines around (a) a positive point charge (b) a negative point charge 

As stated, the field lines show the direction of the force on a positive charge.  

The larger the charge the more field lines are shown. Figure 2.2 shows the field lines for point charges of 

twice the magnitude of those in figure 2.1:  

Mark Gill
MPH



 

Figure 2.2 Field lines around (a) a positive point charge (b) a negative point charge of twice the 

magnitude of those in figure 2.1  

And as a final example for point charges in the notes, here are the field lines for three pairs of fixed 

point charges:  
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Figure 2.3 Field lines around pairs of point charges of equal magnitude, (a) for two positive charges, (b) 

for two negative charges, (c) for two unlike charges 

With these examples in mind, herewith some rules and further insight into field lines. Some are common 

sense, some are inference, and some follow from more advanced physics which will appear later in the 

course. They are not in any particular order; it could be argued they are all of equal importance.   

1. Field lines are not real. They are visual representations of the field used to help us as humans in our 

interpretation of the physics.  

2. The direction shows the force on a positive test charge. To be more specific, the direction is the 

tangent to a field line at any point in the field.  

3. The above figures are 2D representations. In reality the fields are 3D in space. Often the 2D 

representation is enough to assist us in the physics we want to highlight, but often this may not 

provide enough detail, in which case the merits of a 2D representation must be carefully considered.    

4. The density of field lines is the number of field lines per unit area (or unit volume in 3D). The 

density is directly proportional to the strength of the field.  

5. But the number of field lines on any one figure (or series of related figures) is arbitrary – what is 

important is the relative density from one place to another on the figure  

6. For a point charge, two field lines would be the minimum required to indicate the field is uniform 

though four is better  

7. If there are no field lines within an area does not mean that the field strength is zero at that point. It 

is always possible to find an empty area between two field lines; it is the responsibility of the drawer 

to make sure a viewer can infer whether the field is genuinely zero there or not. If unclear the 

overall field line density should probably be increased.   

8. Where there is genuinely zero density of field lines then the field is zero. An example is the midway 

point between the two like charges of equal magnitude. It is useful to indicate these points on the 

diagram.  

9. Field lines must never touch; this would imply an infinite field strength   
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10. Field lines must never cross. As well as infinite field strength it would further imply different field 

directions at one point.  

11. Electrostatic field lines always start on positive charges and end on negative charges. This essentially 

means that the divergence of the electrostatic field is zero for volumes or areas that contain no net 

charge (i.e. ∇. 𝑬 = 0), and the divergence is non-zero for volumes or areas that contain a net charge 

(i.e. ∇. 𝑬 ≠ 0). This is studied in more detail in section 3.    

12. Field lines do not necessarily show the path a positive charge would take if placed in the field, they 

merely show the direction of the force on it.  

13. When sketching the field draw as few field lines as possible to get across all the necessary physics  

14. Make sure the space represented get across all the necessary physics required. This essentially means 

all sources and sinks of field (positives and negatives) need to be included along with any zero field 

points, and the viewer should be able to infer what the field does at any point in the space under 

consideration.  

 

Uniform electrostatic fields 

A uniform electrostatic field is a field that does not vary in space. Following the rules given above the 

general form for a uniform electric field is shown in figure 2.4: 

 

Figure 2.4 A uniform electric field 

In the same way as the gravitational field near the surface of the Earth is uniform, the electric field near 

to the surface of a uniformly charged sphere is also uniform.  

If a point charge 𝑞 is placed in a uniform field of strength 𝐸 then it has a constant electrostatic force on 

it of magnitude 𝑞𝐸 in the direction of the field.  

It is often desirable in practical physics (for example in Millikan’s experiment) to create a uniform field. 

Possibly the easiest way to create a uniform electrostatic field is by creating two uniformly charged parallel 

plates:  

 

  

Mark Gill
MPH



The field around two uniformly charged parallel plates 

Consider two square parallel plates of finite size with equal and opposite charge densities in the plates. 

Without detailed calculation, the field between and surrounding the plates is shown in figure 2.5:  

 

Figure 2.5 The electric field around two uniformly charged parallel plates of equal magnitude and 

opposite sign 

Between the plates the field is uniform. Section 4 demonstrates that the strength of the field is given by 

the ratio of the potential difference between the plates in volts to the distance between them in metres.  

 

2.4 Electric dipoles  

An electric dipole consists of any two point charges separated by any distance. In electrostatics a dipole 

consisting of two point charges of equal magnitude and opposite sign set at a fixed distance apart is of 

particular importance, and often when referring to dipoles in electrostatics it is specifically this kind of 

dipole that is being referred to.  

Dipoles are of major significance in the field of atomic and molecular physics. Although a molecule may 

be electrically neutral the nature of the chemical bond can mean that it has a non-uniform electron 

density within. This means one side of the molecule has a positive charge, and the other a negative 

meaning it can be approximated to a dipole. Such molecules have permanent dipoles, an example being 

sodium chloride. Water is particularly important example of a molecule with a permanent dipole moment. 

And atoms and molecules that are both electrically neutral and without a permanent dipole moment can 

have an induced dipole due to the presence of a non-uniform field; this is explored later in the course.  
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Field lines 

Figure 2.3c showed the electric field lines around a dipole and is reproduced here:  

 

Figure 2.3c (repeated)  

Notice that although a dipole is electrically neutral, it has a field strength that pervades all space.  

 

The dipole moment 

Although not essential for conceptual development of the physics, there is one simply defined quantity 

used in conjunction with dipoles: the dipole moment, 𝒑. As the name implies1, it involves the product of 

a distance with something, and in fact it is exactly defined as the displacement vector between the 

negative and positive charges, 𝒅, and the magnitude of each charge, 𝑞, i.e. 

𝒑 = 𝑞𝒅      Equation 2.3 

Dipole moment is a vector quantity with the direction defined as above and therefore dependent on the 

orientation of the charges. It has SI units of Cm and SI base units of Asm . 1 Cm is defined as the 

magnitude of the dipole moment of two unlike charges of exactly 1 C held exactly 1 m apart though it 

should be remembered that although it would not be too difficult to engineer such a situation, in terms of 

practical physics the Cm is an enormous unit as often the topic is restricted to discussion of molecules. 

The permanent dipole moment of water is measured to be of magnitude ~6.2 × 10−30 Cm  for 

example. Often molecular scientists use the non-SI unit of the Debye ( D ) where                               

1 D ≈ 3.33 × 10−30 Cm for molecular dipole moments.    

 

  

                                                           
1 In physics the any quantity involving “moment” in the name involves a distance (or distance to some power) multiplied by another 

quantity, e.g. the moment of a force, moment of inertia. There aren’t many others in common usage though magnetic moments do 
feature in this course.  
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Field strength 

As stated, the field around a dipole in non-zero everywhere. It is perfectly possible to now derive a 

completely general expression for the electric field strength at any position around a dipole. Try it if you 

want - it’ll require not much more than some patience and time - but the resulting general expressions are 

not that useful.  

Instead, it is more beneficial to study two specific cases to get a more general idea of how the field 

behaves: along the axis of the dipole, and along the perpendicular bisector of the dipole. Consider a 

dipole arranged in the Cartesian coordinate system shown below:  

 

Figure 2.6 An electric dipole aligned along the 𝒙-axis 

The charges are situated at (−𝑎, 0) and (+𝑎, 0) so that the distance between the charges is 𝑑 = 2𝑎  and 

the magnitude of the dipole moment is defined as 𝑝 = 𝑑𝑞 = 2𝑎𝑞 along the positive 𝑥-axis.  

 

(i) The field strength along the perpendicular bisector 

Consider the field strength at a general position (0, 𝑟𝑦). The field can be calculated using the principle of 

superposition by adding the contribution from each charge. “Vertically” the contributions from each 

charge will be equal and opposite, and “horizontally” the contributions will be equal and additive such 

that the net field strength is aligned along −𝑥 as the field lines imply.  
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The horizontal component of the field strength due to +𝑞  only at (0, 𝑟𝑦)  is given by 𝐸 =

−
1

4𝜋𝜖0

𝑞

(𝑟𝑦
2+𝑎2)

cos 𝜃 with the angle indicated on figure 2.7. As cos 𝜃 can be seen from the geometry to 

be 
𝑎

√𝑟𝑦
2+𝑎2

 and thus the component of the field due to +𝑞 is = −
1

4𝜋𝜖0

𝑎𝑞

(𝑟𝑦
2+𝑎2)

3
2⁄
.  

As the total field is the sum of the contributions from both charges the field at any point along the 

perpendicular bisector can be written 𝑬⊾ = −
1

4𝜋𝜖0

2𝑎𝑞

(𝑟𝑦
2+𝑎2)

3
2⁄

�̂� = −
1

4𝜋𝜖0

𝑝

(𝑟𝑦
2+𝑎2)

3
2⁄

�̂�.  

This is a complete answer but it is even more instructive to consider the specific case for far away from 

the dipole, i.e. when 𝑟𝑦 ≫ 𝑎. In this case the field strength approximates to  

𝐸⊾ ≈
1

4𝜋𝜖0

𝑝

𝑟𝑦
3       Equation 2.4 

i.e. the field strength falls as the cube of the distance - more severe than the inverse square law.  

 

(ii) Field strength along the axis 

Now consider the field strength at (𝑟𝑥 , 0) where 𝑟𝑥 > 𝑎. In this case neither charge provides a vertical 

component and the sum of the two will be simpler. The field lines imply the field should act along +𝑥 

and as the positive charge is closer is should have the larger effect.  

Using the principle of superposition, 𝑬∥ =
1

4𝜋𝜖0
(

𝑞

(𝑟𝑥−𝑎)2 −
𝑞

(𝑟𝑥+𝑎)2) �̂�.  

As 𝑑 = 2𝑎 this can be rewritten as  , 𝑬∥ =
𝑞

4𝜋𝜖0𝑟𝑥
2 ((1 −

1

2

𝑑

𝑟𝑥
)

−2
− (1 +

1

2

𝑑

𝑟𝑥
)

−2
) �̂� 

This is now a complete solution, but as before it is more important to consider the far away 

approximation. In the instance that 𝑟𝑥 ≫ 𝑑  the expression reduces, with aid of binomial theorem, to  

𝑞

4𝜋𝜖0𝑟𝑥
2

2𝑑

𝑟𝑥
�̂� thus the field strength along the axis can be written  

𝐸∥ ≈
1

4𝜋𝜖0

2𝑝

𝑟𝑥
3        Equation 2.5 

which is once again dependent on the cube of the distance from the dipole.  

 

Water molecules and vector addition of dipoles 

A water molecule consists of an oxygen atom connected to two hydrogen atoms with a bond angle of 

~104°. The overall charge is neutral with the oxygen atom carrying an overall negative charge and the 

two hydrogen atoms carrying positive charges. The structure shown schematically in figure 2.8: 
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Figure 2.8 A schematic diagram of a water molecule  

The water molecule is thought of as consisting of two dipole moments, 𝒑𝟏 and 𝒑𝟐, as indicated on the 

figure, each of magnitude 𝑞𝑑 which add vectorially to give a total dipole moment for the whole molecule.  

 

The behaviour of a dipole in a uniform electric field 

Consider an electric dipole in a uniform electric field with the dipole at an angle 𝜃 to the field as shown 

in figure 2.9:  

 

Figure 2.9 A dipole in a uniform electric field 

If there are no other influences present what will the dipole do?  

The net force on the dipole is zero as the forces on the two charges are equal in magnitude (𝑞𝐸) and 

opposite in direction so by 𝐹 = 𝑚𝑎 the dipole cannot accelerate.  

The net torque on the dipole is non-zero. In the simplified case where the dipole is symmetric in terms 

of mass as well as charge so the centre of mass is at the centre of the dipole, using the torque about the 

centre is given by 𝑞𝐸.
1

2
𝑑. sin 𝜃 clockwise for each mass so the total torque on the dipole has magnitude 

𝑞𝐸. 𝑑. sin 𝜃 or in vector format  
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𝚪 = 𝒑 × 𝑬      Equation 2.6 

If the dipole is free to rotate it will therefore oscillate about its centre point; without too much further 

work it can further be proved that for a small initial angle the dipole will actually undergo a simple 

harmonic oscillation.  

If the dipole is stationary and aligned parallel to the field then 𝜃 = 0 and the dipole is in a state of stable 

equilibrium. If it is aligned antiparallel to the field then 𝜃 = 𝜋 rad and it is in unstable equilibrium.   

Further discussion of dipoles is included in several subsequent sections.  

 

2.5 Electric fields inside conductors  

Consider an ideal conductor placed inside an external electric field as show in figure 2.10:  

 

Figure 2.10 A conductor placed in an applied field. The initial distribution of the charge carriers is 

random so the internal field is zero.  

At any time, the net field inside the conductor is equal to the sum of the external field plus the internal 

field due to the conductor’s distribution of charge carriers i.e. 𝑬𝑛𝑒𝑡 = 𝑬𝑒𝑥𝑡 + 𝑬𝑖𝑛𝑡 .  

Initially the external field is unperturbed and the internal field is zero as the charge carriers are essentially 

randomly distributed so the total field inside is identical to the external field i.e. 𝑬𝒏𝒆𝒕 (𝒊𝒏𝒊𝒕𝒊𝒂𝒍) = 𝑬𝒆𝒙𝒕.   

The charged carriers inside will move in response to the net field. Positive charged carriers will move 

along the direction of the net field and negative charged carriers in the opposite direction.  

As the charges move the internal field increases in magnitude and the net field reduces. While a net field 

is present inside the conductor the charges continue to move. The logical conclusion of this is that the 

charges will continue to move inside the conductor until the net field inside the conductor is exactly zero 

everywhere inside i.e. 𝑬𝒏𝒆𝒕 = 0 or 𝑬𝒆𝒙𝒕 = −𝑬𝒊𝒏𝒕.   

At this point electrostatic equilibrium is reached. The fields and charge distributions now appear as in 

figure 2.11: 
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Figure 2.11 The field in and around a conductor once electrostatic equilibrium is reached. Now the 

external field has been distorted and the internal field is arranged so that the sum of the two inside the 

conductor is exactly zero at all points within.  

The figure is also drawn so that the field at the edge of a conductor is always perpendicular to its 

surface. This is also necessary: if there were a perpendicular component of the field at the surface, then 

the charge carriers adjacent to this point would immediately move until this component were reduced to 

zero. This also means the external field undergoes some distortion at the surface of the conductor so that 

the exit and entry point of the field lines are always perpendicular to the surface.  

There is also an important other conclusion that will be deduced in section 3.5 but is simply stated now 

so that in summary:  

1. The net electrostatic field inside a conductor is always zero 

2. The electrostatic field at all points on the surface of a conductor is always perpendicular to the 

surface 

3. Any net charge inside a conductor resides at its surface  

These rules are well verified by experiment.  

It is also worth knowing that the redistribution of charge on the application of an electric field is quick – 

of the order of 10−12 s. This is measurably quick in some modern laboratories, and also well verified by 

experiment, but is far too fast for humans to notice on their own.  

 

Faraday cages 

A Faraday cage is any arrangement - man made or not - where a conductor completely surrounds a non-

conductor. The net field inside the cage is always zero so anything inside the cage is shielded from any 

external electrical fields, either static or varying.  

There are a huge number of uses and examples of Faraday cages, from the passengers inside metal 

vehicles being safe from lightning strike, to microwave ovens having a mesh inside to prevent leakage, to 

laboratory use with sensitive measurement of electric and magnetic fields.  
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Conductors with an imbalance of charges and no external field 

Now consider a conductor without an externally applied field but with a net imbalance of charges inside. 

To make the thought experiment simpler, imagine a conductor containing only positive charges. By the 

same argument as before, while a net electric field exists inside the conductor, the charge carriers will 

move. As before, they will move until the field inside the conductor is exactly zero - if it were not, then 

the charge carriers would continue to move.  

So for a conductor with a net non-zero charge the field inside must be zero and the charges reside on 

the surface with the external field perpendicular to the surface at all points.  
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