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In this unit, you will be able to

• demonstrate an understanding of the concepts, principles, and laws related to electric,

gravitational, and magnetic forces and fields, and explain them in qualitative and

quantitative terms

• conduct investigations and analyze and solve problems related to electric, gravitational,

and magnetic fields

• explain the roles of evidence and theories in the development of scientific knowledge

related to electric, gravitational, and magnetic fields

• evaluate and describe the social and economic impact of technological developments

related to the concept of fields
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Electric Charges 

and Electric Fields

In this chapter,
you will be able to

• define and describe

concepts and units related to

electric and gravitational

fields

• state Coulomb’s law and

Newton’s law of universal

gravitation, and analyze,

compare, and apply them in

specific contexts

• compare the properties of

electric and gravitational

fields by describing and

illustrating the source and

direction of the field in each

case

• apply quantitatively the

concept of electric potential

energy and compare it to

gravitational potential energy

• analyze quantitatively, and

with diagrams, electric fields

and electric forces in a

variety of situations

• describe and explain the

electric field inside and on

the surface of a charged

conductor and how the

properties of electric fields

can be used to control the

electric field around a

conductor

• perform experiments or

simulations involving

charged objects

• explain how the concept of a

field developed into a

general scientific model, and

describe how it affected

scientific thinking

The study of electric charge and electric fields is fundamental to understanding the

world around you. You have felt transfers of electric charge in static shock on a cold

winter day and have seen such transfers in the spectacular form of lightning (Figure 1).

Perhaps you have read of animals that use electric fields to detect prey. You have seen elec-

tric principles at work in office equipment such as photocopiers, computer printers,

and coaxial cables, and perhaps

also in medicine, in heart moni-

tors (Figure 2).

In this chapter you will study

the concepts of charge, electric

force, and electric fields more

thoroughly than in your previous

school years. You are also likely to

encounter some topics for the first

time: electric potential energy,

electric potential, or the motion

of charged particles in electric

fields. As we go through various

topics of this chapter, we will draw

comparisons with the previous

two units in this text and apply

our new knowledge to diverse

areas of nature and technology.
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1. Can you explain how the electrocardiograph in Figure 2 applies electric principles?

2. Why do you think computer towers are encased in metal?

3. Compare the force of gravity with the force between electric charges in terms of

direction, magnitude, and properties. How are these forces different, for example, in

the directions of the two forces and in the factors affecting their directions and 

magnitudes?

4. One mass exerts a force of attraction on another through its gravitational field. How

does one charge exert an electric force on another across a distance?

5. As a rocket moves from the surface of Earth, its gravitational potential energy

increases. How will the potential energy between (a) two charges of opposite signs

and (b) two charges of the same sign change as the charges move farther apart? 

6. Describe the motion of a charged particle

(a) between two oppositely charged parallel plates

(b) as it is moving directly away from another charge

Compare these cases to similar gravitational examples.

REFLECT on your learning

Figure 2

An electrocardiograph applies the principles of this

chapter in a way that might someday save your life.



Figure 1

Lightning is a spectacular display of the principles in this chapter.
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TRYTHIS activity Charging By Induction

• Place a charge on an ebonite rod by rubbing it with fur. (You may also use

acetate or a Plexiglas strip by rubbing it with fur or wool.) Using just these

materials, put onto a neutral eletroscope a charge opposite to the one you

just placed onto your rubbed object.

(a) Describe your procedure (in terms that make it clear that you did not

have to use any additional materials in charging the electroscope).

(b) Describe some test you could make to confirm that your procedure

worked. Would you need additional materials?
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7.17.1
Electric Charge and the 

Electrical Structure of Matter

Photocopiers, laser printers, and fax machines are all designed to imprint graphic ele-

ments, such as lines and letters, onto paper. These machines are so commonplace that

most of us probably take them for granted, not considering the technology that makes

them work. An understanding of the electrical structure of matter plays a major role in

these and future applications, such as electronic ink.

Before looking at the specific principles underlying these technologies, we will review

some important concepts.

The following are the fundamental laws of electric charges (Figure 1):

318 Chapter 7

The Laws of Electric Charges

Opposite electric charges attract each other.

Similar electric charges repel each other.

Charged objects attract some neutral objects.

The Bohr–Rutherford model of the atom can be used to explain electrification.

Consider, first, electrical effects in solids. Atomic nuclei do not move freely in a solid. Since

these fixed nuclei contain all the protons, the total amount of positive charge in a solid

is constant  and fixed in position. However, it is possible for some of the negative charges

within some solids to move because electrons, especially those farthest from the nuclei,

have the ability to move from atom to atom.

Electric charges on solid objects result from an excess or deficit of electrons. Thus the

charging of an object simply requires a transfer of electrons to or away from the object.

If electrons are removed from the object, the object will be charged positively; if electrons

are added, the object will be charged negatively. We depict neutral, negatively charged,

and positively charged objects with sketches having representative numbers of positive

and negative signs, as in Figure 2.

In such sketches, the number of 1 and 2 signs is not intended to represent the actual

number of excess positive or negative charges; it conveys the general idea of balance,

excess, or deficit. Notice that in Figure 2, the number of 1 signs is the same in each

case, and they are fixed in position in a regular pattern.

An electric conductor is a solid in which electrons are able to move easily from one atom

to another. (Most metals, such as silver, gold, copper, and aluminum, are conductors.)

Some of the outer electrons in these conductors have been called “conduction electrons”

for the way they can move about within the atomic framework of the solid. An insu-

lator is a solid in which the electrons are not free to move about easily from atom to
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Figure 1

Opposite charges attract; similar

charges repel.

Semiconductors

Semiconductors are another cate-

gory of electrical material that are

intermediate between conductors

and insulators in that they have very

few conduction electrons for con-

duction in their pure, or intrinsic,

state. Semiconductors become very

useful in the conduction of elec-

tricity when a small amount of a

particular impurity is added to them,

in a process called “doping.” Since

semiconductors are solids at room

temperature, the field of semicon-

ductor physics is referred to as

“solid state.” The most commonly

used semiconductors are silicon and

germanium. Transistors and inte-

grated circuits made from semicon-

ductors have revolutionized

electronics.

DID YOU KNOW??
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atom (Figure 3). Plastic, cork, glass, wood, and rubber are all excellent insulators.

Interestingly, the thermal properties of these materials are closely related to their elec-

trical properties.

Section 7.1
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Figure 2

Neutral and charged objects can be

represented by sketches with posi-

tive and negative signs.
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Figure 3

(a) On a spherical conductor

charge spreads out evenly. 

On an insulator the charge

remains in the spot where it

was introduced. 

(b) On conductors that are not

spherical the charges tend to

repel one another toward the

more pointed surfaces. 

Certain liquids are also conductors of electricity. The molecules of a liquid are free to

move about. In an insulating liquid, these molecules are neutral. Shuffling such mole-

cules around cannot produce a net movement of electric charge through the liquid. If,

however, some of the particles in the liquid are charged, whether positively or nega-

tively, the liquid is a conductor. Pure water contains essentially only neutral molecules

and is therefore an insulator. However, when a chemical such as table salt (or copper

sulphate, potassium nitrate, hydrochloric acid, chlorine, etc.) is added to the water, the

solution becomes a conductor. Many substances dissociate, or break apart, into posi-

tive and negative ions—charge carriers—when dissolved in water, making it a con-

ducting solution.

A gas can also be a conductor or insulator, depending on the electrical nature of its mol-

ecules. A charged object exposed to dry air will remain charged for a long time, which

shows that air cannot discharge the object by conduction. On the other hand, if the air

were exposed to X rays or nuclear radiation, the object would begin to discharge imme-

diately. Again, the molecules of a gas are normally neutral, but the presence of

X rays or other radiation can cause these neutral gas molecules to ionize, and this ion-

ized gas becomes a good conductor. Humid air, containing a large number of water mol-

ecules in the form of vapour, is also a good conductor because water molecules are able

to partially separate into positive and negative charges. More importantly, humid air

usually contains dissolved materials that ionize.

Plasma

A plasma is a fourth state of

matter that exists at very high tem-

peratures. It has very different

properties than those of the other

three states. Essentially, a plasma

is a very hot collection of positive

and negative ions and electrons.

Examples of plasmas are gases

used in neon lights, flames, and

nuclear fusion reactions.

DID YOU KNOW??
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Electronic Ink
Electronic ink technology (Figure 4) illustrates the basic laws of electric charge. Unlike

ordinary ink, electronic ink contains clear microcapsules the diameter of a human hair,

each filled with dozens of tiny white beads suspended in a dark liquid. The white beads

are negatively charged. Millions of these microcapsules are sandwiched between an

opaque insulating base and a clear insulating top layer.

Computer chips are designed to place charges in specific places on the base layer.

Giving the base layer a positive charge in a certain area (a picture element, or “pixel”) causes

the small, negatively charged beads to sink to the bottom of the microcapsules, making

the pixel, as viewed through the transparent top layer, dark. Conversely, a negative charge

under the pixel drives the white beads upward in the microcapsule fluid, making the

pixel white.

Placing these dark and white pixels in the correct places allows us to form characters

and drawings, as on a computer screen. It is possible that in coming years, electronic

ink will revolutionize publishing.

Charging By Friction
We know that some substances acquire an electric charge when rubbed with other sub-

stances. For example, an ebonite rod becomes negatively charged when rubbed with fur.

This phenomenon can be explained with the help of a model of the electrical structure

of matter.

An atom holds on to its electrons by the force of electrical attraction to its oppositely

charged nucleus. When ebonite and fur are rubbed together, some of the electrons orig-

inally in the fur experience a stronger attraction from atomic nuclei in the ebonite than

they do from nuclei in the fur. Consquently, after the rubbing, the ebonite has an excess

of electrons, and the fur has a deficit (Figure 5).

Physics is

FUN!

microcapsules

beads

base layer

(a)

dark liquid

dark pixel white pixel

base layer

(b)

Figure 4

(a) Microcapsules in electronic ink

rest on an opaque base layer,

covered by a clear top layer. 

(b) Dark pixels are formed when a

positive charge is placed on the

base layer. White pixels are

formed when a negative charge

is placed on the base layer.
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Figure 5

When ebonite and fur are rubbed together,

some of the electrons from the fur are captured

by more strongly attracting atomic nuclei in the

ebonite. After the rubbing, the ebonite has an

excess of electrons, and the fur has a deficit.



The same process occurs with many other pairs of substances, such as glass and silk.

Table 1 lists various substances that can be charged by friction. If two substances in the

table are rubbed together, the substance that is lower in the table acquires an excess of

electrons, the substance higher in the table a deficit.

Section 7.1

Table 1 The Electrostatic Series

acetate weak hold on electrons

glass

wool

cat fur, human hair

calcium, magnesium, lead increasing tendency

silk to gain electrons

aluminum, zinc

cotton

paraffin wax

ebonite

polyethylene (plastic)

carbon, copper, nickel

rubber

sulphur

platinum, gold strong hold on electrons

Induced Charge Separation
The positive charges on a solid conductor are fixed, and vibrate around their fixed posi-

tions. Some of the negative electrons are quite free to move about from atom to atom. When

a negatively charged ebonite rod is brought near a neutral, metallic-coated pith ball or metal-

leaf electroscope, some of the many free electrons are repelled by the ebonite rod and

move to the far side of the pith ball or metal-leaf electroscope (conductor).

The separation of charge on each of these objects is caused by the presence of the

negative distribution of charge on the ebonite rod. This separation is called an induced

charge separation (Figure 6). A charge separation will also result from the presence of

a positively charged rod (Figure 7).

induced charge separation distri-

bution of charge that results from a

change in the distribution of elec-

trons in or on an object
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+

Figure 6

Induced charge separation caused

by the approach of a negatively

charged ebonite rod
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It is true that there is repulsion between the rod and the similar charge on the far side

of the ball. However, the strength of the electric forces between similar and opposite

charges depends on the distance between the charges. As the distance increases, the mag-

nitude of the force of attraction or repulsion decreases, as you will learn in more detail

in the next section. Hence, there is a net attraction of the neutral ball.

Charging By Contact
When a charged ebonite rod makes contact with a neutral pith ball, some of the excess

electrons on the ebonite rod, repelled by the proximity of their neighbouring excess elec-

trons, move over to the pith ball. The pith ball and the ebonite rod share the excess of

electrons that the charged rod previously had. Both now have some of the excess; hence,

both are negatively charged. A similar sharing occurs when a charged ebonite rod makes

contact with the knob of a metal-leaf electroscope (Figure 9).

When we perform the same operation with a positively charged glass rod, some of

the free electrons on the pith ball or metal-leaf electroscope are attracted over to the

glass rod to reduce its deficit of electrons (Figure 10). The electroscope and the rod

share the deficit of electrons that the rod previously had, and both have a positive charge.
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Figure 7

Induced charge separation caused by the

approach of a positively charged glass rod
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Attraction of a neutral pith ball to a negatively

charged ebonite rod

ebonite rod

metal-leaf electroscope

flow of electrons

Figure 9

Charging by contact with a nega-

tively charged ebonite rod

In both examples using the neutral pith ball, the charge induced on the near side of

the pith ball is the opposite of the charge on the approaching rod. As a result, the pith

ball is attracted to the rod, whether the rod is charged positively or negatively. This is how

a charged object can attract some neutral objects (Figure 8).
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Charging By Induction
We learned that a charged rod can induce a charge separation on a neutral conductor. When

a charged ebonite rod is brought near the knob of a neutral metal-leaf electroscope, free

electrons on the electroscope move as far away as possible from the negative rod. If you

touch the electroscope with your finger, keeping the ebonite rod in place, electrons are

induced to vacate the electroscope and flow through your finger (Figure 11(a)). When your

finger is removed, the electroscope is left with a deficit of electrons and, therefore, a pos-

itive charge. The leaves will remain apart even when the ebonite rod is removed.

A positively charged rod held near the knob of an electroscope induces electrons to move

through your finger onto the electroscope. Now, when the finger is removed, the elec-

troscope is left with an excess of electrons and, therefore, a negative charge (Figure 11(b)).

One might ask in all these methods of charging objects how the total charge at the begin-

ning compares to the final total charge. In all the methods of charging, one object gains

electrons while the other loses the same amount. As a result, the total charge is always con-

stant. In fact, the total charge in an isolated system is always conserved; this is called the

law of conservation of charge.

Section 7.1
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Charging by contact with a positively charged glass rod
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Notice that the leaves of the electro-

scope fall, indicating a neutral con-

dition of the leaves while the finger

is in position.

Law of Conservation of Charge

The total charge (the difference between the amounts of

positive and negative charge) within an isolated system is

conserved.

As we will see in Unit 5, this is true in all cases, not just in charging objects.

TRYTHIS activity Charging Objects

Charge an object by friction and bring it near a stream of smoke rising from a wooden

splint. What do you see? Explain why it happens.

(a)

(b)
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The Photocopier
The electrostatic photocopier illustrates the basic properties of electric charges discussed

in this section. The central device in the process is an aluminum drum covered with a

fine layer, less than 50 mm thick, of the photoconductive metal selenium (Figure 12(a)).

Photoconductors are materials that act as a conductor when exposed to light and as an insu-

lator in the dark. When the copier is being set up to make a copy, an electrode, called a

Figure 12

(a) A typical electrostatic photocopier

(b) Steps in making a photocopy

corotron
for drum

coroton
for paper

heated
pressure rollers

finished
copy

selenium-coated 
drum

lens

1. Charging the
    drum

3. Fixing the toner
    to the drum

2. Imaging the document
    on the drum

negatively 
charged

    toner              

4. Transferring the toner
    to the paper

5. Melting the toner
    into the paper

(b)

Practice

Understanding Concepts

1. Describe how electronic ink technology illustrates the

basic laws of electric charges.

2. As you walk across a rug on a dry winter day, electrons

transfer from the rug to your body. 

(a) How does the charge on your body compare to the

charge on the rug?

(b) By what method are you achieving a transfer of

charge? Explain your reasoning.

(c) Why does this method of developing a charge on your

body work best when the air is dry? 

3. When a negatively charged object comes into contact with

the metal knob at the top of a neutral metal-leaf electro-

scope, the two leaves, which normally hang straight down,

move apart.

(a) Explain why the leaves move apart.

(b) Explain how the metal-leaf electroscope can be used

to indicate the amount of the charge on the object.

(c) Is it necessary for the charged object to touch the

electroscope to cause the leaves to move apart?

Explain your reasoning.

4. When physically upgrading the memory in your computer,

you are asked to touch the metal casing before handling

the chip. Explain why.

copy
output

original
document

lamps selenium-coated drum

heated pressure
rollers

corotron
for drum

corotron
for paper

copy paper

(a)

NEL
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corotron, deposits a positive charge, in darkness, uniformly over the entire surface of the

selenium (Figure 12(b), step 1). The selenium will retain this charge unless exposed to

light, in which case electrons from the underlying aluminum—an excellent conductor—

roam through the selenium, neutralizing the positive charge.

When the copier lamp comes on and the actual copying begins, light is reflected from

the document through a series of lenses and mirrors onto the selenium (step 2). In

places where the document is white, light is strongly reflected onto the selenium drum

surface, causing it to act as a conductor and lose its charge. Where the document is black,

no light is reflected onto the drum, causing the charge to be retained. An electrical image

of the document is thus created on the drum—neutral where the original is white, pos-

itively charged where the original is black. This image will persist as long as the drum is

kept dark.

The electrical image on the drum is developed into a dry copy, using a dry black

powder called “toner.” Toner particles, made of plastic, are first given a negative charge,

and then spread over the rotating drum (step 3). The particles are attracted to the charged

areas of the drum but not to the neutral areas. Powder that does not adhere to the drum

falls into a collecting bin for reuse.

To create a copy of this image, the toner must be transferred to paper. To do this, a

second corotron gives a sheet of paper a positive charge greater than the charge on the

selenium (step 4). As the drum rolls across this paper, toner particles that a moment

ago adhered to the drum are attracted to the paper, forming an image on it.

If you were to rub your finger across the paper at this stage, the toner would smudge.

To “fix,” or immobilize, the image, heat from pressure rollers melts the plastic toner par-

ticles, fusing them to the paper (step 5).

Section 7.1

• The laws of electric charges state: opposite electric charges attract each other;

similar electric charges repel each other; charged objects attract some neutral

objects.

• There are three ways of charging an object: by friction, by contact, and by 

induction.

Electric Charge and the Electrical

Structure of Matter
SUMMARY

Practice

Understanding Concepts

5. Explain why copies emerging from an electrostatic photocopier are hot, and why they

tend to stick together.

6. Which material(s) in the photocopying process have to be replenished from time to

time?

7. List the properties of selenium, and explain how they are essential to the operation of

an electrostatic photocopier.

Making Connections

8. If you changed the toner on a photocopier and got some toner on your hands, should

you use warm water or cold water to remove it? Explain your answer.

Electrostatic Photocopying

Electrostatic photocopying is also

called xerography, from the Greek

xeros, “dry,” and graphein, “to

write.” Until the 1960s, photo-

copying required wet chemicals.

DID YOU KNOW??
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Section 7.1 Questions

Understanding Concepts

1. In the following examples, explain how the charge develops

on each rod and where it can be found by discussing the

movement of electrons. Compare it to the charge on the

material or charging object.

(a) A glass rod is rubbed with a plastic bag.

(b) An ebonite rod is rubbed with fur.

(c) A small metal rod on an insulated stand is touched by

a positively charged identical metal rod.

(d) A small metal rod on an insulated stand is touched by

a negatively charged large metal sphere.

2. Explain, with an example, how to charge an object posi-

tively using only a negatively charged object.

3. Explain how an electrically neutral object can be attracted

to a charged object.

4. (a) The leaves of a charged metal-leaf electroscope will

eventually lose their charge and fall back down to ver-

tical. Explain why this occurs.

(b) Explain why the leaves of the electroscope will lose

their charge faster if

(i) the humidity in the air is higher

(ii) the electroscope is at a higher altitude

5. (a) Identify each of the following as a conductor or insu-

lator and explain how the properties of this type of

substance are essential to photocopying:

(i) aluminum (iii)  selenium (v)  rubber rollers

(ii) paper (iv)  toner

(b) Explain what would go wrong in the photocopying

process if the substances above were the opposite of

what you identified.

Applying Inquiry Skills

6. Outline, using diagrams and explanations, the design of an

electrostatic device suitable for filtering charged particles

out of air ducts in a home. Describe any maintenance your

device requires.

7. Two oppositely charged pith ball electroscopes are used to

determine whether an object has a charge and, if it does,

the type of charge. Discuss the observations expected and

explain why both electroscopes are needed.

8. Tear a piece of paper into several small pieces. Charge a

plastic pen and two other objects by rubbing them on your

hair or on some fabric. Bring each charged object near the

pieces of paper.

(a) Describe what you observe, listing the three materials

you charged.

(b) Why are the pieces of paper attracted to the charged

object?

(c) Why do some pieces of paper fall off your charged

objects after a short while?

(d) When using a conducting sphere with a large charge,

the paper “jumps” off instead of falling. Explain why

this happens.

Making Connections

9. Laser printers work on principles similar to electrostatic

photocopiers. Research laser printer technology and

answer the following questions:

(a) What is the role of the laser in making the printouts?

(b) Why are copies made from laser printers of such high

quality?

10. Fabric softener sheets claim to reduce static cling between

the clothes in a dryer. Research fabric softeners and

answer the following questions:

(a) Why do clothes cling to each other when they are

removed from a dryer?

(b) How does a fabric softener sheet alleviate the

problem?

11. Long, thin conducting strips are placed near the ends of

airplane wings to dissipate the charge that builds up on the

plane during flight. Research this technology and answer

the following questions:

(a) Why does an airplane develop a charge in flight?

(b) What feature of the atmosphere plays a role in

removing the charge from the plane?

(c) Why are the conducting strips long and thin and

placed near the end of the wings (Figure 13)?

Figure 13

Long, thin conducting strips are placed at the end

of airplane wings to reduce charge.

GO www.science.nelson.com

GO www.science.nelson.com

GO www.science.nelson.com
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7.27.2Electric Forces: Coulomb’s Law

All the matter around you contains charged particles, and it is the electric forces between

these charged particles that determine the strength of the materials and the properties

of the substances. But knowing whether the charges attract or repel is not enough; we

must also know the factors that determine the magnitude of the electric force between

charges. Investigation 7.2.1 in the Lab Activities section at the end of this chapter explores

these factors.

Often scientists use well-established theories, patterns, and laws when investigating new

phenomena. For example, when scientists began, in the eighteenth century, to study in

a systematic way the electric force between charges, they hypothesized that the force

would obey an inverse square law, drawing upon their experience with gravitation. In fact,

in 1785, when the French physicist Charles Augustin de Coulomb experimentally estab-

lished the quantitative nature of the electric force between charged particles, it was

already widely expected to be an inverse square law.

Coulomb devised a torsion balance similar to that used by Cavendish in his study of

gravitational forces but with small charged spheres in place of Cavendish’s masses

(Figure 1).

Coulomb’s apparatus consisted of a silver wire attached to the middle of a light hor-

izontal insulating rod. At one end of the rod was a pith ball covered in gold foil. At the

other end, to balance the rod, a paper disk was attached. Coulomb brought an identical

stationary ball into contact with the suspended ball. He charged both balls equally by

touching one of them with a charged object. The two balls then repelled each other,

twisting the wire holding the rod until coming to rest some distance away.

Since Coulomb knew how much force was required to twist his wire through any

angle, he was able to show that the magnitude of this electric force, FE, was inversely

proportional to the square of the distance, r, between the centres of his charged spheres

(Figure 2):

FE ~ }
r

1
2
}

Coulomb also investigated the relationship between the magnitude of the electric

force and the charge on the two spheres. By touching either charged sphere with an

identical neutral sphere, he was able to divide its charge in half. By repeatedly touching

Factors Affecting Electric Force

between Charges (p. 372)

How would you show that the force

between charged particles obeys an

inverse square law? Can you devise

two or three different experiments?

INVESTIGATION 7.2.1

Figure 2

The electrostatic force of repulsion between two identical

spheres at different distances

(a)

+

+
+
+

+
+

+

+
++

+
+
+

+

+
++

+
+
+

(b)

Figure 1

(a) Part of Coulomb’s device 

(b) The two similarly charged

spheres repel each other,

twisting the wire until the

restoring force from the wire,

which resists the twist, bal-

ances the electrostatic force.
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a charged sphere with an identical neutral sphere, he was able to reduce the charge to a

quarter, an eighth, a sixteenth, … of its original value. Such manipulations revealed that,

for example, halving the charge on one sphere decreased the force of electrostatic repul-

sion to half its original value, whereas halving both charges reduced the force to a quarter

of its initial value. Coulomb concluded that the magnitude of the electric force is directly

proportional to the product of the magnitudes of the charges on each sphere:

FE ~ q1q2

where q1 and q2 are the respective magnitudes of the charges on the two spheres.

Combining these two results, we have what has become known as Coulomb’s law of

electric forces:

FE ~ }

q

r

1q

2

2
}

and FE 5 }

kq

r

1

2

q2
}

where k is a proportionality constant, known as Coulomb’s constant.

Coulomb’s law applies when the charges on the two spheres are very small, and the two

spheres are small compared to the distance between them. In this case, the charge dis-

tribution on the surface of the spheres will be fairly uniform. If the charge on a sphere

is uniformly distributed, then the force measured between the two spheres is the same

as if all the charge on each sphere is concentrated at the centre. (This is why we measure

r from the centre of each sphere.) It can be assumed that Coulomb’s law is extremely

accurate when using point charges and reasonably accurate when the spheres are small.

The difference in accuracy is due to the presence of the second charged sphere that

causes the charge on the surface of each sphere to redistribute so r can no longer be

measured from the centre of the spheres. When the spheres are small, the charge distri-

bution stays nearly uniform due to the strong repulsive forces between the charges on

each sphere. This is only true if the distance between the spheres is large compared to the

size of the spheres.

Now Coulomb’s law may be defined in words:

A B

F
E
F

E
q1 q2

r

Figure 3

By Newton’s third law, the electric

force exerted on body A by body B

is equal in magnitude and opposite

in direction to the force exerted on

B by A.

Coulomb’s Law

The force between two point charges is inversely 

proportional to the square of the distance between 

the charges and directly proportional to the product 

of the charges.

The forces act along the line connecting the two point charges. The charges will repel

if the forces are alike and attract if unlike. In all cases, Coulomb’s law is consistent with

Newton’s third law, so when using the equation to find the magnitude of one of the

forces, the magnitude of the force on the other sphere is also known to be equal in mag-

nitude but opposite in direction (Figure 3). However, to calculate the magnitude of an

electric force quantitatively, in newtons, using Coulomb’s law, it is necessary to measure

the magnitude of each electric charge, q1 and q2, as well as establish a numerical value

for the Coulomb proportionality constant, k.

Electric charge is measured in units called coulombs (SI unit, C). The exact definition

of a coulomb of charge depends on the force acting between conductors through which

charged particles are moving. This will be explained fully in Chapter 8, when we learn

about these forces. How large, in practical terms, is the coulomb? A coulomb is approx-

coulomb (C) the SI unit of electric

charge



Electric Charges and Electric Fields 329NEL

imately the amount of electric charge that passes through a standard 60-W light bulb (if

connected to direct current) in 2 s. In comparison, an electrostatic shock that you might

receive from touching a metallic doorknob after walking across a woollen rug, involves

the transfer of much less than a microcoulomb. Charging by friction typically builds

up around 10 nC (10–8 C) for every square centimetre of surface area. The attempt to add

more charge typically results in a discharge into the air. Therefore, storing even 1 C of

charge is difficult. Because Earth is so large, it actually stores a huge charge, roughly

400 000 C, and releases approximately 1500 C of charge every second in storm-free areas

to the atmosphere. The balance of charge is maintained on Earth by other objects

dumping excess charge through grounding and when lightning strikes Earth. A bolt

may transfer up to 20 C (Figure 4).

The value of the proportionality constant k may be determined using a torsional

balance similar to that used by Cavendish. By placing charges of known magnitude a

given distance apart and measuring the resulting angle of twist in the suspending wire,

we can find a value for the electric force causing the twist. Then, using Coulomb’s law

in the form

k 5 }
q

F

1

E

q

r 2

2

}

a rough value for k can be determined. Over the years, a great deal of effort has gone

into the design of intricate equipment for measuring k accurately. To two significant

digits, the accepted value for this constant is 

k 5 9.0 3 109 N?m2/C2

Section 7.2

Figure 4

The charge transfer that occurs

between Earth and the clouds 

maintains the balance of charge.

The magnitude of the electrostatic force between two small, essentially pointlike, charged

objects is 5.0 3 1025 N. Calculate the force for each of the following situations:

(a) The distance between the charges is doubled, while the size of the charges stays the

same.

(b) The charge on one object is tripled, while the charge on the other is halved.

(c) Both of the changes in (a) and (b) occur simultaneously.

Solution

F1 5 5.0 3 1025 N

F2 5 ?

(a) Since FE ~ }
r

1
2
},

}
F

F
2

1

} 5 1}
r

r
1

2
}2

2

F2 5 F11}
r

r
1

2
}2

2

5 (5.0 3 1025 N)1}
2

1
}2

2

F2 5 1.2 3 1025 N

When the distance between the charges is doubled, the magnitude of the force

decreases to 1.2 3 1025 N.

SAMPLE problem 1
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(b) Since FE ~ qAqB,

}
F

F
2

1

} 5

F2 5 F11}

q

q

A

A

2

1

}21}

q

q

B

B

2

1

}2
5 (5.0 3 1025 N) 1}

2

1
}21}

3

1
}2

F2 5 7.5 3 1025 N

When the charge on one object is tripled, and the charge on the other object is

halved, the magnitude of the force increases to 7.5 3 1025 N.

(c) Since FE ~ }

qA

r

q

2

B
},

}
F

F
2

1

} 5 1 21}
r

r
1

2
}2

2

F2 5 F11}

q

q

A

A

2

1

}21}

q

q

B

B

2

1

}21}
r

r
1

2
}2

2

5 (5.0 3 1025 N) 1}
2

1
}21}

3

1
}21}

1

2
}2

2

F2 5 1.9 3 1025 N

When the charges and the separation from (a) and (b) change simultaneously, the

magnitude of the force decreases to 1.9 3 1025 N.

qA2
qB2

}

qA2
qB2

}

Adhesive Tape

The electrostatic force contributes to

the stickiness of adhesive tape.

When adhesive tape is attached to

another material, the distance

between the charges in the two

materials is very small. The electrons

can pass over the small distance,

causing the two objects to have

opposite charges and contributing to

the adhesive bond. The small pits are

there because, when pulling adhe-

sive tape off a surface, parts of the

adhesive stay stuck on the material.

DID YOU KNOW??

What is the magnitude of the force of repulsion between two small spheres 1.0 m apart, if

each has a charge of 1.0 3 10212 C?

Solution

q1 5 q2 5 1.0 3 10212 C

r 5 1.0 m

FE 5 ?

FE = }

kq

r

1

2

q2
}

5

FE 5 9.0 3 10215 N

The magnitude of the force of repulsion is 9.0 3 10215 N, a very small force.

(9.0 3 109 N?m2/C2)(1.0 3 10212 C)2

}}}}
(1.0 m)2

SAMPLE problem 2

Practice

Understanding Concepts

1. Two charged spheres, 10.0 cm apart, attract each other with a force of magni-

tude 3.0 3 1026 N. What force results from each of the following changes, con-

sidered separately?

(a) Both charges are doubled, while the distance remains the same.

Answer

1. (a) 1.2 3 1025 N
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Coulomb’s Law versus the Law of 
Universal Gravitation

There are many similarities between Coulomb’s law 1FE 5 }
kq

r
1
2

q2
}2 and Newton’s law 

of universal gravitation 1Fg 5 }
Gm

r
1
2

m2
}2:

• Both are inverse square laws that are also proportional to the product of another

quantity; for gravity it is the product of two masses, and for the electric force it is

the product of the two charges.

• The forces act along the line joining the centres of the masses or charges.

• The magnitude of the force is the same as the force that would be measured if all

the mass or charge is concentrated at a point at the centre of the sphere.

Therefore, distance in both cases is measured from the centres of the spheres. In

both cases we are assuming that r is longer than the radius of the object.

These parallels cannot be viewed as a concidence. Their existence implies that there

may be other parallels between electric and gravitational forces.

However, the two forces also differ in some important ways:

• The electric force can attract or repel, depending on the charges involved,

whereas the gravitational force can only attract.

• The universal gravitational constant, G 5 6.67 3 10–11 N?m2/kg2, is very 

small, meaning that in many cases the gravitational force can be ignored 

unless at least one of the masses is very large. In contrast, Coulomb’s constant,

k 5 9.0 3 109 N?m2/C2, is a very large number (over one hundred billion billion

times bigger than G), implying that even small charges can result in noticeable

forces.

Section 7.2

Answers

1. (b) 1.5 3 1026 N

(c) 3.3 3 1027 N

2. (a) 9.0 3 1026 N 

(b) 5.8 3 1026 N

(c) 4.0 3 1026 N

3. 1.8 3 1022 N

4. 1.9 N

5. 1.0 3 10211 C; 2.0 3 10211 C

6. 0.51 m

7. 1.2 3 1027 C

2.0 g 2.0 g

30.0°

Figure 5

For question 7

(b) An uncharged, identical sphere is touched to one of the spheres and is then

taken far away.

(c) The separation is increased to 30.0 cm.  

2. The magnitude of the force of electrostatic repulsion between two small posi-

tively charged objects, A and B, is 3.6 3 1025 N when r 5 0.12 m. Find the force

of repulsion if r is increased to (a) 0.24 m, (b) 0.30 m, and (c) 0.36 m.

3. Calculate the force between charges of 5.0 3 1028 C and 1.0 3 1027 C if they

are 5.0 cm apart.

4. Calculate the magnitude of the force a 1.5 3 1026 C charge exerts on a 

3.2 3 1024 C charge located 1.5 m away.

5. Two oppositely charged spheres, with a centre-to-centre separation of 4.0 cm,

attract each other with a force of magnitude 1.2 3 1029 N. The magnitude of the

charge on one sphere is twice the magnitude of the charge on the other.

Determine the magnitude of the charge on each.

6. Two equal uniform spherical charges, each of magnitude 1.1 3 1027 C, experi-

ence an electrostatic force of magnitude 4.2 3 1024 N. How far apart are the

centres of the two charges?

7. Two identical small spheres of mass 2.0 g are fastened to the ends of an insulating

thread of length 0.60 m. The spheres are suspended by a hook in the ceiling from

the centre of the thread. The spheres are given identical electric charges and hang

in static equilibrium, with an angle of 30.0° between the string halves, as shown in

Figure 5. Calculate the magnitude of the charge on each sphere.
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Just as a mass can be attracted gravitationally by more than one body at once, so a

charge can experience electric forces from more than one body at once. Experiments

have shown that the force between two charges can be determined using Coulomb’s law

independently of the other charges present, and that the net force on a single charge is

the vector sum of all these independently calculated electric forces acting on it. If all the

charges lie on a straight line, we can treat electric forces like scalars, using plus and minus

signs to keep track of directions. If the charges do not lie on a straight line, trigonom-

etry and symmetries are used.

Charged spheres A and B are fixed in position (Figure 6) and have charges 

14.0 3 1026 C and 22.5 3 1027 C, respectively. Calculate the net force on sphere C,

whose charge is 16.4 3 1026 C.

Solution

qA 5 14.0 3 1026 C rAB 5 20.0 cm

qB 5 22.5 3 1027 C rBC 5 10.0 cm

qC 5 +6.4 3 1026 C oF#$net 5 ?

Since all three charges are in a straight line, we can take the vector nature of force into

account by assigning forces to the right as positive. Sphere C has forces acting on it from

spheres A and B. We first determine the magnitude of the force exerted on C by A:

FCA 5 }

k

r

q

C

A

A

q

2

C
}

5

FCA 5 2.6 N

Therefore, F#$CA 5 2.6 N [right].

Next, we determine the magnitude of the force exerted on C by B: 

FCB 5 }

k

r

q

C

B

B

q

2

C
}

5

FCB 5 1.4 N

Our formulation of Coulomb’s law gives only the magnitude of the force. But since B and C

are dissimilar charges, we know that B attracts C leftward, so the direction of the force

exerted on C by B is 

F#$BC 5 1.4 N [left]

(9.0 3 109 N?m2/C2)(2.5 3 1027 C)(6.4 3 1026 C)
}}}}}}

(0.10 m)2

(9.0 3 109 N?m2/C2)(4.0 3 1026 C)(6.4 3 1026 C)
}}}}}}

(0.30 m)2

SAMPLE problem 3

A B C

20.0 cm

+ − +

10.0 cm +x

Figure 6
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Section 7.2

A B

D

25 cm

C

−

− +

+

Figure 7

For Sample Problem 4

A B

D

3.6 N

C

−

− +

+

1.8 N
3.6 N

3.6 N

3.6 N

3.6 N3.6 N

3.6 N

3.6 N

1.8 N

1.8 N1.8 N

+x

+y

The net force acting on sphere C is the sum of F#$CA and F#$CB:

oF#$ 5 F#$CA 1 F#$CB

5 2.6 N [right] 1 1.4 N [left]

oF#$ 5 1.2 N [right]

The net force acting on sphere C is 1.2 N [right].

Identical spheres A, B, C, and D, each with a charge of magnitude 5.0 3 1026 C, are situ-

ated at the corners of a square whose sides are 25 cm long. Two diagonally opposite

charges are positive, the other two negative, as shown in Figure 7. Calculate the net force

acting on each of the four spheres. 

Solution

qA 5 qB 5 qC 5 qD 5 5.0 3 1026 C

s 5 25 cm 5 0.25 m

r 5 35 cm 5 0.35 m

oF#$ 5 ?

Each sphere experiences three electric forces, one from each of the two adjacent charges

(acting along the sides of the square) and one from the more distant charge (acting along

the diagonal). While some of the 12 forces acting will be attractions and some will be

repulsions, each of the 12 forces has one of just two possible magnitudes: one magnitude

in the case of equal charges 25 cm apart, the other in the case of equal charges separated

by the length of the diagonal, 35.4 cm. We begin by determining these two magnitudes: 

Fside 5

5

Fside 5 3.6 N

Fdiag 5

5

Fdiag 5 1.8 N

Then draw a vector diagram showing each of these forces with its vector in the appro-

priate direction, whether an attraction or repulsion. The required diagram is shown in

Figure 8. We find that the forces acting on each sphere are similar, comprising in each

case an attraction of 3.6 N along two sides of the square and a repulsion of 1.8 N along

the diagonal. The net force on each sphere is the vector sum of these three forces. As an

example, we find the three-vector sum for sphere A. Using the rules for vector addition,

and drawing the vectors tip-to-tail, we obtain the diagram in Figure 9.

The desired sum (the dashed vector) has a magnitude equal to the length of the

hypotenuse in the vector triangle minus 1.8 N. The magnitude of the hypotenuse is

Ï(3.6 Nw)2 1 (3w.6 N)2w 5 5.1 N

(9.0 3 109 N?m2/C2)(5.0 3 1026 C)2

}}}}
(0.35 m)2

kq1q2
}

r 2

(9.0 3 109 N?m2/C2)(5.0 3 1026 C)2

}}}}
(0.25 m)2

kq1q2
}

s2

SAMPLE problem 4

Figure 8

For the solution to Sample 

Problem 4

charge A
FB = 3.6 N

FD = 3.6 N

FC = 1.8 N

v = 45°

oF

Figure 9

The net force on charge A
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Answers

8. 0.54 N [left]; 2.8 N [right]; 

2.3 N [left]

9. 6.2 N [outward, 150° away from

each side] 

Therefore,

oF#$ 5 5.1 N 2 1.8 N

oF#$ 5 3.3 N

We can now find the direction of the vector sum from the diagram:

oF#$ 5 3.3 N [45° down from right]

The same calculation at each of the other three corners produces the same result: a net

force of 3.3 N directed inward along the corresponding diagonal.

The same problem may be readily solved using components of the forces, in the x and y

directions, acting on each sphere.

For the force on sphere A:

oF#$ 5 F#$B 1 F#$C 1 F#$D

Components in the x direction:

FAx 5 FBx 1 FCx 1 FDx 5 3.6 N 1 (21.8 N cos 45°) 1 0 5 2.3 N

Components in the y direction:

FAy 5 FBy 1 FCy 1 FDy 5 0 1 (11.8 N cos 45°) 1 (23.6 N) 5 22.3 N

Therefore,

oF 5 Ï(FAx )2w1 (FAy
w)2w

5 Ï(2.3 Nw) 1 (2w2.3 N)w2w

oF 5 3.3 N

v 5 tan21

5 tan211

v 5 45°

oF#$ 5 3.3 N [45° down from right]

The net force acting on each charge is 3.3 N toward the centre of the square.

FAy
}

FAx

Practice

Understanding Concepts

8. Three objects, carrying charges of 24.0 3 10–6 C, 26.0 3 1026 C, and

19.0 3 1026 C, are placed in a line, equally spaced from left to right by a dis-

tance of 0.50 m. Calculate the magnitude and direction of the net force acting

on each.

9. Three spheres, each with a negative charge of 4.0 3 1026 C, are fixed at the ver-

tices of an equilateral triangle whose sides are 0.20 m long. Calculate the mag-

nitude and direction of the net electric force on each sphere.



Electric Charges and Electric Fields 335NEL

Section 7.2

• Coulomb’s law states that the force between two point charges is inversely 

proportional to the square of the distance between the charges and directly 

proportional to the product of the charges: FE 5 }

kq

r

1

2

q2
}, where

k 5 9.0 3 109 N?m2/C2.

• Coulomb’s law applies when the charges on the two spheres are very small, and

the two spheres are small compared to the distance between them.

• There are similarities and differences between Coulomb’s law and Newton’s law

of universal gravitation: Both are inverse square laws that are also proportional to

the product of quantities that characterize the bodies involved; the forces act

along the line joining the two centres of the masses or charges; and the magni-

tude of the force is accurately given by the force that would be measured if all the

mass or charge is concentrated at a point at the centre of the sphere. However, the

gravitational force can only attract while the electric force can attract or repel.

The universal gravitational constant is very small, while Coulomb’s constant is

very large.

Electric Forces: Coulomb’s LawSUMMARY

Section 7.2 Questions

Understanding Concepts

1. (a) Describe the electric force between two small charges

and compare this force to the gravitational force

between two small masses. How are the two forces

different?

(b) State Coulomb’s law and Newton’s law of universal

gravitation. In which respect are these two laws sim-

ilar? How are they different? Organize your answer by

copying and completing Figure 10.

2. Two identical metal spheres, each with positive charge q, are

separated by a centre-to-centre distance r. What effect will

each of the following changes have on the magnitude of the

electric force FE exerted on each sphere by the other?

(a) The distance between the two spheres is tripled.

(b) The distance between the two spheres is halved. 

(c) Both charges are doubled. 

(d) One of the charges becomes negative.

(e) One sphere is touched by an identical neutral sphere,

which is then taken far away and the distance is

decreased to }
2

3
} r.

3. Two small spheres of charge 15.0 mC and 24.0 mC are

separated by a distance of 2.0 m. Determine the magnitude

of the force that each sphere exerts on the other. 

4. Two 10.0-kg masses, each with a charge of 11.0 C, are sep-

arated by a distance of 0.500 km in interstellar space, far

from other masses and charges. 

(a) Calculate the force of gravity between the two objects. 

(b) Calculate the electric force between the two objects. 

(c) Draw FBDs showing all the forces acting on the

objects.

(d) Calculate the net force on each object, and use it to

find the initial acceleration of each object.

(e) Repeat (c) ignoring the gravitational force. What have

you found?

commondifferent different

Venn Diagram

Newton’s

law

Coulomb’s

law

Figure 10
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5. Two identically charged small spheres, of negligible mass,

are separated by a centre-to-centre distance of 2.0 m. The

force between them is 36 N. Calculate the charge on each

sphere. 

6. Neutral metal sphere A, of mass 0.10 kg, hangs from an

insulating wire 2.0 m long. An identical metal sphere B,

with charge 2q, is brought into contact with sphere A. The

spheres repel and settle as shown in Figure 11. Calculate

the initial charge on B. 

7. Three objects with charges 15.0 mC, 26.0 mC, and 

17.0 mC are placed in a line, as in Figure 12. Determine

the magnitude and direction of the net electric force on

each charge. 

8. Four objects, each with a positive charge of 1.0 3 1025 C,

are placed at the corners of a 45° rhombus with sides of

length 1.0 m, as in Figure 13. Calculate the magnitude of

the net force on each charge. 

9. Two small spheres, with charges 1.6 3 1025 C and 

6.4 3 1025 C, are 2.0 m apart. The charges have the same

sign. Where, relative to these two spheres, should a third

sphere, of opposite charge 3.0 3 1026 C, be placed if the

third sphere is to experience no net electrical force? Do we

really need to know the charge or sign of the third object? 

10. Two spheres are attached to two identical springs and 

separated by 8.0 cm, as in Figure 14. When a charge of

2.5 3 1026 C is placed on each sphere, the distance

between the spheres doubles. Calculate the force constant

k of the springs. 

Applying Inquiry Skills

11. A charged sphere is attached to an insulating spring on a

horizontal surface. Assume no charge is lost to the sur-

roundings. An identical sphere is attached to an insulating

rod. Using only this equipment, design an experiment to

verify Coulomb’s law. How will the compression of the

spring be related to the product of the charges and the dis-

tance between the charges?

Making Connections

12. Under normal circumstances, we are not aware of the elec-

tric or gravitational forces between two objects.

(a) Explain why this is so for each force.

(b) Describe an example for each in which we are aware

of the force. Explain why.

13. Assume the electric force, instead of gravity, holds the

Moon in its orbit around Earth. Assume the charge on

Earth is 2q and the charge on the Moon is 1q.

(a) Find q, the magnitude of the charge required on each

to hold the Moon in orbit. (See Appendix C for data.)

(b) How stable do you think this orbit would be over long

periods of time? (Will the charges stay constant?)

Explain what might happen to the Moon.
45°

Figure 13

8.0 cm12°

AB

Figure 11

0.80 m 0.40 m

+5.0 mC −6.0 mC +7.0 mC

Figure 12

Figure 14



Electric Charges and Electric Fields 337NEL

7.37.3Electric Fields

Most audio equipment and computer towers are encased in metal boxes. Why do you think

the metal is necessary? Can you believe that there is some connection between this ques-

tion and the recent interest in the DNA mapping of the human genome? The common

thread is electric force. To learn more about these applications, we must take a closer

look at electric force.

The electric force is an “action-at-a-distance” force, since electric charges attract or repel

each other even when not in contact. According to Coulomb’s law, the magnitude of

the force between two point charges is given by

FE 5

As you learned in Section 7.2, this kind of action-at-a-distance force is similar to the

gravitational force between two masses. The force of gravity extends through space over

vast distances, attracting planets to stars to form solar systems, multitudes of solar sys-

tems and stars to each other to form galaxies, and galaxies to each other to form galaxy

clusters. How can one piece of matter affect the motion of another across a void, whether

gravitationally or electrically? This is a fundamental puzzle in physics. The dominant

theory today is the field theory.

Field theory was introduced to help scientists visualize the pattern of forces sur-

rounding an object. Eventually, the field itself became the medium transmitting the

action-at-a-distance force. We define a field of force as follows:

kq1q2
}
r2

field theory the theory that

explains interactions between

bodies or particles in terms of fields

S

N

N

S

magnetic

field

Figure 1

Earth’s gravitational field and a

magnetic field

Field of Force

A field of force exists in a region of space when an appro-

priate object placed at any point in the field experiences a

force.

According to this concept, any mass, such as Earth, produces a field of force because

any other mass placed within its gravitational field will experience a force of attraction.

Similarly, any charged object creates an electric field of force around it because another

charged object placed within this field will experience a force of repulsion or attraction.

To the founding physicists of electric field theory, the idea of an electric field of force

became so fundamental in their explanations of action-at-a-distance forces that the

electric field of force changed from representing the pattern of the forces to an actual phys-

ical quantity that charges interacted with to experience force. Faraday would explain

the electric force by saying that a charged object sends out an electric field into space;

another charge detects this field when immersed in it and reacts according to its charge.

This is not a new concept for us since both the gravitational and the magnetic forces

are commonly represented by fields (Figure 1).

Faraday was the first to represent electric fields by drawing lines of force around

charges instead of force vectors. Force vectors show the direction and magnitude of the

electric force on a small, positive test charge placed at each and every point in the field.

For the sake of simplicity, continuous field lines are drawn to show the direction of this

force at all points in the field (Figure 2).
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Since the electric field is thought of as a quantity that exists independently of whether

or not a test charge q is present, then we may define it without referring to the other

charge. Therefore, the electric field «#$ at any point is defined as the electric force per

unit positive charge and is a vector quantity:

«#$ 5

where the units are newtons per coulomb (N/C) in SI.

Consider, for example, the electric field around a sphere whose surface is uniformly

covered in positive charge. We consider this the primary charge. The test charge, which

is always positive by convention, should be small to minimize its effect on the field we

are investigating. Since both charges are positive, the test charge will be repelled no

matter where we place it. If we place a test charge some distance to the right of the pos-

itively charged sphere, the force on the test charge will be to the right. If the positive test

charge is then placed at other similar points around the sphere, and in each case a field

line is drawn, the entire electric field will appear as shown in Figures 3 and 4.

In an electric field diagram for a single point charge, the relative distance between

adjacent field lines indicates the magnitude of the electric field at any point. In a region

where the electric field is strong, adjacent field lines are close together. More widely

spaced field lines indicate a weaker electric field.

If the positively charged sphere is small enough to be considered a point charge, then

the electric field, at any point a distance r from the point, is directed radially outward and

has a magnitude of

« 5 }
F

q

E
}

5 }
k

r

q

2

1

q

q
}

« 5 }
k

r

q

2

1
}

where q1 is the charge on the sphere.

The electric field of a negatively charged sphere is identical, except that the field lines

point in the opposite direction, inward (Figure 5).

F#$E
}
q

+

Figure 3

Positively charged sphere

Figure 4

The electric field of a positive

charge demonstrated by rayon

fibres in oil

–

Figure 5

Negatively charged sphere

positively

charged

sphere

positive

test charge

force on

positive test

charge

one electric field line

+

+

+

+ +

++

+ +

Figure 2

A small positive test charge is used to determine the

direction of the electric field lines around a charge.

electric field («#$) the region in

which a force is exerted on an elec-

tric charge; the electric force per

unit positive charge 
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Electric fields are used in a process called electrophoresis to separate molecules.

Electrophoresis takes advantage of the fact that many large molecules are charged and

will move if placed in an electric field. When placed in a medium under the influence of

an electric field, different types of molecules will move at different rates because they have

different charges and masses. Eventually, the different types of molecules will separate

as they move under the influence of the electric field. The four columns on the left in

Figure 6 result from DNA taken from different family members. Electrophoresis generates

the separated bands, which act as a fingerprint unique to each person. You can see in

Figure 6 that each child (C) shares some similar bands with the mother (M) or father

(F), as you would expect.

More complex electric fields result when more than one point charge is present or

when the object is too large to be considered a point charge. In such cases, the electric

field at any point is the vector sum of the electric fields of all the point charges con-

tributing to the net electric force at that point. This idea is called the superposition prin-

ciple in physics. The electric fields of some typical charge distributions are shown in

Figure 7.

Section 7.3

+ +

Figure 7

(a) The electric field lines of two

equal positive charges viewed

along a line of sight perpendi-

cular to the system axis. Notice

the electric field is zero at the

midpoint of the two charges. 

(b) The electric field is actually

three-dimensional in nature,

but it is often drawn in two

dimensions for simplicity. The

three-dimensional field can be

obtained by rotating diagrams

by 180° when symmetry per-

mits (it is often not symmetric).

(a)

+

+

(b)

Drawing Electric Fields
By convention, in electrostatic representations electric field lines start on positive charges

and end on negative charges. This means that electric field lines diverge or spread apart

from positive point charges and converge onto negative point charges. In many of the dia-

grams in this text the ends of the field lines are not shown, but when they do end it is

always on a negative charge.

When drawing electric fields, keep in mind that field lines never cross. You are drawing

the net electric field in the region that indicates the direction of the net force on a test

charge. If two field lines were to cross, it would mean that the charge has two different

net forces with different directions. This is not possible. The test charge will experience

a single net force in the direction of the electric field.

Figure 6

Electrophoresis uses electric fields

to separate large charged mole-

cules. The bands of DNA serve as a

unique fingerprint for an individual.

Related individuals show similarities

in their bands.
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The dipole fields in Figure 8 with two equal and opposite charges are very special cases

of an electric field because they revolve around the line connecting the two charges gives

a picture of the three-dimensional field. This is not normally the case. When the charges

are unequal, the line density is not an accurate representation of the relative field strength.

4qq

Figure 9

The electric field around two

charges of different magnitudes. The

density of the field lines is arbitrary.

In this diagram, colour, not density

of field lines, is used to indicate field

strength.

+ –

(a)(a) (b)

+

(c)

Figure 8

(a) The electric field of two equal

but opposite charges (dipole)

(b) The field of a dipole revealed by

rayon fibres in oil 

(c) Some organisms produce elec-

tric fields to detect nearby

objects that affect the field.

Consider the case of two charges of different magnitudes, one charge with 64q and

the other oppositely charged with 7q. The number of field lines leaving a positive charge

or approaching a negative charge is proportional to the magnitude of the charge, so

there are many more field lines around the 4q charge than the q charge. However, the den-

sity of the field lines (the number of lines in a given area) in the area around the charges

does not indicate the relative strength of the field in this case. The fact that the electric

field is actually strongest on the line between the two charges is not reflected in the field

line density. In such a situation, we can use colour as a means of indicating relative

strength of field (as in Figure 9, where red is chosen for the strongest field and blue for

the weakest). Far from both charges, the field resembles the field of a single charge of mag-

nitude 3q (Figure 10).
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Next, consider the electric field of two large, equally charged, parallel, flat conducting plates

close together, the top plate positive and the bottom plate negative (Figure 11(a)). The

plates are too large, compared to their separation distance, to be considered point charges.

The attraction between the charges draws most of the charge to the inner surfaces of the

plates. Morever, the charge distributes itself approximately uniformly over the inner sur-

faces. When a positive test charge is placed anywhere between the two plates, a reasonable

distance away from the edges, the charge is repelled by the upper plate and attracted to

the lower plate. The net force on the test charge points straight down. This means that the

electric field is always straight down and uniform. To indicate this, we draw the electric field

lines straight down, parallel to each other, and evenly spaced (Figure 11(b)). As long as

the spacing between the plates is not too large, the electric field lines will still run straight

across from one plate to the other, parallel to each other, so the electric field between the

plates does not depend on the separation of the plates. The departures from uniformity are

mainly at the edges of the plates, where there are “edge effects” in the electric field. Those

effects can be neglected between the plates as long as the plate area is large in comparison

with the separation(Figure 11(c). The magnitude of the electric field between the two

plates is directly proportional to the charge per unit area on the plates. The parallel plate

condenser is used very often when a constant electric field is required.

Section 7.3

Figure 10

The same charges, showing a more

remote portion of the field. At a

great distance, the field resembles

the field of a single point charge at

a distance.

(b)

(a) (c) Figure 11

(a) Rayon fibres in oil demonstrate

the uniform field between

plates.

(b) The electric field between two

parallel plates 

(c) An “edge effect,” negligible in

the fundamental theory of

parallel plates, produces a

weak field, shown here with

field lines very far apart at the

edge of the plates. 
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Here is a summary of the properties of the electric field produced by parallel plates:

• The electric field in the region outside the parallel plates is zero (except for a

slight bulging of the field near the edges of the plates—“edge effects”).

• The electric field is constant everywhere in the space between the parallel plates.

The electric field lines are straight, equally spaced, and perpendicular to the par-

allel plates.

• The magnitude of the electric field at any point between the plates (except near

the edges) depends only on the magnitude of the charge on each plate.

• « ~ q, where q is the charge per unit area on each plate (Figure 12).

–+–+

Figure 12

To charge the plates, connect them

to opposite terminals of a battery or

power supply. Doubling the charge

on each plate requires connecting

two identical batteries in series or

doubling the electric potential dif-

ference of the power supply. 

What is the electric field 0.60 m away from a small sphere with a positive charge of

1.2 3 1028 C?

Solution

q 5 1.2 3 1028 C

r 5 0.60 m

« 5 ?

« 5 }
k

r

q

2
}

5

« 5 3.0 3 102 N/C

«#$ 5 3.0 3 102 N/C [radially outward]

The electric field is 3.0 3 102 N/C [radially outward]. 

(9.0 3 109 N?m2/C2)(1.2 3 1028 C)
}}}}

(0.60 m)2

SAMPLE problem 1

Two charges, one of 3.2 3 1029 C, the other of 26.4 3 1029 C, are 42 cm apart. Calculate

the net electric field at a point P, 15 cm from the positive charge, on the line connecting

the charges.

Solution

q1 5 3.2 3 1029 C

q2 5 26.4 3 1029 C

o« 5 ?

The net field at P is the vector sum of the fields «#$1 and «#$2 from the two charges. We cal-

culate the fields separately, then take their vector sum: 

r1 5 15 cm 5 0.15 m

«1 5 }
k

r1

q

2

1
}

5

«1 5 1.3 3 103 N/C 

«#$1 5 1.3 3 103 N/C [right]

(9.0 3 109 N?m2/C2)(3.2 3 1029 C)
}}}}

(0.15 m)2

SAMPLE problem 2

q1 = 3.2 3 10−9 C

q2 = −6.4 3 10−9 C
P
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Answers

1. (a) 1.3 3 106 N/C [right]

(b) 1.3 3 106 N/C [right]

2. 3.0 3 1026 N

3. 5.4 3 105 N/C [right]

r2 5 42 cm 2 15 cm = 27 cm

«2 5 }
k

r2

q

2

2
}

5

«2 5 7.9 3 102 N/C 

«#$2 5 7.9 3 102 N/C [right]

o«$ 5 «#$1 1 «#$2 5 2.1 3 103 N/C [right]

The net electric field is 2.1 3 103 N/C [right].

(9.0 3 109 N?m2/C2)(6.4 3 1029 C)
}}}}

(0.27 m)2

The magnitude of the electric field between the plates of a parallel plate capacitor is 

3.2 3 102 N/C. How would the field magnitude differ

(a) if the charge on each plate were to double? 

(b) if the plate separation were to triple? 

Solution

« 5 3.2 3 102 N/C

(a) Since « ~ q, then 5 }
q

q
2

1
}

«2 5 «11}
q

q
2

1
}2

5 (3.2 3 102 N/C)1}
2

1
}2

«2 5 6.4 3 102 N/C

If the charge on each plate were to double, the magnitude of the electric field would

double.

(b) Since « ~ q only, changing r has no effect. 

Therefore, «2 5 «1 5 3.2 3 102 N/C.

If the plate separation were to triple, the magnitude of the electric field would not

change.

«2
}
«1

SAMPLE problem 3

Practice

Understanding Concepts

1. A negative charge of 2.4 3 1026 C experiences an electric force of magnitude

3.2 N, acting to the left.

(a) Calculate the magnitude and direction of the electric field at that point.

(b) Calculate the value of the field at that point if a charge of 4.8 3 1026 C

replaces the charge of 2.4 3 1026 C. 

2. At a certain point P in an electric field, the magnitude of the electric field is 

12 N/C. Calculate the magnitude of the electric force that would be exerted on 

a point charge of 2.5 3 1027 C, located at P.

3. Calculate the magnitude and direction of the electric field at a point 3.0 m to the

right of a positive point charge of 5.4 3 1024 C.
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Electrostatic Precipitators
Electrostatic precipitators are air pollution control devices that remove tiny particles

from the emissions (flue gas) of processing and power plants that burn fossil fuels

(Figure 15). By relying directly on the properties of electric fields, these devices are

capable of removing almost all (about 99%) of the tiny particles of soot, ash, and dust.

Dirty flue gas is passed through a series of positively charged plates and negatively

charged wires (Figure 16). When a very large negative charge is placed on the wires, the

electric field near the wire is so strong that the air near it becomes ionized. Electrons

freed in the region of ionization move toward the positive plates and attach themselves

to the tiny waste particles in the flue gas moving through the plates. These waste product

particles will now be negatively charged and are attracted to the plates where they col-

lect on the surface of the plate. The plates are shaken periodically to remove the soot, ash,

and dust in a collection hopper. The waste must be disposed of and can be used as a

filler in concrete.

Figure 15

Electrostatic precipitators remove

particles from the gases in large

industrial facilities such as the one

shown here.

4. Calculate the magnitude and direction of the electric field at point Z in

Figure 13, due to the charged spheres at points X and Y.

5. Determine the magnitude and direction of the electric field at point Z in

Figure 14, due to the charges at points X and Y.

6. The electric field strength midway between a pair of oppositely charged parallel

plates is 3.0 3 103 N/C. Find the magnitude of the electric field midway between

this point and the positively charged plate.

7. In the parallel plate apparatus in question 6, what would the electric field

strength become if half of the charge were removed from each plate and the

separation of the plates were changed from 12 mm to 8 mm?

X Y

Z

+2.0 3 10−8 C +2.0 3 10−8 C

3.0 cm

4.0 cm

3.0 cm

Figure 14

For question 5

Answers

4. 2.0 3 105 N/C [left]

5. 1.2 3 105 N/C [up]

6. 3.0 3 103 N/C

7. 1.5 3 103 N/C

X Y Z

+50.0 mC −10.0 mC

0.30 m0.45 m

Figure 13
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collection hopper

plate (+)

flue gas

wires (–)

(a) Figure 16

Basic operations of an electrostatic

precipitator

(a) Flue gases flow between 

positively charged plates and

around negatively charged

wires. 

(b) Waste collects on the surface

of the plates.

flue gas

•
–

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+

•
–

•
–

soot, ash, dust

(b)

Figure 17

The hammerhead shark (as well as

other sharks) has cells that respond

to weak electric fields produced by

moving muscles of its prey.

Case Study Shielding from Electric Fields

with Conductors

Case Study

If we add some electrons to a conductor in an area of space with no net electric field, the

excess electrons quickly redistribute themselves over the surface of the conductor until

they reach equilibrium and experience no net force. However, since none of the charges

experience a net force, the electric field inside the conductor must be zero (otherwise the

charges would experience a force). This is referred to as electrostatic equilibrium. Faraday

demonstrated the effect for enclosed cavities rather dramatically in the early nineteenth

century by placing himself and an electroscope inside a tin foil-covered booth (a “Faraday

cage”). He had the booth, in effect a solid conductor enclosing a human-sized cavity,

charged by means of an electrostatic generator. Even though sparks were flying outside,

inside he could detect no electric field (Figure 18).

Electric fields do exist outside conductors and even on the surface of conductors.

However, the field is always perpendicular to the surface of the conductor; if it were not,

it would have a component parallel to the surface causing free electrons inside the con-

ductor to move until the field becomes perpendicular. However, under electrostatic con-

ditions, the charges are in equilibrium; therefore, there can be no component of the

electric field parallel to the surface, so the field must be perpendicular at the surface of

the conductor (Figures 19 and 20).

Figure 18

The Van de Graaff generator, an

electrostatic generator, produces a

large electric field, as the abun-

dance of sparks suggests. Since the

field inside the Faraday cage is zero,

the person in the cage is completely

safe.

Electric Fields in Nature
Many animals can detect weak electric fields. Sharks, for example, have cells responsive

to the weak electric fields, of magnitudes as low as 10–6 N/C, created by the muscles of

potential prey. The hammerhead shark swims very close to sandy ocean bottoms, seeking

prey that has buried itself beneath the sand or has tunnelled out a shallow home

(Figure 17). A goby fish will hide from the shark in small holes. Even though the ham-

merhead cannot see the goby, it can detect electric fields caused by movement and

breathing. The electric field produced by the goby will extend about 25 cm above the sand,

giving away its presence. Once the hammerhead detects the goby, it will swim in a figure-

eight pattern to help centre in on its location.



346 Chapter 7 NEL

cylindrical braid

solid wire

insulating

sleeve

I

Figure 22

Parts of a coaxial cable

This does not mean that the charges must distribute evenly over the surface of the

conductor. In fact, on irregularly shaped conductors, the charge tends to accumulate at

sharp, pointed areas as shown in Figure 21.

Stray electric fields are continually produced in the atmosphere, especially during

thunderstorms and by moving water. Many household appliances—such as clocks,

blenders, vacuum cleaners, and stereos—produce electric fields; monitors and televi-

sions are the biggest producers. Sensitive electronic circuits, such as those found in com-

puters  and in superior tuner-amplifiers, are shielded from stray electric fields by being

placed in metal casings. External electric fields are perpendicular to the surface of the metal

case, zero inside the metal, and zero inside the case.

Coaxial cables shield electrical signals outside sensitive electric circuits. They are often

used for cable TV and between stereo components (speakers and amplifiers). A coaxial

cable is a single wire surrounded by an insulating sleeve, in turn covered by a metallic braid

and an outer insulating jacket (Figure 22). The metallic braid shields the electric cur-

rent in the central wire from stray electric fields since the external electric fields stop at

the surface of the metallic braid. We will look at coaxial cables again in the next chapter,

when we investigate magnetic fields.

Keep in mind that we cannot shield against gravitational fields, another difference

between these two types of fields. We cannot use a neutral conductor to shield the out-

side world from a charge either. For example, if we suspend a positive charge inside a spher-

ical neutral conductor, field lines from the positive charge extend out radially toward

the neutral conductor (Figure 23). These lines must end on an equal amount of nega-

tive charge so electrons will quickly redistribute on the interior surface; this causes an

Figure 21

A charged, irregularly shaped con-

ductor near an oppositely charged

plate. Notice the concentration of

field lines near the pointed end. The

field lines are always perpendicular

to the surface of the conductor.

Figure 19 

(a) If the electric field at the surface of a conductor had a component parallel to the surface,

electrons would move in response to the parallel component.

(b) If the charges are not moving (the charges are in static equilibrium), the parallel compo-

nent must be zero and the electric field line must be perpendicular to the conductor.

cylindrical

conductor

(end view)
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+
+
+
+
+
+

–
–
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–
–
–
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+
+

–
–

–
–
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–

–

« = 0 N/C inside cavity

(b)

Figure 20

(a) A neutral conductor in the electric field between parallel plates. 

The field lines are perpendicular to the surface of the conductor.

(b) The electric field is zero inside the conductor.

surface of conductor

electric field line(a)

component of electric field 

parallel to surface

surface of conductor

electric field line(b)
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+q

–

–

–

–

–

+

+

+
–

+

–

–

+

+

+

+

Figure 23

Positive charge inside a neutral con-

ductor. Induced charge is caused on

the inner and outer surfaces of the

conductor. There is no field inside

the conductor but there is a field

outside.

Practice

Understanding Concepts

8. (a) A conductor with an excess of negative charge is in electrostatic equilibrium.

Describe the field inside the conductor. Explain your reasoning.

(b) Explain how a Faraday cage works.

(c) Why is the electric field perpendicular to a charged conductor in electrostatic

equilibrium?

9. (a) Can a neutral hollow spherical conductor be used to shield the outside world

from the electric field of a charge placed within the sphere? Explain your answer.

(b) Is there any way to use the sphere to shield against the electric field of the

charge? Explain your answer.

10. Describe the different parts of a coaxial cable, and explain how the wire is shielded

from external electric fields.

• A field of force exists in a region of space when an appropriate object placed at

any point in the field experiences a force.

• The electric «#$ field at any point is defined as the electric force per unit positive 

charge and is a vector quantity: «$ 5 }
F#$

q
E
}

• Electric field lines are used to describe the electric field around a charged object.

For a conductor in static equilibrium, the electric field is zero inside the con-

ductor; the charge is found on the surface; the charge will accumulate where the

radius of curvature is smallest on irregularly-shaped objects; the electric field is

perpendicular to the surface of the conductor.

Electric FieldsSUMMARY

Section 7.3 Questions

Understanding Concepts

1. A small positive test charge is used to detect electric fields.

Does the test charge have to be (a) small or (b) positive?

Explain your answers.

2. Draw the electric field lines around two negative charges

separated by a small distance.

3. Copy Figure 24 into your notebook to scale.

(a) Draw the electric field lines in the area surrounding

the two charges.

(b) At what point (A, B, C, or D) is the electric field

strongest? Explain your reasoning.

(c) Draw a circle of radius 3.0 cm around the positive

charge. At what point on the circle is the electric field

strongest? weakest?

4. Redo question 3, but change the 2q in Figure 24 to 1q.

5. Explain why electric field lines can never cross. 

6. Consider a small positive test charge placed in an electric

field. How are the electric field lines related to

(a) the force on the charge?

(b) the acceleration of the charge?

(c) the velocity of the charge?

AB

CD

15 cm

+q −q

Figure 24

induced charge separation, leaving the outer surface with an equal amount of positive

charge. The positive charge on the surface of the conductor will cause an external elec-

tric field starting from the surface. Notice that the field is still zero inside the conductor.
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7. A metallic spherical conductor has a positive charge. A

small positive charge q, placed near the conductor, experi-

ences a force of magnitude F. How does the quantity 

}
q
F

} compare to the magnitude of the electric field at that 

position?

8. A negative charge is suspended inside a neutral metallic

spherical shell. Draw a diagram of the charge distribution

on the metallic shell and all the electric fields in the area.

Explain your reasoning.

Applying Inquiry Skills

9. Explain how you would test the properties of the electric

fields around and between parallel plates.

10. A spherical metal shell is placed on top of an insulating

stand. The outer surface of the shell is connected to an

electrometer (a device for measuring charge). The reading

on the electrometer is zero. A positively charged hollow

sphere is slowly lowered into the shell as shown in

Figure 25 until it touches the bottom. When the sphere is

withdrawn, it is neutral.

(a) Why does the electrometer register a charge in

Figure 25(b)? Draw the charge distribution on the

hollow sphere. (Hint: The electrometer can only

measure charge on the outer surface.)

(b) What happens to the charge on the sphere in (c)?

Explain with the help of a diagram.

(c) Why does the electrometer still have the same reading

in (b) and (d)?

(d) Why is the sphere neutral when withdrawn?

(e) The reading on the electrometer did not change during

the operations depicted in (b), (c), and (d). What

conclusion can you draw regarding the distribution of

charge on the hollow conductor?

11. When a small positive test charge is placed near a larger

charge, it experiences a force. Explain why this is sufficient

evidence to satisfy the conditions for the existence of a field.

12. Explain how the concept of a field can be used to describe

the following:

(a) the force of gravity between a star and a planet

(b) the electric force between an electron and a proton in

a hydrogen atom

13. The concept of a field is used to describe the force of

gravity.

(a) Give three reasons why the same concept of a field is

used to describe the electric force.

(b) If a new kind of force were to be encountered, under

what conditions would the concept of a field be used

to describe it?

Making Connections

14. A friend notices that his computer does not work properly

when a nearby stereo is on. What could be the problem,

and how could it be solved if he wants to continue using

both devices simultaneously?

15. The hammerhead shark is just one of many fish that use

electric fields to detect and stun prey. Eels, catfish, and tor-

pedo fish exhibit similar capabilities. Research one of these

fish, comparing its abilities with the hammerhead’s, and

write a short report on your findings.

GO www.science.nelson.com

0

Figure 25

This is often called Faraday’s “ice-pail experiment” because of

what he used when first performing the experiment.

0

0 0

(a) (b)

(c) (d)
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7.47.4Electric Potential

You might be surprised to learn that the way your own body functions and how it senses

and reacts to the environment around it have a lot to do with the principles studied in

this section. Medical researchers must have a fundamental understanding of the prin-

ciples of electric potential. Some of these researchers describe the body as a complex

biological electric circuit.

Understanding lightning also requires an understanding of these principles. Once

considered a mystical force of nature, we now know that the principles behind light-

ning are firmly tied to the physics of this section (and the entire unit). Lightning can

cause property damage, personal injury, and even death; it can also start forest fires.

Researchers are currently studying lightning in the hope that the more we understand

it, the more we can protect ourselves and our property.

To understand these and other applications, we must first learn more about the inter-

actions between charges. We have often compared interactions between charges to 

interactions between masses. Keep in mind that any similarities between the two must

be carefully considered because the two forces are not identical, as you have learned.

The main difference between the two is that gravity is always attractive while the elec-

tric force can either attract or repel.

We know that the magnitude of the force of gravity between any two masses is 

given by

Fg 5

The corresponding gravitational potential energy between two masses is given by

Eg 5 2}
Gm

r

1m2
}

provided the zero value of gravitational potential energy is chosen as the value when

the two masses are an infinite distance apart. The negative sign associated with this

expression for gravitational potential energy reflects the fact that the force between the

two masses is attractive, in other words, that potential energy increases (becoming less

and less negative) as we force our two gravitating masses farther and farther apart.

Consider now a small test charge q2, a distance r from a point charge q1, as in Figure 1.

From Coulomb’s law, the magnitude of the force of attraction or repulsion between

these two charges is

FE 5

Therefore, it seems reasonable that an approach similar to that used in Section 6.3 for

the gravitational potential energy in a system of two masses would yield a corresponding

result for electric potential energy stored in the system of two charges q1 and q2:

EE 5 }
kq

r

1q2
}

Notice that the sign for electric potential energy, EE, could be positive or negative

depending on the sign of the charges. If q1 and q2 are opposite charges, they attract, and

our expression performs correctly, giving the electrical potential a negative value, as in

the gravitational case. If q1 and q2 are similar charges they repel. We now expect the

electric potential energy to be positive; that is, energy is stored by moving them closer

kq1q2
}
r2

Gm1m2
}
r2

Lightning

On average, at any time of the 

day, there are approximately 

2000 thunderstorms, producing 

30 to 100 cloud-to-ground light-

ning strikes each second for a total

of about 5 million a day.

DID YOU KNOW??

q1

q2

r

+

Figure 1

Electric potential energy is stored by

two separated charges just as gravi-

tational potential energy is stored by

two separated masses.

electric potential energy (EE) the

energy stored in a system of two

charges a distance r apart; 

EE 5 }
kq1

r

,q2
}
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together. In either case, substituting the sign of the charge (1 or 2) for q1 and q2 will yield

the appropriate results for the sign of EE. Also, in both cases, the zero level of electric poten-

tial energy is approached as the separation of the charges q1 and q2 approaches infinity

(Figure 2).

To look at the concept of electric potential energy in a systematic way, we consider

the electric potential energy not just of any charge q2 but of a unit positive test charge

when in the field of any other charge q1. We call this value of potential energy per unit

positive charge the electric potential, V. It is a property of the electric field of the charge

q1 and represents the amount of work necessary to move a unit positive test charge from

rest at infinity to rest at any specific point in the field of q1.

Thus, at a distance r from a spherical point charge q1, the electric potential is given by

V 5 }
E

q
E
}

5

V 5 }
kq

r
1

}

The units of electric potential are joules per coulomb, or volts, and

}

kq

r
1q
}

}
q

EE

EE =
kq1q2

r

r

EE =
kq1q2

r

(positive, for repulsion

when q1 and q2 have

the same sign) 

(negative, for attraction

when q1 and q2 have

the opposite sign) 

Figure 2

A graph of EE versus r has two

curves: one for forces of attraction

between opposite charges (negative

curve) and one for forces of repul-

sion between similar charges 

(positive curve). Also, as in the 

gravitational analogy, the zero level

of electric potential energy in a

sytem of two charged spheres is

chosen when they are at an infinite

separation distance.

electric potential (V ) the value, in

volts, of potential energy per unit

positive charge; 1V 5 1J/C

1V is the electric potential at a point in an electric field if 1 J

of work is required to move 1 C of charge from infinity to

that point; 1V = 1 J/C.

There are two ways of considering what V represents: the absolute potential consid-

ering that V 5 0 at r 5 ∞, and as a potential difference measured from infinity to r. The

electric potential changes with the inverse of the first power of the distance from the

charge rather than with the inverse square of the distance, as the electric field does. For

a positive charge, the electric potential is large near the charge and decreases, approaching

zero, as r increases. For a negative charge, the electric potential is a large negative value

near the charge and increases, approaching zero, as r increases (Figure 3).

V

r0

V =        when q < 0
kq

r

Figure 3

The electric potential V of a single

point charge q as a function of r

(a) V for a positive charge

(b) V for a negative charge

(b)

V

r 0

V =        when q > 0
kq

r

(a)

We must always be very careful to distinguish between EE, the electric potential energy

of a charge at a point, and V, the electric potential at the point. They are related by the

equation EE 5 qV.

This concept of electric potential can be extended to include the electric fields that result

from any distribution of electric charge, rather than just a single point charge. The def-

inition of electric potential in these cases is the same: it is the work done per unit pos-

itive test charge to move the charge from infinity to any given point. It is more common,

however, not to think of the work necessary to move a unit test charge from infinity to

a particular point in a field, but rather from one point to another in the field. In this
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case, we are dealing with the difference in electric potential between these two points,

commonly called the electric potential difference.

Often Earth is treated as V = 0 for convenience, especially when dealing with just 

electric potential differences rather than individual electric potentials. This method is 

similar to that used in situations involving gravity where h = 0 is set at any convenient

height according to what is needed for the problem. Whereas the choice of zero level

for potential is arbitrary, differences in potential are physically real. In particular, it is a

fundamental physical fact that two conducting objects connected by a conducting wire

are at the same potential. If they were not at the same potential, then the electric poten-

tial difference would cause a current redistributing the charge until the electric 

potential difference reached zero. Then the two conductors would be at the same

potential as we stated. This process is used in grounding, placing the object at the

same electric potential as Earth.

We now examine the change in the electric potential energy of a positive charge q

that is moved from point A to point B in an electric field (Figure 4).

Regardless of the actual path taken by the charge q, in moving from A to B,

the difference between the work-per-unit-charge that

the electric potential we would perform in moving our

at B and the electric 
5

hypothetical positive test charge 

potential at A from A to B in the electric field

DEE 5 qVB 2 qVA

5 q(VB 2 VA)

DEE 5 qDV

DV, often written VBA, is the potential difference between points B and A in the field. The

potential decreases in the direction of the electric field (and therefore increases in the oppo-

site direction).

For a point charge q, the electric potential difference between two points A and B can

be found by subtracting the electric potentials due to the charge at each position:

∆V 5 VB 2 VA 5 }
k

rB

q
} 2 }

k

rA

q
} 5 kq 1 2 }

r
1

A
}2

Multiplying by the charge that is moved from A to B gives the change in electric poten-

tial energy, ∆E. The sign on the electric potential difference depends on both the mag-

nitudes of the distances from the charge and the sign of the charge itself, as summarized

in Figure 5.

For a second example of a potential difference calculation, consider the electric field

between two large, oppositely charged parallel plates whose area is large in comparison

with their separation r (Figure 6).

Recall that the electric field is, in the case of parallel plates, constant in magnitude

and direction at essentially all points and is defined as the force per unit positive charge:

«#$ 5

F#$E
}
q

1
}

Section 7.4

electric potential difference the

amount of work required per unit

charge to move a positive charge

from one point to another in the

presence of an electric field

B A q

Figure 4

The change in the electric potential

energy in moving a charge from A to B

in an electric field is independent of

the path taken.

5 66 5

rA

rB

qo

A

B

+q•

rA . rB, qo . 0; DV . 0

rB . rA, qo . 0; DV , 0

rA . rB, qo , 0; DV , 0

rB . rA, qo , 0; DV . 0

Figure 5

The sign of the electric potential dif-

ference depends on the change in

the distance and the sign of the

charge.

A B

+ –

VAB

F E

r

q

«

F

Figure 6

Since the electric field between the

two parallel plates is uniform, the

force on the charge is constant.
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The increase in electric potential energy of the charge q, in moving from plate B to plate

A, is equal to the work done in moving it from B to A. To do so, a force F$, equal in mag-

nitude but opposite in direction to F$E, must be applied over a distance r. The magnitude

of the work done is given by

W 5 Fr since F and r are in the same direction

W 5 q«r since F = FE = q«

Therefore, since W = ∆EE = q∆V

q∆V 5 q«r

or « 5 }
D

r

V
}

This is an expression for the magnitude of the electric field at any point in the space

between two large parallel plates, a distance r apart, with a potential difference 

∆V 5 VBA. Remember: the electric field direction is from the 1 plate to the 2 plate, in

the direction of decreasing potential.

For a constant electric field, between parallel plates for example, the electric potential

difference is directly proportional to the distance r:

∆V 5 «r

Therefore, DV ~ r since « is constant.

This means that if the electric potential difference between two plates is DV and a

charge moves one-third of the distance between the plates, the charge will experience a 

potential difference of }
D

3

V
}.

Note that the value for the potential created by a positive charge has a positive value,

characteristic of a system where the force acting on the test charge is repulsion. If the spher-

ical point charge in the above example had been a negative charge, then substituting a

negative value for q would have yielded a negative value for V, which is consistent with

a system in which the force acting is attractive.

Calculate the electric potential a distance of 0.40 m from a spherical point charge of

+6.4 3 1026 C. ( Take V 5 0 at infinity.)

Solution

r 5 0.40 m

q 5 16.4 3 1026 C

V 5 ?

V 5 }
k

r

q
}

5

V 5 1.5 3 105 V

The electric potential is 1.5 3 105 V.

(9.0 3 109 N?m2/C2)(6.4 3 1026 C)
}}}}

0.40 m

SAMPLE problem 1
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How much work must be done to increase the potential of a charge of 3.0 3 1027 C by 120 V?

Solution

q 5 3.0 3 1027 C

∆V 5 120 V

W 5 ?

W 5 ∆EE

5 q∆V

5 (3.0 3 1027 C)(120 V)

W 5 3.6 3 1025 J

The amount of work that must be done is 3.6 3 10–5 J.

SAMPLE problem 2

In a uniform electric field, the potential difference between two points 12.0 cm apart is

1.50 3 102 V. Calculate the magnitude of the electric field strength.

Solution

r 5 12.0 cm

∆V 5 1.50 3 102 V

« 5 ?

« = }
D

r

V
}

5

« 5 1.25 3 103 N/C

The magnitude of the electric field strength is 1.25 3 103 N/C.

1.50 3 102 V
}}
1.20 x 1021 m

SAMPLE problem 3

The magnitude of the electric field strength between two parallel plates is 450 N/C. The

plates are connected to a battery with an electric potential difference of 95 V. What is the

plate separation?

Solution

« 5 450 N/C

∆V 5 95 V

r = ?

For parallel plates, « 5 }
D

r

V
}. Thus,

r 5 }
D

«

V
}

5 }
45

9

0

5

N

V

/C
}

r 5 0.21 m

The separation of the plates is 0.21 m.

SAMPLE problem 4
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Lightning and Lightning Rods
We have all experienced small electric shocks when touching a metal doorknob after

walking across a woollen rug on a dry winter day. Lightning discharges are similar but

operate on a grand scale, with potential differences between the ground and the air of

approximately 108 V. A cloud will typically develop a large charge separation before a

lightning strike, with about –40 C centred at a

region such as N in Figure 7 and +40 C centred

at P. Each lightning flash has a maximum cur-

rent of 30 000 A, or 30 000 C/s, lasts 30 ms, and

delivers about a coulomb of charge.

According to one current theory (research is

ongoing), the separation of charge in a cloud

results from the presence of the mixed phases

of water typical of large clouds—liquid water,

ice crystals, and soft hail. Air resistance and

turbulent air flows within the cloud jointly

cause the soft hail to fall faster than the smaller

ice crystals. As the soft hail collides with the

ice crystals, both are charged by friction, the

hail negatively and the ice crystals positively.

Charge separation occurs because the hail

moves down relative to the ice crystals.

Now that the bottom of the cloud is nega-

tively charged, it induces a positive charge on

the surface of Earth. The two relatively flat sur-

faces—the positively charged ground and the

negatively charged bottom of the cloud—

resemble oppositely charged parallel plates sep-

arated by the insulating air. The air stops acting

as an insulator and serves as a conductor for the

lightning when the charge at the bottom of the cloud becomes large enough to increase

the electric field strength to about 3.0 3 106 N/C. When the magnitude of the electric field

reaches this critical value, the air ionizes and changes from insulator to conductor.

The lightning strike itself is a sequence of three events. First, the step leader, a package

of charge moving erratically along the path of least resistance, moves from the bottom

of the cloud toward the ground. On its way down, it often halts temporarily and 

Answers

1. –1.8 3 1026 C

2. 3.5 3 103 V

3. 6.0 3 104 N/C

4. 1.8 3 102 V
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Figure 7

A side view of the separation of

charge in a typical thundercloud.

The black dots indicate the charge

centres for both the positive and

negative charge distributions.

Practice

Understanding Concepts

1. The electric potential at a distance of 25 cm from a point charge is 26.4 3 104 V.

Determine the sign and magnitude of the point charge.

2. It takes 4.2 3 1023 J of work to move 1.2 3 1026 C of charge from point X to

point Y in an electric field. Calculate the potential difference between X and Y.

3. Calculate the magnitude of the electric field strength in a parallel plate appa-

ratus whose plates are 5.0 mm apart and have a potential difference of

3.0 3 102 V between them.

4. What potential difference would have to be maintained across the plates of a

parallel plate appratus if the plates were 1.2 cm apart, to create an electric field

strength of 1.5 3 104 N/C?
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breaks up into different branches. But whatever its path, it leaves a path of weakly ion-

ized air in its wake. Second, the step leader, now near the ground, induces a strong pos-

itive charge, and when it makes contact, a continuous ionized path is opened. Finally, this

causes a return stroke from the ground to the cloud producing visible light and increasing

the ionization. If the charge on the cloud is large enough, the process continues with a

dart leader descending from the cloud, causing another return stroke. Typically, there are

three or four return strokes, each lasting 40 to 80 ms (Figure 8).

We know what lightning rods are used for, but the physics behind how they protect

buildings and people is less well known. Lightning rods are long, thin, pointed metal

stakes, usually placed at the highest point on a building and connected to the ground with

a conductor (Figure 9). The key to influencing the course of a lightning bolt is the ion-

ized path. The step leader, we have seen, follows the path of least resistance through air,

which is normally an insulator. How does the lightning rod help?

To answer, we first consider two conducting spheres of different radii connected by a

long conducting wire (Figure 10). Since a conductor connects the two spheres, they

must be at the same electric potential.

Therefore,

Vsmall 5 Vlarge

}
k

r

q
} 5 }

k

R

Q
}

}
q

r
} 5 }

Q

R
}

}
Q

q
} 5 }

R

r
}

The magnitude of the electric field near each sphere is given by the equations

«small 5 }

k

r

q

2
} and «large 5 }

k

R

Q

2
}

We use these equations to find the ratio of the magnitudes of the electric fields:

5 5 }
Q

q
} 1}

R

r2

2

}2 5 }
R

r
}1}

R

r2

2

}2

5 }
R
r
}

«
small

}

1}
k

r

q

2
}2

}

1}
k

R

Q
2
}2

«
small

}
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Figure 8

Notice the different branches of the

lightning caused by the step leader.

The ground and bottom of the cloud

are modelled after parallel plates.

Figure 9

A long, thin conductor, pointed at

the top, makes an effective lightning

rod.

R

Q

q

r

long conductive

wire

Figure 10

A long, thin conducting wire con-

necting two conducting spheres of

different radii
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Since R is the radius of the larger sphere, the ratio is greater than 1, so «small > «large.

We can increase the electric field near the smaller sphere by decreasing its size relative

to the larger. The tip of a lightning rod has a very small radius of curvature in compar-

ison with the adjoining rooftop surfaces (Figure 11). The electric field near the tip is

correspondingly large, indeed large enough to ionize the surrounding air, changing the

air from insulator to conductor and influencing the path of any nearby lightning.

Lightning is thus induced to hit the rod and to pass safely along the grounding wire,

without striking the adjoining rooftop.

Medical Applications of Electric Potential
The concept of electric potential is necessary for an understanding of the human nervous

system and how it can transmit information in the form of electric signals throughout

the body.

A nerve cell, or neuron, consists of a cell body with short extensions, or dendrites,

and also a long stem, or axon, branching out into numerous nerve endings (Figure 12).

The dendrites convert external stimuli into electrical signals that travel through the

neuron most of the way through the long axon toward the nerve endings. These electrical

signals must then cross a synapse (or gap) between the nerve endings and the next cell,

whether neuron or muscle cell, in the transmission chain. A nerve consists of a bundle

of axons.

The fluid within the nerve cell (the intracellular fluid) contains high concentrations

of negatively charged proteins. The extracellular fluid, on the other hand, contains high

concentrations of positive sodium ions (Na+). The difference in concentrations is due

to the selectively permeable membrane that surrounds the cell, causing a buildup of

equal amounts of negative charge inside and positive charge outside the cell membrane

(Figure 13). This charge separation gives rise to an electric potential difference across the

membrane. A normal “resting” membrane electric potential difference (present when

the cell is not sending a signal), between inside and outside, is typically –70 mV, nega-

tive because the inside of the cell is negative with respect to the outside.

tip of lightning rod

electric

field

lines

Figure 11

The tip of a lightning rod is small,

creating a large electric field near its

surface; this ionizes the surrounding

air.

dendrites  

cell body

axon

nerve endings

synapse

another neuron

or a muscle

Figure 12

Typical structure of a neuron

extracellular

fluid

(outside)

positive

charge layer

cell

membrane

– –

++ + +

+

+

+

+

+ +

+ +

–

–

–
–

–

–

–

–

–

–

intracellular

fluid

(inside)

negative

charge layer

Figure 13

The buildup of equal but opposite charges on either side of the cell membrane

causes an electric potential difference.

When exposed to a sufficiently strong stimulus at the right point on the neuron,

“gates” open in the cell membrane, allowing the positively charged sodium ions to rush

into the cell (Figure 14). The sodium ions enter the cell by diffusion, driven by the elec-

trical attraction between positive and negative charges. Upon entry of the sodium ions,
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the interior of the cell is momentarily positive, with the electric potential difference

changing very rapidly from –70 mV to +30 mV. The gates then close and the electric

potential difference quickly returns to normal. This cycle of potential changes, called

the action potential, lasts only a few milliseconds. The cycle creates an electrical signal

that travels down through the axon at about 50 m/s to the next neuron or muscle cell

(Figure 15).

These changes in electric potential in neurons produce electric fields that have an

effect on the electric potential differences measured at different points on the surface

of the body ranging from 30 to 500 mV. The activity of the heart muscle causes such

electric potential differences; measuring these changes is called electrocardiography. If

the heart is healthy, its regular beating pattern will produce a predictable change in the

electric potential difference between different points on the skin that doctors can use

as a diagnostic tool. A graph of electric potential difference versus time between two

points on the skin of a patient is called an electrocardiogram (EKG); the shape of the graph

depends on how healthy the heart is and the placement of the two measuring points on

a patient (Figure 16).
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+

Na+

+

+

+

+

– – – –intracellular

fluid

(inside)

Figure 14

A strong enough stimulus can open “gates,” allowing positively charged sodium

ions to rush into the cell. The inrush causes the interior surface of the membrane

to attain, momentarily, a higher potential than the exterior.

+30

0

–70

0 1 2 3 4

M
e

m
b

ra
n

e
 P

o
te

n
ti

a
l 

(m
V

)

Time (ms)

action potential

membrane

resting 

potential

Na+ influx

Figure 15

As the sodium ions rush in, the

action potential starts. The electric

potential difference across the

membrane changes from 270 mV to

+30 mV, then back to 270 mV.

EKG (normal) EKG (abnormal)
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electrodes
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Figure 16

Electrocardiography measures the electric potential difference between any

of the two points shown on the patient. The graphs represent normal and

abnormal EKGs, with specific parts of a single beating cycle labelled.

The main features of a normal electrocardiogram are labelled P, Q, R, S, and T in

Figure 16. The first peak (P) indicates the activity of the atria in the upper portion of the

heart. QRS shows the activity of the larger, lower ventricles. T indicates that the ventri-

cles are preparing for the next cycle. Figure 17 is a map of the potentials on the skin.

Figure 17

A map of potential differences over

the skin caused by heart-muscle

activity.
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• The electric potential energy stored in the system of two charges q1 and q2 is 

EE 5 }
kq

r
1q2
}.

• The electric potential a distance r from a charge q is given by V 5 }

k

r

q
}.

• The potential difference between two points in an electric field is given by the

change in the electric potential energy of a positive charge as it moves from one 

point to another: ∆V 5 }
D

q

EE
}

• The magnitude of the electric field is the change in potential difference per unit 

radius: « 5 }
D

r
V
}

Electric PotentialSUMMARY

Section 7.4 Questions

Understanding Concepts

1. The electric potential 0.35 m from a point charge is +110 V.

Find the magnitude and sign of the electric charge.

2. Charge q1 is 0.16 m from point A. Charge q2 is 0.40 m from

point A. The electric potential at A is zero. Calculate the 

ratio }

q

q
1

2
} of the two charges.

3. Draw two equal positive point charges and connect them

with a line.

(a) Is there a point on the line at which the electric field is

zero?

(b) Is there a point on the line at which the electric poten-

tial is zero?

(c) Explain the difference between the two answers.

4. Explain the difference between each of the following:

(a) electric potential and electric field

(b) electric potential and electric potential energy

5. The electric potential at a point is zero. Is it possible for the

electric field at that point to be nonzero? If “yes,” give an

example. If “no,” explain why not. 

6. A particle moves from a region of low electric potential to a

region of high electric potential. Is it possible for its electric

potential energy to decrease? Explain your answer.

7. Two parallel plates are connected to a 120-V DC power

supply and separated by an air gap. The largest electric

field in air is 3.0 3 106 N/C. (When this “breakdown value”

is exceeded, charge is transferred between the plates,

reducing the separated charge and the field through

sparks or arcing.)  Calculate the smallest possible gap

between the plates.

Practice

Understanding Concepts

5. Thunderclouds develop a charge separation as they move through the atmosphere.

(a) What causes the attraction between the electrons in the cloud and the ground?

(b) What kind of charge will be on a lightning rod as a negatively charged cloud

passes overhead? Explain your answer.

(c) Explain why lightning is more likely to strike a lightning rod than other places

nearby.

6. The electric potential difference between the inside and outside of a neuron cell

membrane of thickness 5.0 nm is typically 0.070 V.

(a) Explain why the inner and outer surfaces of the membrane can be thought of as

oppositely charged parallel plates.

(b) Calculate the magnitude of the electric field in the membrane.

(c) Calculate the work you would have to do on a single sodium ion, of charge 

+1.6 3 10219 C, to move it through the membrane from the region of lower

potential into the region of higher potential.

Answers

6. (b) 1.4 3 107 N/C

(c) +1.1 3 10220 J
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Section 7.4

8. Three charges are placed at the corners of an equilateral

triangle with sides of length 2.0 m, as shown in Figure 18.

(a) Calculate the total electric potential energy of the

group of charges.

(b) Determine the electric potential at the midpoint of

each side of the triangle.

9. Figure 19 shows a typical Van de Graaff generator with an

aluminum sphere of radius 12 cm, producing an electric

potential of 85 kV near its surface. The sphere is uniformly

charged so we can assume that all the charge is concen-

trated at the centre. Notice that the voltmeter is connected

to the ground, meaning Earth’s electric potential is being

set as zero.

(a) Calculate the charge on the sphere.

(b) Calculate the magnitude of the electric field near the

surface of the sphere.

(c) Is there likely to be a discharge (a spark or arc) from

the surface due to ionization of the air? Explain your

answer.

Applying Inquiry Skills

10. Design an experiment to show that two conducting spheres

connected by a long wire are at the same electric potential.

11. Researchers place two oppositely charged plates, a nega-

tively charged sphere, and a positively charged sphere near

three different lightning rods. They wait for a thunderstorm

to pass overhead and monitor the situations by computer in

a lab. Discuss what the scientists might observe about the

charges and explain why it would happen.

Making Connections

12. Explain how a spark plug operates by examining Figure 20

and discussing the following factors:

(a) the small gap (0.75 mm) between the two metal con-

ductors 

(b) the breakdown value (1.6 3 104 N/C) between the

conductors

(c) the changes in the electric potential across the two

conductors while the spark plug is operating

13. Some researchers believe that lightning rods can actually

prevent lightning from forming at all. Discuss how the ions

formed near the tip of lightning rods might play a role in

lightning prevention.

+4.0 mC 

+2.0 mC −4.0 mC 

Figure 18

aluminum
sphere

volts

q r

conductor

covered
pulley

flat belt

covered
pulley

motor

Figure 19

Measuring the electric potential difference near a Van

de Graaff generator

Figure 20

Typical spark plugs
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7.57.5
The Millikan Experiment: Determining

the Elementary Charge

One of the main characteristics of fundamental particles is their electric charge. In this

section, you will learn about a brilliant experiment investigating nature’s elementary

charge, namely, the charge of the electron.

At the turn of the twentieth century, when our understanding of electric forces was

beginning to increase, two fundamental questions arose regarding the nature of elec-

tric charge:

1. Does there exist, in nature, a smallest unit of electric charge of which other units

are simple multiples?

2. If so, what is this elementary charge, and what is its magnitude, in coulombs?

Lab Exercise 7.5.1, in the Lab Activities section at the end of this chapter, allows you

to calculate the elementary charge.

To answer these questions, the American Nobel laureate Robert Andrews Millikan

(Figure 1) devised and performed a series of creative experiments. He reasoned that the

elementary charge would be the charge on an individual electron. He assumed, further,

that when tiny oil drops are sprayed in a fine mist from an atomizer, they become elec-

trically charged by friction, some acquiring an excess of a few electrons, others acquiring

a deficit. Although there was no way of knowing how many extra electrons there were

on any given oil drop or how many were missing, Millikan hypothesized that if he were

able to measure the total charge on any oil drop, it would have to be some small integral

multiple of the elementary charge.

To measure this charge, Millikan made use of the uniform electric field in the region

between two oppositely charged parallel plates. He charged the plates by connecting

each to opposite terminals of a large bank of storage batteries whose potential difference

could be varied. Millikan was able to use this apparatus, called an electrical microbal-

ance, to isolate and suspend charged oil drops, and ultimately to measure the total charge

on each.

Once a mist of oil drops is sprayed through a small hole in the upper plate in a Millikan

apparatus, it is possible, by carefully adjusting the potential difference between the plates,

to “balance” a particular droplet that has the same sign as the charge on the lower plate.

When the droplet is balanced, the gravitational force pulling it down equals the electric

force pulling it up (Figure 2).

For a positively charged drop of mass m and charge q, the electric force acts upward

if the lower plate is positively charged:

F#$E 5 q«#$

where «#$ is the electric field between the plates.

When the droplet is in balance,

FE 5 Fg

q« 5 mg

But in Section 7.4, we learned that the electric field in the region between two parallel

plates is constant and has a magnitude given by

« 5 }
D

r

V
}

where ∆V is the electric potential difference between the plates, and r is the separation

between the plates.

The Elementary Charge (p. 374)

Can you think of a method that

could be used to suggest that an

elementary charge exists?

LAB EXERCISE 7.5.1

Figure 1

Robert Millikan (1868–1953)

Vb

m q

− − − − − −

+ + + + + ++

−

+ r

FE

Fg

«

Figure 2

When the total force on the oil

droplet is zero, the electric force up

is equal in magnitude to the gravita-

tional force down.
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Consequently, for an oil drop of mass m and charge q, balanced by a potential differ-

ence ∆V = ∆Vb ,

q 5 }
m

«

g
}

q 5 }
D

m

V

g

b

r
}

where ∆Vb is the balancing value of electric potential difference between the plates.

Thus, it is possible to determine the total charge on an oil drop if its mass is known.

The mass of any individual drop may be determined by measuring the terminal speed

with which it falls when the electric balancing force is removed (when the batteries are

disconnected) and only gravity and friction are acting on it.

By measuring the terminal speed of an oil droplet as it falls under the force of gravity,

Millikan was able to calculate its mass. Then, by measuring the value of potential difference

between the plates necessary to balance the droplet, he was able to calculate the total

electric charge on the droplet.

Millikan repeated the experiment over and over, meticulously balancing a charged

oil droplet, measuring its balancing voltage, and then allowing the droplet to fall under

gravity and measuring its terminal speed. The list of values he determined for the total

electric charge on each of the drops studied contained a significant pattern: all the values

were simple multiples of some smallest value. Many of the droplets had this smallest

value of charge on them, but none had less. Millikan concluded that this smallest value

represented the smallest quantity of electric charge possible, the charge on an electron,

or the elementary charge. Accurate measurements of the elementary charge have yielded

values close to Millikan’s. The currently accepted value for the elementary charge, com-

monly called e, is, to four significant digits,

e 5 1.602 3 10219 C

Knowing the value of the elementary charge enables us to understand the nature of

electric charge on a fundamental level. In Section 7.1, we noted that all electric charges

in solids are due to an excess or deficit of electrons. If we now know a value for the

charge on an individual electron, we can calculate the number of excess or deficit elec-

trons that constitute any observed electric charge.

An object with an excess (or deficit) of N electrons has a charge q that is given by

q 5 Ne

Section 7.5

Calculate the charge on a small sphere with an excess of 5.0 3 1014 electrons.

Solution

N 5 5.0 3 1014

q 5 ?

q 5 Ne

5 (5.0 3 1014)(1.6 3 10219 C)

q 5 8.0 3 1025 C

The charge on the sphere is –8.0 3 1025 C (negative because of the excess of electrons).

SAMPLE problem 1
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In a Millikan-type experiment, two horizontal plates are 2.5 cm apart. A latex sphere, of

mass 1.5 3 10215 kg, remains stationary when the potential difference between the plates

is 460 V with the upper plate positive.

(a) Is the sphere charged negatively or positively?

(b) Calculate the magnitude of the charge on the latex sphere.

(c) How many excess or deficit electrons does the sphere have?

Solution

r 5 2.5 cm q 5 ?

m 5 1.5 3 10215 kg N 5 ?

∆V 5 460 V

(a) The electric force must be up, to balance the downward force of gravity. Since the

upper plate is positive, the latex sphere must be charged negatively to be attracted to

the upper plate and repelled by the lower plate. The electric field is downward, giving

an upward force on a negative charge.

(b) When the sphere is balanced,

FE 5 Fg

q« 5 mg 

But « 5 }
D

r
V
}. Therefore, 

}
qD

r
V

} 5 mg

q 5 }
m

D

g

V

r
}

5

q 5 8.0 3 10219 C

The magnitude of the charge is 8.0 3 10219 C.

(c) N 5 }
q

e
}

5

N 5 5

The sphere has 5 excess electrons (since the charge is negative).

8.0 3 10219 C
}}
1.6 3 10219 C

(1.5 3 10215 kg)(9.8 m/s2)(2.5 3 1022 m)
}}}}}

460 V

SAMPLE problem 2

Practice

Understanding Concepts

1. Calculate the number of electrons that must be removed from a neutral, isolated

conducting sphere to give it a positive charge of 8.0 3 1028 C.

2. Calculate the force of electric repulsion between two small spheres placed 1.0 m

apart if each has a deficit of 1.0 3 108 electrons.

3. A small object has an excess of 5.00 3 109 electrons. Calculate the magnitude of

the electric field intensity and the electric potential at a distance of 0.500 m from

the object. 

Answers

1. 5.0 3 1011 electrons

2. 2.3 3 10212 N

3. 29 N/C; 214.0 V
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Charge of the Proton
The proton and the electron are believed to have charges equal in magnitude but oppo-

site in sign. Modern experiments have revealed that the ratio of the magnitudes of the

two charges is essentially 1, since the difference in coulombs does not differ by more

than 10–20, an extremely small number to say the least. But this is not obvious for par-

ticle physicists. One reason for the curiosity is that, other than the similarity in the charge

of the two particles they are quite different. Unlike the electron, the proton does have a

complex structure. And like most other heavy subatomic particles, it is comprised of

other fundamental entities called quarks. Quarks themselves have charges of ±}
1

3
}e and 

±}
2

3
}e. However, this does not change our view of what the fundamental charge should be 

since quarks have not been found to exist in a free state under ordinary conditions. All

known fundamental particles do have charges that are integral multiples of e. (Quarks

will be studied further in Chapter 13.)

At first, one might think that Millikan just discovered the magnitude of the charge

on the electron that happens to be the same as the charge on the proton. However, his

discovery has greater implications. In fact, every subatomic particle that has been observed

to date (only a small number exist) has a charge that is a whole number multiple of this

truly “fundamental” charge. It appears that charge is quantized, meaning it appears in

specific amounts, whether positive or negative. This might not seem so surprising when

we remember that matter also comes in specific packages (particles), so why not the

charge associated with those particles? However, unlike mass, which can be changed

into energy (which is really another form of mass) or vice versa in chemical and nuclear

reactions, charge is always conserved and cannot be changed into another quantity.

Section 7.5

Answers

4. (a) 3.5 3 102 V

(b) 4.6 3 10216 kg

5. 9.6 3 10219 C; 6e; excess

6. 22.0 3 10216 C; 21.2 3 103e

• There exists a smallest unit of electric charge, called the elementary charge, e, of

which other units are simple multiples; e 5 1.602 3 10219 C.

The Millikan Experiment: Determining

the Elementary Charge
SUMMARY

4. Two large, horizontal metal plates are separated by 0.050 m. A small plastic

sphere is suspended halfway between them. The sphere experiences an upward

electric force of 4.5 3 10215 N, just sufficient to balance its weight.

(a) If the charge on the sphere is 6.4 3 10219 C, what is the potential difference

between the plates?

(b) Calculate the mass of the sphere.

5. An oil drop of mass 4.95 3 10215 kg is balanced between two large, horizontal

parallel plates 1.0 cm apart, maintained at a potential difference of 510 V. The

upper plate is positive. Calculate the charge on the drop, both in coulombs and

as a multiple of the elementary charge, and state whether there is an excess or

deficit of electrons.

6. Delicate measurements reveal Earth to be surrounded by an electric field similar

to the field around a negatively charged sphere. At Earth’s surface, this field has

a magnitude of approximately 1.0 3 102 N/C. What charge would an oil drop of

mass 2.0 3 10215 kg need in order to remain suspended by Earth’s electric field?

Give your answer both in coulombs and as a multiple of the elementary charge. 
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Section 7.5 Questions

Understanding Concepts

1. Sphere A with charge 23q is 1.5 m from another identical

sphere B with charge +5q. The two spheres are brought into

contact and then separated by a distance of 1.5 m; the mag-

nitude of the force between the spheres is 8.1 3 1022 N.

(a) Find the number of electrons transferred from one

sphere to the other. Explain which way they moved.

(b) Find the magnitude of the electric field and the electric

potential midway between the two spheres. 

(c) Determine the magnitude of the initial electric force

between the spheres. 

2. A small drop of water, of mass 4.3 3 1029 kg, is suspended

motionless by a uniform electric field of 9.2 3 102 N/C [up].

(a) Is the charge on the drop positive or negative? Explain.

(b) Find the number of extra electrons or protons on the

drop. 

3. An oil drop, of mass 4.7 3 10215 kg, is suspended between

two parallel plates, as in Figure 3.

(a) Calculate the charge on the oil drop.

(b) Calculate the number of elementary charges required

to make up this charge. 

(c) Does the oil drop have a deficit or excess of electrons?

Explain your answer.

4. Two small, equally charged objects have the same mass of

2.0 3 1025 kg. Find the possible charges on each object if

the electric force cancels the gravitational force between

each object.

5. Sphere A of mass 5.0 3 1022 kg has an excess of 1.0 3 1012

electrons. Sphere B has a deficit of 4.5 3 1012 electrons.

The two spheres are separated by 0.12 m, as in Figure 4. 

(a) Find the angle between the thread and the vertical.

(b) Find the tension in the thread.

Applying Inquiry Skills

6. When Millikan began his investigation, he used water

droplets rather than oil. He later switched to oil droplets

because he experienced problems when examining the

water. (He found it difficult to suspend the water droplets

for any length of time.)

(a) Why might it be more difficult to keep water droplets

suspended than oil droplets? (Hint: Consider changes

of state.) 

(b) Describe what would be observed when doing an

experiment of this nature with water.

(c) Another scientist might have assumed that other prob-

lems were causing the observed results using water.

Explain one of these false assumptions.

7. An investigator determines the charges on several different

oil droplets with apparatus similar to Millikan’s and claims

that the data in Table 1 are accurate to the number of

digits shown.

(a) Without using any prior knowledge about the funda-

mental charge, describe a procedure that could be

used to find the value of a fundamental charge,

assuming that all charges in nature are integral multi-

ples of this charge.

(b) Use the procedure to determine the fundamental charge.

(c) Can the scientist be certain that this value is the fun-

damental charge? Explain your answer.

(d) We know the value of the fundamental charge. Discuss

the experimental results and explain any problems.

Making Connections

8. Earth actually has an electric field of 1.0 3 102 N/C at its

surface pointing toward the centre.

(a) A uniformly charged sphere produces an electric field

outside the object exactly the same as the field that

would be produced if the charge is concentrated at the

centre of the field. Assume Earth is uniformly charged.

What is the type and magnitude of the charge on Earth?

(b) Compare Earth’s electric field and gravitational field in

terms of (i) direction and shape, (ii) effect on objects,

and (iii) how it changes as height increases.

(c) What is the largest mass that can be suspended by the

electric field of Earth if the particle has the elementary

charge on it?

(d) Could the electric field of Earth be used to suspend (i)

a proton and (ii) an electron? Explain your reasoning.

9. In still air under direct sunlight, tiny dust particles can often

be observed to float. Explain how this happens. How could

you test your answer?

120 V0.50 cm

− − − − − − − − −

+ + + + + + + + ++

−

Figure 3

A B

thread

0.12 m
Figure 4

Table 1

Oil Drop Charge (C)

1 6.40 3 10219

2 1.80 3 10218

3 1.08 3 10218

4 1.44 3 10218

5 2.16 3 10218
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7.67.6
The Motion of Charged Particles 

in Electric Fields

In the Millikan experiment, when charged oil drops were sprayed between two charged

parallel plates, the electric field they experienced caused some of them to move slowly

in one direction and others to move more slowly or more quickly in the other direc-

tion. By adjusting the magnitude of the electric field between the plates, it was possible

to get some drops to remain stationary, balanced by the downward force of gravity and

the upward force of the electric field.

The Millikan apparatus does not, however, give a true picture of the motion of charged

particles in an electric field because of the presence of air and its resistant effect on the

motion of such tiny particles, resulting in a constant terminal velocity. Consider a small pos-

itive charge q1, with a very small mass m, in a vacuum a distance r from a fixed positive charge

q2. We will assume that the mass m is so small that gravitational effects are negligible.

In Figure 1, the charge q1 experiences a Coulomb force, to the right in this case, whose

magnitude is given by

FE 5 }
kq

r

1

2

q2
}

If the charged mass is free to move from its original position, it will accelerate in the

direction of this electric force (Newton’s second law) with an instantaneous accelera-

tion whose magnitude is given by

a 5 }
F

m
E
}

Describing the subsequent motion of the charged mass becomes difficult because as

it begins to move, r increases, causing FE to decrease, so that a decreases as well. (You can

see that a decrease is inevitable, since the acceleration, like the magnitude of the electrical

force, is inversely proportional to the square of the distance from the repelling charge.)

Motion with a decreasing acceleration poses a difficult analytical problem if we apply

Newton’s laws directly.

If we use considerations of energy to analyze its motion, it becomes much simpler. As

the separation distance between q1 and q2 increases, the electric potential energy decreases,

and the charged mass q1 begins to acquire kinetic energy. The law of conservation of

energy requires that the total energy remain constant as q1 moves away from q2.

Activity 7.6.1 in the Lab Activities section at the end of this chapter provides the oppor-

tunity for you to simulate the motion of charged particles in electric fields.

This aspect of the system is illustrated in Figure 2. When q1 is at r1, q1 is at rest, and so

the total energy of the charged mass equals its potential energy:

E 5 E 9

EE 1 EK 5 EE91 EK9

}
kq

r
1q2
} 1 }

1

2
} mv 2

5 }

kq

r

1

9

q2
} 1 }

1

2
} m (v 9) 2

}

kq

r

1q2
} 2 }

kq

r

1

9

q2
} 5 }

1

2
} m (v 9) 2

2 }
1

2
} mv 2

21}
kq

r

1

9

q2
} 2 }

kq

r

1q2
}2 5 }

1

2
} mm (v 9) 2

2 0

2DEK 5 DEK

m ++

r

FE

q2 q1

Figure 1

Charge will accelerate in the direc-

tion of the electric force according

to Newton’s second law.

The Motion of Charged Particles

in Electric Fields (p. 375)

How many ways can you think of to

show that the law of conservation of

energy governs the motion of

charged particles? How do the

force, acceleration, and velocity of

the charged particles change?

ACTIVITY 7.6.1

m ++

q2

q1 q1

v1 = 0 v2

+

r1

r2

Figure 2

The total energy of the charges

remains constant even though the

distance between them changes.
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The charged particle q1 thus moves in the electric field of q2 in such a way that the elec-

tric potential energy it loses (2DEE) is equal to the kinetic energy it gains (DEK).

A sample problem will illustrate this.

Figure 3 shows two small conducting spheres placed on top of insulating pucks. One

puck is anchored to the surface, while the other is allowed to move freely on an air table.

The mass of the sphere and puck together is 0.15 kg, and the charge on each sphere is

+3.0 3 1026 C and +5.0 3 1029 C. The two spheres are initially 0.25 m apart. How fast will

the sphere be moving when they are 0.65 m apart?

Solution

m 5 0.15 kg r 5 0.25 m

q1 5 13.0 3 1026 C r 9 5 0.65 m

q2 5 15.0 3 1029 C v 95 ?

To find the speed, the kinetic energy at r 9 = 0.65 m is required. Since the initial kinetic

energy is 0, the final kinetic energy is equal to the change in kinetic energy. To determine

the change in kinetic energy, we first find the change in electric potential energy:

EK9 5 DEK

5 2DEE

5 2_}
kq

r
1

9

q2
} 2 }

kq

r
1q2
}+

5 2 1 

EK9 5 3.3 3 1024 J

We can now find the speed:

v 9 5 !}

2E

m
K9
}§

5 !§
v 9 5 0.07 m/s

The sphere will be moving with a speed of 0.07 m/s.

2(0.33 J)
}
0.15 kg

(9.0 3 109 N?m2/C2)(3.0 3 1026 C)(5.0 3 1029 C)
}}}}}}

0.25 m

(9.0 3 109 N?m2/C2)(3.0 3 1026 C)(5.0 3 1029 C)
}}}}}}

0.65 m

SAMPLE problem 1

+3.0 3 10−6 C

free to move

+5.0 3 10−9 C

will not move

Figure 3
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When the electric field in which the charged particle is moving is uniform, its motion

is much simpler. In a uniform electric field

F#$E 5 q«#$ 5 constant

Therefore,

a#$ 5 }
F

m

#$
E
} 5 constant

Thus, the charged particle moves with uniform acceleration. This will be the case for

small charged particles (such as ions, electrons, and protons) where gravitational effects

are negligible and they are moving between two parallel plates in a vacuum.

The work done by a constant force in the same direction as the displacement is the scalar

product of the force and the displacement. In a parallel-plate apparatus with plate separation

r, the work done by the electric force in moving a charge q from one plate to the other is

W 5 F#$E ? r#$

5 «qr (since «#$ and r$ are in the same direction)

5 }
∆
d

V
} qr

W 5 ∆Vq

This amount of work is equal in magnitude to the change in electric potential energy

and the change in kinetic energy of the particle as it moves from one plate to the other.

A sample problem will illustrate many of these relationships.

Section 7.6
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The cathode in a typical cathode-ray tube (Figure 4), found in a computer terminal or an

oscilloscope, is heated, which makes electrons leave the cathode. They are then attracted

toward the positively charged anode. The first anode has only a small potential rise while

the second is at a large potential with respect to the cathode. If the potential difference

between the cathode and the second anode is 2.0 3 104 V, find the final speed of the 

electron.

Solution

The mass and charge of an electron can be found in Appendix C.

∆V 5 2.0 3 104 V q 5 1.6 3 10219 C

m 5 9.1 3 10231 kg v 5 ?

For the free electron,

2DEE 5 DEK

qDV 5 }
1

2
} mv2

v 5 !§

5 !§§§
v 5 8.4 3 107 m/s

The final speed of the electron is 8.4 3 107 m/s.

2(1.6 3 10219 C)(2.0 3 104 V)
}}}}

9.1 3 10231 kg

2qDV
}

m

SAMPLE problem 2 electron gun

right–left deflection plate

up–down deflection plate

control grid

heater

electron gun

cathode

first anode

second anode

electron
beam

Figure 4

A typical cathode ray tube
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Inkjet Printers
An inkjet printer uses charged parallel plates to deflect droplets of ink headed toward the

paper. One type of inkjet print head ejects a thin stream of small ink droplets while it is

moving back and forth across the paper (Figure 5). Typically, a small nozzle breaks up

the stream of ink into droplets 1 3 1024 m in diameter at a rate of 150 000 droplets per

second and moving at 18 m/s. When the print head passes over an area of the paper

that should have no ink on it, the charging electrode is turned on, creating an electric field

between the print head and the electrode. The ink droplets acquire an electric charge

by induction (the print head itself is grounded), and the deflection plates prevent the

charged droplets from reaching the paper by diverting them into a gutter. When the

print head passes over an area where ink is to be placed, the electrode is turned off and

the uncharged ink droplets pass through the deflection plates in a straight line, landing

on the paper. The movement of the print head across the paper determines the form of

what appears on the paper.

Another type of inkjet printer places a charge on all the ink droplets. Two parallel

plates are charged proportionately to a control signal from a computer, steering the

droplets vertically as the paper moves horizontally (Figure 6). In the areas where no ink

is to be placed, the droplets are deflected into a gutter as in the previous design.

Answers

1. 1.6 3 1023 C

2. (a) 4.4 3 105 m/s

(b) 3.1 3 105 m/s

3. (a) 3.2 3 1024 J

(b) 6.4 3 1024 N

(c) 3.2 3 1024 J

(d) 8.0 m/s

4. 2.3 3 10216 J; 1.6 3 107 m/s

5. 2.6 3 105 V

Note that this speed is not negligible compared to the speed of light (about

28%). The high velocity is due to the high electric potential difference and very

low mass of the electron. This analysis becomes unsatisfactory for electrons

accelerated by potentials of more than a few thousand volts because they begin

to show relativistic effects (see Chapter 11).

Practice

Understanding Concepts

1. The potential difference between two parallel plates is 1.5 3 102 V. You would

have to do 0.24 J of work if you were to move a small charge, in opposition to the

electric force, from one plate to the other. Calculate the magnitude of the

charge.

2. An a particle has a positive charge of 2e and a mass of 6.6 3 10227 kg. With

what velocity would an a particle reach the negative plate of a parallel-plate

apparatus with a potential difference of 2.0 3 103 V

(a) if it started from rest at the positive plate

(b) if it started from rest at a point halfway between the plates

3. A pith ball of mass 1.0 3 1025 kg with a positive charge of 4.0 3 1027 C is

slowly pulled at a constant speed by a string a distance of 50.0 cm through a

potential difference of 8.0 3 102 V. It is then released from rest and “falls” back

to its original position. 

(a) Calculate the work done by the string in moving the pith ball.

(b) Calculate the magnitude of the average force required to do this work.

(c) Calculate the kinetic energy of the pith ball when it arrives back at its 

original position.

(d) Calculate the speed of the pith ball just as it reaches its final position.

4. Two electrons are held, at rest, 1.0 3 10212 m apart, then released. With what

kinetic energy and speed is each moving when they are a “large” distance

apart?

5. What is the potential difference required to accelerate a deuteron of mass 

3.3 3 10227 kg and charge 1.6 3 10219 C from rest to a speed of

5.0 3 106 m/s?
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ink supply

pump
charging control

instructions from computer

nozzle of

print head

electrode

deflection plates
paper

gutter

Figure 5

The print head emits a steady flow of ink droplets. Uncharged ink droplets

pass straight through the deflection plates to form letters. Charged droplets

are deflected into the gutter when the paper is to be blank. Notice that the

evidence of the ink drops can be seen when the letters are enlarged.

ink drop generator

charging

electrode

deflection

plates

gutter

paper

Figure 6

Charged droplets are deflected ver-

tically to form the letters.

An electron is fired horizontally at 2.5 3 106 m/s between two horizontal parallel plates

7.5 cm long, as shown in Figure 7. The magnitude of the electric field is 130 N/C. The

plate separation is great enough to allow the electron to escape. Edge effects and gravita-

tion are negligible. Find the velocity of the electron as it escapes from between the plates.

Solution

q 5 1.6 3 10219 C « = 130 N/C

v#$1 5 2.5 3 106 m/s [horizontally] v#$2 5 ?

l 5 7.5 cm

Note that v#$2 has two components, v2x and v2y .

The magnitude of the electric field is constant, and the field is always straight down;

therefore, the electric force on the electron is constant, meaning its acceleration is con-

stant and vertical. We can break the problem up into a horizontal part, which involves just

uniform motion, and a vertical part, which involves constant acceleration. There is no need

to use energy here (although you could). We will use forces and kinematics instead.

SAMPLE problem 3

electron
+x

+y

v1W

1        1        1        1        1        1        1        1        1        1        1 

2        2        2        2        2        2        2        2        2        2        2 

«

Figure 7
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v2

v2x = v1x = |v1|

v2y
v

• A charged particle in a uniform electric field moves with uniform acceleration.

• From conservation principles, any changes to a particle’s kinetic energy result

from corresponding changes to its electric potential energy (when moving in any

electric field and ignoring any gravitational effects).

The Motion of Charged Particles 

in Electric Fields
SUMMARY

The magnitude of the net force on the electron is 

Fnet 5 FE
5 q«

Fnet 5 e«

Therefore, the magnitude of the acceleration of the electron is given by

ay 5

5

ay 5 2.3 3 1013 m/s2

a#$ 5 2.3 3 1013 m/s2 [up]

This acceleration is upward because the electron is repelled by the lower plate and

attracted to the upper plate, as indicated by the direction of the electric field.

The initial velocity in the vertical direction is zero. To find the final vertical velocity, it suf-

fices to find the time spent on the vertical movement, which equals the time spent

passing through the plates. That time, in turn, is given to us by the horizontal velocity and

the width of the plates. (Remember that the electron moves with uniform motion in the

horizontal direction.)

Dt 5 }
D

vx

l
}

5

Dt 5 3.0 3 1028 s

The final vertical component of the velocity is

v2y 5 v1y 1 ayDt

5 0 1 (2.3 3 1013 m/s2)(3.0 3 1028 s)

v2y 5 6.9 3 105 m/s [up]

Adding these two components head-to-tail and using the Pythagorean theorem, as in 

Figure 8, gives

v2 5 Ï(6.9 3w 105 mw/s) 1 (w2.5 3w106 m/ws)w

v2 5 2.6 3 106 m/s

We determine the angle upward from the horizontal:

v 5 tan21 1 2
v 5 15°

The final velocity is 2.6 3 106 m/s [right 15° up from the horizontal].

6.9 3 105 m/s
}}
2.5 3 106 m/s

7.5 3 1022 m
}}
2.5 3 106 m/s

(21.6 3 10219 C)(2130 N/C)
}}}}

9.1 3 10231 kg

e«
}me

Figure 8
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Section 7.6

Section 7.6 Questions

Understanding Concepts

1. Figure 9 shows a common technique used to accelerate

electrons, usually released from a hot filament from rest.

The small hole in the positive plate allows some electrons

to escape providing a source of fast-moving electrons for

experimentation. The magnitude of the potential difference

between the two plates is 1.2 3 103 V. The distance

between the plates is 0.12 m.

(a) At what speed will an electron pass through the hole

in the positive plate?

(b) Is the electron pulled back to the positive plate once it

passes through the hole? Explain your answer.

(c) How could the apparatus be modified to accelerate

protons?

(d) Find the speed of the emerging protons in an appro-

priate apparatus.

2. An electron is accelerated through a uniform electric field

of magnitude 2.5 3 102 N/C with an initial speed of 1.2 3

106 m/s parallel to the electric field, as shown in Figure 10.

(a) Calculate the work done on the electron by the field

when the electron has travelled 2.5 cm in the field.

(b) Calculate the speed of the electron after it has trav-

elled 2.5 cm in the field. 

(c) If the direction of the electric field is reversed, how far

will the electron move into the field before coming to

rest?

3. Two electrons are fired at 3.5 3 106 m/s directly at each

other.

(a) Calculate the smallest possible distance between the

two electrons.

(b) Is it likely that two electrons in this situation will actu-

ally get this close to each other if the experiment is

performed? Explain your answer.

4. Ernest Rutherford in his lab at McGill University, Montreal,

fired a particles of mass 6.64 3 10227 kg at gold foil to

investigate the nature of the atom. What initial energy must

an a particle (charge +2e) have to come within 

4.7 3 10215 m of a gold nucleus (charge +79e) before

coming to rest? This distance is approximately the radius 

of the gold nucleus.  

5. An electron with a velocity of 3.00 3 106 m/s [horizontally]

passes through two horizontal parallel plates, as in 

Figure 11. The magnitude of the electric field between the

plates is 120 N/C. The plates are 4.0 cm across. Edge

effects in the field are negligible.

(a) Calculate the vertical deflection of the electron.

(b) Calculate the vertical component of the final velocity.

(c) Calculate the angle at which the electron emerges.

Making Connections

6. An oscilloscope is a device that deflects a beam of elec-

trons vertically and horizontally across a screen. Its many

applications (e.g., electrocardiography) rely on its high sen-

sitivity to electric potential differences.

(a) How can we deflect the beam of electrons in the oscil-

loscope vertically, whether upward or downward, by

various amounts?

(b) How can we deflect the beam horizontally from left to

right, and then horizontally again, more quickly, from

right to left?

(c) If an oscilloscope is to be used to monitor the heart-

beat of a patient, what will determine the amount of

vertical and horizontal deflection of the electrons?

(d) Design an oscilloscope that can deflect the electrons 5°

vertically up and down and 10° horizontally left and right.

Discuss the changes in potential that will be required in

its operation if heartbeats are to be measured. 

7. Two oppositely charged objects, of some nonneglible mass

m1, are placed in deep interstellar space, in a region essen-

tially free of gravitational forces from other objects. 

(a) Discuss the resulting motion of the two objects and

the energy transformations.

(b) Compare the motion of these two charged objects with

the motion of two neutral objects, of some nonnegli-

gible mass m2, under similar circumstances.

θ
e2

+ + + + + +

– – – – – – x

y
v1

v2

Figure 11

– – – – – – – – – –

+ + + + + + + + + +

e-

Figure 9

Figure 10
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Key Expectations

• state Coulomb’s law and Newton’s law of universal

gravitation, and analyze and compare them in qualita-

tive terms (7.2)

• apply Coulomb’s law and Newton’s law of universal

gravitation quantitatively in specific contexts (7.2)

• define and describe the concepts and units related to

electric and gravitational fields (e.g., electric and grav-

itational potential energy, electric field, gravitational

field strength) (7.2, 7.3, 7.4, 7.5, 7.6)

• determine the net force on, and the resulting motion

of, objects and charged particles by collecting, ana-

lyzing, and interpreting quantitative data from experi-

ments or computer simulations involving electric and

gravitational fields (e.g., calculate the charge on an

electron, using experimentally collected data; conduct

an experiment to verify Coulomb’s law and analyze

discrepancies between theoretical and empirical

values) (7.2, 7.5, 7.6)

• describe and explain, in qualitative terms, the electric

field that exists inside and on the surface of a charged

conductor (e.g., inside and around a coaxial cable)

(7.3)

• explain how the concept of a field developed into a

general scientific model, and describe how it affected

scientific thinking (e.g., explain how field theory

helped scientists understand, on a macro scale, the

motion of celestial bodies and, on a micro scale, the

motion of particles in electric fields) (7.3)

• analyze and explain the properties of electric fields and

demonstrate how an understanding of these properties

can be applied to control or alter the electric field

around a conductor (e.g., demonstrate how shielding

on electronic equipment or on connecting conductors

[coaxial cables] affects electric fields) (7.3)

• analyze in quantitative terms, and illustrate using field

and vector diagrams, the electric field and the electric

forces produced by a single point charge, two point

charges, and two oppositely charged parallel plates

(e.g., analyze, using vector diagrams, the electric force

required to balance the gravitational force on an oil

drop or on latex spheres between parallel plates) 

(7.3, 7.5)

• compare the properties of electric and gravitational

fields by describing and illustrating the source and

direction of the field in each case (7.3, 7.6)

• apply quantitatively the concept of electric potential

energy in a variety of contexts, and compare the char-

acteristics of electric potential energy with those of

gravitational potential energy (7.4, 7.6)

Key Terms
induced charge separation

law of conservation of charge

Coulomb’s law

coulomb

field theory

field of force

electric field

electric potential

electric potential difference

electric potential energy

Key Equations

• FE 5 }
kq

r
1
2

q2
} (7.2)

• k 5 9.0 3 109 N?m2/C2 Coulomb’s law (7.2)

• « 5 }

k

r

q

2

1
} (7.3)

• EE 5 }
kq

r
1q2
} (7.4)

• V 5 }
kq

r
1

} (7.4)

• ∆E5 q∆V for charged plates « 5 }
∆
r
V
} (7.4)

• e 5 1.602 3 10219 C elementary charge (7.5)

• q 5 Ne (7.5)

MAKE a summary

There are many different concepts and equations in this

chapter that are closely related to each other. List all the

equations in this chapter and show how they are related.

Identify which quantities in your equations are vectors,

which of your equations apply to point charges, and which

equations apply to parallel plates. Give an application for

each equation, and discuss any principles or laws from other

chapters that are related to them.
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Write numbers 1 to 6 in your notebook. Indicate beside

each number whether the corresponding statement is true

(T) or false (F). If it is false, write a corrected version. 

1. If a charge q exerts a force of attraction of magnitude

F on a charge –2q, then the charge –2q exerts a force

of attraction of magnitude 2F on the charge q.

2. The only difference between electric and gravitational

forces is that the electric force is larger.

3. The electric field at the surface of a conductor in

static equilibrium is perpendicular to the surface of

the conductor.

4. Electric field lines indicate the path that charged par-

ticles will follow near another charged object.

5. It is safe to stay in your car during a lightning storm

because the tires act as insulators.

6. The acceleration experienced by two small charges as

they start from rest and move apart is inversely pro-

portional to the square of the distance between them.

Write numbers 7 to 13 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

7. When comparing the force of attraction between an

electron and a proton due to the electric force and

gravity, it can be concluded that

(a) the gravitational force is a lot stronger

(b) the electric force is a lot stronger

(c) the two types of forces are the same

(d) they cannot be compared

(e) the electric force is slightly stronger

8. The electric force on each of two small charged

spheres due to the other sphere has a magnitude of F.

The charge on one sphere is doubled, and the distance

between the centres of the spheres is tripled. The mag-

nitude of the force on each small charged sphere is

(a) 2F (c) }
2

3

F
} (e) }

2

9

F
}

(b) }
F

3
} (d) }

F

9
}

9. The magnitude of the electric field due to a small

charged object is 12 N/C at a distance of 3.0 m from

the charge. The field 6.0 m away from the charge is

(a) 36 N/C (c) 6.0 N/C (e) 3.0 N/C

(b) 12 N/C (d) 4.0 N/C

10. Which diagram in Figure 1 represents the net electric

field between two charged parallel plates if a neutral

conducting sphere is placed between the plates?

(a) (b) (c) (d) (e) none of these

Unit 3

11. A neutral charged conductor is placed near a posi-

tively charged object. The electric field inside the 

neutral conductor is

(a) perpendicular to the surface

(b) zero

(c) directed toward the negative charge

(d) stronger than the electric field at the surface of

the conductor

(e) none of these

12. A mass has a charge on it. Another small mass with a

positive charge is moved away from the first mass,

which remains at rest. As the distance increases, what

happens to the gravitational potential energy Eg and

the electric potential energy EE?

(a) Eg decreases and EE decreases

(b) EE either decreases or increases, depending on the

unknown sign of charge, and Eg decreases

(c) Eg decreases and EE increases

(d) EE decreases or increases, depending on the

unknown sign of charge, and Eg increases

(e) Eg increases and EE decreases

13. Two isolated electrons starting from rest move apart.

Which of the following statements is true as the dis-

tance between the electrons increases?

(a) The velocity increases and the acceleration is

constant.

(b) The velocity increases and the acceleration

decreases.

(c) The velocity decreases and the acceleration is

constant.

(d) The velocity increases and the acceleration

increases.

(e) The velocity is constant and the acceleration is

constant.

+ + + + + + + +

− − − − − − − − − − − − − − −

− − − − − − − −

+ + + + + + + ++ + + + + + +

(a)

+ + + + + +

− − − − − −

(b)

+ + + + + +

− − − − − −

(c) (d)

Figure 1

An interactive version of the quiz is available online.

GO www.science.nelson.com
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Understanding Concepts
1. One of the children in Figure 1 is touching an elec-

trostatic generator.

(a) Why does the hair of the child touching the elec-

trostatic generator stand on end?

(b) Why does the hair of the other child likewise

stand on end?

(c) Are the children grounded? Explain your answer.

2. In a chart, compare similarities and differences

between Newton’s law of universal gravitation and

Coulomb’s law.

3. Coulomb’s law may be used to calculate the force

between charges only under certain conditions. State

the conditions, and explain why they are imposed.

4. Two small, oppositely charged conducting spheres

experience a mutual electric force of attraction of

magnitude 1.6 3 1022 N. What does this magnitude

become if each sphere is touched with its identical,

neutral mate, the initially neutral spheres are taken

far away, and the separation of the two initially

charged spheres is doubled? 

5. What is the distance between two protons experi-

encing a mutually repelling force of magnitude 

4.0 3 10–11 N? 

6. One model of the structure of the hydrogen atom

consists of a stationary proton with an electron

moving in a circular path around it. The orbital path

has a radius of 5.3 3 10211 m. The masses of a

proton and an electron are 1.67 3 10227 kg and 

9.1 3 10231 kg, respectively.

(a) Calculate the electrostatic force between the elec-

tron and the proton.

(b) Calculate the gravitational force between them.

(c) Which force is mainly responsible for the elec-

tron’s circular motion?

(d) Calculate the speed and period of the electron in

its orbit around the proton.

7. Two point charges, +4.0 3 1025 C and –1.8 3 1025 C,

are placed 24 cm apart. What is the force on a third

small charge, of magnitude –2.5 3 1026 C, if it is

placed on the line joining the other two,

(a) 12 cm outside the originally given pair of

charges, on the side of the negative charge? 

(b) 12 cm outside the originally given pair of

charges, on the side of the positive charge? 

(c) midway between the originally given pair of

charges?  

8. Explain why we use a “small” test charge to detect and

measure an electric field.

9. If a stationary charged test particle is free to move in

an electric field, in what direction will it begin to

travel?

10. Why is it safer to stay inside an automobile during a

lightning storm? (Hint: It is not due to the insulating

rubber tires.)

11. Three small, negatively charged spheres are located at

the vertices of an equilateral triangle. The magnitudes

of the charges are equal. Sketch the electric field in

the region around this charge distribution, including

the space inside the triangle.

12. A small test charge of +1.0 mC experiences an electric

force of 6.0 3 1026 N to the right.

(a) What is the electric field strength at that point?

(b) What force would be exerted on a charge of

–7.2 3 1024 C located at the same point, in place

of the test charge?

13. What are the magnitude and direction of the electric

field strength 1.5 m to the right of a positive point

charge of magnitude 8.0 3 1023 C?

14. What are the magnitude and direction of the electric

field strength at point Z in Figure 2?

Figure 1

Two children holding hands; one is touching an electro-

static generator.

q1 = 22.0 3 10–5 C q2 = 8.0 3 10–6 C

X Y Z

+−

60.0 cm
30.0 cm

Figure 2
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15. A ping-pong ball of mass 3.0 3 1024 kg hangs from a

light thread 1.0 m long, between two vertical parallel

plates 10.0 cm apart (Figure 3). When the potential

difference across the plates is 420 V, the ball comes 

to equilibrium 1.0 cm to one side of its original 

position.

(a) Calculate the electric field strength between the

plates.

(b) Calculate the tension in the thread.

(c) Calculate the magnitude of the electric force

deflecting the ball.

(d) Calculate the charge on the ball.

16. If two points have the same electric potential, is it

true that no work is required to move a test charge

from one point to the other? Does that mean that no

force is required, as well?

17. How much work is required to move a charged par-

ticle through an electric field if it moves along a path

that is always perpendicular to an electric field line?

How would the potential change along such a path?

18. A charge of 1.2 3 1023 C is fixed at each corner of a

rectangle 30.0 cm wide and 40.0 cm long. What are

the magnitude and direction of the electric force on

each charge? What are the electric field and the elec-

tric potential at the centre?

19. Calculate the electric potential 0.50 m from a 

4.5 3 1024 C point charge.

20. A 1.0 3 1026 C test charge is 40.0 cm from a 

3.2 3 1023 C charged sphere. How much work was

required to move it there from a point 1.0 3 102 cm

away from the sphere? 

21. How much kinetic energy is gained by an electron

that is allowed to move freely through a potential dif-

ference of 2.5 3 104 V?

Unit 3

22. How much work must be done to bring two protons,

an infinite distance apart, to within 1.0 3 10215 m of

each other, a distance comparable to the width of an

atomic nucleus? (The work required, while small, is

enormous in relation to the typical kinetic energies of

particles in a school lab. This shows why particle

accelerators are needed.) 

23. What is the magnitude of the electric field between

two large parallel plates 2.0 cm apart if a potential

difference of 450 V is maintained between them? 

24. What potential difference between two parallel plates,

at a separation of 8.0 cm, will produce an electric

field strength of magnitude 2.5 3 103 N/C?

25. Most experiments in atomic physics are performed in

a vacuum. Discuss the appropriateness of performing

the Millikan oil drop experiment in a vacuum.

26. Assume that a single, isolated electron is fixed at

ground level. How far above it, vertically, would

another electron have to be so that its mass would be

supported against gravitation by the force of electro-

static repulsion between them?

27. An oil droplet of mass 2.6 3 10215 kg, suspended

between two parallel plates 0.50 cm apart, remains

stationary when the potential difference between the

plates is 270 V. What is the charge on the oil droplet?

How many excess or deficit electrons does it have? 

28. A metallic table tennis ball of mass 0.10 g has a charge

of 5.0 3 1026 C. What potential difference, across a

large parallel plate apparatus of separation 25 cm,

would be required to keep the ball stationary? 

29. Calculate the electric potential and the magnitude of

the electric field at a point 0.40 m from a small sphere

with an excess of 1.0 31012 electrons.

30. An electron is released from rest at the negative plate

in a parallel plate apparatus kept under vacuum and

maintained at a potential difference of 5.0 3 102 V.

With what speed does the electron collide with the

positive plate? 

31. What potential difference would accelerate a helium

nucleus from rest to a kinetic energy of 1.9 3 10215 J?

(For a helium nucleus, q = +2e.)

32. An electron with a speed of 5.0 3 106 m/s is injected

into a parallel plate apparatus, in a vacuum, through

a hole in the positive plate. The electron collides with

the negative plate at 1.0 3 106 m/s. What is the

potential difference between the plates?

1.0 cm

10.0 cm

1.
0
 m

Figure 3
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33. Four parallel plates are connected in a vacuum as in

Figure 4. An electron, essentially at rest, drifts into

the hole in plate X and is accelerated to the right. The

vertical motion of the electron continues to be negli-

gible. The electron passes through holes W and Y,

then continues moving toward plate Z. Using the

information given in the diagram, calculate

(a) the speed of the electron at hole W 

(b) the distance from plate Z to the point at which

the electron changes direction 

(c) the speed of the electron when it arrives back at

plate X 

34. Two a particles, separated by an enormous distance,

approach each other. Each has an initial speed of

3.0 3 106 m/s. Calculate their minimum separation,

assuming no deflection from their original path.

35. An electron enters a parallel plate apparatus 10.0 cm

long and 2.0 cm wide, moving horizontally at 

8.0 3 107 m/s, as in Figure 5. The potential difference

between the plates is 6.0 3 102 V. Calculate

(a) the vertical deflection of the electron from its

original path 

(b) the velocity with which the electron leaves the

parallel plate apparatus 

Applying Inquiry Skills
36. A versorium is a device that detects the presence of an

electric charge on an object. The device consists of any

convenient material (e.g., a straw or a long strip of

folded paper) balanced on a needle or tack with some

sort of base, such as modelling clay. The straw will

rotate if a charged object is brought close to one end.

Build your own versorium. Charge several objects and

try your device. Also try it on an operating television

screen. Examine the effect of turning the television off

and on while keeping your versorium near the screen.

Write a short report on your findings.

37. Design an experiment that can be used to test the

properties of conductors in electric fields. You may

use either or both of the following as is convenient: a

probe that can detect electric fields; a charged neutral

object attached to an insulating rod.

38. The electric field of Earth always points toward Earth.

The magnitude of the field strength varies locally

from as low as 100 N/C in fair weather to 20 000 N/C

in a thunderstorm. A field mill measures the local

electric field strength. In this device, the lower plate,

parallel to the ground, is connected to Earth through

an ammeter. The upper plate can be moved horizon-

tally, and it, too, is connected to Earth.

(a) When the mill is arranged as in Figure 6(a), what

kind of charge is on the surface of Earth and on

each plate? (Hint: Examine the field lines.) 

(b) What will the ammeter show when you move the

upper plate rapidly over the lower plate, as in

Figure 6(b)? Explain your answer.

(c) What will the ammeter show when the upper

plate is quickly pushed away from the lower

plate? Explain your answer.

(d) What will the ammeter show if the upper plate is

attached to a motor and is rotated in a circle,

passing periodically over the lower plate?

(e) How is the ammeter reading related to the mag-

nitude of the electric field of Earth?

39. You place a circular conductor near a charged plate in

oil with suspended rayon fibres, as in Figure 7. The

configuration assumed by the fibres indicates the

geometry of the electric field. Explain what conclu-

sions this demonstration suggests regarding the

nature of electric fields (a) near the surfaces of con-

ductors and (b) inside conductors.

X Y ZW

3.0 3 102 V

−

4.0 cm 4.0 cm 4.0 cm

5.0 3 102 V Figure 4

6.0 3 102 V
8.0 3 107 m/s

10.0 cm

2.0 cm

+

−
−

Figure 5

(a) (b)

A A

Figure 6

A field mill is used to detect the magnitude of Earth’s electric field.
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40. Using different materials—wool, fur, plastic, and

paper—charge a small fluorescent tube in a dark

room. A 45-cm tube, rated at 15 W, works well. The

brightness of the tube depends on the potential dif-

ference achieved. Charge a plastic rod or a length of

PVC pipe and move it close to the fluorescent tube.

(Figure 8 depicts this phenomenon using large fluo-

rescent bulbs.) Write a short report on your 

observations.

Making Connections
41. When laboratories process photographs, the film

often becomes positively charged, attracting dust and

even causing sparks. One variety of static eliminator

uses a radioactive source, polonium-210, that emits

positively charged particles (a particles). Explain how

this can help to reduce dust on the film.

42. Research the principles of piezoelectric crystals and

the use of these crystals in wrist watches. Write a

one-page report.

Unit 3

43. Figure 9 shows the climbing arc, or “Jacob’s ladder.” It

operates by applying a potential difference to the

plates. If the potential difference is large enough, an

arc will jump between the gap between the two plates,

where they are closest. The arc will then slowly climb

up the ever-widening gap between the two plates.

Discuss how the device operates by explaining the

conditions necessary to start the arc, why it starts

where the plates are closest, and why it then “climbs”

up the space between the plates.

Extension
44. Gauss’s law is considered even more general than

Coulomb’s law and is useful in relating the electric

field to the total charge. Research Gauss’s law and its

applications and make a display showing what you

have found.

45. An electron with an initial velocity of 2.4 3 106 m/s

[45° up from the horizontal] passes into two parallel

plates separated by 2.5 mm, as in Figure 10. The

potential difference between the plates is 1.0 3 102 V.

(a) How close does the electron come to the top

plate?

(b) Determine where it strikes the bottom plate.

Figure 7

Figure 8

Power lines in rural areas are operated at a potential differ-

ence of several hundred thousand volts relative to Earth.

This voltage drop is high enough to create a significant

potential difference across these fluorescent bulbs, causing

them to glow.

Figure 9

Climbing arc (or Jacob’s ladder)

45°
1.0 3 102 V

v1

Figure 10

GO www.science.nelson.com
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Electromagnetism

chapter

Magnetic Fields and

Electromagnetism

In this chapter,
you will be able to

• define and describe

concepts related to magnetic

fields

• compare and contrast the

properties of electric,

gravitational, and magnetic

fields

• predict the forces on moving

charges and on a current-

carrying conductor in a

uniform magnetic field

• perform and analyze

experiments and activities on

objects or charged particles

moving in magnetic fields

• analyze and explain the

magnetic fields around

coaxial cables

• describe how advances in

technology have changed

scientific theories

• evaluate the impact of new

technologies on society

Force acting-at-a-distance is the prevailing theme in this unit, and magnetism is anotherfamiliar force that behaves in this manner. A magnet can easily cause a compass needleto turn without making any contact with the needle or cause iron filings to “leap” off adesk without touching them. In this chapter we will draw on what we know about gravityand the electric force to expand our understanding of magnetism.As in the last chapter the goal is to provide a more complete picture of magnetismthrough a rigorous, quantitative study. We will also look at many different applications ofmagnetism in areas such as nature (Figure 1), transportation, communication, and safety.
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1. When a charge passes through a conductor, it produces a magnetic field.

(a) How is the magnetic field oriented around a straight conductor?

(b) How does the magnetic field strength vary with distance from the conductor?

(c) What factors other than distance affect the magnitude of the magnetic field?

(d) What factors affect the magnitude of the magnetic field produced by a coiled

conductor?

2. (a) If a wire with a current in it can experience a force in a magnetic field, can a

single charge moving in a magnetic field experience a force? If so, under what

circumstances can this occur?

(b) What factors affect the magnitude and direction of the force on the charge in the

magnetic field?

(c) What happens to the velocity of a particle fired into a uniform magnetic field,

perpendicular to the field? 

(d) Will the resulting motion of a charged particle fired into a magnetic field

resemble projectile motion for a mass in a gravitational field in the same way as a

charged particle in a uniform electric field?

3. We have seen that the central conductor in a coaxial cable is shielded from electric

fields. Does the conductor also shield magnetic fields? Why or why not? 

4. List four devices that use the principles of magnetism. Explain how they work.

REFLECT on your learning
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Figure 1

The aurora borealis is a result of ionized particles 

interacting with Earth’s magnetic field.

TRYTHIS activity Magnetic Fields

For this activity you will need an old cathode-ray tube and a bar magnet.

Have your teacher check all power arrangements. 

Cathode-ray tube potentials can be hazardous.

• Set up the cathode-ray tube so that a beam of electrons is clearly visible.

• Bring the north-seeking pole of a bar magnet close to the tube from 

several different directions. Repeat with the south-seeking pole of the

magnet.

(a) What happens to the beam when you bring the north-seeking pole near?

(b) How does this compare to what happens when the south-seeking pole is

brought near?

(c) What causes the change in trajectory of the beam? Do rays of light and

streams of water behave in the same way in the presence of magnetic

poles? Test your hypothesis and try to explain the results.
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8.18.1
Natural Magnetism and

Electromagnetism

A systematic study of magnetism has been going on for the past two hundred years, yetphysicists are still not able to fully explain the magnetic characteristics of the neutron andproton, and they are still puzzled about the origin of Earth’s magnetic field. And whilethere are currently many applications of the principles of magnetism and electromag-netism in nature and society, scientists are continuously discovering new ways to usethem.
MagnetsWhen a bar magnet is dipped into iron filings, the filings are attracted to it, accumu-lating most noticeably around regions at each end of the magnet—the poles. When thebar magnet is allowed to rotate freely the pole that tends to seek the northerly directionis called the north-seeking pole, or simply, the N-pole. The other is called the south-seeking pole, or S-pole.By placing two bar magnets first with similar poles together, then with opposite polestogether, you can demonstrate the law of magnetic poles (Figure 1):

Magnetic FieldsSince an iron filing experiences a force when placed near a magnet, then, by definition,a magnet is surrounded by a magnetic force field. This field is often detected by itseffect on a small test compass (magnetized needle). It is visually depicted by drawingmagnetic field lines that show the direction in which the N-pole of the test compasspoints at all locations in the field. Experimentally, the lines in a magnetic field can easilybe traced by sprinkling iron filings on a sheet of paper placed in the field. The filingsbehave like many tiny compasses and line up in the direction of the field at all points. Theyproduce a “picture” of the magnetic field, as shown in Figure 2.

Magnets

Early investigators of magnets used

the mineral lodestone (magnetite),

an oxide of iron that is naturally

magnetized. Now artificial magnets,

containing iron, nickel, cobalt, and

gadolinium in alloys or ceramics, are

used instead.

DID YOU KNOW??

poles the regions at the end of a

magnetized body at which magnetic

attraction is strongest

Law of Magnetic Poles

Opposite magnetic poles attract. Similar magnetic poles

repel.

Figure 1

The law of magnetic poles

N

S

Figure 2

(a) The magnetic field of a single

bar magnet is revealed by a

number of compasses. 

(b) Iron filings show the field

clearly but do not reveal the

pole orientation.

(c) The field in one plane is repre-

sented by a series of directed

lines that by convention emerge

from the N-pole and curve

toward the S-pole. 

(a) (b) (c)

magnetic force field the area

around a magnet in which magnetic

forces are exerted

S

N
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Since iron filings have no marked north or S-poles, they reveal only the pattern ofthe magnetic field lines, not their direction (Figure 3). The relative strength of the mag-netic field is indicated by the spacing of adjacent field lines: where lines are close together,the magnetic field is strong.

Section 8.1

Figure 3

(a) Similar poles face each other. 

(b) Opposite poles face each other.
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Figure 4

(a) The magnetic field of Earth

closely resembles the field of a

large bar magnet. 

(b) Lines of magnetic declination

in Canada

(a) (b)

(a) (b)

The magnetic field at any point is a vector quantity, represented by the symbol B$. Themagnitude B is given by the magnitude of the torque (or turning action) on a small testcompass not aligned with the direction of the field. We will make a more precise defi-nition of B later in this chapter, when we examine electromagnetism.
Earth’s Magnetic FieldA pivoted magnet will rotate and point north–south because of its interaction with themagnetic field of Earth. As early as the 16th century, Sir William Gilbert, the distin-guished English physicist, had devised a model to describe Earth’s magnetism. He deter-mined that Earth’s magnetic field resembled the field of a large bar magnet, inclined ata slight angle to Earth’s axis, with its S-pole in the northern hemisphere. Figure 4(a)shows this field and the bar magnet that was thought, in Gilbert’s time, to be responsiblefor it.
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A compass points toward Earth’s magnetic N-pole, rather than toward its geographicnorth pole (the north end of Earth’s axis of rotation). The angle, or magnetic declination,between magnetic north and geographic north varies from position to position on thesurface of Earth (Figure 4(b)). In navigating by compass, the angle of declination for aparticular location must be known so that true north can be determined.In addition, Earth’s magnetic field is three-dimensional, with both a horizontal anda vertical component. A magnetic compass on a horizontal surface reveals only the hor-izontal component. The angle between Earth’s magnetic field, at any point, and the hor-izontal is called the magnetic inclination, or “dip,” and is measured with a magneticdipping needle (Figure 5).Inclination and declination charts must be revised from time to time because Earth’smagnetic field is slowly changing. It is believed that these changes result from the rotation of the magnetic field about Earth’s axis; one complete rotation takes about 1000 years (Figure 6).
Figure 5

A dipping needle is a compass piv-

oted at its centre of gravity and free

to rotate in a vertical plane. When

aligned with a horizontal compass

pointing north, it points in the direc-

tion of Earth’s magnetic field. The

angle of inclination is then read

directly from the attached protractor.

domain theory of magnetism

theory that describes, in terms of

tiny magnetically homogeneous

regions (“domains”), how a material

can become magnetized: each

domain acts like a bar magnet
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Figure 6

This chart shows how the magnetic

declination in Ontario has changed

since 1750 at Thunder Bay, Sault Ste

Marie, Ottawa, and Toronto. The

negative signs indicate a westerly

declination.

Source: Natural Resources Canada

TRYTHIS activity Make Your Own 

Dipping Needle

Bend a piece of wire into a stirrup, and tie a

piece of string to the middle of it as shown. 

Push a needle through a small cube of

Styrofoam. Then push a round toothpick

through the Styrofoam, perpendicular to the

needle, balancing the toothpick on the wire

stirrup. Magnetize the needle, balancing the

setup as a combined compass and dipping

needle. Explain how your device works.

The Domain Theory of MagnetismAlthough not normally magnetized, some ferromagnetic materials, such as iron, nickel,cobalt, and gadolinium, may become magnetized under certain circumstances. Howthey are able to acquire magnetic properties may be explained by the domain theory of

magnetism.Ferromagnetic substances are composed of a large number of tiny regions called mag-netic domains. Each domain behaves like a tiny bar magnet, with its own N- and S-poles.When a specimen of the material is unmagnetized, these millions of domains are orientedat random, with their magnetic effects cancelling each other out, as in Figure 7.However, if a piece of ferromagnetic material is placed in a sufficiently strong magneticfield, some domains rotate to align with the external field, while others, already aligned,tend to increase in size at the expense of neighbouring nonaligned domains (Figure 8).The net result is a preferred orientation of the domains (in the same direction as theexternal field), causing the material to behave like a magnet. When the external field isremoved, this orientation will either remain for a long time or disappear almost imme-diately, depending on the material. When magnets are made in this way, they are knownas induced magnets.

string

wire

needle toothpick
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The domain model provides a simple explanation for many properties of inducedmagnets:
1. A needle is magnetized by rubbing it in one direction with a strong permanentmagnet. This aligns the domains with the field of the permanent magnet.
2. When a bar magnet is broken in two, two smaller magnets result, each with itsown N- and S-poles. It is impossible to produce an isolated N- or S-pole bybreaking a bar magnet.
3. Induced magnets made of “soft” iron demagnetize as soon as the external field isremoved. Examples include temporary magnets such as lifting electromagnets.In contrast, hard steel or alloys remain magnetized indefinitely. These includepermanent magnets such as magnetic door catches. Impurities in the alloysseem to “lock” the aligned domains in place and prevent them from relaxing totheir random orientation.
4. Heating or dropping a magnet can cause it to lose its magnetization, jostling thedomains sufficiently to allow them to move and resume their random orienta-tion. Each ferromagnetic material has a critical temperature above which itbecomes demagnetized and remains demagnetized even upon cooling.
5. A strong external magnetic field can reverse the magnetism in a bar magnet,causing the former south-seeking pole to become north-seeking. This occurswhen the domains reverse their direction of orientation by 180° due to the influ-ence of the strong external field in the opposite direction.
6. Ships’ hulls, columns and beams in buildings, and many other steel structuresare often found to be magnetized by the combined effects of Earth’s magneticfield and the vibrations imposed during construction. The effect is similar tostroking a needle with a strong magnet, in that the domains within the metalsare caused to line up with Earth’s magnetic field. Vibrations during constructionaid in the realignment of the domains.
Prior to the nineteenth century, electricity and magnetism, although similar in manyrespects, were generally considered separate phenomena. It was left to an accidental dis-covery by the Danish physicist Hans Christian Oersted (1777–1851), while teaching atthe University of Copenhagen, to reveal a relationship between the two. Observing thata magnetic compass needle was deflected by an electric current flowing through a nearbywire, Oersted formulated the basic principle of electromagnetism:

Section 8.1

Figure 7

The atomic dipoles are lined up in

each domain. The domains point in

random directions. The magnetic

material is unmagnetized.

Figure 8

The atomic dipoles (not the

domains) turn so that all domains

point in the direction of the 

magnetizing field. The magnetic

material is fully magnetized.

Principle of Electromagnetism

Moving electric charges produce a magnetic field.

Current Direction

Conventional current direction is

being used, not electron flow

direction.

LEARNING TIP

Right-Hand Rule for a Straight Conductor

If a conductor is grasped in the right hand, with the thumb

pointing in the direction of the current, the curled fingers

point in the direction of the magnetic field lines.

Magnetic Field of a Straight ConductorWhen an electric current flows through a long, straight conductor, the resulting mag-netic field consists of field lines that are concentric circles, centred on the conductor(Figure 9).You can remember the direction of these field lines (as indicated by the N-pole of asmall test compass) if you use the right-hand rule for a straight conductor:
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Magnetic Field of a Current LoopWhen a straight wire is formed into a circular loop, its magnetic field will appear asshown in Figure 10. Note that the field lines inside the loop are closer together, indi-cating a stronger magnetic field than on the outside of the loop.

N

S

N

S

I

I

I
B

Figure 10

(a) Each individual segment pro-

duces its own magnetic field, 

in the manner of a straight 

conductor. 

(b) The individual fields combine to

form a net field similar to the

three-dimensional field of a bar

magnet. 

(c) The right-hand rule for straight

conductors gives the direction

of the magnetic field of a single

loop. 

(d) Iron filings reveal the magnetic

field pattern.

(a) (b)

(c)

(d)

I I

B

Figure 9

(a) Iron filings reveal the circular

pattern of the magnetic field

around a conductor with a 

current.

(b) If the right thumb points in the

direction of the current, then

the fingers curl around the wire

in the direction of the magnetic

field lines.

(a) (b)
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Magnetic Field of a Coil or SolenoidA solenoid is a long conductor wound into a coil of many loops. The magnetic field ofa solenoid (Figure 11) is the sum of the magnetic fields of all of its loops. The fieldinside the coil can consequently be very strong. If the coil is tightly wound, the fieldlines are nearly straight and very close together (Figure 12).

Section 8.1

solenoid a coiled conductor used

to produce a magnetic field; when a

current is passed through the wire,

a magnetic field is produced inside

the coil

Figure 11

(a) A solenoid 

(b) Iron filings reveal the field lines

in and around a solenoid.

magnetic field

I
B I

I

B
B

Figure 12

(a) When the solenoid is loosely wound, field lines within the coil are curved. 

(b) The field becomes stronger and straighter inside the coil when the coil is wound

tighter. The right-hand rule for solenoids (a corollary of the right-hand rule for a

straight conductor) gives the direction of the field inside the coil.

(a) (b)

Right-Hand Rule for a Solenoid

If a solenoid is grasped in the right hand, with the fingers

curled in the direction of the electric current, the thumb

points in the direction of the magnetic field lines in its core.

Strength Outside the Coil

The field lines outside the coil

have an enormous volume of

space to fill; therefore, they spread

out so much that the field strength

is negligible.

DID YOU KNOW??

(a) (b)

A solenoid has a magnetic field very similar to the field of a bar magnet, with the con-venient additional feature that the field can be switched off and on. To remember the direc-tion of the magnetic field of a solenoid, we apply a special right-hand rule for a solenoid:

Note that the right-hand rule for a solenoid is consistent with the right-hand rule for astraight conductor if we point our thumb along, or tangent to, the curved wire of the coil.
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• The law of magnetic poles states that opposite magnetic poles attract and similarmagnetic poles repel.• A magnet is surrounded by a magnetic force field.• The domain theory states that ferromagnetic substances are composed of a largenumber of tiny regions called magnetic domains, with each domain acting like atiny bar magnet. These domains can be aligned by an external magnetic field.• The principle of electromagnetism states that moving electric charges produce amagnetic field.

Natural Magnetism 

and Electromagnetism
SUMMARY

Table 1 Relative Magnetic Permeabilities of Common Materials

Material Relative Magnetic Permeability

copper 0.999 99

water 0.999 999

vacuum 1.000 000

oxygen 1.000 002

aluminum 1.000 02

cobalt 170

nickel 1 000

steel 2 000

iron 6 100

permalloy 100 000

Using Electromagnets and SolenoidsIf a piece of a ferromagnetic material, such as iron, is placed in the core of a solenoid, themagnetic field can become stronger, even by a factor of several thousand. The domainsin the iron are aligned by the magnetic field of the coil, with the total magnetic fieldnow the sum of the field due to the coil and the field due to the magnetized core mate-rial. The ratio of magnetic field strength for a particular core material to magnetic fieldstrength in the absence of the material is called the relative permeability of the material.In other words, permeability is a measure of the extent to which a material is affected bya magnetic field. A high permeability of a material means that the magnitude of themagnetic field will be high when using that material; a low permeability (close to 1)means that the magnitude of the magnetic field will be close to that of a vacuum. Table 1lists relative magnetic permeabilities of some common materials. It shows that the mag-netic field with a nickel core will be 1000 times stronger than a vacuum core.Typical engineering applications demand that the iron in a solenoid core be “mag-netically soft,” or free of impurities that tend to lock domains into place after the externalfield disappears. Iron-core solenoids that lose their magnetism the instant the current isdisconnected are useful not only in lifting electromagnets, but in many other devices, suchas bells, relays, and magnetic speakers.

Magnetism and Fingerprinting

The fingerprints on this banana are

revealed by magnetic fingerprint

powder, a new invention used to

detect fingerprints on surfaces

impossible to check by conventional

means. The powder consists of tiny

iron flakes with an organic coating

that makes them stick to the greasy

residue in a fingerprint. Excess

powder is removed by a magnet,

eliminating the need for brushing

and therefore leaving the delicate

fingerprints intact. The technique

gives sharper results than traditional

methods and works on difficult sur-

faces including plastic bags, maga-

zine covers, wallpaper, and wood.

DID YOU KNOW??
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Section 8.1

Section 8.1 Questions

Understanding Concepts

1. Explain why a piece of iron can be magnetized but a piece

of copper cannot.

2. (a) What will happen to the iron filings in a long glass

tube if they are gently shaken in the presence of a

strong magnetic field and then the tube is carefully

removed from the magnetic field?

(b) What will happen if the glass tube is shaken again?

(c) How is this process related to a solid bar of iron as

described by the domain theory?

3. In the section discussing “The Domain Theory of

Magnetism,” a list of explanations for many properties of

magnets is provided. Draw diagrams to illustrate “before”

and “after” scenarios for each of the cases listed.

4. Compare the magnetic, electric, and gravitational fields of

Earth in a table of similarities and differences.

5. Consider the magnetic field around a long, straight con-

ductor with a steady current.

(a) How is this field related to the field around a loop of

wire?

(b) How is the field around a loop of wire related to the

field around a long coil of wire?

Applying Inquiry Skills

6. The equipment shown in Figure 13 was used by James

Clerk Maxwell to confirm the nature of the magnetic field

around a long, straight conductor. He found that no matter

how large the current through the wire, the disk did not

rotate at all.

(a) Explain how this device can be used to determine the

nature of the magnetic field around a conductor with a

steady current.

(b) Outline the steps you would use in an experiment of

this nature.

7. Examine the diagram of the electric doorbell in Figure 14

and explain how it works.

Making Connections

8. Figure 15 is a micrograph of a magnetotactic bacterium.

Prominent in this image is a row of dark, circular dots, in

reality a chain of magnetite crystals. What purpose do you

think the crystals serve? How could you test your hypoth-

esis? Research the bacterium to check your answer.

I

I

Figure 13

Equipment used by 

Maxwell

switch

make-

break

contact

spring

hammer

Figure 14

Figure 15

A magnetotactic bacterium
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8.28.2
Magnetic Force 

on Moving Charges

If you place a compass needle next to a conductor, then connect the conductor to a DC

power supply, the compass needle turns, demonstrating that the current in the con-

ductor produces a magnetic field (Figure 1), which interacts with the magnetic field of

the compass needle. Therefore, a current can exert a force on a magnet. Hence two con-

ductors with currents can experience a force between each other: place two conductors

(wires) side by side, both with a current passing through them, and they will attract or

repel each other. This means that a magnetic field can exert a force on a current, or

moving charges. One can argue that this follows from Newton’s third law: if a current pro-

duces a force on a magnet, then the magnet must produce an equal but opposite force

on the current.

Figure 1

(a) The compass needle points

north when there is no current

in the wire. 

(b) The magnetic compass needle

turns when there is a current in

the wire. If Earth’s magnetic

field were not present, the

compass needle would be

exactly perpendicular to the

wire.

Figure 2

(a) A traditional cathode-ray tube

showing a beam of electrons 

(b) The beam curves in a magnetic

field. 

(c) A beam of electrons is bent

into a circular path by the uni-

form magnetic field from a pair

of Helmholtz coils. The pale

purple glow is caused by ion-

ized gas, created when elec-

trons collide with atoms in the

imperfect vacuum of the tube.

(a) (b)

This principle explains some natural phenomena such as the spectacular light dis-

plays of the aurora borealis and aurora australis and the methods bees use for naviga-

tion. This principle also has many technological applications, including television tubes

and the technology used by particle physicists in particle accelerators and chemists in lab-

oratory mass spectrographs.

To better understand the magnetic force on a moving charge, we need to find the fac-

tors that affect the force and eventually find an equation for the force. When a charged

particle enters a magnetic field at an angle to the field lines, it experiences a force and the

path of the particle curves. If the particle does not escape the field, it will follow a cir-

cular path (Figure 2). Investigation 8.2.1 explores the path followed by charged particles

in magnetic fields and the factors that affect the path.

(a) (b) (c)

Magnetic Force on a 

Moving Charge (p. 421)

How is the motion of a charged par-

ticle influenced by a magnetic field?

How could you test your predictions

with an experiment or simulation?

Investigation 8.2.1 at the end of the

chapter will allow you to check your

answers.

INVESTIGATION 8.2.1
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Measuring Magnetic Fields
The magnitude of the magnetic force F$M on a charged particle

• is directly proportional to the magnitude of the magnetic field B#$, the velocity v$,

and the charge q of the particle.

• depends on the angle v between the magnetic field B#$ and the velocity v#$. When 

v 5 90° (particle is moving perpendicular to the field lines), the force is at a 

maximum, and when v 5 0° or 180° (particle is moving parallel to the field lines),

the force vanishes. This is consistent with the fact that the magnitude of the mag-

netic force experienced by the charged particle is also proportional to sin v.

Combining these factors gives

FM 5 qvB sin v

where FM is the magnitude of the force on the moving charged particle, in newtons; q

is the amount of charge on the moving particle, in coulombs; v is the magnitude of the

velocity of the moving particle, in metres per second; B is the magnitude of the magnetic

field strength, in teslas (SI unit, T; 1 T 5 1 kg/C?s); and v is the angle between v#$ and B#$.

This equation specifies the magnitude of the force but not its direction. Consider a plane

parallel to both the magnetic field B#$ and the velocity v#$ of a charged particle; the force is

perpendicular to this plane. A simple right-hand rule can be used to determine the direc-

tion of the force as follows: if the right thumb points in the direction of motion of a

positive charge, and the extended fingers point in the direction of the magnetic field,

the force is in the direction in which the right palm would push (Figure 3).

If the charge is negative, reverse the direction of your thumb when using the rule. (In

other words, point your thumb in the opposite direction of the velocity of the charge.)

This works because a negative charge flowing in one direction is equivalent to a positive

charge flowing in the opposite direction.

The Yamato 1 (Figure 4) is the first ship to apply this principle in propulsion. Instead

of using propellers, it uses magnetohydrodynamic (MHD) propulsion; that is, it exerts

Section 8.2

B ( into page)

I (to the right)

FM (up)

Figure 3

The right-hand rule specifies the

direction of the magnetic force.

seawater

enters

seawater

expels

MHD propulsion unit

moving

seawater

to DC electrical

generator

electric

current

electrode

F

I

+

–

B

F

B
Figure 4

(a) The Yamato 1

(b) The MHD propulsion unit

pushes seawater backward,

moving the ship forward. 

(c) Use the right-hand rule to

determine the direction of the

force on the seawater.

(b)

(c)(a)
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a magnetic force on a current. A typical MHD propulsion

unit uses a large superconducting magnet to create a strong

magnetic field. Large metal parallel plates connected to

either side of the unit have a large potential difference

across them caused by a DC electric generator. This creates

an electric current in the seawater (due to the presence of

ions) perpendicular to the magnetic field. Using the right-

hand rule with your thumb in the direction of the positive

charge and fingers in the direction of the magnetic field,

your palm will push in the direction of the force on the

charges (ions) causing the seawater to be pushed out the

back of the unit. According to Newton’s third law, if the unit

pushes the water out the back of the ship, the water will

exert an equal and opposite force on the unit (ship), causing

it to move forward.

MHD propulsion is promising because it offers the

prospect of an inexpensive alternative to bulky, expensive,

fuel-burning marine engines. Since there are no propellers,

drive shafts, gears, or engine pistons, noise levels are minimized, and maintenance costs

could also prove low.

Let us now take a closer look at the trajectory of a charged particle in a magnetic field.

Since F#$M is always perpendicular to v#$, it is a purely deflecting force, meaning it changes

the direction of v#$ but has no effect on the magnitude of the velocity or speed. This is true

because no component of the force acts in the direction of motion of the charged par-

ticle. As a result, the magnetic field does not change the energy of the particle and does

no work on the particle.

Figure 5 shows a positively charged particle in a magnetic field perpendicular to its

velocity. (If the particle were negative, its trajectory would curve the other way, in a

clockwise circle.) If the magnetic force is the sole force acting on the particle, it is equal

to the net force on the particle and is always perpendicular to its velocity. This is the

condition for uniform circular motion; in fact, if the field is strong enough and the par-

ticle doesn’t lose any energy, it will move in a complete circle as shown.

F
M

B
B

N

S

v

v

v

v
F

M

S N

Figure 5

(a) A positive charge moving at

constant speed through a uni-

form magnetic field follows a

curved path. 

(b) Ideally, a charged particle will

move in a circle because the

magnetic force is perpendicular

to the velocity at all times.

(a) (b)

TRYTHIS activity

The Vector or Cross Product

The equation for the force on a moving charge in a magnetic

field stems from the vector or cross product of two vectors 

defined by the equation C#$ 5 A#$ 3 B#$. The magnitude and direc-

tion of this vector can be found in Appendix A. Let A#$ represent

the charge multiplied by the velocity and B#$ represent the mag-

netic field.

(a) Show that the cross product can be used to derive the

magnitude of the magnetic force on a charged particle

moving in an external magnetic field.

(b) Verify that the direction of the force found by applying the

right-hand rule for the cross product is the same as the

direction obtained using the right-hand rule described 

earlier.

We represent these magnetic fields in two-dimensional diagrams by drawing Xs for

field lines directed into and perpendicular to the page and dots for field lines pointing out

of and perpendicular to the page. If the velocity is perpendicular to the magnetic field lines,

then both the velocity and the magnetic force are parallel to the page, as in Figure 6.

In the Page or Out?

One way to remember which

way is which is to imagine a

dart that has an X for a tail when

it is moving away from you and

a point as it moves toward a

dart board.

LEARNING TIP
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Section 8.2

B
in

B
out

–e
v

v

v

v

v
F

F F

FF

B
in

Figure 6

In this case, the particle is nega-

tively charged, with the magnetic

field directed into the page, perpen-

dicular to the velocity. To determine

the direction of the magnetic force,

point your thumb in the opposite

direction of the velocity because the

charge is negative.

3 3 3 3 3

3

2

3 3 3 3

3 3 3 3 3

3 3 3 3 3

v

B

y1

Figure 7

For Sample Problem 1

An electron accelerates from rest in a horizontally directed electric field through a poten-

tial difference of 46 V. The electron then leaves the electric field, entering a magnetic field

of magnitude 0.20 T directed into the page (Figure 7).

(a) Calculate the initial speed of the electron upon entering the magnetic field.

(b) Calculate the magnitude and direction of the magnetic force on the electron.

(c) Calculate the radius of the electron’s circular path.

Solution

DV 5 46 V v 5 ?

B 5 0.20 T 5 0.20 kg/C?s FM 5 ?

me 5 9.11 3 10231 kg (from Appendix C) r 5 ?

q 5 1.6 3 10219 C

(a) The electric potential energy lost by the electron in moving through the electric

potential difference equals its gain in kinetic energy:

2DEE 5 DEK

qDV 5 }
1

2
}mv2

v 5 !}
2q

m

DV
}§

5 !§§
v 5 4.0 3 106 m/s

The initial speed of the electron upon entering the magnetic field is 4.0 3 106 m/s.

(b) FM 5 qvB sin v

5 (1.6 3 10219 C)(4.0 3 106 m/s)(0.20 kg/C?s) sin 90°

FM 5 1.3 3 10213 N

The magnitude of the force is 1.3 3 10213 N.

To apply the right-hand rule, point your right thumb in the direction opposite to the

velocity, as required for a negative charge. Point your fingers into the page and per-

pendicular to it. Your palm now pushes toward the bottom of the page. Therefore, 

F#$M = 1.3 3 10213 N [down].

(c) Since the magnetic force is the only force acting on the electron and it is always per-

pendicular to the velocity, the electron undergoes uniform circular motion. The mag-

netic force is the net (centripetal) force:

FM 5 Fc

qvB 5 (since sin 90° 5 1)

or r 5 }
m

Bq

v
}

5

r 5 1.1 3 1024 m

The radius of the circular path is 1.1 3 1024 m.

(9.11 3 10231 kg)(4.0 3 106 m/s)
}}}}

(0.20 T)(1.6 3 10219 C)

mv2

}
r

2(1.6 3 10 219 C)(46 V)
}}}

9.11 3 10231 kg

SAMPLE problem 1

In problems involving charged

particles moving in an external

magnetic field, the absolute value

of the elementary charge 

1q 5 1.16 3 10219 C2will be used.

LEARNING TIP
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Answers

2. 1.7 3 10214 N [E]

3. 0.16 T [horizontal, toward

observer]

4. 0.13 m

5. 1.1 3 107 m/s; 6.9 3 105 V

6. 1.0 N

Figure 8

Thomson’s cathode-ray tube. The

path of the electron is curved only in

the magnetic field of the coils (along

a circular arc) or the electric field of

the plates (along a parabola). After

leaving these fields, the electrons

move, in a straight line, to points X

or Y.

Charge-to-Mass Ratios
The British scientist J.J. Thomson (1856–1940) used the apparatus in Figure 8 to accelerate

a thin beam of electrons between the parallel plates and the coils. Applying either an elec-

tric field or a magnetic field across the tube caused the beam to be deflected up, down,

left, or right relative to its original path, depending on the direction of the applied field.

In all cases, the direction of deflection was consistent with a stream of negatively charged

particles. Thomson concluded that cathode rays consist of negatively charged particles

moving at high speed from the cathode to the anode. He called these particles electrons.

I

electric field plates

coils to produce

magnetic field

large potential

difference

anode

X

Z

Y

cathode I

Cathode Rays

The beam of electrons was called a

cathode ray because the electron

had not yet been discovered. The

old terminology survives in elec-

tronic engineering, where a

cathode-ray tube is any tube con-

structed along Thomson’s lines—

whether in a computer monitor, a

television, or an oscilloscope.

DID YOU KNOW??

Practice

Understanding Concepts

1. Explain how the MHD propulsion system of the Yamato 1 works.

2. Determine the magnitude and direction of the magnetic force on a proton

moving horizontally northward at 8.6 3 104 m/s, as it enters a magnetic field of

1.2 T directed vertically upward. (The mass of a proton is 1.67 3 10227 kg.)

3. An electron moving through a uniform magnetic field with a velocity of

2.0 3 106 m/s [up] experiences a maximum magnetic force of 5.1 3 10214 N

[left]. Calculate the magnitude and direction of the magnetic field.

4. Calculate the radius of the path taken by an a particle (He21 ion, of charge 

3.2 3 10219 C and mass 6.7 3 10227 kg) injected at a speed of 1.5 3 107 m/s

into a uniform magnetic field of 2.4 T, at right angles to the field.

5. Calculate the speed of a proton, moving in a circular path of radius 8.0 cm, in a

plane perpendicular to a uniform 1.5-T magnetic field. What voltage would be

required to accelerate the proton from rest, in a vacuum, to this speed? 

(mproton 5 1.67 3 10227 kg)

6. An airplane flying through Earth’s magnetic field at a speed of 2.0 3 102 m/s

acquires a charge of 1.0 3 102 C. Calculate the maximum magnitude of the

magnetic force on it in a region where the magnitude of Earth’s magnetic field is

5.0 3 1025 T.
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When there is a current in the coils, it creates a magnetic field of magnitude B, which

deflects the electrons along a circular arc of radius r so that they hit the end of the tube

at point X. From our previous work on magnetic deflection, we know that

FM 5 Fc

evB 5 (since sin 90° 5 1)

or }
m

e
} 5 }

B

v

r
}

We can calculate B if we know the physical dimensions of the coils and the amount of

current flowing through them. We can measure r directly.

To determine the electron’s speed v, Thomson used a set of parallel plates. When

a potential difference is applied to the plates (with the lower plate negative) and there

is no current in the coils, an electron is deflected upward, reaching the end of the

tube at point Y. (For an electron moving at a typical laboratory speed, the effect of grav-

itation is negligible.) With current in the coils and a magnetic field again acting on

the electrons, the potential difference across the plates can be adjusted until the two

deflections (electric and magnetic) cancel, causing the electron beam to reach the

end of the tube at point Z. When this has been done,

FM 5 FE

evB 5 e«

or v 5 }
«

B
}

where « is the magnitude of the electric field between the parallel plates 1« 5 }
V

d
}2.

Conversely, this setup can be used as a “velocity selector,” allowing only those particles

with velocity equal to the ratio of the electric field over the magnetic field to pass through

undeflected.

Thomson could now express the ratio of charge to mass for electrons (Figure 9) in terms

of the measurable quantities of electric field strength, magnetic field strength, and radius

of curvature:

}
m
e
} 5 }

B

v

r
}

}
m
e
} 5

The accepted value of the ratio of charge to mass for an electron is, to three significant

figures,

«
}
B2r

mv2

}
r

Section 8.2

Figure 9

(a) The apparatus used to deter-

mine the e/m ratio 

(b) The electrons in the beam

move in a straight line 

vertically.

(c) The electrons move in a cir-

cular path in the magnetic field

of the coils. 

(d) Increasing the magnetic field

strength decreases the radius

of the path.

(a) (b) (c) (d)

}
m

e
} 5 1.76 3 1011 C/kg
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A few years later, Millikan (as we saw in Section 7.5) determined the charge on an

electron to be 1.60 3 10219 C. Combining these two results, we find the electron mass

to be 9.11 3 10231 kg.

Thomson’s technique may be used to determine the charge-to-mass ratio for any

charged particle moving through known electric and magnetic fields under negligible grav-

itation. Upon measuring the radius of curvature of the particle trajectory in the magnetic

field only, and then adjusting the electric field to produce no net deflection, the charge-

to-mass ratio is found to be

}
m

q
} 5 }

B

«

2r
}

Thomson’s research led to the development of the mass spectrometer, an instrument

used for separating particles, notably ions, by mass. The particles are first accelerated

by high voltages, then directed into a magnetic field perpendicular to their velocity. The

particles follow different curved paths depending on their mass and charge.

Calculate the mass of chlorine-35 ions, of charge 1.60 3 10219 C, accelerated into a mass

spectrometer through a potential difference of 2.50 3 102 V into a uniform 1.00-T magnetic

field. The radius of the curved path is 1.35 cm.

Solution

q 5 1.60 3 10219 C r 5 1.35 cm 5 1.35 3 1022 m

DV 5 2.50 3 102 V m 5 ?

B 5 1.00 T 5 1.00 kg/C?s

From DEc 5 DEK and FM 5 Fc , we have the following two equations:

qvB 5 and }
1

2
}mv2 5 qDV

Isolating v in both 

v 5 }
q

m

Br
} and v 5 !}

2

m

qV
}§

Equating the two expressions for the speed:

}
q

m

Br
} 5 !}

2q

m

DV
}§

Squaring both sides:

}
q2

m

B2

2

r2

} 5 }
2q

m

DV
}

m 5 }
q

2

B

D

2

V

r2

}

5

m 5 5.83 3 10226 kg

The mass of the chlorine-35 ions is 5.83 3 10226 kg.

(1.60 3 10219 C)(1.00 kg/C?s)2 (1.35 3 1022 m)2

}}}}}}
2(2.50 3 102 V)

mv2

}
r

SAMPLE problem 2
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Effects of Magnetic Fields
When electrons are not moving perpendicular to the magnetic field lines, the compo-

nent of the velocity parallel to the lines is unaffected, and the component perpendicular

to the field lines rotates as we saw before. Together, these two components combine to

produce the spiralling motion of the particle. If the magnetic field is not uniform but

increases in magnitude in the direction of motion, the force on the electron due to the

magnetic field will slow the charges by reducing the component of the velocity parallel

to the field and may even cause the spiralling electron to reverse direction, forming a mag-

netic mirror (Figure 10).

Section 8.2

v
v

B

no longer

parallel to B

Figure 10

A magnetic mirror. The field becomes stronger

in the direction of motion of the charged par-

ticle. The component of the velocity, initially

parallel to the field lines, is reduced by the

changing field, slowing the motion.

B

B

Figure 11

(a) Cosmic rays from the Sun and

deep space consist of energetic

electrons and protons. These

particles often spiral around

Earth’s magnetic field lines

toward the poles.

(b) The first spacecraft image to

show auroras occurring simul-

taneously at both magnetic

poles

(a) (b)

Charged particles from the Sun (cosmic rays) enter Earth’s atmosphere by spiralling

around the magnetic field lines connecting Earth’s two magnetic poles. As a result, the

concentration of incoming particles is higher in polar regions than at the equator, where

the charged particles must cross the magnetic field lines. These charged particles headed

for the poles get trapped in spiral orbits about the lines instead of crossing them. Since

the field strength increases near the poles the aurora borealis can occur in the Northern

Hemisphere and the aurora australis in the Southern Hemisphere. Collisions between the

charged particles and atmospheric atoms and molecules cause the spectacular glow of

an aurora (Figure 11).

Earth has two major radiation belts, areas composed of charged particles trapped by

the magnetic field of Earth (Figure 12). The radiation in these belts is so intense that it

can damage sensitive electronic equipment in satellites; all types of spacecraft avoid

them. The ring current, or outer belt, is approximately 25 500 km above the surface of

Earth, and the inner belt—often called the Van Allen belt after its discoverer—is approx-

imately 12 500 km above the surface of Earth. (The inner belt is now thought to consist

of two belts.) The charged particles in these belts spiral around magnetic field lines and

are often reflected away from the stronger fields near the poles.

Figure 12

The radiation belts are formed by

charged particles in cosmic rays

trapped in Earth’s magnetic field.

Earth’s magnetic field

inner Van Allen belt

outer Van Allen belt

B

Van Allen Belts

In the late 1950s, scientists

believed that particles could be

trapped by Earth’s magnetic field

but lacked proof. In 1958, James

Van Allen, of the University of Iowa,

built the small satellite Explorer 1,

which carried one instrument: a

Geiger counter. The experiment

worked well at low altitudes. At the

top of the orbit, however, no parti-

cles were counted. Two months

later, a counter on Explorer 3

revealed a very high level of radia-

tion where Explorer 1 had found

none. It turns out that the first

counter had detected so much

radiation it was overwhelmed and

gave a zero reading.

DID YOU KNOW??



400 Chapter 8 NEL

Magnetic field principles are applied in toroidal (i.e., doughnut-shaped) tokamak

prototypes for nuclear-fusion reactors (Figure 13). This reactor design uses magnetic fields

to contain the hot, highly ionized gases (plasmas) needed for a controlled thermonuclear

reaction. It is hoped that controlled thermonuclear fusion will, some decades from now,

provide abundant energy without the radioactive wastes characteristic of fission reactors.

Field Theory
It is easy to be satisfied with the concept of a force being transmitted from one object to

another through direct contact: when your hand pushes on a book, the book moves,

because both your hand and the book touch. But we have learned that all objects are

composed of spatially separated atoms that interact but do not actually touch one

another, so the concept of contact becomes meaningless. When your hand pushes on

the book, it really involves electromagnetic forces between the electrons in each object.

To understand gravitational, electric, and magnetic forces we need the concept of a field.

At first, fields were just a convenient way of describing the force in a region of space,

but with the undeniable success of fields in describing different types of forces, field

theory has developed into a general scientific model and is now viewed as a physical

reality that links together different kinds of forces that might otherwise be seen as com-

pletely separate phenomena. Now we can say that if an object experiences a particular

kind of force over a continuous range of positions, then a force field exists in that region.

The concept of a field is of vast importance with wide-ranging applications, from

describing the motion of the planets, to the interactions of charged particles in the atom.

Even though these three types of forces can be explained using fields, there are some

obvious differences between the forces and the fields themselves as well as some striking

similarities. The gravitational force—although considered the weakest of the three—

controls the motion of celestial bodies reaching across the vast distances of space

(Figure 14). The electric and magnetic forces are much stronger and have greater

influence on the motion of charged particles such as electrons and protons.

The direction of the gravitational and electric forces is determined by the centre of mass

of the objects in question or the centre of the charge distribution on the charges in ques-

tion. However, the magnetic force is determined by the direction of motion of the charge

with respect to the magnetic field, and the force is zero if the relative motion between the

Btotal

Bpoloidal

Btoroidal

plasma

toroidal vacuum chamber

external

current

Figure 13

(a) Schematic of the toroidal

plasma-containment chamber

of a tokamak fusion reactor

(b) The inside of a tokamak

(a) (b)
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field and charge is zero. For the other two, the motion of the particle does not influence

the direction of the force.

The two fields that are most closely related are the electric and magnetic fields. For

both fields the appropriate particle is charged. The fields have also been linked through

Maxwell’s equations, which will be studied in more advanced courses, and they are used

together to describe the properties of light and to discover the nature of matter and new

particles in particle accelerators. In particle accelerators, electric fields are used to accel-

erate particles such as electrons and protons, and magnetic fields are used to steer them

in huge circular paths (Figure 15). Particle accelerators will be revisited in Chapter 13.

Section 8.2

Figure 14

The gravitational forces from the

larger galaxy are causing the two

galaxies to merge, a process that

will take billions of years.

p+

2

1

1

«

p+

2

2

1

«

«

Figure 15

(a) A synchrotron consists of a ring

of magnets and accelerating

cylinders arranged in a circular

tunnel. 

(b) A particle passes through the

gap between two charged

cylinders.

(c) The charges on the cylinders

are adjusted to keep the par-

ticle accelerating.

(a) (b) (c)

Government Spending on

Developing New Technologies

A portion of the federal budget goes toward scientific research

involving expensive new technologies (e.g., through the

National Science and Engineering Research Council, NSERC).

This support includes funding technologies that use gravita-

tional, electric, and magnetic fields, for example, satellites. Many

people think this money is well spent; others think it is not justi-

fied since it comes from public funds.

Take a Stand

Should public funds be spent on scientific research involving

gravitational, electric, and magnetic fields to develop new 

technologies?

Forming an Opinion

In a group, choose a new technology that uses gravitational,

electric, or magnetic fields, and discuss the social and economic

impact on our society. Discuss the benefits and drawbacks both

of this new technology and the spending of public funds on

research. Research the Internet and/or other sources.

Develop a set of criteria that you will use to evaluate the

social and economic impact of your chosen technology. Write a

position paper in which you state your opinion, the criteria you

used to evaluate social and economic impacts in forming your

opinion, and any evidence or arguments that support your

opinion. Your “paper” can be a Web page, a video, a scientific

report, or some other creative way of communicating.

Define the Issue Analyze the Issue Research

Defend the Position Identify Alternatives Evaluate

Decision-Making SkillsEXPLORE an issue

GO www.science.nelson.com
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• A current can exert a force on a magnet, and a magnet can exert a force on a 

current.

• FM 5 qvB sin v

• The direction of the magnetic force is given by the right-hand rule.

• The speed of an electron in a cathode-ray tube can be determined with the help

of magnetic deflecting coils and electric deflecting plates. The same apparatus

then gives the charge-to-mass ratio of the electron. Combining this determina-

tion with the charge of an electron from the Millikan oil-drop experiment yields

the mass of the electron.

Magnetic Force on Moving ChargesSUMMARY

Section 8.2 Questions

Understanding Concepts

1. Determine the direction of the missing quantity for each of

the diagrams in Figure 16.

2. A student charges an ebonite rod with a charge of magni-

tude 25 nC. The magnetic field in the lab due to Earth is 

5.0 3 1025 T [N]. The student throws the ebonite at 

12 m/s [W]. Determine the resulting magnetic force.

3. If a magnet is brought close to the screen of a colour televi-

sion, the tube can be permanently damaged (so don’t do

this). The magnetic field will deflect electrons, deforming

the picture and also permanently magnetizing the TV

(Figure 17). Calculate the radius of the circular path fol-

lowed by an electron which, having been accelerated

through an electric potential difference of 10.0 kV in the

neck of the tube, enters a magnetic field of magnitude 

0.40 T due to a strong magnet placed near the screen.

v

positive charge

in a magnetic field

F

positive charge

in a magnetic field

3 3 3 3

3 3 3 3

Figure 16

(a)

(b)
N

S

e-

B

B

Figure 17

(a) A magnet can permanently damage a computer

monitor or colour-television tube. 

(b) Electrons spiral toward the screen in the field of

the bar magnet.

(a)

(b)
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Section 8.2

4. An electron is at rest. Can this electron be set into motion

by applying 

(a) a magnetic field? 

(b) an electric field? 

Explain your answers. 

5. A charged particle is moving in a circle in a uniform mag-

netic field. A uniform electric field is suddenly created, run-

ning in the same direction as the magnetic field. Describe

the motion of the particle.

6. Describe the left-hand rule for negatively charged particles

in a magnetic field, and explain why it is equivalent to the

right-hand rule for positively charged particles.

7. A charged particle moves with a constant velocity in a cer-

tain region of space. Could a magnetic field be present?

Explain your answer.

8. A negatively charged particle enters a region with a uni-

form magnetic field perpendicular to the velocity of the par-

ticle. Explain what will happen to the kinetic energy of the

particle.

9. Explain why magnetic field lines never cross.

10. How can you tell if moving electrons are being deflected by

a magnetic field, an electric field, or both?

11. From space, a proton approaches Earth, toward the centre

in the plane of the equator.

(a) Which way will the proton be deflected? Explain your

answer.

(b) Which way would an electron be deflected under sim-

ilar circumstances? Explain your answer.

(c) Which way would a neutron be deflected under similar

circumstances? Explain your answer.

12. (a) Define a field of force.

(b) Compare the properties of gravitational, electric, and

magnetic fields by completing Table 1.

(c) Explain why field theory is considered a general scien-

tific model.

Applying Inquiry Skills

13. Explain the procedure you would use to show that charged

particles spiral around magnetic field lines and even form a

magnetic mirror when they are not moving perpendicular to

the field. You may assume a strong magnet and a TV tube

are available. (The tube will be permanently damaged in

the experiment.)

Making Connections

14. Compare and contrast the energy source of the MHD

marine propulsion unit with a typical jet engine.

15. A strong magnet is placed on the screen of a television set

(permanently damaging the tube). Explain the following

observations: 

(a) The picture becomes distorted.

(b) The screen is completely dark where the field is

strongest.

16. Naturally occurring charged particles in background radia-

tion can damage human cells. How can magnetic fields be

used to shield against them?

17. Thomson and Millikan deepened our understanding of the

electrical nature of matter.

(a) What principles of gravity, electricity, and magnetism

did they apply in designing their experiments?

(b) What technology was involved in these discoveries?

(c) How did the use of this technology change our view of

charge and the nature of matter?

18. Launching a satellite into orbit requires an understanding

of gravitational, electric, and magnetic fields. Research how

these three fields are important in designing a launch.

Report on three different ways in which the development of

launch technology has changed scientific theories (e.g., in

weather patterns) or has affected society and the environ-

ment (e.g., with telecommunications or wildlife 

preservation).

Table 1

Gravitational Electric Magnetic

appropriate 

particle ? ? ?

factors affecting 

magnitude of ? ? ?

the force

relative 

strength ? ? ?


