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1.3 Motors and Generators
1.4 Electric Circuits
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Chapter 2:  
The Electromagnetic Spectrum

2.1 Electromagnetic Radiation
2.2 Astronomy

It’s just after sunset when you get an unexpected call from a friend asking you to go with her to check out an amazing light 
show happening tonight. If you live in northern Alberta, you might consider a few options. Are you being invited to see 
fireworks or a laser light show? Or is your friend asking you come out and see the aurora borealis or northern lights?
 The northern lights are certainly worth seeing. Many people describe the shimmer of colours in the night sky as a giant 
curtain of light rippling in a gentle breeze. What makes these displays even more amazing is that they occur about 100 
km above Earth’s surface, with individual arcs of colour nearly 1000 km in length. Clearly, there is a significant quantity 
of energy involved! The same energy source that powers the aurora borealis can cause communications problems and 
widespread blackouts. It can even disable satellites in orbit.
 Where does this energy come from? What are the connections between a beautiful light show high in the atmosphere and 
electrical malfunctions on satellites and within power grids? 
 In this unit you will investigate electromagnetic energy. You will develop a basic understanding of technologies that 
utilize electric and magnetic fields and electromagnetic radiation. As you will discover, electromagnetic waves play a key role 
in communications systems and in technologies that gather information about the northern lights and other phenomena that 
occur within the universe.
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The great thing about portable sound systems is you can take your favourite tunes virtually anywhere. Many people 
find this especially convenient while exercising because the music makes the whole experience more enjoyable. MP3 
players are so small that they can be strapped to your arm, leaving the cord and the lightweight headphones as the only 
reminders that you are carrying around a complete library of all your favourite songs. 
 Have you ever wondered how these portable sound devices actually work? If you find it overwhelming to think of the 
whole system, consider just one component: the headphones. If electrical energy goes into the headphones and sound 
energy comes out, how is the energy conversion accomplished? If you were to carefully dissect a pair of headphones, 
what parts would you expect to find inside? What accounts for the difference in sound quality between inexpensive 
headphones and more expensive ones? Can the inappropriate use of headphones damage your hearing? Are some people 
more susceptible to these risks than others? 
 In this chapter you will investigate answers to these questions by exploring the basic properties of electric and 
magnetic fields. You will apply these properties as you learn about the designs of electromagnetic devices, such as 
headphones, motors, and generators. By the end of this chapter you will understand that all of these devices have one 
essential thing in common with electric circuits—their ability to convert energy from one form into another.
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Observing Magnetic and Electrical Effects

Try This Activity

Purpose
You will observe and record the effects of electricity and 
magnetism on test objects. 

Materials
•	 bar magnet • 3-inch common nail
• ebonite rod and fur • pith ball 
• 1 m of thread • tape 
• retort stand and utility clamp

Procedure
step 1: Using the thread, suspend a pith ball from the 

retort stand, as shown in Figure C1.1. 

step 2: Rub the ebonite rod several times with fur. 
Carefully bring the ebonite rod close to the pith 
ball, without allowing any contact between them. 
Record your observations.

step 3: Briefly touch the ebonite rod to the pith ball and 
then separate them. After doing so, carefully 
bring the ebonite rod close to the pith ball, again 
without allowing any contact between them. 
Record your observations.

step 4: Replace the pith ball with the iron nail. Suspend 
the nail so it is parallel to the lab bench and  
can swing freely from side to side, as shown in  
Figure C1.2.

step 5: Carefully bring a bar magnet close to the head 
of the nail, without touching it. Record your 
observations.  

step 6: Briefly allow the bar magnet and the nail to touch; 
then separate them.

step 7: Again, carefully bring the magnet close to the 
pointed end of the nail, without touching it, and 
observe.

step 8: Hold the head of the nail and gently stroke the 
surface of the nail at least ten times with one end 
of the bar magnet. Always stroke the nail in the 
same direction, from the head to the point.

step 9: Bring the north end of the bar magnet to the head 
of the suspended nail. Record your observations. 

Analysis
1. Use your observations to identify the similarities and 

differences between electrical effects and magnetic 
effects.

2. You observed forces acting between two objects even 
though the objects were not touching. How was this 
able to occur?

Figure C1.1

Figure C1.2

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�
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1.1 Field Lines

Figure C1.3: Lightning travels across the sky at speeds of over 100 km/s.

Think back to the last time you saw a sky like this. Can you remember what the weather was like that day? At first, this may 
seem like a ridiculous question, but it is not coincidence that most thunderstorms occur late in the afternoon or evening of a 
very hot, humid summer day. The reason for this is that it takes the intense summer sun to make the air hot and rich in water 
vapour. Warm air floats up in cooler surrounding air—like a 
cork in water. As it rises, the water vapour starts to condense 
and forms a cloud. The condensation releases energy, which 
causes the air parcel to get even warmer and rise even higher. 
Sometimes the top of a thundercloud can reach 12–20 km 
above the ground! 
 As a column of warm water vapour rushes up, it comes 
in contact with a column of condensed water droplets that 
are descending. Since the water droplets more readily hold 
on to their electrons than the rising water vapour does, 
electrons are transferred from the rising water vapour to the 
descending water droplets. The result is that the bottom of the 
cloud has an excess of electrons, so it is negatively charged. 
The top of the cloud has lost electrons, so it is positively 
charged. Recall from previous courses that objects with 
opposite charges attract each other, while objects that have 
the same type of charge repel one another.

negatively charged: having more electrons than protons, 
creating an imbalance

positively charged: having fewer electrons than protons, 
creating an imbalance
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 As the cloud passes over buildings and other tall objects 
on the ground, how will the electrons in these objects 
respond? Since like charges repel, the electrons within 
the objects on the ground are forced to move away from 
the cloud. The presence of the large negative charge at the 
bottom of the cloud, in turn, causes the separation of charges 
on Earth’s surface—the surface becomes positively charged 
and below the surface becomes negatively charged. Finally, 
pockets of ionized air molecules in the atmosphere can form 
a conductive path for the electrons in the cloud to jump to the 
large, positive surface of Earth, resulting in a lightning strike.

 The reason that a lightning strike can be so dangerous is 
because the number of electrons transferred is huge—around 
1018 to 1020 electrons. To make it easier to describe and study 
these effects, scientists use a special unit for charge called 
the coulomb, named after Charles Coulomb, one of the first 
researchers in the study of electricity. The symbol for this unit 
is C. One coulomb is equivalent to the transfer of 6.25 ¥ 1018 
electrons. If one object gains this number of electrons, it is 
said to have a charge of -1.00 C; and if a second object loses 
this many electrons, it is said to have a charge of +1.00 C. 
Since the symbol for charge is q, this would be communicated 
as follows:

 charge on object 1 = q
1
 = - 1.00 C

 charge on object 2 = q
2
 = + 1.00 C

 The quantity of charge that you normally 
encounter is much less than one coulomb.

coulomb: 
an SI unit for 
charge; one 
coulomb is 
equivalent to 
the transfer 
of 6.25 ¥ 1018 
electrons

The average thunderstorm releases the same 
amount of energy as a 20-kilotonne nuclear weapon. 

DID YOU KNOW?DID YOU KNOW??
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1. Pockets of ionized air in the atmosphere are not evenly spaced; instead, they tend to be randomly distributed. 
Use this information to explain why lightning strikes tend to have a jagged appearance instead of being perfectly 
straight. 

2. It’s been said that humidity is the fuel of a thunderstorm. The higher the humidity, the greater the possibility of 
having a large-scale storm. 

 a. Explain why an updraft within a thundercloud will tend to rise higher if the air has a higher moisture content. 

 b. Explain the role of the air’s moisture content in producing the positive and negative charges within a thundercloud. 

3. While completing the “Observing Magnetic and Electrical Effects” activity in the beginning of the chapter, a student 
rubbed an ebonite rod with fur, transferring about 1.4 ¥ 1010 electrons from the fur to the ebonite rod.    

 a. Determine whether the ebonite rod has a negative or positive charge. 

 b. Use a conversion factor to determine the charge (in coulombs) on the ebonite rod.

Practice

If you scuff your feet while walking across a carpet on a dry 
day, you can acquire a charge of - 55 mC. 

a. Use the charge to determine whether you gained or lost 
electrons. 

b. Explain why is it essential for another object to have a 
charge of + 55 mC. Identify this object. 

c. Use the fact that 1.00 C = 6.25 ¥ 1018 electrons to set up a 
conversion factor that would enable you to determine the 
number of electrons gained or lost while scuffing your feet.

Solution 
a. The negative sign on the charge indicates that you gained electrons. 

b. Electrons cannot be created nor destroyed; so, if you gained electrons, something else must have lost them.  
In this case, the carpet must have lost a number of electrons equivalent to a charge of + 55 mC. 

c. step 1: Set up a conversion factor.

   1.00 C = 6.25 ¥ 1018 electrons

   Therefore, 1 6 25 10
1 00

18

= ¥.
.

electrons
 C

 step 2: Convert from coulombs to number of electrons.

   charge on the person,  C

C elec

person
q =

= ¥ ¥ ¥-

55

55 10 6 25 106
18

m

. ttrons
1.00 C

electrons= ¥3 4 1014.

  While scuffing your feet across the carpet, you would gain 3.4 ¥ 1014 electrons.

Example Problem 1.1

To convert from coulombs to electrons in 
the next step, coulombs are placed in the 
denominator.
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Voltage
As shown in Example Problem 1.1, your body can acquire a charge from the 
environment. This frequently happens as one object slides past another, such as 
when you scuff your feet across a carpet and reach out to open a door. By the time 
you reach the other side of the room, you may have acquired so much charge that 
when you get very close to the doorknob, the excess charge jumps across a few 
millimetres of air, creating a spark. This can be painful because the spark is hot. 
There clearly is energy involved here.

 work done moving potential energy energy transferred
electronss from stored in the excess through your

carpet to your bo
= =

ddy electrons on your body fingertip in a spark

 Prior to touching the doorknob, work was done removing electrons 
from the carpet, causing the electrons to gain potential energy relative to 
other objects, such as the doorknob at the other end of the room. Since the 
doorknob is a conductor, as soon as your hand gets close enough for the electrons 
to jump the tiny air gap, a spark is produced. In other words, the potential energy stored 
in the electrons is converted mostly to thermal energy, which causes the pain in your finger, and partially to light and sound 
energy as the spark produces a tiny flash and a snapping sound. 
 Measuring this energy is a challenge because it is transferred through the action of electrons, and the sheer number of 
electrons is huge. One approach to this problem is to describe the energy transfer in terms of the change in electric potential 
energy per unit of charge, or the electric potential difference. The unit for electric potential difference is the unit for energy, 
the joule, divided by the unit for charge, the coulomb. This combination has been given a special name, the volt. In everyday 
speech, many people use the unit to identify the quantity, so they simply refer to electric potential difference as voltage. 

conductor: a material in which some of the electrons 
can move freely, allowing the material to conduct an 
electric current 

electric potential difference: the change in potential 
energy per unit of charge

volt: the unit for electric potential difference;  
1 V = 1 J/C

voltage: another term for electric potential difference

           

V
E

q
=

D
p

Units: 1
1

1

 volt
 joule

coulomb
 V 1 J/C

=

=

 charge

change in electric 
potential energyvoltage or electric 

potential difference

While scuffing your feet across the carpet, you do 
about 0.25 J of work to acquire - 55 mC of charge. 
Determine your voltage.

Solution

DE W

q

V

p

 J

 C

C

=

=

= -
= - ¥

=

-

0 25

55

55 10 6

.

?

m

 V
E

q
=

=
¥ ¨-

D
p

 J
55 C  

The sign of the
charge is not
include

0 25
10 6

.

dd.
J/C

V

= ¥
= ¥

4 5 10

4 5 10

3

3

.

.

After scuffing your feet across the floor, your voltage 
is 4.5 ¥ 103 V.

Example Problem 1.2

An appliance in your kitchen is plugged into a socket 
that can provide the appliance with 120 V and up 
to 15 C of charge every second. If the cord for this 
appliance became frayed and you grabbed it with wet 
hands, calculate the energy that could be transferred 
to you in 1 s.  

Solution

V

q

E

=

=

=

120

15

 V

 C

p
D ?

 V
E

q

E Vq

=

=

= ( ) ( )
= ( ) ( )
=

D

D

p

p

 V  C

 J/C  C

 kJ

120 15

120 15

1 8.

The energy that could be transferred to you in 1 s is 
1.8 kJ—a dangerous quantity that could be lethal.

Example Problem 1.3
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The Combination of Energy and Charge

Voltage is probably the one quantity of electricity people 
are most familiar with. Many portable devices are powered 
by cells that are rated at 1.5 V. What exactly does that value 
mean? For most students, the best answer comes from 
translating the units: 
1.5 V means 1.5 J of 
electric potential energy 
per coulomb. If you apply 
this same thinking to 
the results of Example 
Problem 1.2, the results 
might seem a little 
alarming: 4.5 ¥ 103 V 
means 4500 J/C. Isn’t this 
a high value? If there was 
a sign on the doorknob 
that said “4500 V,” would 
you still touch it? 
 The important thing to remember is that voltage indicates 
the joules of energy transferred by every coulomb of charge. 
So, if you don’t have many coulombs of charge, the total 
energy transferred may not be a very big concern. If the sign 
on the door said “0.25 J,” you may be much less concerned. 
However, if the number of coulombs involved is very large, 
you have to be especially careful. In Example Problem 1.3, 
the appliance’s frayed cord was connected to a 120-V source, 
which at first might appear to be much safer than the 4500 V 
between you and the doorknob. However, since the number 
of coulombs involved is much larger, the energy that can 
be delivered is actually much greater. A lightning strike can 
be extremely dangerous because both the voltage and the 
quantity of charge involved are large. 

Hiking Through Fields
People who enjoy outdoor activities, like hiking, camping, 
and rock climbing, have to pay close attention to the 
conditions in their environment. Much of the data from 
the environment is easily observable, such as the types of 
cloud formations and the temperature. Other factors, such as 
changes in humidity or atmospheric pressure, require special 
instruments in order to be observed. In this section you will 
learn about three aspects of the environment that can only be 
observed indirectly through their effects on other objects.

4. A lightning strike transferred about 15 C of charge 
from a cloud to a building. The voltage between the 
cloud and the building was 1.50 ¥ 108 V.

 a. Calculate the energy delivered in the lightning 
strike.

 b. A typical home in Alberta uses 3 ¥ 109 J of 
electrical energy every month. Compare your 
answer to question 4.a. with this value. 

Practice
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As the storm clouds pass 
over, be observant. If you 
feel a tingling sensation, 
if your hair starts to 
stand on end, or if your 
metal equipment starts 
to hum or spark, 
lightning may be ready 
to strike. Close your 

eyes and cover your ears 
in case it strikes nearby.

Keep metal gear
away from your body.

Put on rain gear and
sit on your pack with
your knees close to
your body.

Thundercloud

6 m6 m

Get as low
as possible.

Avoid
trees.

Avoid
open
fields.

Avoid
ridges.

The Electric Field
Hikers and rock climbers have to be especially careful of the potential hazards presented by thunderstorms. If you are in a 
forested area, the dense cover of trees can make it very difficult to see the sky and watch for approaching clouds. Thunder can 
echo through canyons, making it very difficult to know the direction a storm is approaching from. If you are in steep terrain, 
storm clouds can suddenly blow overhead from a nearby ridge, giving you only minutes’ notice that a storm is approaching.  
If you were hiking in the mountains and were surprised by a thunderstorm’s sudden approach, what would you do? 
 The suggestions shown in Figure C1.4 are the recommended preventative measures to avoid being hit by lightning. 
Note the list of things to watch for. The thundercloud may be several kilometres above you, yet the huge negative charge 
on the bottom of the cloud is still capable of making your skin tingle, your hair stand on end, or your metal equipment hum 
and spark. All this can occur before the lightning strikes. How is the cloud, which may be 
thousands of metres above the ground, able to exert forces on objects on the ground below? A 
meteorologist would answer this question by saying that the charge on the bottom of the cloud 
is surrounded by an electric field. The three hikers cannot see the electric field itself because it 
is invisible. They can only observe the effects that the field has on charges within the field.

Figure C1.4

electric field: a property 
of the space around a 
source charge that enables 
the source charge to exert 
forces on other charges 
that enter this region
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Figure C1.6: Bug zappers use strong electric fields.

Figure C1.5: The charges within the 
fibres of the threads shift slightly, 
allowing the threads to respond to 
the electric field. 

insulator: a material in which none of the electrons 
can move freely, preventing the material from being 
able to conduct an electric current

test body: an observable object that can experience 
a force due to the presence of a field

If the hikers take all the recommended precautions, they 
could make it through the storm unharmed. The wind would 
soon carry away the thunderclouds and the massive charge 
that created the dangerous electric field. But this is not the 
end of the hikers’ experience with fields. After taking off 
their rain gear, they might decide to resume their trek and 
check their bearings with a compass. 
 The compass needle soon swings around and indicates 
which direction is north. What exerts this force on the 
compass needle? If you look at the compass, you will see that 
there does not appear to be anything touching it other than 
the hiker’s hand.  The hand cannot be the source of the force 
because if the hiker holds the compass in the other hand or 
sets the compass on the ground, it still points the same way. 
What is the source of this force? 
 A geologist would say that 
Earth’s magnetic field exerts 
the force on the compass needle. 
Once again, you cannot see 
the magnetic field itself—it’s 
invisible. You can only observe 
the effects of the magnetic field 
on the appropriate test body (in 
this case, the tiny magnet that 
forms the compass needle). 

magnetic field: a 
property of the space 
around a magnet or 
an electric current 
that enables the 
magnet or electric 
current to exert 
forces on other 
magnets, such as 
compass needles, 
and electric currents 
that enter this region

 For example, one of the hikers might notice that loose threads on a frayed part of a jacket 
are starting to stand on end. Even though the threads are insulators, and cannot pass an 
electric current, the charge within the threads can be rearranged so that the threads respond 
to the electric field. The threads are not the electric field, but rather they provide evidence that 
the field is present. Since a thread provides a way of testing if a field is present, it is called a 
test body. Test bodies are observable objects that experience a force due to the presence of a 
field. Other test bodies in this situation could include the hair on the hiker’s head or the ions 
within nerve endings that produce a tingling sensation in the hiker’s skin.
 Thunderclouds are not the only sources of electric fields. In general, any charged object 
will surround itself with an electric field. A tiny circuit charges the wires in a portable bug 
zapper, shown in Figure C1.6, to create a strong electric field close to the wire mesh. This 
field is then used to exert lethal forces on insects that are close to the mesh grid.

frayed
threads

The Magnetic Field
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Archaeologists suspect the first compass 
originated in China thousands of years ago. The ancient 
Chinese compasses used a piece of iron oxide, Fe3O4(s), 
that happened to be naturally magnetized. Over time, the 
design was refined to use a small iron needle. Magnetic 
iron oxide was still needed to periodically remagnetize the 
smaller needle using a process similar to the one you used 
in the “Observing Magnetic and Electrical Effects” activity. 

DID YOU KNOW?DID YOU KNOW??

Figure C1.7: A traditional Chinese compass

 Earth’s magnetic field 
is thought to originate 
from electric currents 
deep within the planet. In 
general, magnetic fields are 
produced by electric currents 
and magnets. This is why 
compass needles may not 
function properly close to 
electric motors or speakers. 
These devices produce their 
own magnetic fields that can 
interfere with the compass’s ability to align itself with Earth’s 
magnetic field.

The Gravitational Field
Rock climbing is an outdoor activity that requires specialized 
equipment, skills, and careful training. Once these things are 
in place, the only other requirement is a safe and interesting 
place to climb. As climbers inch up a rock face, they move 
themselves farther from the centre of Earth, overcoming the 
force of gravity the whole way up. 
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 The descent can be just as dangerous as the climb up. The 
tension in the rope is balancing the downward force of gravity 
as the climber descends. How is Earth able to exert such a large 
force on the climber? If the contact with the rope supplies the 
upward force, what is the contact with the planet that supplies the 
downward force? 
 The contact between Earth and the climber is the 
gravitational field of Earth that pulls the climber toward Earth’s 
centre. Just like electric and magnetic fields, the gravitational 
field of Earth is invisible—it can only be observed through 
the forces that it exerts on test bodies. The test bodies for 
gravitational fields are other objects with mass. Examples would 
include the climber, a penny in the climber’s pocket, or even a 
satellite in orbit hundreds of kilometres above the climber. Earth 
exerts a gravitational force on each of these masses through the 
gravitational field that surrounds the planet. 

 Although Earth’s gravitational field is invisible, it 
can be represented by field lines. The field lines point in 
the direction that a test mass would be forced if it were 
brought close to Earth—toward the centre of the planet. 
The density of the field lines communicates the strength 
of the gravitational field. Close to the surface, the field 
lines are highly concentrated, indicating that the field is 
stronger than it is farther from the planet, where the field 
lines are farther apart. Field-line diagrams are useful 
because they can communicate the overall pattern and 
shape of the field.
 Earth is not the only object that surrounds itself 
with a gravitational field. The Moon, the other planets, 
and the Sun each have their own gravitational field. In 
general, any object with mass will be surrounded by a 
gravitational field; however, only very massive objects, 
like planets, produce gravitational fields with observable 
effects. 

gravitational field: a 
property of the space 
around a source 
mass that enables 
the source mass to 
exert forces on other 
masses that enter 
this region

field lines: lines that 
describe the direction 
of a field by the way 
they point, and the 
strength of a field by 
their density

Image of Earth from Space
with Gravitational Field Lines Added

The lower concentration of 
field lines indicates that the 
field is weaker here.

The higher concentration of 
field lines indicates that the 
field is stronger here.

Although Earth’s gravitational 
field is present, it is invisible.
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5. Although air is not normally a conductor of electricity, under the extreme circumstances of a thunderstorm, it can 
provide a conducting path for lightning. In general, lightning tends to follow a shorter path rather than a longer one. 

 a. Refer to Figure C1.4, on page 317 to explain why hikers should avoid open fields, trees, and ridges during a storm. 

 b. Explain the rationale for the recommended location and body position of the hikers. 

6. In addition to magnetic fields, compass needles also respond to metals that contain iron, cobalt, and nickel. Refer to 
the concept of a magnetic field to explain why it is important to stand clear of these metals when determining which 
way is north. 

7. The strength of Earth’s gravitational field is slightly less at a mountain’s peak than it is at the base of the same 
mountain. Refer to field lines as you explain this effect. 

8. Copy and complete the following table. Leave enough room for your responses as you complete it. 

Practice

Type of 
Field

General Description  
of Sources  

for This Field

General Description  
of Test Bodies  
for This Field

Two Examples
of a Source

for This Field

electric

magnetic

gravitational

Describing Fields with Diagrams
The technique of describing a field with a field-line diagram does not just apply to gravitational fields. As you will see in the 
following investigations, this technique can also be used to describe electric fields and magnetic fields. 
 Before starting the investigation “Observing Magnetic Field Lines,” it is important to quickly review some fundamental 
ideas about magnets that you have learned in previous courses. 

Properties of Magnets

Every magnet has two poles: north and south.

Like poles repel one another.

Opposite poles attract one another.

Some objects can become temporary magnets.

N S

NS
N S

N S
NS

N S N S

N S
N

N

N
S

S

S
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Observing Magnetic Field Lines

Investigation

Purpose
You will sketch the patterns produced by test bodies when they are 
placed in magnetic fields.

Materials
• ceramic or iron bar magnet 

• iron filings in a container with a removable lid that allows the filings  
to be sprinkled

• compass

• lid of a shoebox with one end open

• cookie sheet that is ferromagnetic (A magnet will stick to it.) 

• 2 books that are the same thickness (Both must be thicker than  
the bar magnet.)

• “Placement of a Compass Around a Bar Magnet”  
handout from the Science 30 Textbook CD

Part A: Using Iron Filings as Test Bodies

Procedure and Observations
step 1: Set up the apparatus as shown in Figure C1.8. 

book bookbar magnet

shoebox lid

Figure C1.8

 

step 2: Observe the empty lid of the shoebox. Is there any evidence of a magnetic field being present?

step 3: Lightly sprinkle iron filings into the lid of the shoebox. Be careful not to allow any filings to spill outside the lid. 
Gently tap the tops of the two books with your fingers for a few seconds until the filings form a pattern.  

step 4: Observe the pattern of filings from above. Sketch a diagram to record your observations. 

step 5: Observe the filings by looking from the side, just over the edge of the shoebox. Sketch a diagram to record 
your observations. 

step 6: Carefully pour the iron filings back into the container. 

Iron filings should be handled with care. 

 • If the filings come in contact with  
a magnet, they are very difficult  
to remove. 

 • If the filings come in contact with 
your clothing, permanent staining 
is a possibility. 

 • Avoid spills. 

Science Skills 
Performing and Recording
Analyzing and Interpreting
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step 7: Set up the apparatus as shown in Figure C1.9, and repeat steps 3 to 6.

book bookbar magnet

shoebox lid cookie sheet

Figure C1.9

Analysis
1. Use your observations from step 2 to explain the importance of test bodies when observing magnetic fields. 

2. Collect your observations from steps 4 and 5, when only the shoebox lid was between the magnet and the filings.  
Use these observations to answer the following questions.

 a. Identify the regions of the magnet where the magnetic field lines are most concentrated. 

 b. Determine whether the magnetic field lines are restricted to the flat (two-dimensional) surface of the shoebox lid or 
whether they exist in the three-dimensional space beyond the shoebox lid.  

3. Collect your observations from step 7, when both the cookie sheet and the shoebox lid were between the magnet and 
the filings. Use these observations to answer the questions 3.a. and 3.b. 

 a. Describe how the cookie sheet changed the pattern of filings.

 b. Many sensitive electronic devices do not perform well if exposed to strong magnetic fields. Suggest a way to shield 
these devices from strong magnetic fields. 

Part B: Using a Compass as a Test Body

Procedure and Observations
step 1: Check your compass to ensure that it points to magnetic north.

step 2: Obtain the handout “Placement of a Compass Around a Bar 
Magnet.” Note that the positions for the compass on this handout 
follow from the observations with the iron filings in Part A. 

step 3: Position the bar magnet where shown on the handout, and place 
the compass at the other end of the table.

step 4: Working quickly and efficiently, momentarily place the compass in each of 
the positions shown on the handout. In each position, do the following:

 • Observe which way the north end of the compass needle points.
 • Move the compass to the other end of the table.
 • Draw an arrow on the handout to record your results. 

Analysis
4. Use your observations to determine which end of the magnet is the south end 

and which end is the north end. 

5. In Part A you were able to observe the pattern formed by many field lines. In 
Part B you were able to observe the direction that the north end of a compass 
needle would point along two field lines. Combine your results from Parts A 
and B by producing a diagram that includes the direction of many field lines 
surrounding a magnet. 

The sensitive magnet in a 
compass needle is easily 
damaged if exposed to strong 
magnetic fields for an extended 
length of time.

 • Do not store compasses 
in the same location as 
strong magnets.

 • Do not allow compasses 
to touch strong magnets. 

 • If a procedure requires 
that a compass be 
momentarily brought 
close to a strong magnet, 
quickly make the 
observation and then 
return the compass to a 
safe distance from the 
magnet. 
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Key Ideas About Magnetic Fields
Magnetic field lines show the way the north end of a compass 
needle would point. These lines always leave the north end 
of a magnet and form a loop that enters the south end of a 
magnet. You can confirm your understanding of these ideas by 
using a computer simulation in the “Two Magnets” activity. 

Purpose
You will use the computer simulation “Two 
Magnets” from the Science 30 Textbook CD 
to explore the pattern of magnetic field lines 
between two magnets.

Procedure
Follow the instructions in the computer simulation and 
complete the activity. 

Summary
Record four statements to summarize what you have 
learned in this activity.

Two Magnets

Utilizing Technology

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�

 

Purpose
You will sketch the patterns produced by test bodies when they are 
placed in electric fields. 

Background Information: Using Grass Seeds as Test Bodies

Although grass seeds are insulators, the small number of charges on the grass seed can be separated slightly. Grass 
seeds floating in mineral oil can be used to demonstrate the presence of electric fields. Because one end of a grass 
seed is slightly positive and the other is slightly negative, the seed will twist as each end is pulled in an opposite 
direction. The seed stops twisting when it is aligned with the electric field. Grass seeds that sink to the bottom of the 
mineral oil are not able to align with the electric field, so these should be ignored as you look for patterns.

Investigation

Observing Electric Field Lines

Materials
• high-voltage DC power supply (at least 500 V DC)  

(An inexpensive, handheld bug zapper can be modified 
to become a high-voltage power supply.)

• 200 mL of mineral oil

• latex or vinyl gloves

• waste bucket to recover mineral oil

• large Petri dish (100 mm by 15 mm)

• 10 mL of grass seed

• variety of objects to become charged in the Petri dish
 – straight-line sources ( 1

2 -inch copper plumbing tees)
 – point sources ( 3

4 -inch copper plumbing coupling)
 – variable-shaped sources (large hex nuts or eyebolts)
 – 2 strips of thin metal sheeting (2 cm by 15 cm each)
    (inexpensive metal flashing used for roof repair)

N

S

This investigation requires the use of high-voltage 
devices to create the electric fields you will be studying. 
Be sure to follow all the recommendations of your 
teacher regarding the safe use of this equipment.

Science Skills 
Performing and Recording
Analyzing and Interpreting
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Procedure
step 1: Put on the latex or vinyl gloves.

step 2: Pour mineral oil into the Petri dish until the layer of mineral oil is about 3 mm deep. Pouring slowly helps 
prevent bubbles. 

step 3: Obtain the “Observing Electric Fields: Sources” handout from the Science 30 Textbook CD. 

step 4: For the first arrangement of sources shown in the handout, do the following:

 • Place the sources in the Petri dish as shown in the handout. Make sure the sources are no more than  
2 cm apart. 

 • With the high-voltage power supply switched off, connect the sources.

 • Switch on the high-voltage power supply. Before adding the grass seeds, observe the region between the 
sources for any evidence of an electric field. 

 • Carefully add a few grains of grass seed in the space between the sources.

 • If you notice that the floating grass seeds are starting to line up in the mineral oil, add a few more grass 
seeds to the areas where the lines appear to be going.

 • Once the pattern formed by the floating grass seed is visibly distinct, switch off the high-voltage power 
supply. It may help to form the pattern if you repeatedly switch the power supply on and off.  

 • Sketch the pattern of electric field lines shown by the floating grass seeds in the corresponding space on 
the handout.

 • Remove the sources from the Petri dish. Carefully empty the mineral oil and grass seeds from the Petri 
dish into the empty waste bucket.

step 5: Repeat step 4 for each of the other sources on the “Observing Electric Fields: Sources” handout.

step 6: Obtain the “Observing Electric Fields: Lightning Safety” handout from the Science 30 textbook CD. 
Follow the instructions on this handout to bend the two metal strips into the required shapes. 

step 7: Repeat step 4 using the metal shapes you created in step 6. 

Analysis
1. Recall what you observed between the sources when the high-voltage power supply was turned on but the grass 

seed was not yet added. Explain the importance of test bodies when it comes to observing fields. 

2. Identify the sources that tended to produce patterns of electric field lines that were evenly spaced. Which ones 
produced patterns that were concentrated? 

3. Refer to your answer to question 2 and your observations from step 7. Use the patterns in the field lines to explain 
the safest location for hikers during a thunderstorm.
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Knowledge
1. Define the following terms.

 a. negative charge

 b. positive charge

 c. coulomb

 d. electric potential difference

 e. voltage

 f. volt

 g. electric field

 h. magnetic field

 i. gravitational field

 j. test body

 k. field lines

2. Compare and contrast characteristics of electric, 
magnetic, and gravitational fields. 

3. Explain the importance of test bodies when studying 
fields. 

1.1 Summary

Objects can become charged when electrons are transferred. 
Positively charged objects are the result of losing electrons, 
while negatively charged objects are the result of gaining 
electrons. Charge is measured in coulombs—a huge 
unit, since 1 C corresponds to a transfer of 6.25 ¥ 1018 
electrons. An uncomfortable spark from scuffing your feet 
across the carpet might be a few microcoulombs, while a 
single lightning strike could be 10 C to 30 C. Lightning is 
dangerous, not only because of the huge quantity of charge 
that is transferred, but also because this charge transfers 
incredible amounts of energy. The ratio of the change in 
electric potential energy to the charge transferred is called 
the potential difference or voltage and is measured in volts.
 A field is an invisible connection between a source and 
a test body. The electric field that exists between the bottom 
of a thundercloud and the ground below can be detected by 
small charged objects below the cloud. The magnetic field 
produced by a strong magnet can be detected by another 
magnet, such as a compass needle. Gravitational fields 
produce noticeable effects on test bodies when the source is 
very massive—like a planet, a moon, or a star. Even though 
all of these fields are invisible, their effects on test bodies can 
be observed and recorded in field-line diagrams.  

1.1 Questions

Adding Direction to Electric Field Lines 
Although the grass seeds in the “Observing Electric Field Lines” activity provided an opportunity for you to sketch electric 
field lines, there was no way to indicate the direction in which the lines were pointing. The direction of an electric field is 
determined by the direction of the force on a positive test body. This is why electric field lines always point toward negative 
sources and away from positive sources—this is the way a positive test charge would go. 
 Under a typical thundercloud, the electric field can become very intense, especially around pointed objects that project 
high into the air. The electric field lines point up because this is the way that positive charges would move as they are attracted 
to negative charges in the cloud. Since the excess electrons in the bottom of the cloud are negatively charged, they move in the 
opposite direction to the electric field—down toward Earth’s surface. 
 Using this thinking, good advice to a hiker caught in a thunderstorm would be to seek a low region where the electric field 
lines are not as intense and, therefore, where the lightning is less likely to strike.

Direction of Electric Field Lines

positive
source

negative
source

Electric Field Lines Under a Thundercloud

+ + + + +

+
++ +

+

+
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+ +
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+ +++ + + + + +
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Applying Concepts
4. Each of the following objects is the source of a field. 

 

 
Sources of Fields

two charged plates

positively
charged
sphere

negatively
charged
balloon

bar magnet Earth’s
moon + + + + + + + + + + +

– – – – – – – – – – –

 a. Sketch each object in your notebook. Be sure to leave enough room to add the field lines. 

 b. Under each of your sketches, identify the type of field you sketched.

Use the following information to answer question 5.

5. a. Determine whether the child became positively or negatively charged. 

 b. Sketch a field-line diagram to represent the electric field around the child’s head. 

 c. The high voltage is sufficient to affect the circuitry in a cochlear implant. Beyond this effect, explain why the high 
voltage does not present a health hazard to most children who use the slide.

As a child goes down a plastic 
playground slide, the plastic surface 
tends to remove electrons from the 
child’s clothing. When the child 
reaches the bottom of the slide, it is 
common for her to have developed 
enough charge to become the source 
of an electric field. Note the field 
lines indicated by the child’s hair 
in the photograph. It is possible for 
children to acquire a voltage of over 
20 000 V in these circumstances, 
creating a nasty shock when their 
feet touch the ground!
 Many young children with 
impaired hearing use a special 
electronic device called a cochlear 
implant. The circuitry within these 
tiny devices is very sensitive to 
the buildup of static electricity on the user’s body. Unfortunately, if a child using such a device slides down a plastic 
playground slide, the sudden discharge of static electricity at the bottom of the slide will often erase the specific 
programming on the microprocessor, causing the cochlear implant to fail.
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1.2 Equations for Fields

Figure C1.10: Conceptual drawing of a moon base

Do you think that students could one day be going to school 
on Mars? Could people move beyond the solar system and 
eventually have colonies on planets that orbit stars other 
than the Sun? Many scientists and engineers who have 
been thinking about these questions suggest the first step in 
exploring these possibilities would be to set up a base on the 
Moon. This would provide an opportunity to improve space 
technologies closer to Earth. A moon base could also be a 
convenient “stepping off point” for other space exploration. 
 Although people have already visited the surface of the 
Moon, the Apollo missions were quite short in duration. A 
moon base could allow people to live on the Moon for years 
instead of days, which is why the moon base would need 
a shield to protect its inhabitants from the charged space 
particles that bombard the lunar surface. Some of these 
particles are electrons, 

protons, and nuclei of helium atoms emitted from the Sun. The flow of these particles 
emitted from the Sun is called the solar wind. Larger, positively charged particles are also 
emitted from stars in distant parts of the galaxy. These emissions from beyond Earth’s solar 
system are called cosmic rays. Long-term exposure to these types of radiation presents 
a real hazard to unprotected astronauts, who face an increased probability of developing 
cancer. When particles from the solar wind or cosmic rays collide with cells, parts of the 
cell may become ionized, often killing the cell. If the cell survives but segments of DNA 
are ionized, the cell may produce other abnormal cells that may become cancerous.

solar wind: a stream of 
high-speed, ionized particles 
ejected from the Sun, 
consisting mainly of electrons, 
protons, and helium nuclei

cosmic rays: a stream of  
high-speed, ionized particles 
ejected from the objects beyond 
the solar system, consisting 
mainly of atomic nuclei

Unit C: Electromagnetic Energy328



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

 In order to calculate the speed necessary for a satellite 
to maintain a certain orbit, and to determine the amount 
of rocket fuel required to achieve that orbit, an equation is 
needed to predict the gravitational field strength.

g Gm
r

= 2

 Note that the key variables on the right side of the 
equation are m, the mass of the object that is the source of 
the field, and r, the distance from the centre of the source. 
The gravitational constant, G, is not a variable—its value, 
6.67 ¥ 10- 11 Nim2/kg2, never changes. The gravitational 
constant is needed to ensure that when the value for source 
mass is entered in kilograms and the value for distance is 
entered in metres, the result of the calculation will give  
the correct value for gravitational field strength in newtons 
per kilogram.

 How would the large 
spheres in Figure C1.10 
protect astronauts from the 
solar wind and cosmic rays? 
If Earth is a giant spaceship 
travelling rapidly around the 
Sun, it is exposed to these 
radiations as well. How are 
you protected from these 
hazards? What do fields 
have to do with the answers 
to these questions and with 
space exploration in general? 
You will have an opportunity 
to answer these questions in 
this lesson. 

fast-moving,
positively charged

particle

DNA molecule

Before

damaged DNA molecule

After

Figure C1.11: The high-energy, positively charged particles from cosmic rays have the potential to break both strands  
in a DNA molecule during a collision. This kind of damage is more difficult for a cell to repair than a single-strand break.

  9. In general terms, explain how the presence of a positively charged particle could cause the ionization of other 
molecules, leading to the breakage of chemical bonds. 

10. Explain why it is more difficult for cells to repair damage to DNA molecules if both DNA strands have been affected.

Practice

Gravitational Field Strength
Before considering the design of space stations, it is 
necessary to deal first with the challenges of leaving 
the surface of Earth. Think back to the last time you 
climbed a number of stairs. Each step required you 
to exert a force to overcome the natural tendency of 
Earth’s gravitational field to pull you back down to the 
surface. With a space-shuttle launch, the rocket engines 
not only supply the force to overcome the force of 
gravity, they also accelerate the shuttle and its contents 
to high speeds—about 8 km/s for low-Earth orbit. It is 
the combination of high speed and gravitational field 
that defines a stable orbit. Without these high speeds, 
satellites would be pulled back to Earth by the planet’s 
gravitational field.

gravitational field strength: the number of newtons per 
kilogram a test body will experience at a given location 
from a source mass

gravitational
constant
6.67 ¥ 10- 11 Nim2/kg2

gravitational field 
strength (N/kg)

mass of source (kg) 

distance from centre 
of source (m)
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 The units of gravitational field strength reveal an 
important feature of this quantity. Multiplying the mass 
of a test body by the gravitational field strength gives the 
gravitational force that acts on that test body.

F mg
g

=

Units: N kg N
kg

= ( )Ê

Ë
Á

ˆ

¯
˜

Example Problem 1.4 illustrates how these ideas can be 
applied. 

gravitational force mass of a test body

gravitational field 
strength

gravitational force: the force exerted on a test body by a 
gravitational field; calculated by multiplying the mass of the 
test body by the gravitational field strength

Earth’s radius has an average value of 6.37 ¥ 106 m, 
while Earth’s mass has a value of 5.98 ¥ 1024 kg. 

a. Calculate the value of the gravitational field 
strength at Earth’s surface. 

b. A person with a heavy backpack has a mass of 
100 kg and can be considered a test body for the 
gravitational field. Use the value from part a. to 
predict the force of gravity Earth would exert on 
this person.

Example Problem 1.4

continued

Solution
a. r

m

g

= ¥

= ¥

=

6 37 10

5 98 10

6

24

.

.

?

m

kg
source

 
g

Gm

r
=

=
¥( ) ¥( )

¥( )
-

source

2 2N m /kg kg

m

2

11 24

6 2

6 67 10 5 98 10

6 37 10

. .

.

i

==
=

9 829 878 576

9 83

.

.

 N/kg

 N/kg

 The strength of the gravitational field at Earth’s 
surface is 9.83 N/kg.

 Note: The following keystrokes summarize a 
typical entry for many calculators:

  6.67    11 

   5.98   24 

   6.37   6 

  

 Consult your calculator owner’s manual for more 
information.

b. g

m

F

=

=

=

9 829 878 576

100

.

?

 N/kg

 kg
test

g

 F m g
g test

kg N/kg

N

=

= ( ) ( )
=

100 9 829 878 576

983

.

 Using the value from part a., Earth’s gravitational 
field will exert a force of 983 N on the person with 
the backpack.

 Note: The unrounded value for g is used as an input 
in part b., but the final answer is recorded to three 
significant digits, consistent with the given values.

 The calculation in part b. of Example Problem 1.4 reveals 
an important aspect of gravitational field strength: it provides 
a convenient way to predict the amount of force a test body 
would experience in the field. The only caution is not to mix 
up gravitational field strength with gravitational force. Many 
students use units to help keep this clear.

 • Force of gravity is measured in newtons (N). 

 • Gravitational field strength is measured in newtons 
per kilogram (N/kg).

Unit C: Electromagnetic Energy330



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

 The value calculated in part a. of Example Problem 1.4 is based on the average value for the radius 
of Earth and ignores the effects of Earth’s spin. So, it follows that the gravitational field strength is 
also an average value for Earth. In Alberta, the gravitational field strength is 9.81 N/kg. Does this 
number look familiar? In previous courses you used 9.81 m/s2 as the value for acceleration due to 
gravity. As the following analysis of units reveals, this is not a coincidence—the units for acceleration 
due to gravity and gravitational field strength are equal. The value for the gravitational field strength 
of Earth varies from a low of 9.79 N/kg at the equator to a high of 9.83 N/kg at the poles. This 
variation is due to Earth’s spin and to the flattening of Earth at its poles.
 This new interpretation of the value of g helps to answer some important questions that may not 
have been answered in previous courses, such as why does the Moon’s surface have a different value 
for the acceleration due to gravity than the surface of Earth does? Example Problem 1.5 provides 
insight into the answer to this question. 

9 81. N
kg

9 81
2

.
kg m/s

kg

i

9.81 m/s2

 Compare the solution to part b. of Example Problem 1.4 to the solution to part c. of Example Problem 1.5. The mass of 
the test body was the same in both cases (100 kg), but the force of gravity was different. How would you explain this? Look 
at the values of gravitational field strength in both locations. Even though the masses of the test bodies were the same, the 
differences in gravitational field strength resulted in different forces. 

The Moon has an average radius of 1.74 ¥ 103 km and a 
mass of 7.35 ¥ 1022 kg. 

a. Calculate the gravitational field strength of the Moon. 

b. Explain why the Moon has a different value for 
gravitational field strength than Earth does. 

c. An astronaut in a new lightweight spacesuit has a 
mass of 100 kg and could be considered a test body 
for the gravitational field of the Moon. Determine 
the force of gravity exerted on the astronaut by the 
Moon’s gravitational field. 

Solution

a. r

m

g

g
Gm

= ¥ ¥

= ¥

= ¥

=

=

1 74 10 1000
1

1 74 10

7 35 10

3

6

22

.

.

.

?

km  m
km

m

kg
source

ssource

2 2N m /kg kg

m

r2

11 22

6 2

6 67 10 7 35 10

1 74 10

1

=
¥( ) ¥( )

¥( )
=

-. .

.

.

i

6619 252 874

1 62

 N/kg

 N/kg= .

  

 

 

 The strength of the gravitational field at the Moon’s  
surface is 1.62 N/kg.

b. Gravitational field strength depends upon two key 
variables: m, the mass of the source, and r, the 
distance from the centre of the source. Since both 
of these values are significantly different from the 
values for Earth, the Moon has a different value for 
gravitational field strength.

c.  g = 1.619 252 874 N/kg

  m
test

 = 100 kg

  F
g
 = ?

 
F m g

g test

kg N/kg

N

=

= ( ) ( )
=

100 1 619 252 874

162

.

 Using the value from part a., the Moon’s gravitational 
field will exert a force of 162 N on the astronaut.

 

Example Problem 1.5

Note: Kilometres are converted 
to metres before the values are 
substituted in the equation.
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Purpose
You will use a graphing calculator to calculate, graph, and identify 
trends in gravitational field strength values for Venus.

Background Information
Due to similar values for mass and radius, it was once thought that Venus was 
very similar to Earth. Early astronomers referred to Venus and Earth as “sister 
planets.” However, the conditions on the surface of Venus are dramatically 
different from those on Earth.
 Venus’s atmosphere is so thick with carbon dioxide that the “greenhouse 
effect” makes the surface temperatures as hot as an oven on “self-clean”: 482°C. 
Figure C1.12 shows the thick clouds of sulfuric acid drops that blanket Venus.  
The photograph was taken by a probe that was sent to explore Venus in 1979. 
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Plotting the Gravitational Field Strength of Venus

Utilizing Technology

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
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Materials
• graphing calculator • “Plotting the Gravitational Field Strength of Venus” handout

Procedure 

Obtain the “Plotting the Gravitational Field Strength of Venus” handout 
from the Science 30 Textbook CD. Follow the steps described in the handout.

1. Plot a graph of your results in the space provided in the handout. Draw a smooth curve to connect the data points. 

Analysis
2. Compare the data for trial 5 with the data for trial 1.

 a. How does the distance value for trial 5 compare to the distance value for trial 1?

  Answer by completing this sentence:

   To get the distance for trial 5, multiply the distance value for trial 1 by .

 b. How does the gravitational field strength value for trial 5 compare to the gravitational field strength for trial 1?

  Answer by completing this sentence:

  To get the gravitational field strength for trial 5, multiply the gravitational field strength for trial 1 by the decimal 
 (rounded to three digits) or by the fraction .

3. Repeat the analysis of question 2 for the values in trials 2 and 7.

4. Repeat the analysis of question 2 for the values in trials 3 and 9.

5. Describe the pattern that emerges from your answers to questions 2, 3, and 4.

6. Use the equation for gravitational field strength to explain the pattern that you identified in your answer to question 5.

Figure C1.13: Venus Express

 More recent exploration of Venus began in 2006 with 
the European Space Agency’s probe, Venus Express. 
The orbit of this probe will be modified over the course 
of the mission, depending upon the data that needs 
to be collected. Planning for a stable orbit means that 
both the speed of the probe and the strength of the 
gravitational field at various locations around Venus will 
have to be determined.

Figure C1.12: Venus

Unit C: Electromagnetic Energy332



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

The Effect of 
1
2r

on Gravitational Field Strength

The position of r in the denominator of the gravitational field strength equation means that as distance from the source 
increases, the value of gravitational field strength decreases. This trend is compounded by the fact that the value of r is 
squared. Figure C1.14 shows how these ideas apply to the gravitational field of Mercury, one of the smaller planets in the  
solar system.

 Students who like mathematics find that the patterns shown in Figure C1.14 are a convenient shortcut that reduces 
the need for always doing long calculations. For example, given the information in Figure C1.14, how strong would the 
gravitational field strength be at a location ten times farther away than the surface of Mercury? Since the distance is ten  
times farther away, the gravitational field strength should be 1

10 2( )
 or 1

100  times larger, or 0.036 N/kg.

11. Before you begin solving problems, 
it is a good idea to review how to 
enter these calculations into your 
calculator. Enter the data for part a. 
of Example Problem 1.4 and part a. 
of Example Problem 1.5 into your 
calculator and confirm the answers. 
A common data-entry error is 
forgetting to square the value for 
distance, r. Would this error generate gravitational 
field strength values that are too large or too small?

Practice

Compared to the surface, r is 2 times larger. 

Therefore, g is 
1

2 2( )  times smaller.

 g = ¥
( )

= ¥

=

3 6 1

2

3 6 1
4

0 90

2
.

.

.

N/kg

N/kg

N/kg

Compared to the surface, r is 3 times larger.

Therefore, g is 
1

3 2( )  times smaller.

 g = ¥
( )

= ¥

=

3 6 1

3

3 6 1
9

0 40

2
.

.

.

N/kg

N/kg

N/kg

Mercury

On the surface, g = 3.6 N/kg.

g = 0.90 N/kg

g = 0.40 N/kg

2r

3r

r

Figure C1.14
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Use the following information to answer questions 12 to 15.

12. Calculate the gravitational field strength of Earth at locations II, III, IV, and V. 

13. Calculate the gravitational field strength of the Moon at locations V and VI. 

14. Refer to the values you calculated for gravitational field strength at location V in questions 12 and 13. One of these 
values is the gravitational field strength of Earth. The other is the gravitational field strength of the Moon. 

 a. Sketch a diagram of Earth and the Moon with location V indicated. 

 b. Add an arrow to your diagram to indicate the size and direction of the gravitational field of Earth at location V. 

 c. Add an arrow to your diagram to indicate the size and direction of the gravitational field of the Moon at location V. 

 d. Explain why location V is referred to as the point of equal gravitational attraction.

 e.  If a space vehicle comes to rest and turns off its engines at location V, it will not accelerate toward the Moon or 
Earth. Explain why.

15. Note the following observations in your answers to question 12: 

 • observation 1: Location IV is two times farther from Earth than location III, and the gravitational field strength 
at location IV is 1

4  the gravitational field strength at location III.
 • observation 2: Location IV is ten times farther from Earth than location II, and the gravitational field strength at 

location IV is 1
100  the gravitational field strength at location II.

 a. Use the equation for gravitational field strength to explain observation 1.

 b. Use the equation for gravitational field strength to explain observation 2.

The following illustration shows a typical path for a space vehicle on a mission to the Moon.

II

III

IV

VI

VII

V

I

Earth
m = 5.98 ¥ 1024 kg

Flight Path for a Mission to the Moon
Moon
m = 7.35 ¥ 1022 kg

Location Description

Distance from 
Centre of Earth

(m)

Distance from 
Centre of Moon

(m)

I launch site on Earth 6.37 ¥ 106

II high-Earth orbit 2.00 ¥ 107

III about    of distance to Moon 1.00 ¥ 108

IV about    of distance to Moon 2.00 ¥ 108

V point of equal gravitational attraction 3.457 ¥ 108 3.83 ¥ 107

VI low-Moon orbit 1.84 ¥ 106

VII landing site on Moon 1.74 ¥ 106

1
2

1
4

Practice
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positive particles
from solar wind
and cosmic rays

Electric Field Strength
At the beginning of this lesson, it was explained that the large spheres in the illustration of the space 
station help to protect astronauts from ionizing effects of charged particles in the solar wind and in 
cosmic rays. The spheres are able to deflect these particles away from the space station by generating 
strong electric fields. To ensure that the electric fields are sufficient to protect the people working 
below, an equation is needed to predict the electric field strength. 

electric field 
strength: the 
number of newtons 
per coulomb that 
a test body will 
experience at a 
given location from 
a source charge
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 The equation for electric field strength is very similar in 
structure to the equation for gravitational field strength.

E
kq

r


= 2

 Just like the equation for gravitational field strength, 
this equation involves a constant to ensure that the equation 
works for the given units. In this case, the coulomb constant 
is a large value: k = 8.99 ¥ 109 Nim2/C2. This is because, 
overall, electric forces and fields are more significant than 
gravitational fields. Gravitational effects are only noticeable 
when one of the objects happens to have the mass of a planet, 
a moon, or a star. Electrical effects, on the other hand, can be 
observed among very ordinary objects. 
 Another unique feature of this equation is the notation. 
The symbol for the vector electric field is E


.  Since this 

equation is just for the magnitude or strength of the electric 
field, it might be tempting to simply drop the vector arrow 
and use E, but this is already used as the symbol for energy. 
So, the absolute value signs were added to the vector electric 
field symbol, indicating that direction is not involved in this 
equation—it only describes the strength of the electric field. 
 The equation for electric field strength is an important tool 
for the NASA engineers who are drafting early plans for the 
protective spheres on the moon base. Each sphere has to be 
highly charged in order to generate a field that can exert forces 
on harmful particles from the solar wind and cosmic rays. 
 Example Problem 1.6 illustrates how the equation for 
electric field strength is applied to this situation. As was 
the case for solving gravitation 
problems, you have to be careful 
not to confuse the force with the 
field that exerts the force. Again, 
many students find that units 
help to keep them from getting 
mixed up: 

 • Electric force is measured in newtons (N).
 • Electric field is measured in newtons per  

coulomb (N/C). 
 • Multiplying the electric field by the charge on a test 

body indicates the electric force on that test body. 

 Units: N N
C

C=
Ê
ËÁ

ˆ
¯̃ ( )

Equation: F E q
e

=


electric field strength (N/C) coulomb constant
8.99 ¥ 109 Nim2/C2

distance from centre of source

charge on source (C)

electric field strength
electric force

electric force: the force 
exerted on a charged 
test body by an electric 
field; calculated by 
multiplying the electric 
field strength by the 
charge on the test body

charge on a test body

One of the charged spheres being developed to protect 
a base on the Moon has a charge of + 0.0200 C. 

a. Determine the strength of the electric field 20.0 m 
from the centre of this sphere.

b. The centre of one sphere is about 20.0 m from the 
next. Consider a second sphere that is also charged 
at + 0.0200 C to be a test body for the first sphere. 
Calculate the force the electric field of the first 
sphere will exert on the second sphere.

c. Consider your answer to part b. Explain the 
implications of this answer for the designers and 
engineers at NASA. 

Solution 
a. q

r

E

E
kq

r

source

source

 C

 m

N m /

= +

=

=

=

=
¥

0 0200

20 0

8 99 10

2

9 2

.

.

?

.





i CC  C

 m

449 500 N/C

N/C

2

2

5

0 0200

20 0

4 50 10

( ) ( )
( )

=
= ¥

.

.

.

 The electric field 20.0 m away from the sphere 
would be 4.50 ¥ 105 N/C.

b. q

E

F

F E q

test

e

e test

 C

N/C

N/C

= +

=

=

=

= ( )

0 0200

449 500

449 500 0 0

.

?

.





2200

8 99 103

C

N

( )
= ¥.

 

 The force exerted by the electric field of the first 
sphere on the second sphere is 8.99 ¥ 103 N.

c. The forces the spheres exert on each other would 
have to be balanced by the forces of the structure 
that holds them together. Since these forces are 
large, the supports holding the spheres together 
would have to be strong enough to hold the entire 
structure together.

Example Problem 1.6
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grounded: connected to the ground; providing a safe conducting path 
for stray or excess charges; having zero electric potential energy

Example Problem 1.6 illustrates how large the electric field would be around the charged spheres. It also illustrates a key 
challenge for the engineers—since each sphere would generate an electric field that would exert a large repulsive force on 
the others, the spheres would have to be well-supported. Given this challenge, you might wonder why it’s not possible to use 
one large sphere instead of a cluster of smaller ones. The thinking here is that the electric fields of the smaller spheres would 
overlap, creating one very large electric field to repel the incoming positive particles. 

 NASA estimates over 100 million volts will be required to maintain a field this strong above the lunar base. Clearly, the 
structures supporting the spheres would have to be made from non-conducting material. Recalling what you learned about 
lightning in Lesson 1.1, consider how hazardous it is for humans to work in an environment where there are large amounts 
of charge separated at high voltages. The metal grid above the base would be grounded, providing a safe conducting path 
for any stray or excess charges to flow to the ground below. The metal grid would also shield the people at the base from the 
strong electric fields, since the electric field strength is zero below the grid.

+ +

E


under metal grid E


= zero

grounded 
metal grid

Figure C1.15
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16. Refer to Figure C1.15, which shows the two 
charged spheres above the lunar base. The 
distance between the centres of the spheres 
is 20.0 m, and each sphere has a charge of 
+ 0.0200 C. There is a point midway between the 
spheres, the midpoint, that is exactly 10.0 m from 
the centre of each sphere. 

 a. Calculate the electric field strength at the 
midpoint due to the sphere on the left.

 b. Determine the direction of the electric field at 
the midpoint due to the sphere on the left. 

 c. Use your answers to questions 16.a. and 16.b. 
to determine the strength and direction of the 
electric field at the midpoint due to the sphere 
on the right. 

 d. Explain why the sum of the electric fields at the 
midpoint is zero.

Practice

Electric Fields and You

A balloon is given a charge of - 4.5 nC. 

a. Determine the electric field strength 30 cm from 
the centre of the balloon. 

b. Sketch a diagram of the electric field lines around 
the balloon. 

Solution
a. q

d

E

source
nC

C

cm  m
cm

 m

= -

= - ¥

= ¥

=

=

-

4 5

4 5 10

30 1
100

0 30

9

.

.

.

?


 E
kq

r



i

=

=
¥( ) ¥( )

( )
= ¥

-

source

2 2N m /C C

 m

2

9 9

2

8 99 10 4 5 10

0 30

4 5 1

. .

.

. 002 N/C

 The electric field strength 30 cm from the balloon’s 
centre is 4.5 ¥ 102 N/C.

b. Since the direction of the electric field is 
determined by the force on a positive test body, 
the electric field lines are directed toward the 
negatively charged balloon. 

Example Problem 1.7

The negative sign is not used in the 
equation. The negative sign is used 
to determine direction in part b.

Whether you are pulling clothes out of the dryer or combing 
your hair with a plastic comb on a dry day, you encounter 
the effects of electric fields on a daily basis. A simple 
demonstration of electric fields involves rubbing a balloon 
through your hair on a dry winter day. As each individual hair 
loses electrons to the balloon, the balloon acquires a negative 
charge and the individual hairs become positive test bodies. 
As shown in Figure C1.16, the positive test bodies respond to 
the electric field of the negatively charged balloon. In these 
circumstances, the balloon probably picks up only a few 
nanocoulombs of charge, but the electric field strength can 
still be determined. 

Figure C1.16
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Moving Charges and Magnetic Fields 
In considering NASA’s plans for a moon base, you saw how an arrangement of positively 
charged spheres can protect the base from the bombardment of positively charged particles 
that are key components of cosmic rays and the solar wind. The solar wind also contains 
negatively charged particles—high-speed electrons. Since this form of radiation also has the 
ability to ionize matter, the high-speed electrons represent a health hazard to the astronauts 
working at the base. Given that the positively charged spheres would exert forces to attract 
these high-speed electrons toward the base, there would need to be another component of the 
design to deflect these particles as well as the positively charged particles from cosmic rays 
and the solar wind.
 NASA’s plans call for the positively charged spheres to be partially wrapped in insulating 
wire carrying a large electric current. The flow of moving charges through the coils of wire 
would exert a force on the incoming electrons before they reached the base, so a field must be 
involved. What kind of field is produced by the electric current? Can this effect be demonstrated 
here on Earth? You will have a chance to answer these questions in the next investigation.

electric current: the flow 
of electric charge from one 
point to another

Figure C1.18: Insulated wires 
carrying an electric current 
surround the positively 
charged sphere.

17. Figure C1.17 shows the set-up of a demonstration you can try 
in a very dry room. Given how dry it is inside most buildings 
in Alberta in the winter, this demonstration works best if it is 
done in December, January, or February. 

 a. Sketch a diagram showing the two balloons and the 
electric fields around them. 

 b. Assume each balloon has a charge of - 5.0 nC. If the 
distance between the centres of the balloons is 44 cm, the 
midpoint is 22 cm from the centre of each balloon. Perform 
the necessary calculations and analysis to demonstrate 
that the electric field strength is zero at the midpoint.

Practice

Figure C1.17: 
Two negatively 
charged balloons 
are suspended 
by thread.

When working with computer circuit boards, 
it is important to ensure they are properly grounded. 
A grounding wire connected to your wrist allows stray 
amounts of charge that may accumulate on your body to 
be conducted to the ground instead of passing through 
sensitive electronic components. The charge accumulated 
on your body by simply walking across a room could 
be enough to seriously damage a new sound card for a 
computer. Warning labels remind you to ground yourself 
before handling sensitive components.

DID YOU KNOW?DID YOU KNOW??
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Using a Coil to Deflect an Electron Beam

Investigation

Science Skills 
Performing and Recording
Analyzing and Interpreting
Communication and Teamwork

�
�

 

�

Purpose
You will build a small coil and then pass a current through 
the coil for a few seconds at a time. At the moments when 
the current is passing through the coil, you will observe 
the effects the current has on a compass needle and on a 
beam of electrons. 

Materials
• 1 cardboard cylinder, about 4 cm in diameter and 10 cm 

in length (empty toilet-tissue roll) 
• 10 m of 26- or 28-gauge enamelled magnet wire
• 4 AA cells in a plastic battery pack
• 2 test leads with alligator clips at each end
• access to an operating CRT monitor (conventional TV  

or computer monitor) 
• small knife or 1 piece of fine sandpaper
• tape
• compass
• “Magnetic Field Surrounding a Small Coil” handout

This investigation involves briefly passing a 
current through a coil. The coil will become 
warm and remain that way for a few seconds 
after the current has passed. If the coil is left 
connected for more than a few seconds, it 
will become uncomfortably warm and will 
unnecessarily drain the batteries. Allow the 
current to pass through the coil for only a few 
seconds at a time.

step 2: Obtain the “Magnetic Field Surrounding a 
Small Coil” handout from the Science 30 
Textbook CD. Without connecting the coil to 
the AA cells, arrange the equipment as shown in the 
handout. Adjust the position of the coil so its axis is 
aligned in the east-west direction. 

step 3: Carefully connect one of the coil’s contacts to 
the AA cells with a test lead. While watching the 
north end of the compass needle, make a brief 
connection between the coil’s other contact and 
the AA cells. Break the connection as soon as you 
can tell which way the compass needle is pointing 
when the current is flowing. Record which way the 
north end of the compass needle pointed for the 
corresponding compass position on the handout. 

step 4: Repeat step 3 with the compass in each of the other 
positions indicated on the handout. Record your 
observations on the handout. 

Analysis
1. On the handout, connect the arrows you drew to show 

the compass needle’s directions to create a magnetic 
field-line diagram. Identify another situation where you 
have seen a pattern of magnetic field lines like the one 
produced by the coil.

2. Compare your results to those of several other groups  
of students. 

 a. Identify the common feature of the results from  
all groups. 

 b. How do you account for the two possible different 
outcomes?

Part A: The Magnetic Field Lines Around a 
Current-Carrying Coil

Procedure and Observations
step 1: Wrap 10 m of enamelled magnet wire around the 

cardboard cylinder to make a small coil. Leave 
about 10 cm of wire free at each end of the coil 
to act as contacts. Use adhesive tape to hold the 
contacts and coils in place. Use a small knife or 
sandpaper to carefully scrape the enamel coating 
from the last 5 cm of each contact, as shown in 
Figure C1.19.

Figure C1.19
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Part B: Observing the Deflection of an Electron Beam 

Background Information
Conventional televisions and old computer monitors 
produce an image by shooting beams of electrons toward 
the screen from the back. The inside of the screen consists 
of thin stripes of three different phosphor compounds. 
One glows red when electrons strike it, the second glows 
green, and the third glows blue. Each thin phosphor stripe 
is targeted by one of the three electron beams.
 If you look very closely at a TV screen, you should be 
able to see the light emitted by the tiny red, green, and 
blue bars. To ensure the TV picture has accurate colours, 
each electron beam is aimed to precisely hit the bar of 
the proper colour. In the next part of this investigation, 
you will carefully examine the effects of the magnetic field 
produced by your coil on the ability of the electrons to 
strike the correct phosphor stripe.

step 1: Turn on the TV and switch to a channel that has 
stationary (still) vertical lines dividing areas that 
have different colours. If you have cable television, 
the channel that displays the list of programs 
works well.

step 2: Without connecting the coil to the AA cells, 
arrange the equipment as shown in Figure C1.20.

step 3: Connect one end of the coil to the AA cells. Look across the 
top of the coil at the TV screen to find a tiny area of phosphor 
stripes on the boundary between the two regions of colour. 
While carefully observing the boundary between the phosphor 
stripes, make a very brief connection between the other contact 
and the AA cells. Observe which way the colours seemed to 
shift on the screen. Was it to the right or to the left? Make and 
break the connection several times until you can tell which way 
the colours seem to shift when the current flows in the coil. 
Record your results. 

step 4: Reverse the connections of the coil to the AA cells and repeat 
step 3. Record your results.

Analysis
3. The tiny stripes of phosphor are unable to move because they are 

bonded to the inside of the TV screen. Using the information in the 
background information, how do you account for the observed  
shift in the colours in step 3? 

4. Many speakers are built with powerful magnets. Based upon what 
you have observed in this investigation, suggest a reason why 
speakers that are built for use with televisions that utilize electron 
beams are magnetically shielded.

5. Conventional televisions are very heavy for several reasons, but one 
reason is that the glass used in their screens contains 2 kg to 4 kg of 
lead. Explain why it is important to send electronic components,  
like televisions and old computer monitors, to specialized electronics  
recycling centres instead of to landfills.

blue region

on TV screen
red region

on TV screen

boundary

TV screen

coil

Figure C1.20: Holding the coil close to the TV screen 
causes the colours in the picture to shift.

thick glass containing lead

Electron beams pass
through an aperture
(opening) in the grille.

phosphor stripe

The aperture grille allows each
electron beam to hit only one

colour of phosphor stripe.
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Moving Charges Generate All Magnetic Fields
As shown in Figure C1.21, an electric current passing through a 
coil of wire can generate a magnetic field with the same shape as 
the magnetic field around a bar magnet. Note that the symbol for a 
magnetic field is B


.  Since the magnetic field at one end of the coil 

attracts the north end of a compass needle and the other end repels 
it, the ends of the coil can be labelled north and south. You might be 
surprised to know that this is not a coincidence because the magnetic 
field produced by a bar magnet is also due to electric currents. 
 Figure C1.22 shows that electrons within atoms are in constant 
motion—each electron orbits the nucleus of the atom and also spins 
like a top on its own axis. Since electrons are charged and since both 
of these motions involve a moving charge, both the orbital motion 
and the spinning motion can be considered to be an electric current 
flowing in a loop. So, why aren’t all materials magnetic? In most 
substances, the orbiting and spinning of the electrons do not align, 
so the magnetic fields that are produced cancel themselves out. In substances like iron, cobalt, and nickel, it is possible to 
align the atoms so that the magnetic fields generated by the spinning and orbiting electrons reinforce one another. The result 
is a permanent magnet.

magnetic
field lines

N

S
electric
current

1.5 V
Cell

Figure C1.21: An electric current  
can generate a magnetic field.

B


N

S

Magnetic fields align
due to electron motion.

permanent
bar magnet

electrons

Figure C1.22

Magnetic fields due to
electron motion cancel

themselves out.

electrons

non-magnetic
metal bar
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 Even Earth’s magnetic field is a result of moving 
charges. You will recall from previous courses that deep 
within the planet is a core of molten material. Although 
it is not completely understood, many geologists suspect 
that within the liquid outer portion of Earth’s core, matter 
becomes charged and separated into layers. Since this 
material is spinning along with everything else comprising 
the planet, the moving charges form an electric current 
that generates Earth’s magnetic field.

S

N

rotation
axis

magnetic
field lines

magnetic
field lines

compass
needle

North
geographic

pole

mantle

moving charges
within liquid core

Earth’s
magnetic field

crust

solid
inner core

solid
inner core

liquid
outer core

liquid
outer core

B


      Note that since the north end of a compass needle always points 
toward the south pole of a magnet, the magnetic south pole of Earth is 
actually in the northern hemisphere. When people talk about going to 
the North Pole, they are referring to the geographic North Pole of Earth.

18. Explain the following statement:

  All magnetic fields are generated by moving charges.

19. Obtain the handout “Labelling the Magnetic  
Field Around a Current-Carrying Coil” from the 
Science 30 Textbook CD. Follow the instructions 
on this handout and supply the missing labels.

Practice

Moving Charges Experience Forces in 
Magnetic Fields
In the “Using a Coil to Deflect an Electron Beam” 
investigation, you observed the deflection of an electron 
beam by the magnetic field of a small coil carrying an 
electric current. This idea is the basis for the design 
NASA has proposed to protect the moon base from the 
bombardment of negative particles. 

+

–

path of
deflected
positive
particles

path of
deflected
negative
particles

B
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 By wrapping the large positive spheres with current-carrying wire, each sphere becomes a large coil. Although the 
electrons are attracted to the sphere due to the presence of the positive charge, the magnetic field that is generated by the coils 
is able to deflect the small but fast-moving electrons away from the base.
 The positive particles bombarding the Moon’s surface would also experience a deflecting force due to the magnetic field. 
However, because these ions are many thousands of times more massive than electrons, it is more difficult to change the 
direction of these positive particles using the magnetic field alone—hence the need for the positive charge on the spheres. 
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 NASA’s proposal is not without criticism. It has been pointed out that this scheme would be very energy-intensive because 
the electric current in the coils would have to be very large, and the voltage between the spheres and the lunar surface would 
likely have to be over 50 000 000 V. If this shielding method is found to be impractical, some other method will have to be 
used because the hazards associated with prolonged exposure to ionizing radiation are very real. 
 Just like the Moon, Earth is a massive body travelling through space, and it is exposed to the same sources of radiation: 
cosmic rays and the solar wind. What protects Earth’s inhabitants from these fast-moving particles? You’ll be glad to know 
there are two shields protecting you!

 The first shield is Earth’s magnetic field. It is an effective barrier against about one-third of the cosmic radiation and very 
nearly all of the solar wind. Note how the solar wind distorts the shape of Earth’s magnetic field. As shown in Figure C1.23, 
most of the solar-wind particles are deflected around Earth’s magnetic field. However, there are funnel-like openings called 
polar cusps that allow some of the solar-wind particles to pass through the magnetic field to the upper atmosphere. 
 The atmosphere is Earth’s second shield. Figure C1.24 
shows one of the results of solar-wind particles colliding 
with the atmosphere—the northern lights. If the collisions 
involve high-energy electrons with molecular nitrogen, 
purple light is emitted. Red and green light is emitted 
from collisions with atomic oxygen. When the solar 
wind is unusually strong, the charged particles can create 
giant electric currents in the upper atmosphere. These 
huge currents create their own magnetic fields. This has 
powerful effects that can be felt down on Earth—compass 
needles show incorrect directions and power surges can 
occur in electrical transmission lines, causing blackouts.
 The atmosphere is able to absorb the energy from 
much of the radiation from cosmic rays. A fraction of 
the cosmic-ray particles are able to penetrate to the 
planet’s surface. There are likely cosmic-ray particles 
passing through your body as you read this page! These particles are not a cause for alarm, as they form part of the natural 
background radiation. People who spend a lot of time at very high altitudes, such as the flight crew on a jet airliner, will 
receive a slightly higher dose of cosmic radiation in their lifetimes than other people because they spend their working days 
above part of the atmospheric shield. At this time, the health risks associated with this extra exposure to cosmic rays are 
thought to be minimal.

Figure C1.23: Solar-wind particles are deflected around Earth’s magnetic field.

solar-wind
particles

polar cusp

incoming solar-wind particles

deflected solar-wind particles

Figure C1.24: The northern lights are the result of solar-wind particles that enter  
the atmosphere.
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1.2 Summary

The strength of the gravitational field at the surface of Earth, 
the Moon, or any other object can be calculated using the 
equation g Gm

r
= 2 ,  where m is the mass of the source and 

r is the distance from the centre of the source. The unit 
for gravitational field strength is newtons per kilogram 
(N/kg). This serves as a reminder that gravitational field is 
not the same as gravitational force, which is measured in 
newtons (N). The equation for gravitational field strength 
can be combined with the fact that gravitational field lines 
always point toward the source mass to solve problems where 
a vector approach is required. 
 Electric fields are slightly more complicated because the 
direction of the field lines is determined by the direction 
of the force on a positive test body. Electric field lines are 
directed toward negative sources and away from positive 
sources. Nevertheless, electric field strength can be 
calculated using the equation E kq

r


= 2 ,  where q is the charge 

on the source and r is the distance from the centre of the 
source. Once again, units are a very helpful guide to prevent 
mix-ups between electric field strength, which is measured 
in newtons per coulomb (N/C), and electric force, which is 
measured in newtons (N).

1.2 Questions

Knowledge
1. a. Calculate the gravitational field strength on the surface 

of each of the following objects: 

 • Mars has a mass of 6.42 ¥ 1023 kg and an  
average radius of 3.40 ¥ 103 km.

 • Io, one of Jupiter’s moons, has a mass of  
8.94 ¥ 1022 kg and an average radius of  
1.82 ¥ 103 km. 

 b. Sketch diagrams of the gravitational field lines 
surrounding Mars and Io. 

 c. Determine the force of gravity of an astronaut on the 
surfaces of Mars and Io if the mass of the astronaut is 
100 kg. 

 d. Identify the key features of each object that account 
for the differences in your previous answers.

 The magnetic field is represented by the symbol B


.  No 
equation for magnetic field is used in Science 30. Unlike 
gravitational and electric field lines, magnetic field lines form 
closed loops. In all cases, these looping magnetic fields are 
established by electric currents. The easiest example of this 
is a simple coil of current-carrying wire, which surrounds 
itself with magnetic field lines—setting up one end of the 
coil as the north pole and one end as the south pole. Electric 
currents deep within Earth’s core are thought to be the source 
of Earth’s magnetic field, which works with the atmosphere 
to shield the planet from the solar wind and cosmic rays.

20. In this lesson you were introduced to NASA’s plans 
for shielding a moon base with charged spheres 
wrapped in current-carrying wire. Identify the 
major challenge engineers will face in making this 
plan a reality. 

21. Identify the two shields that protect Earth’s 
inhabitants from the charged particles of the solar 
wind and cosmic radiation. 

Practice

2. a. Calculate the electric field strength on the 
surface of each of the following objects: 

 • A student’s hair stands on end as she 
touches the globe of a van de Graaff 
generator. The charge on the globe is  
+ 3.5 mC and it has a radius of 18 cm. 

 • A large balloon with a charge of - 4.7 nC 
has a radius of 17 cm.

An average 
person who smokes will 
receive about 160 times 
more radiation from the 
substances in cigarette 
smoke than they will 
receive from cosmic 
radiation.

DID YOU KNOW?DID YOU KNOW??
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 b. Sketch a diagram of the electric field lines around each of the objects. 

 c. A small speck of dust with a charge of - 3.5 ¥ 10- 12 C comes into contact with the surface of each object. Determine 
the magnitude and the direction of the electric force on the dust speck in each case. 

3. All magnetic fields have a similar shape. Draw a simple diagram to illustrate how this statement applies to each of the 
following sources of magnetic fields. 

 a. a current-carrying coil

 b. a permanent magnet

 c. Earth

Applying Concepts
Use the following information to answer questions 4, 5, and 6. 

On August 25, 1997, the Advanced Composition 
Explorer (ACE) satellite was launched. ACE was 
designed to monitor the stream of particles from the 
solar wind and cosmic rays that constantly bombard 
Earth. From its vantage point at about 1% of the 
distance between Earth and the Sun, the sensors onboard 
can provide advanced warning of sudden changes in 
the flow of charged particles toward Earth. The instant 
the sensors detect an increase in solar-wind activity, a 
signal is sent to the United States government’s National 
Oceanic and Atmosphere Administration (NOAA). This 
organization tracks hurricanes and other large-scale 
weather events. Some refer to the data from ACE as monitoring “space weather.” From the moment a warning from ACE 
arrives, the ground teams have about 50 minutes to warn the operators of satellites and electrical power grids. 

 NOAA has given public access to the data from ACE. If you enter ACE Real-Time Solar Wind + NOAA into 
a search engine, you can find the NOAA website that displays the current state of the solar wind. If you explore 
the other links on this site, you can find out more about ACE and current research into the solar wind.

1.5 x 10
6 km

1.5 x 10
8 km

ACE

Sun

Moon

Earth

Note: Illustration is not to scale.

Figure C1.25: NASA’s ACE satellite
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4. The location of ACE between Earth and the Sun has been precisely chosen so ACE will take exactly the same length of 
time to orbit the Sun as Earth does. This ensures that ACE will always be between Earth and the Sun to monitor the solar 
wind. Normally, objects that are closer to the Sun move faster and complete their orbit around the Sun in less time. The 
unique location of ACE means that the gravitational field of Earth (outward) can act to reduce the gravitational force 
exerted by the Sun (inward), so the satellite stays aligned with Earth. 

 a. Describe the direction of the gravitational field of the Sun at the location of ACE.

 b. Describe the direction of the gravitational field of Earth at the location of ACE. 

 c. Combine your answers to questions 4.a. and 4.b. to explain how the gravitational field of Earth acts to reduce the 
effects of the gravitational field of the Sun. 

5. If ACE’s instruments determine that an increase in solar activity is occurring, operators of other commercial satellites will 
immediately be notified so that they can temporarily “power down” the many electrical devices on the satellites to make 
them less susceptible to damage. 

 Figure C1.26 shows a component on a communications satellite that has been charged by high-energy solar-wind particles.

 a. Describe the direction of the electric field lines around this component. 

 b. If the electric field becomes strong enough, electrons on nearby components could suddenly move in response, creating 
a damaging electric current. Determine the direction in which the electrons would flow. 

 c. Compare the directions in questions 5.a. and 5.b. Do these answers contradict one another? 

6. In places like Fort McMurray, in northern Alberta, several tour companies take people out in the wilderness to view the 
northern lights. Explain how the information from the ACE website could be useful to these groups.

Figure C1.26
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When your friends aren’t nearby, what’s the best way to 
communicate with them? You could give them a phone call; 
send them a text message with your cellphone; or, if you 
were close to a computer, you could use the latest instant-
messaging software. Many communication technologies 
require the use of an integrated headset that combines a 
microphone with headphones. 
 Multiplayer computer games also use headphone and 
microphone technology. Websites that provide technical 
support to gamers include recommendations for accessories 
as well as suggestions for getting started if it’s your first 
time using voice communication while gaming. One such 
website suggests that if you don’t have a microphone for 
your computer, you can plug a set of headphones into 
the computer’s microphone input and then speak into the 
headphones as if they were a microphone. The website 
goes on to explain that although headphones may be a little 
inconvenient to use and the sound quality may not be as good 
as a microphone, they can provide acceptable results until 
you get a proper microphone.

1.3 Motors and Generators

Figure C1.27: Many multiplayer computer games allow participants to 
communicate with each other using headphones and a microphone.
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 What processes enable a set of headphones to be used  
as a microphone? Does this work equally well with all 
headphones, or are some better suited to this conversion 
than others? In this lesson you will have an opportunity 
to complete investigations that will enable you to answer 
these questions. The essential components involve magnets 
and coils of wire carrying electric currents—things you 
investigated in the previous lesson. However, now you must 
also consider the conversions that occur between electrical 
energy and mechanical energy.
 Recall from previous science courses that mechanical 
energy is a quantity used to describe objects, like tennis balls, 
that can be directly observed. A tennis ball that is hit high 
into the air has both kinetic energy, because it is moving, and 
gravitational potential energy, due to its height.

electrical energy: the energy made available by the movement 
of charge 

mechanical energy: the energy possessed by an observable 
object due to motion or its position; the sum of the kinetic 
energy and potential energy of an object

 Electrical energy is more challenging to study because it is due to the movement of charges in fields. Since neither charges 
nor fields are directly observable, electrical energy is easiest to investigate indirectly through its conversion to other forms of 
energy, such as sound, light, thermal energy, or mechanical energy. The electric motor is a great place to begin looking at this 
energy conversion because the mechanical energy can be measured and because there are so many interesting applications.

Figure C1.28: Headphones can be used as a microphone.

22. Sound is considered a mechanical wave because 
matter is given both kinetic and potential energy 
as the sound wave passes through. Often these 
vibrations occur too rapidly to see, but you can 
detect the vibrations with your sense of touch. 
Provide an example of a sound vibration in which 
you may be unable to see the matter vibrating but 
you can feel the vibrations with your fingertips.

23. Headphones and microphones both involve 
conversions between electrical energy and 
mechanical energy. A key difference between the 
two devices is the order of the energy conversion. 

 a. Describe the order of the energy conversion for 
a microphone and for a headphone. 

 b. Your sense of hearing involves an energy 
conversion as the vibrations of matter are 
converted into a signal that is sent to your brain. 
Describe the order of the energy conversion in 
your sense of hearing.

Practice

Unit C: Electromagnetic Energy350



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

 The student-built motor in Figure C1.29 includes all the key components. The part of the motor that spins is called the 
armature. Electric current flows into the armature through the commutator to the turns of wire that form the coil. When the 
coil rotates, the shaft also rotates since these parts are connected. As the shaft rotates, it does the useful work the motor was 
designed to accomplish. In a hair dryer, the rotating shaft turns the blades of a fan to generate a stream of fast-moving air. 
 The lower section of Figure C1.29 includes all parts of the motor that do not move. The voltage source provides electrical 
energy to charges so that an electric current can be formed. The electric current enters the armature through each brush that 
gently makes contact with the commutator. Before the moving charges pass back through the commutator and return to the 
voltage source, they must circulate through the loops of wire in the coils of the armature. But how exactly is electrical energy 
converted into mechanical energy in this design? You will have an opportunity to answer this question in the next investigation. 

Electric Motors 

Think of all the tasks you have to do in a typical day. How many of them involve electric motors? Preparing food, doing laundry, 
using tools, and even drying your hair can all be done using the spinning motion of a motor. If you have a chance to look inside 
some of these devices, you will see the same basic parts arranged in slightly different ways, depending upon the task. 

coil

magnets

source of voltage

rotating shaftcommutator

brushes

Figure C1.29: A student-built motor

armature: the section of 
a motor or generator that 
rotates, consisting of a coil 
of wire, a rotating shaft, 
and a commutator

commutator: a part of a 
motor or generator found 
on the armature that 
provides electrical contact, 
allowing current to flow to 
the rotating coil 

shaft: a part of a motor or 
generator that supports 
the coil of the armature, 
providing an axis for the 
rotation of the armature 

brush: a stationary part 
of a motor or generator 
that makes electrical 
contact with the rotating 
commutator
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Building an Electric Motor

Investigation

Science Skills 
Performing and Recording
Analyzing and Interpreting
Communication and Teamwork

�
�

 

�

Purpose
You will build a working electric motor and test its ability to function 
as a spooling machine or as a miniature crane. 

Materials 
• 4 AA cells in a plastic battery pack with leads
• 3, 5.0-cm bolts
• 2 test leads
• 2, 0.50-m pieces of solid, insulated 20-gauge connecting wire
• block of wood (3.5 cm by 9 cm by 30 cm)
• 2 metal angle brackets with predrilled holes (each side about 5.0 cm long)
• 2 metal angle brackets with predrilled holes (each side about 6.3 cm long)
• 4 wood screws (about 5.0 cm long)
• 4 hex nuts ( 7

16 -inch  thread size) 
• 6 ceramic disc magnets (about 1.8 cm in diameter and 1 cm thick)
• piece of wood dowelling (about 6 mm in diameter and exactly 20.0 cm long) 
• 5 m of 26-gauge enamelled magnet wire
• cylindrical glassware with a diameter of 3–4 cm
• scissors
• “Building the Armature” handout

Part A: Building the Armature
Obtain the handout “Building the Armature”  
from the Science 30 Textbook CD. Follow the steps 
outlined on this handout to assemble the 
armature of the motor.

Part B: Building the Stationary Parts
Obtain the handout “Building the Stationary Parts” from the 
Science 30 Textbook CD. Follow the steps outlined on this 
handout to assemble the stationary parts of the motor.

Part C: Getting the Motor to Run
step 1: Use the digital multimeter to ensure your battery  

of AA cells is producing 6.0 V of voltage. 

step 2: Turn the armature so that the coil is vertical and the 
brushes do not make contact with the commutator. 
Use the test leads to connect the voltage source to 
the end leads of the connecting wire. Gently move 
the armature with your finger until contact is made 
between the brushes and the coil. Your motor 
should start to spin. 

 If it does not spin, disconnect the voltage source 
and begin to troubleshoot. 

 • A poor connection between the brushes and 
the commutator is the most common problem. 
When the coil is in a horizontal position, the 
exposed copper wires of the commutator 
should be contacting the brushes. 

 • If there is too much pressure between the 
wires that form the brushes, the armature will 
not spin well. If there is too little pressure, 
there will be poor contact and current will not 
flow through the coil. 

step 3: Adjust the components of the motor so that the 
armature turns as rapidly and as smoothly as 
possible. 

 Reminder: While troubleshooting, only 
connect the motor to the voltage source for 
a few seconds at a time. If an electric current 
flows through the coil for a long time, the coil 
will get warm to the touch and the cells will 
become drained.

• 2 straight pins (2.5 cm long)
• 4 m of black thread
• 10 small paper clips
• ring stand 
• large “bulldog” paper clamp
• transparent adhesive tape
• sharp knife
• wire cutters
• wire strippers 
• pliers
• screwdriver 
• digital multimeter or a voltmeter
• fine sandpaper
• “Building the Stationary Parts” handout

Be sure to disconnect the cells from the motor when it is not running. This prevents 
the cells from draining unnecessarily. Also, the small coil of wire can become warm 
to the touch if an electric current runs through it when the armature is not turning.

Unit C: Electromagnetic Energy352



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

step 4: Attach the black thread to the end of the shaft on 
the end opposite from the coil. A ring stand set up 
beside the motor can be used to create a “looping 
path” for the thread that goes from the floor, up to 
a bulldog clamp on the ring stand, and then down 
to the shaft of the motor. Ensure that the thread 
can be easily pulled along this path with very little 
resistance.

step 5: Use your motor to spool the thread onto the rotating 
shaft of the armature. Once the end of the thread 
has been reached, disconnect the voltage source 
and gently pull the thread back through its path until 
some of the thread lies loose on the floor again.

 ring stand

loose thread on floor

thread

motor

bulldog clamp

step 6: Note that the motor will naturally tend to wrap 
the thread in a particular direction as it spins. Did 
you know that you can reverse the direction of the 
armature’s rotation if you wish to wrap the thread in 
the opposite direction?

 Devise two different adjustments you can make 
to the components of the motor that will cause 
the thread to reverse the armature’s direction of 
rotation. Test each of these adjustments by seeing 
which way the thread spools each time. 

Analysis
1. Describe the adjustments you made to the components 

of the motor to cause the thread to spool in a different 
direction. 

2. Produce a number of labelled diagrams to explain  
why each of the adjustments you described in 
question 1 was able to cause the motor to reverse  
its direction of rotation. 

direction of
rotation
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Part D: Improving Energy Efficiency 

Background Information
What do ribbon, movie film, and industrial wire all have in common? Each of these products is put on spools by a motor.  
In each case, it makes good business sense to operate the spooling motor using as little electrical energy as possible.  
In this part of the investigation you will try to minimize the voltage required by the motor to spool the thread.

 The battery of four AA cells can be adapted so it can run on fewer cells. Every time you replace a cell with a  
5.0-cm screw, you decrease the voltage output by 1.5 V. In this part of the investigation you will spool the thread  
with your motor using as little electrical energy as possible. 

step 1: Replace one of the AA cells in the battery pack 
with a screw, as shown in Figure C1.30. Use the 
digital multimeter to confirm that the voltage is 
now 1.5 V less than it was before. 

step 2: Gently pull the thread back through its path until 
there is again some loose thread on the floor.

step 3: Using the proper procedure, set up your motor 
and run it. Is the motor still able to spool the 
thread? Make any necessary adjustments so that 
the motor is able to spool the thread with the 
reduced voltage. 

step 4: If the motor was able to spool the thread in step 3, 
continue testing to see whether a further reduction 
in voltage is possible. Repeat steps 1 through 3. 

step 5: Repeat step 4. 

Analysis
3. Describe the adjustments you made to the motor so it could perform the task of spooling the thread with less voltage. 

4. Each of the adjustments you described in question 3 helped your motor to run more efficiently by reducing the production 
of unwanted forms of energy. Identify the type(s) of unwanted energy that were reduced due to each of your adjustments. 

5. List the benefits a business might experience by running more-efficient electric motors. 

Figure C1.30: A screw replaces one of the AA cells in the battery pack.
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Part E: Improving the Motor’s Ability to Do Work
Dockside cranes lift heavy cargo to and from ships. As the 
massive load is raised in the air, work is done and the cargo 
gains gravitational potential energy. If this is the output 
energy for the crane, what is the input energy? Usually, 
cranes such as these use electrical energy to drive their 
powerful motors.

 In this part of the investigation you will make more 
adjustments to your motor so that it will be able to lift a 
load of paper clips while it is reeling in the thread. 

Procedure
step 1: Use the digital multimeter to test that your battery 

of four AA cells is producing 6.0 V. 

step 2: Gently pull the thread back through its path until 
there is some loose thread on the floor again. Make 
a small loop in the end of the thread and attach 
one paper clip. 

step 3: Using the proper procedure, set up your motor and 
run it. Is the motor still able to spool the thread and 
lift the paper clip from the floor to the top of the 
ring stand? Make any necessary adjustments so 
that the motor is able to act as a crane and lift the 
paper clip. As soon as the paper clip reaches the 
top of the ring stand, disconnect the battery pack.

Remember: You can replace the hex nuts acting as 
spacers with additional magnets. Just remember 
to ensure that the magnets on opposite sides are 
oriented so that they will attract one another. 

step 4: Repeat steps 2 and 3 by adding additional 
paper clips until the motor is no longer able to 
successfully lift the paper clips from the floor to the 
top of the ring stand. Record the maximum number 
of paper clips your motor was able to lift. 

step 5: Once you have determined the maximum number 
of paper clips your motor is able to lift, observe 
what happens if you disconnect the battery pack 
when the load of paper clips is at the top of its 
path. If you have been successful at reducing the 
frictional losses within your motor, the paper clips 
should be able to unwind the thread and turn the 
armature as they fall to the floor. If your motor is 
unable to do this, add a few more paper clips to 
the end of a raised load so that the dropping load 
is able to unwind the thread and turn the armature.

Analysis 
6. Describe the adjustments you made so the motor could 

lift the maximum number of paper clips. 

7. Using the same basic design, think of ways in which the 
motor could be modified to be more powerful. Describe 
some of the possible modifications that would likely 
enable the motor to lift even more paper clips. 

8. Describe the energy conversion that occurs when the 
load of paper clips drops to the floor. 

Part F: Converting the Motor into a Generator

Background Information

In the introduction to this investigation, it was explained 
that a motor is a device that converts electrical energy into 
mechanical energy. Do you think it is possible to reverse 
this process and convert mechanical energy into electrical 
energy? 
 In Part E of this investigation, you were able to get 
the falling paper clips to unwind the thread and turn the 
armature. In this part of the investigation you will look for 
evidence that electrical energy is produced as the coil is 
forced to turn through the field of the permanent magnets.
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The Role of Electric Current
The motor you studied in the “Building an Electric Motor” investigation 
was able to operate because of the interactions between the armature 
and the stationary magnets. At the heart of this interaction is the electric 
current flowing through the coil. Figure C1.32 represents electric current 
with tiny arrows to show the direction in which electrons flow around 
the loop of the coil. You were able to vary the amount of electric current 
that flowed through the loop by changing the number of AA cells in the 
battery pack. As the number of cells increased, the armature was able 
to spin faster, suggesting that the electric current through the loop had 
increased. A better way to describe electric current is to use an equation.

Units: 

I
q
t

=

=1 ampere 1 coulomb
1 second

electric charge (C)

time interval (s)
electric current (A)

 Electric current is measured in amperes, which is often shortened to “amps” in everyday speech. When one ampere of electric 
current is flowing, one coulomb of charge is passing a point in a wire every second. If more charges are able to pass a point in a 
wire in a given time interval, the value of the electric current is larger, as shown in the following diagrams and calculations.
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Figure C1.32

Nmagnetic
field of coil

The electron
flow forms an electric

current through the coil.

Procedure
step 1: Using the proper procedure, use your motor to lift the maximum 

number of paper clips to the top of the ring stand. 

step 2: Once the load has reached the top, disconnect the battery pack 
at the same instant that a partner holds the paper clips so they do 
not fall. 

step 3: Replace the battery pack with a digital multimeter set up as a 
voltmeter, as shown in Figure C1.31. 

step 4: Set the meter to the most sensitive scale so that it is capable of 
reading a few millivolts.

step 5: While carefully observing the number of millivolts on the display, 
ask your partner to let the paper clips fall to the floor. Note the 
maximum number of millivolts displayed as the armature is forced 
to turn.

step 6: Determine the effect on the value for the maximum output voltage 
if you reduce the number of magnets.

Analysis
  9. Describe the energy conversions that occur in this part of the investigation. 

10. The voltage required to raise the maximum number of paper clips was 6.0 V. The voltage generated by the same 
number of paper clips falling was much less. How do you account for the difference between these two values?

Figure C1.31
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24. The compressor motor of a large refrigerator requires about 1.12 ¥ 104 C of charge to pass through a segment of 
wire on one of its coils while it runs for 30 min. Determine the electric current that passes through the wire segment 
as the motor is running. 

25. Countries in warm climates often struggle with issues of food storage. Developing countries lack the infrastructure 
to provide adequate food-storage facilities. Explain how an adequate supply of electrical energy would be 
advantageous to centralized food-storage facilities in a developing country, especially in a warm climate.

Practice

A refrigerator is an appliance designed to transfer heat from the food inside 
the refrigerator to the environment outside the refrigerator. This movement 
of heat is accomplished with a fluid called a refrigerant. An electric motor 
is used to compress the refrigerant from a gaseous state to a liquid state as 
it moves through a set of heat-exchange pipes. The humming sound you 
hear when your refrigerator is running is the sound of this motor working 
to compress the refrigerant. The electric current required to run the 
refrigerator motor depends upon the size and efficiency of the refrigerator. 
 Refrigerators are needed because the activity of bacteria is slowed 
dramatically at lower temperatures. For example, the bacteria naturally 
present in milk will cause a glass of milk to spoil in three or four hours 
if the milk is left out on the kitchen table at room temperature. This same 
milk can be stored for over a week in the low temperatures of a refrigerator. 

a. One model of refrigerator requires about 3.8 ¥ 103 C of moving charge 
to flow through the coils of the compressor motor over a time interval of 
15 min. Calculate the electric current required by this motor. 

b. Sometimes a food item is placed in a refrigerator in a way that prevents the door from closing properly. Explain 
how people who eat the food from this refrigerator could develop food poisoning if this situation were to go 
unnoticed for several days.

Solution
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 The electric current required by this motor is 4.2 A.

b. If the refrigerator door does not close properly, the space inside the fridge becomes warmer as cool air from inside 
is exchanged with warm air from the room. As the temperature increases, the number of bacterial cells present on 
the food increases. When this food is eaten, the number of bacteria that enter the body is much larger than usual. 
This overwhelms the body’s ability to kill the bacteria, causing food poisoning.

Example Problem 1.8
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Understanding How Motors Work 
In this position, the electron flow from the battery is 
able to pass from the brush to the commutator and 
momentarily pass through the coil of wire on the 
armature. Although this connection lasts only a tiny 
fraction of a second, a large current flows and a large 
magnetic field is generated around the coil. If the 
electrons flow in the direction indicated, the top of 
the coil becomes the north pole. 
 The north pole of the coil is repelled by the north 
pole of the bar magnet on the left and is attracted to 
the south pole of the bar magnet on the right. The 
result of this attraction is rotation. As the armature 
turns, the section of the coil that is highlighted in 
light blue is raised by the turning armature.

 Even though there is no contact between the 
brush and the commutator, the force provided in the 
previous step causes the rotation to continue. This 
is a consequence of Newton’s first law of motion, 
which states that in the absence of a net force, an 
object in motion will tend to remain in motion.
 The forces opposing the rotation of the armature, 
mainly friction, have not been completely eliminated. 
Nevertheless, if the force provided in the previous 
step is great enough, and if the opposing forces are 
small enough, the rotation of the armature will be 
enough to rotate the highlighted section of the coil 
through a half-turn.

1

2
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 In this position, the section of the coil highlighted 
in light blue has been rotated through a half-turn 
and is now close to the bar magnet on the right side. 
Contact is re-established between the brushes and the 
commutator, so electrons once again flow through 
the coil. However, if you look carefully at the section 
of the coil highlighted in light blue, you can see that 
now the direction of the current in this section has 
actually reversed because the top brush touches a 
different wire on the commutator.
 The reversal of current ensures that when the coil 
is in this horizontal position, the magnetic field of 
the coil will always produce a north pole on the top 
side. This means that a large force will always be 
exerted once during every half-turn, encouraging the 
rotation of the armature to continue.

 The rotation of the armature continues as the 
section of the coil highlighted in light blue swings 
down to its lowest position. As was the case with 
step 2, even though no current is flowing in the 
coil and no forces are being exerted, the rotation 
continues. Eventually, the coil reaches the point 
where this whole process began and the cycle repeats. 
 Most commercially built motors increase the force 
on the coil by wrapping the coils around an iron core. 
You may have used this same idea in previous courses 
when you built an electromagnet by wrapping wire 
around an iron nail. The presence of an iron core 
concentrates the magnetic field lines within the coil, 
turning the coil into a stronger magnet.

3

4
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26.  Obtain the handout “Motor Analysis” from the 
Science 30 Textbook CD. Describe the 
direction of rotation for each motor on 
this handout. 

Obtain the handout “Motor Dissection” 
from the Science 30 Textbook CD. Use the 
information on this handout to answer questions 27  
to 30.

27. Describe the energy transformations that occur 
within this device.

28. In step 4, the inside of the casing and the inside 
surface of the magnets are shown. Describe the 
magnetic poles on the inside surface of each 
magnet.

29. In step 5, coils are shown mounted on an axle. 

 a. Identify the name of this whole piece. 

 b. Identify the name of the three separated 
contacts at one end of the axle. 

 c. Suggest the function of the iron core for each 
coil. 

 d. The student-built motor studied earlier had 
only one coil. Suggest the advantages of using 
three coils.

30. In step 6, a small plastic end cap supports thin 
metal contacts that connect the motor to the 
battery pack that runs the motor. 

 a. Identify the proper name of these metal 
contacts.

 b. Suggest a reason why these contacts have 
been made from thin material that is light and 
spring-like.

Practice

 This graph explains why the value displayed on the 
multimeter was so low in the last part of the investigation. 
The meter displayed long intervals of zero output from the 
generator punctuated with momentary spikes every half-turn. 
Although this design was a convenient conversion from the 
motor, it is clearly not effective at producing useful electrical 
energy. How could the design be improved?

From Motors to Generators
In the last part of the “Building an Electric Motor” 
investigation, the motor was converted into an electric 
generator. As the load of paper clips dropped, the unwinding 
thread caused the armature to rotate through the magnetic 
field of the permanent magnets.
 The motor and generator both had the greatest forces 
exerted on the armature when the wires in the coil were 
moving at right angles to the magnetic field. Unfortunately, 
the loop is only in this optimum position for a very short 
time. The problem is compounded by the fact this is the 
only time when electric current is able to flow from the coil 
to the multimeter, due to the very brief connection between 
the brushes and the commutator. The graph in Figure C1.33 
shows the output from this generator. Note the occasional 
spikes in voltage.

Figure C1.33
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 Wrapping the coils around an iron core helps to 
concentrate the effects of the magnetic field lines. Another 
useful improvement would be to change the commutators 
from small prongs of wire to a split-ring design that increases 
the contact time with the brushes. This change allows the 
electrical energy to be generated for a longer period of 
time. Note that this same thinking can be applied to the 
wrap-around shape of the magnets. This ensures that the 
armature coils are closer to the magnet, where the magnetic 
field is more intense. The output from this generator shows 
the effects of these improvements, as shown in Figure C1.34.
 Further improvement is possible by positioning more 
coils at different orientations around the armature, with each 
one attached to its own commutator. This design means that 
during any part of a rotation, one of the coils is always in a 
position to deliver its maximum output. Although the voltage 
output of this generator design is not completely free of 
ripples, it is now a useful source of electrical energy. This 
kind of output from a generator is called direct current, or 
DC for short. The name reflects the fact that the value of the 
electric current generated is 
constant and that the current 
flows in only one direction. 
The ultimate in ripple-free 
DC sources is a fresh battery 
because there are no moving 
parts to create ripples.

V

t

input of
mechanical
energy to
turn axle

3 coils
wrapped
around
the armature

commutator with many splits;
one section for each coil

Figure C1.35

 Despite the smooth output of well-designed DC generators, 
their use is not widespread. The most commonly used generators 
produce alternating current, or AC. Rather than try to remove 
any ripples from the output, an AC generator is designed to do 
exactly the opposite—to produce an electric current that makes 
one smooth sine wave, as shown in Figure C1.36. 

 As you can appreciate from your work with building a 
motor, the speed of rotation of the armature can make it very 
challenging to learn more about a generator as it is operating. 
Computer animation is a great tool in these circumstances 
because you can adjust the rate of rotation and see the 
connections between the motion of the armature and the 
pattern of electric current produced.

Purpose
You will use computer animations to compare and 
contrast the design and function of a DC generator 
with that of an AC generator. 

Procedure
Obtain the handout “Properties of DC and AC 
Generators” from the Science 30 Textbook 
CD. Follow the instructions in the handout 
as you interact with the applet “The Simple 
Generator,” which can also be found on the 
Science 30 Textbook CD.

DC and AC Generators

Utilizing Technology

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�
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Figure C1.36

direct current (DC): a flow 
of charges that does not 
increase or decrease and 
flows in a single direction

alternating current (AC): a 
flow of charges that reverses 
directions at regular intervals
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The Importance of AC Generators 
As you read this book right now, are you using daylight 
from a window or an electric light source? If you're using 
an electric lamp of some kind, it’s easy to take for granted 
that somewhere far from where you are sitting, the energy 
for that lamp is in some other form—coal, natural gas, or 
perhaps moving air. In each case, a generator is used to help 
convert one form of energy into the electrical energy that 
powers your lamp. Generators are the essential first step in 
making all your electrically powered modern conveniences 
possible. Without generators there could be no late-night TV, 
no microwave popcorn, and no cold drinks in the refrigerator. 
Later in this chapter you’ll learn why the whole system 
for the transmission of electrical energy depends upon AC 
generators, which is why any device you plug into a wall is 
designed to run on alternating current.

 Your previous work with the motor revealed key factors 
that maximize the motor’s energy output. Since a generator 
involves the same basic components, these same factors also 
make for an efficient generator design. To maximize the 
energy output of a generator, you need to

 • increase the number of turns of wire on the armature
 • ensure that the armature is spinning as quickly as 

possible
 • use strong magnets outside the armature
 • place an iron core within the coils on the armature 

 Manufacturers of commercial generators incorporate all 
these features into their designs. 

Using Headphones as Microphones 
This lesson began with the unusual suggestion that a pair of 
headphones could be used as a makeshift microphone. Now 
that you know the basics about the connections between 
motors and generators, you should be ready to unravel this 
mystery.

Connections Between 
Headphones and Motors

Investigation

Science Skills 
Performing and Recording
Analyzing and Interpreting
Communication and Teamwork

�
�

 

�

Purpose
You will determine whether an efficient set of headphones 
can be used as a microphone. You will explore the 
process that makes this possible by disassembling a pair 
of inexpensive headphones. 

Materials
• set of headphones that are efficient (capable of 

reproducing loud sound at low volume)
• inexpensive set of headphones to be disassembled 
• access to a computer with speakers and a microphone 

input 
• 4 AA cells in a plastic battery pack 
• 2 test leads
• digital multimeter 
• small slot screwdriver 
• probe from a dissection kit
• portable music system (CD player, MP3 player, radio)
• “Disassembling Inexpensive Headphones” handout

Part A: Using Efficient Headphones as a 
Microphone

Procedure
step 1: Turn on the computer and test to see that the 

speakers are working by playing something that 
has a soundtrack. 

step 2: Test that the efficient headphones work by 
connecting the headphones to the computer. 
Note that on most computers, the speakers 
connect through an output jack on the back that 
is identified with a label or a green colour-code. 
When you are sure the headphones are working, 
reconnnect the speakers and test them again to 
ensure you have reconnected them properly. 

step 3: Locate the input jack for the microphone. This 
input is usually identified with a label or is  
colour-coded pink or red. Plug the headphones 
into this input.

step 4: Locate the “Sound Hardware Test” menu for the 
computer. On many computers, the process for 
finding this menu goes like this:  
Start Æ Control Panel Æ Sounds, Speech, and 
Audio Devices Æ Adjust the System Volume Æ 
Voice Æ Sound Hardware Test
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step 5: Follow the instructions on this menu to see if 
headphones really can function as a microphone. 
Remember, the headphones were not really 
designed to work this way, so you may have to 
speak loudly for this to work.

Part B: Disassembling Inexpensive Headphones

Procedure 
Obtain the handout “Disassembling Inexpensive 
Headphones” from the Science 30 Textbook CD.  
Follow the steps outlined on this handout to  
carefully disassemble an inexpensive set of  
headphones.

Analysis
1. Sketch the disassembled headphones and label the 

thin plastic diaphragm, the coil of fine wire, and the 
magnet assembly. 

2. Determine whether headphones are designed to work 
more like a motor or more like a generator.

Part C: Testing the Disassembled Headphones

Procedure
step 1: Connect the headphones to a portable music 

system to ensure they still work. 

step 2: Connect one end of the battery pack to the 
headphone plug with test leads, as shown in 
Figure C1.37. 

Figure C1.37

Contact one of
these areas.
Test to see which
two are the best.

step 3: Make brief, intermittent contact with the other 
test lead connected to the battery pack. Observe 
the effect on the thin diaphragm.

step 4: Reverse the connections to the battery pack and 
repeat step 3. 

Analysis
3. The diaphragm in each earpiece is supposed to 

vibrate back and forth. Sound waves are produced 
as these vibrations are transferred through the 
air. Combine this information with your previous 
observations to determine whether a pair of 
headphones is an AC or a DC device. 

Part D: Using Disassembled Headphones as a 
Microphone 
step 1: Set the digital multimeter to its most sensitive 

voltage setting so it is capable of measuring 
a few millivolts. Connect the disassembled 
headphones to the digital multimeter, as shown  
in Figure C1.38.

Figure C1.38

Contact one of these
areas. Test to see which
two are the best.

step 2: Very gently, using the tip of your finger, push 
the diaphragm up and down as you observe the 
output on the multimeter. Note your observations. 

Analysis
4. As sound waves strike the thin diaphragm of a 

microphone, the diaphragm is forced to vibrate, moving 
the coil up and down relative to the magnet assembly. 
Combine this information with your previous observations 
to determine whether a microphone is designed to act 
more like a motor or more like a generator.

• Inexpensive headphones can be purchased 
for only a few dollars, whereas the efficient 
headphones used in Part A may be significantly 
more expensive. Make sure you have not mixed 
up the two pairs before you begin disassembling 
the inexpensive pair.

• The inexpensive headphones still have to 
function as headphones after you have removed 
the outer bits of plastic. Work carefully and 
gently so as not to damage key internal parts.

• After the investigation, reassemble the 
inexpensive headphones if 
possible. Otherwise, place the 
headphone parts 
in a container 
marked “For 
Recycling of 
Electronics.”
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1.3 Summary

Motors and generators are devices that enable the conversion of mechanical energy into electrical energy. In the case of 
motors, the input is electrical energy and the output is mechanical energy. Generators reverse this process. In both cases, it is 
the motion of a conducting coil of wire through a magnetic field that makes this conversion possible. Most generators produce 
an alternating current (AC) instead of a direct current (DC). All of the electrical devices that plug into a wall outlet in your 
home are AC devices.

1.3 Questions

Knowledge
Use the following diagrams to answer questions 1 and 2.

falling
paper
clips

rotation

a.

Device 1 Device 2 Device 3

b.

d.

e.
c.

rising
paper
clips

rotation

f.

g.

falling
paper
clips

rotation

h.

1. Determine which of these three devices is best described as a DC motor, a DC generator, and an AC generator. 

2. Note that the key parts of each device are labelled with letters. Choose from the following list to identify each part.

  • rotating coil • brush • slip rings • split-ring commutator
  • voltmeter • voltage source • permanent magnet

Applying Concepts
3.  Copy the following diagram into your notes. Add the words headphones and microphone in the appropriate places. 

mechanical
energy

electrical
energy
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Use the following diagram to answer questions 4 and 5.

The inside surface
is the south pole. The inside surface

is the north pole.

4. Determine which way this motor will turn. 

5. Explain why this motor will continue to turn in the same direction. 

Use the following diagram to answer question 6.

rotation

6.  Sketch a graph of the voltage produced versus time for this device. 

7. Show how the graph would change if the number of armature rotations per minute is increased.
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1.4 Electric Circuits

Preparing food for a bunch of people can be a little frantic because so many things are happening at once: the toaster oven is 
heating up some snacks for dipping, the microwave oven is melting cheese over nachos, the blender is whipping up a frothy 
fruit drink, and the kettle has just been plugged in to boil water for tea. If you happen to be doing all of this in an older 
kitchen, you may not be able to operate so many different appliances at the same time. As soon as you turn on one appliance 
too many, everything shuts down. When this happens, a fuse blows or you hear the loud click of a circuit breaker tripping. In 
either case, you have gone beyond the limits of what the kitchen circuit can safely handle. This means that you are placing 
unsafe demands on the circuit. It’s time to use fewer appliances at the same time or update the household wiring.

 What happens within a circuit to cause the fuse to blow or the circuit breaker to  
trip? What role do fuses and circuit breakers play in keeping you safe? You will 
have opportunities to answer these questions as you explore the properties of 
electric circuits in this lesson. 
 As the name implies, an electric circuit involves a circle or closed loop for  
moving charges that form an electric current. What causes charges to move from 
one point in a circuit to another?
 In your previous work with motors, a battery pack was the source of energy for  
the electric current that flowed through the rotating coil of the armature. The 
battery pack produced an electric field within and parallel to the wire that 
connected to it. The electric field exerted a force on free electrons within the wire, 
causing the electrons to move. As long as contact was made with the battery pack, 
the electric field was maintained within the wire and charges flowed, creating an 
electric current.
 This lesson will take things a step further as the circuits will include other 
devices in addition to the wires and a source of voltage. In the next investigation 
you will use small light bulbs as you identify the characteristics of electric circuits.

Unit C: Electromagnetic Energy366



Purpose
You will build simple circuits that will allow two small light bulbs to glow.

Materials
• 4 AA cells in a plastic battery pack
• 4 test leads
• 2 mini light bulbs with bases

Procedure
step 1: Use the materials to build a simple circuit that allows both bulbs to emit light energy. Sketch this circuit. 

step 2: Without removing batteries from the battery pack, build a new circuit that causes the bulbs to emit a different 
amount of light than in step 1. Sketch this circuit. 

Analysis
1. List the three essential parts that must be present in all electric circuits. 

2. When things are arranged one after the other, it is often called a series. Identify which of your circuits used a series 
connection between the bulbs by adding the label “series connection” to that diagram. 

3. Lines on loose-leaf paper are parallel to one another. Identify which of your circuits used a parallel connection 
between the bulbs by adding the label “parallel connection” to that diagram. 

4. Suggest a reason why one circuit causes the bulbs to emit more light than the other. 

Building Simple Circuits

Try This Activity

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�
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Series and Parallel Connections
As demonstrated in the “Building Simple Circuits” activity, 
the best way to learn about electric circuits is to build and test 
them yourself. As you build circuits in this lesson, you will 
sometimes be asked to make a series connection or a parallel 
connection. Series connections involve the components being 
arranged one after the other so that the electric current has 
only one path to follow. Parallel connections provide multiple 
pathways so that the electric current has to divide and flow 
through each branch of the circuit. 

 The first place you will use the ideas of series and 
parallel connections is with the use of a digital multimeter 
to measure voltage and electric current in a circuit. Note 
that when a multimeter is set up to measure voltage, it can 
be called a voltmeter because it is measuring the number 
of volts. Similarly, when a multimeter is set up to measure 
electric current, it can be called an ammeter because it is 
measuring the number of amperes.

series connection: a single path available for electric current, 
where the charges flow through one device before passing 
through to the next 

parallel connection: more than one path available for electric 
current, where the electric current divides, allowing each 
portion of the current to simultaneously pass through separate 
devices

voltmeter: an instrument that measures the voltage across two 
points in a circuit 

ammeter: an instrument that measures the electric current 
flowing through a component in a circuit

device 1

device 2

device 3

device 4

input output

Parallel Connections

device 1 device 2 device 3 device 4

input
Series Connections

output
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Measuring Voltage and Current 
A digital multimeter is a useful tool because this one device can measure both voltage and current values in an electric circuit. 
The convenience of having one machine that can measure a number of different values does have its disadvantages, though. 
You have to be clear about which quantity you are measuring—current or voltage. Then you have to make sure that the 
following three things are properly adjusted:

 • The dial on the meter is set to measure the desired quantity (current or voltage). 
 • The test leads of the meter are correctly positioned to measure the desired quantity.
 • The circuit has the meter in series to measure current or in parallel to measure voltage.

 If you forget one of these details, you may not be able to make accurate measurements and you could blow a fuse in  
the multimeter.

Purpose
You will use computer software to review the use of a digital multimeter to measure electric current and voltage. 

Procedure
step 1: Locate the applet “Working with Electric Meters”  

on the Science 30 Textbook CD. 

step 2: Complete all parts of the applet by following the instructions and by answering the questions provided. 

Analysis
1. Describe the proper way to connect a voltmeter to a device  

in a circuit. 

2. Describe the proper way to connect an ammeter to a device  
in a circuit. 

Working with Electric Meters

Utilizing Technology

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
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Measuring electric Current (Series Connection)
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Figure C1.39: Use a series connection to measure electric current with a multimeter.
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Measuring Voltage (Parallel Connection)
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resistor
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measure voltage.
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Resistance
In modern electronic devices, you will likely find a number 
of tiny striped cylinders like those shown in Figure C1.41. 
These devices can serve a number of purposes, but they are 
usually used to reduce the current that is sent to some other 
part of a circuit. Since these devices resist the flow of electric 
current, each one is called a resistor. In some circumstances, 
the resistor is used to ensure that the current sent to some 
other device is within safe limits. In the case of motors, 
resistors connected in series with the motor can be used to 
regulate the speed of the motor.

 Resistors are rated in terms 
of the voltage it takes to cause 
a quantity of current to flow. 
The ratio of the voltage applied 
across the ends of a device to the 
current that flows through the 
device is called resistance. This 
is one quantity where the name 
nicely describes what is going on—if it takes a larger voltage 
to cause a certain amount of current to flow, then there must 
be a greater resistance to the flow of charges. The equation 
for resistance makes this even clearer.

Units: 

R V
I

=

=1 1
1

 ohm  volt
 ampere

Note: The symbol for the ohm is the Greek letter omega, W.

Figure C1.40: Use a parallel connection to measure voltage with a multimeter.

31. Obtain the handout “Multimeter Troubleshooting” from the Science 30 Textbook CD. For each  
of the set-ups shown on the handout, describe the changes that must be made to correctly make  
the desired measurement. 

Practice

resistor: an electronic 
component that resists 
the flow of electric 
current in a circuit

resistance: the ratio 
of the voltage across 
a device to the current 
flowing through it

Figure C1.41: Resistors

electric current flowing 
through the device (A)

voltage across the 
device (V)

resistance of 
a device (W)
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 The unit for resistance is named after George Ohm, a 
German scientist who did much of the early research into 
the ability of different types of wire to carry electric current. 
Ohm discovered that some materials maintain a constant 
ratio of voltage to current over a considerable range of 
values. If this is the case, then the equation for resistance 
becomes a useful tool for predicting the behaviour of the 
material. In these cases, the resistance equation is usually 
rearranged and called Ohm’s law. 

Ohm’s Law 
V = IR 

A light bulb in a typical lamp is connected to the 
120-V wall outlet. When the bulb is operating, it has a 
resistance of 240 W.

a. Is the current passing through the bulb AC or DC?

b. Determine the value of the electric current that is 
passing through the bulb.

Solution
a. All household circuitry is designed around 

alternating current. Therefore, the current through 
the bulb is AC. 

b. V

R

I

=
= W
=
=

120

240

240

V

V/A

?

 V IR

I V
R

=

=

=

=

120
240
0 500

 V
 V/A

 A.

 The current passing through the bulb is 0.500 A.

Example Problem 1.10

 Materials will offer resistance to the flow of charges 
whether they travel in one direction, the opposite direction, 
or back and forth through the material. That’s why resistance 
can be calculated for both components in direct current (DC) 
and alternating current (AC) circuits.

32. A low-intensity light bulb illuminates the numbers 
on the outside of a house. The bulb is operated 
by one of the 120-V household circuits and draws 
0.25 A. 

 a. Is the current passing through the bulb AC  
or DC? 

 b. Determine the resistance of the bulb while it  
is operating. 

33. The four cells in a flashlight form a battery with 
a total voltage of 6.0 V. When the flashlight is 
switched on, the resistance of the bulb is 8.0 W. 

 a. Is the current passing through the bulb AC  
or DC?

 b. Determine the value of the current passing 
through the bulb.

Practice
A headlight in an automobile draws a current of 5.0 A 
from the car’s 12.0-V battery. 

a. Is the current passing through the headlight AC  
or DC?

b. Determine the resistance of the headlight while it 
is operating.

Solution
a. Since the source of the electric current is the car’s 

battery, this is an example of direct current, or DC.

b. I

V

R

=
=
=

5 0

12 0

.

.

?

A

V

 V IR

R V
I

=

=

=

=
=

12 0
5 0

2 4

2 4

.
.

.

.

V
A

V/A

W
 The resistance of the headlight while it is operating 

is 2.4 W.

Example Problem 1.9
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Why are wet locations, like hot tubs, 
bathrooms, laundry rooms, and kitchen sinks, the typical 
places for people to get accidental electric shocks?
 The dangerous effects of an electrical shock are 
the result of a current passing through your body. The 
magnitude of the current depends on the voltage applied 
by the energy source and the resistance of your body. If 
you momentarily contact a 120-V source with dry hands, 
the resistance of your skin is about 100 000 W, so the 
current passing through you is enough to cause a tingling 
sensation. However, if your hands and feet are wet, then 
the resistance of your body drops dramatically. As a 
result of the presence of salts in sweat, the resistance 
of your body could be as low as 100 W. In this case, the 
electric current would be painful, possibly producing 
muscular effects that prevent you from letting go of 
the wire. If these muscular effects extend to the heart, 
the heart muscle may remain locked in one massive 
contraction with fatal consequences.
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DID YOU KNOW?DID YOU KNOW??

 A typical ohmmeter will give a resistance value that is 
accurate to within about 1% of the actual value. You can 
ensure greater accuracy by selecting the lowest range on the 
ohmmeter that gives a valid reading. However, the best way 
to determine the value of a resistor is to collect a number of 
values for voltage and current and then use Ohm’s law. In the 
next investigation you will have an opportunity to compare 
these two methods for determining the value of a resistor.Measuring Resistance

The easiest way to measure resistance is to use a multimeter. 
Since the dial on the meter will be set for measuring ohms, 
the meter can be called an ohmmeter. As is the case with 
taking any measurement with an instrument, you have to 
follow the proper procedure when using the multimeter as  
an ohmmeter:

 • The dial on the meter must be set to measure 
resistance.

 • The test leads of the meter must be correctly 
positioned to measure resistance.

 • The power to the circuit must be switched off and 
there must be no other components in parallel with 
the component being measured.

 • The meter must be connected across the component 
being measured.

ohmmeter: an instrument that measures 
the resistance across two points in a circuit

Figure C1.42: Connect the meter across the component to measure resistance.
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Purpose
You will design a procedure that will provide two distinct ways of 
measuring the resistance of a resistor. You then will use your procedure 
to determine resistance values for three individual resistors.

Materials
• digital multimeter
• 3 resistors (1000 W, 1500 W, and 2000 W)
• low-voltage power supply or 4 AA cells in a plastic battery pack with 3, 50-mm screws

Process
The end products for this investigation will include the following:

 • a detailed diagram that clearly communicates the equipment that is to be used and clearly shows how this 
equipment is to be connected to the other components

 • a data table and clearly communicated calculations for each of the resistors

Analysis
1. If the last coloured band on a resistor is gold, then the actual value of the resistance should be within 5% of the 

manufacturer’s stated values. Determine whether the actual values you determined for the resistors were within this 
5% guideline.

2. When evaluating data from an experiment, two key criteria are validity and reliability. Validity refers to the accuracy 
of the data, or how closely the data matches the actual value. Reliability refers to the consistency within the data. 
(Will you get the same results if the experiment is repeated?)

 a. Explain which of your two methods for determining resistance is likely to be more reliable.

 b. Explain which of your two methods for determining resistance is likely to be more valid.

Comparing Two Ways of Determining Resistance 

Investigation

 • Never ground yourself while working with a live circuit. Do not touch metal pipes, electrical outlets, light 
fixtures, etc., that might be grounded. Be sure to keep your body insulated by keeping your hands and body 
dry and by wearing dry clothing and running shoes.

 • Replace the fuse inside the meter with only the specified or approved equivalent fuse. Fuse replacement 
should only be done by the teacher or an adult lab technician.

 • Use the meter only as specified in the investigation. Do not use the meter to test a wall outlet or an electric 
appliance. If you try to measure a voltage that exceeds the limits of the meter, you may damage the meter 
and expose yourself to a serious electric shock.

 • Resistors can become warm—in some cases, hot enough to cause burns. Always disconnect a recently used 
resistor and allow it to cool for a few minutes before handling.

Science Skills
Initiating and Planning
Performing and Recording
Analyzing and Interpreting

�
�
�
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 The schematic diagram uses symbols to 
represent the key components in the circuit. 
The schematic keeps things orderly by placing 
all the wires and components horizontally or 
vertically. Labels are used to indicate the known 
values in the circuit or to communicate which 
component a meter is measuring. The following 
table summarizes some of the symbols that you 
could use in your work with electric circuits 
in this lesson. A complete table of symbols is 
available on the handout “Symbols for 
Components in Schematic Diagrams”  
on the Science 30 Textbook CD.

+ –
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Figure C1.43: This set-up is used by a student to measure values for current and voltage of a resistor.

Communicating the Details of Electric Circuits
Electric circuits can be found in a vast number of the devices you use every day. The manufacturers that assemble these 
devices and the people who repair them need a clear way to communicate how circuits are to be assembled and tested.  
An artist’s drawing of the actual components is not practical because it would take up too 
much space. A more concise way to communicate the details of an electric circuit is to use 
a schematic diagram. Figure C1.43 shows a student’s set-up to measure values for current 
and voltage for a resistor. Figure C1.44 shows the matching schematic diagram.

schematic diagram: a sketch 
that uses symbols to detail the 
components of a system such 
as an electrical circuit

Figure C1.44: This schematic diagram shows the same circuit as Figure C1.43.

A1

R1 V1
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 A great way to practise building circuits with schematic diagrams is to use the software application 
“Electric Circuits” on the Science 30 Textbook CD. In the next activity you will have an opportunity to 
explore the properties of different forms of circuits using this software.

Component Circuit Symbol Function

wire passes current from one part of a circuit 
to another

wires joined connects wires or components

switch allows current to flow only when the 
switch is in the closed position

cell or DC power supply
1.5 V supplies electrical energy to a circuit in 

the form of direct current (DC)

Note: The longer terminal is positive.

battery
6.0 V supplies electrical energy to a circuit in 

the form of direct current (DC)

resistor resists the flow of electric current

lamp converts electrical energy into light energy

voltmeter V measures voltage

ammeter A measures electric current

ohmmeter Ω measures resistance

SoMe SyMbolS For CoMPoNeNtS iN CirCuit DiAgrAMS

Purpose
You will use software to determine the effect of adding an 
additional cell to an existing circuit. One circuit will involve a  
series connection and one will involve a parallel connection.

Procedure
step 1: Locate “Electric Circuits” on the Science 30 Textbook CD.  

Open this application and read through the information in the  
“ShowMe” file to familiarize yourself with the software.

Utilizing Technology

Cells in Series and in Parallel

Science Skills 
Performing and Recording
Analyzing and Interpreting
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step 2: On the circuit board, construct the three circuits shown in Figure C1.45.

observations
1. The circuit at the top depicts a voltage supply connected in series to a light bulb. Close the switch, record the 

reading on the voltmeter, and describe the brightness of the bulb.

2. The circuit at the bottom left depicts two voltage supplies connected in series, which are then connected in series 
to a light bulb. Close the switch, record the reading on the voltmeter, and describe the brightness of the bulb.

3. The circuit at the bottom right depicts two voltage supplies connected in parallel, which are then connected in 
series to a light bulb. Close the switch, record the reading on the voltmeter, and describe the brightness of the bulb.

Analysis
4. Two voltage supplies could be connected in series or in parallel. Describe an advantage of each connection.

Most graphing calculators use four  
1.5-V cells in series to create 6.0 V to 
run the calculator. What is the advantage 
of this arrangement? As you saw with 
your earlier work with the motor, when 
cells are arranged in series, the energy 
output to the circuit is increased—the 
motor turns faster and is able to lift more 
with higher voltage. The total voltage 
for a group of cells connected in series 
can be summarized with the following 
equation.
 V V V

tseries
= + +

1 2
…

+ –+ –+ –

4.5 V

 If connecting cells in series increases the energy available 
to the circuit, what is the advantage of connecting cells in 
parallel? The high-energy output of cells in series means 
that they can be drained of energy in a shorter period of 
time. So, it follows that when cells are connected in parallel, 
they tend to last much longer because the energy output 
is reduced. The 
total voltage for a 
group of identical 
cells connected 
in parallel can 
be summarized 
with the following 
equation. 
V V V V

tparallel
= = = =

1 2 3
…

Series and Parallel Connections of Energy Sources

+ + +

– – –

1.5 V
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Laptop computers often need battery packs that have both 
high-energy output and long life. The solution is to combine 
groups of cells in combination series/parallel arrangements.

+– +– +– +–

+– +– +– +–

Four-Cell Combination: Series

Four-Cell Combination: Series

Four 3.6-V lithium-ion cells are connected in series to form 
a four-cell combination. This is then connected in parallel to 
another four-cell combination to form the laptop’s battery 
pack. This configuration is called 4S2P: four cells in series 
to form one combination, connected in parallel to a second 
combination that is identical to the first.

34. If the four cells in each series combination are rated at 
3.6 V, determine the total voltage of each set of four cells.

35. Use your answer to question 34 to determine the total 
voltage of the laptop’s battery pack.

Practice

Electric service to your home is transmitted through cables that contain three wires. Two of the wires each possess 
voltages of 120 V, while the third wire is the neutral return wire required to complete the circuit.

a. To operate appliances that demand 120 V, describe the circuit that is required.

b. To operate appliances, like the stove and dryer, that demand 240 V, describe the circuit that is required.

Solution
a. When the transmission wires are connected to the circuit, the two wires possessing 120 V each are separated to 

form parallel paths. The total voltage in each path will be V V V V
tparallel

 V= = = =
1 2 3

120 .

b. When the transmission wires are connected to the circuit, the two wires possessing 120 V each are connected to 
form a single series path. The total voltage in this path is

  V V V
tseries

 V  V

 V

= + +

= +
=

1 2

120 120

240

…
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Purpose
You will use software to determine the effect of adding an 
additional light bulb to an existing circuit. One circuit will involve 
a series connection and one will involve a parallel connection.

Procedure
step 1: Locate the “Electric Circuits” software on the Science 30 Textbook CD.
 Open this application and read through the information in the “ShowMe”  

file to familiarize yourself with the software.

step 2: On the circuit board, construct the three circuits shown in figure C1.46.

Lesson

Electric Circuits
Help Video Glossary ShowMe Curriculum Assumptions Feedback

Clear Board
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A

V

DISPLAY

+

–

V

6 V

A

6 V

V

A 6 V

V

A

Figure C1.46

observations
1. The circuit at the top depicts a voltage supply connected in series to a light bulb. Close the switch and record the 

readings on the voltmeter and the ammeter. Describe the brightness of the bulb.

2. The circuit at the bottom left depicts a voltage supply connected in series to two light bulbs. Close the switch and 
record the readings on the voltmeter and the ammeter. Describe the brightness of the bulbs. Open and close the 
switch and note the effect.

3. The circuit at the bottom right depicts a voltage supply connected in series to two light bulbs connected in parallel. 
Close the switches and record the readings on the voltmeter and the ammeter. Describe the brightness of the bulbs. 
Open and close each of the switches and note the effects.

Analysis
4. Record the readings on the ammeter and voltmeter in the top circuit.

 a. Use Ohm’s law to calculate the resistance of the single bulb in that circuit.

 b. Confirm your answer by using the selection tool (the arrow in the top left corner) to click on the bulb to see the 
value for its resistance.

5. Record the readings on the ammeter and voltmeter in the bottom left circuit, the one with the two bulbs in series. 

 a. Use Ohm’s law to calculate the total resistance for the circuit. 

 b. Use the selection tool to click on each bulb to see the value for each one’s resistance. How do the individual 
resistance values compare to the total resistance for the whole circuit?

Bulbs in Series and in Parallel

Utilizing Technology

Science Skills 
Performing and Recording
Analyzing and Interpreting
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 c. Use your answers to questions 5.a. and 5.b. to suggest a rule for determining the total resistance for two 
identical bulbs in series. 

 d. Compare the reading on the ammeter in the top circuit with the reading on the ammeter in the circuit with the 
two bulbs in series. Suggest a reason for the differences. 

6. Record the readings on the ammeter and voltmeter in the bottom right circuit, the one with the two resistors in parallel. 

 a. Use Ohm’s law to calculate the total resistance for the circuit. 

 b. Use the selection tool to click on each bulb to see the value for each one’s resistance. How do the individual 
resistance values compare to the total resistance for the whole circuit?

 c. Use your answers to questions 6.a. and 6.b. to suggest a rule for determining the total resistance for two 
identical bulbs in parallel. 

 d. Compare the current readings of the ammeters in the top circuit with the circuit with the two bulbs in parallel. 
Suggest a reason for the differences. 

7. Describe an advantage and a disadvantage of connecting two light bulbs in series and in parallel.
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Equations for Calculating Total Resistance 
What happens when an identical light bulb is added to 
a circuit operating with a single bulb? The results vary 
depending upon how the additional bulb is connected to  
the existing bulb.

A

6 V 6 V

0.3 A A

A

6 V

0.6 A

1.2 A

two bulbs in series

two bulbs in parallel

 Adding the additional bulb in the parallel circuit 
provides an extra path for charges to follow. One 
outcome of this extra path is that you can open the 
switch to one of the bulbs without shutting off the other 
one. This is why parallel circuitry is so popular with 
household wiring—you can turn individual devices off 
and on independently.
 Note that the additional light bulb will have the same 
voltage across it as the original bulb. This stems from 
the fact that the endpoints of the additional pathway 
connect to the endpoints of the original pathway. Since 
practically no energy is lost through the connecting 
wires, both bulbs have the same difference in energy 
across their terminals, and, therefore, have the same 
value of voltage across those terminals.
 Perhaps the most important implication of the 
additional path provided by the extra bulb is the effect 
on electric current. Since the charges have twice as 
many paths to follow, twice the current is able to flow. 
In other words, since the current has doubled, the overall 
resistance must be only half as much. If a second bulb 
that is not identical to the first bulb is added in parallel 
to the circuit, the new total resistance is still lower, but it 
will not be exactly half as much. The following equation 
is helpful for determining the total resistance in these 
circumstances.
 For resistors connected in parallel,
  1 1 1 1

1 2 3
R R R R

total

= + + +…

 In the case of the series circuit, there is only one path 
for the moving charges to follow. If you open the switch 
in this circuit, or if one of the bulbs fails, the whole thing 
shuts down. Since the moving charges have to overcome 
the resistance of the first bulb and then the resistance of the 
second bulb, the total resistance is equal to the sum of the 
individual resistances.
 For resistors connected in series,

  R
total

 = R
1
 + R

2
 + R

3
 + º
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Strings of small, colourful lights are often used for 
holiday decorating and other occasions. An inexpensive 
string of these lights consists of 8 bulbs connected in 
series. The resistance of each bulb in the set is 64.0 W.

a. Draw a schematic diagram of this circuit.

b. If the set of lights is plugged into a 120-V outlet, 
determine the current that will flow through the set. 

c. Use your answer to part a. to determine the current 
that will flow through the third bulb in the string of 
lights.

d. If the third bulb in the set fails, determine the effect 
on the other lights in the string.

Solution
a. R1 R2 R3 R4 R5 R6 R7 R8

120 V

b. step 1: Determine the total resistance.

   R R R R R

R
1 2 3 7 8

64 0= = = = = = W
=

… .

?
total

 R R R R R R R R R
total

= + + + + + + +

= W( )
= W

1 2 3 4 5 6 7 8

8 64 0

512

.

  The total resistance of all eight bulbs is 512 W.

 step 2: Determine the current.

   R R

V V

I

= = W

=

=

total
 

 

512

120

?

 V IR

I V
R

=

=

=
W

=
¨ =

120
512
0 234

 V
 

  

 A
 V/AW

.

 The current flowing through the entire set is 0.234 A.

c. In a series connection, there is only one path for the electric current. Therefore, the entire electric current flows 
through each component. This means that the third bulb, as well as every other bulb in the string, will have a 
current of 0.234 A flowing through it.

d. Since there is only one path for the electric current in a series connection, if one bulb fails, the entire current stops. 
Therefore, when the third bulb fails, all the other lights go out too.

Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

Example Problem 1.12

Chapter 1: Electric and Magnetic Fields 379



a. Explain why a power strip must allow parallel connections to each of the devices that plug into it.

b. Draw a schematic diagram of this circuit.

c. If the fourth spotlight has 120 V available to it, determine the voltage available to each of the other spotlights.

d. Determine the total amount of current that the power strip requires to power all five spotlights.

Solution
a. The power strip must allow parallel connections so that each of the devices that plugs into it can be turned off 

independently. If the power strip operated in series, all the devices would turn off as soon as one device is turned off.

b. 

120 V
R1 R2 R3 R4 R5

c. Having the same voltage value is an important characteristic of devices connected in parallel. As shown in the 
schematic diagram, all the spotlights have the same voltage across their wires. Therefore, the potential difference 
available to each of the other spotlights is 120 V.

d. step 1: Determine the total resistance.

   R R R R R

R

1 2 3 4 5
96 0= = = = = W

=

.

?

 

total

 1 1 1 1 1 1

1 1
96

1
96

1
96

1 2 3 4 5
R R R R R R

R

total

total
   

= + + + +

=
W( ) +

W( ) +
W( ) ++

W( ) +
W( )

=
W( )

=
W

=

1
96

1
96

1 5 1
96 0

1 5
96 0

1

  

 

 

total

total

total

R

R

R

.

.

99 2.  W

  The total resistance of the five spotlights is 19.2 W.

  Notes: • Keep all the intermediate values in your calculator to avoid rounding errors.

    • Don’t forget to take the reciprocal at the end of the calculation. 

    • When you do take the reciprocal, use the  key.

A group of students is setting up for a high school 
dance. They work to set up some spotlights and other 
types of specialty lighting to help set the mood. Five 
spotlights are plugged into a heavy-duty power strip, 
each light in its own outlet. Each of the spotlights has 
a resistance of 96 W.

continued
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 step 2: Calculate the current.

   R R

V

I

= = W
=
=

total

V

19 2

120

.

?

 V IR

I V
R

=

=

=
W

=
¨ =

120
19 2
6 25

 V
 

  

 A
 V/A.

.
W

  The current required by all five spotlights is 6.25 A.
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 These Example Problems illustrate how important it is to first categorize the circuit as being either a series connection 
or a parallel connection. Once this is done, you can begin to solve the problem. A typical first step is to calculate the total 
resistance of a number of components. Remember these ideas as you complete the Practice problems.

36. Use the following schematic diagram to answer questions 36.a. to e.

 a. Determine the total voltage available to this circuit.

 b. Calculate the total resistance of the two bulbs.

 c. Calculate the current flowing through each of the bulbs.

 d. Calculate the readings of voltmeters 1 and 2.

 e. Explain what happens if one of the bulbs burns out.

37. Use the following schematic diagram to answer questions 37.a. to e.

 a. Determine the total voltage available to this circuit.

 b.  Calculate the total resistance of the two bulbs.

 c. Calculate the total current flowing through the whole circuit.

 d. Determine the readings of ammeters 1, 2, and 3.

 e. Explain why the sum of the readings of ammeters 1 and 2 equal the reading of ammeter 3.

 f. Explain what happens if one of the bulbs burn out.

Practice

A1

A2

V1 V2

V2 = 6.0 V

V1 = 6.0 V

R1 = 20 W R2 = 40 W

V1= 6.0 V V2 = 6.0 V

A3

A2A1

R2 = 40 WR1 = 20 W
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Purpose
You will determine which arrangement of three 
resistors will produce the maximum and minimum 
values of total resistance.

Materials
• 3 resistors (1000 W, 1500 W, and 2000 W)
• digital multimeter (used as an ohmmeter)
• test leads

Procedure, observations, and Analysis
1. Use the multimeter to determine the actual value  

of each of the resistors.

2. Determine which arrangement of resistors will 
produce the maximum total resistance. Calculate 
this maximum value based upon your values from 
question 1.

3. Use the multimeter to verify your maximum value 
from the calculations in question 2. Are the values 
close?

4. Repeat questions 2 and 3 for the arrangement that 
will produce the minimum resistance.
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Maximum and 
Minimum Resistance

Try This Activity

Circuits with Both Series and Parallel 
Components
In reality, practical electric circuits use combinations of 
series and parallel connections. Even the simple kitchen 
circuit in Figure C1.47 combines both types of connections. 
The blender and the toaster oven are connected in parallel 
with the kettle. This ensures that shutting off one device will 
not shut off either of the others.
 Series connections can be found with the switches that 
control each device. In this case, the ability of a switch to 
completely stop the flow of current is desirable.

 This same reasoning explains the series connection of 
the circuit breaker to all of the other devices on the circuit. 
This series connection ensures that the total current for the 
whole circuit must flow through the breaker, allowing the 
breaker to monitor the current. In most household circuits, 
the maximum safe current is 15 A. If current values exceed 
safe values, there is a possibility that the household wiring 
inside a wall might overheat and cause a fire. By reducing the 
chance of electrical fires, circuit breakers play a critical role 
in keeping everyone in your household safe.

Figure C1.47

120 V

blender toaster kettle

unused
wall plug

circuit breaker
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38. A standard 120-V AC household circuit consists of parallel connections of a number of electrical outlets, which are 
all in series with the circuit breaker for that circuit. Suppose the following devices are all plugged in and switched 
on at the same time.

a blender with a
resistance of 60 W

a toaster with a
resistance of 12 W

a kettle with a
resistance of 10 W

 
  

 The circuit breaker has negligible resistance and can be treated as a special type of switch. 

 a. Apply Ohm’s law to each device and determine the current flowing through each one. 

 b. Use your answer to question 38.a. to determine the total current required by the operation of all three devices. 

 c. Determine the total resistance of all three devices. 

 d. Use your answer to question 38.c. to determine the total current required by the operation of all three devices. 
Did you get the same value as you did in question 38.b.? 

 e. Use your answer to questions 38.b. and 38.d. to determine the outcome of switching on all three devices at once. 

 f. Each time another device is switched on in the kitchen circuit, another source of resistance is added to 
the circuit, but the overall total resistance of the entire circuit is reduced. Although this statement sounds 
contradictory, it does make sense. Use your knowledge of circuits to explain why there is no contradiction here.

Practice

A digital multimeter is a powerful tool for collecting data from simple circuits. When used as a voltmeter, a parallel 
connection is used to determine the voltage across a component. When used as an ohmmeter, the meter is connected across 
a component to determine resistance values in ohms, where 1 W = 1 V/A. When determining the electric current that flows 
through a component, the multimeter is connected in series.
 The use of series and parallel connections extends to the circuits themselves, where the different components can be 
arranged in either one of these configurations or in both. When components are connected in series, the individual voltage 
values are added to give the total voltage and the individual resistance values are added to give the total resistance. Since 
there is one path in series connections, the same current flows through each component.
 Parallel connections between components mean that there is more than one path for the moving charges, so the individual 
values of electric current in each branch add up to give the total electric current. The voltage values remain the same across 
each component. The effect of having more than one path available is that more current is allowed to flow, so the total 
resistance is lowered. The following equation is useful for determining the total resistance in a parallel circuit:
 1 1 1 1

1 2 3
R R R R

total

= + + +…

1.4 Summary
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Knowledge
  1. State the essential components required in all electric circuits.

  2. Write a mathematical expression relating voltage, current, and resistance.

  3. In an electric circuit, how is the value of the current affected in the following circumstances?

 a.  The voltage is doubled. 

 b.  The resistance in the external circuit is doubled.

  4. a. State an advantage of connecting voltage sources in series.

 b.  State an advantage of connecting voltage sources in parallel.

  5. a.  State an advantage of connecting electrical devices in series.

 b.  State an advantage of connecting electrical devices in parallel.

  6. Summarize the characteristics of series and parallel circuits in a table.

Applying Concepts
  7. A resistor of 100 W is connected to a 9.00-V DC battery. Determine the current that flows through the resistor.

  8. An electrical component with a resistance of 50.0 W is connected to an AC power supply with a voltage of 45.0 V. 
Determine the current that flows through the component. 

  9. a. Two 12.0-V DC batteries are connected to an external circuit. Determine the voltage if the two batteries are connected 
in series.

 b. Determine the voltage if the same two batteries are connected in parallel.

10. a. Two 50.0-W resistors are connected to an external circuit. Determine the total resistance if the two resistors are 
connected in series.

 b. Determine the total resistance if the same two resistors are connected in parallel.

11.  An AC power adaptor supplies an effective voltage of 18.0 V(AC) to a 50.0-W and 80.0-W resistor connected in series. 
Voltmeters are connected to measure the voltage of each resistor and an ammeter measures the total current.

 a.  Draw a schematic diagram of the circuit.

 b. i. Determine the total resistance of the circuit.

  ii.  Determine the total current in the circuit.

  iii.  Determine the voltage across the 50.0-W and the 80.0-W resistors.

  iv.  What would happen to the circuit if the 50.0-W resistor burned out?

12.  Two 1.50-V DC cells are connected in parallel. The external circuit consists of a 500-W and 1000-W resistor connected in 
parallel. Voltmeters are connected to measure the voltage of each resistor, and an ammeter measures the total current.

 a.  Draw a schematic diagram of the circuit.

 b. i. Determine the total resistance of the circuit.

  ii.  Determine the total voltage of the cells.

  iii.  Determine the total current in the circuit.

  iv.  Determine the voltage across the 500-W and 1000-W resistors. 

  v.  What would happen to the circuit if the 500-W resistor burned out?

13. Use the properties of series and parallel circuits to explain why voltmeters are always connected in parallel and ammeters 
are always connected in series.

1.4 Questions
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Figure C1.48

Most people take the convenience of electrical energy for 
granted. When you feel like a snack in the evening, you 
probably don’t give much thought to flipping on the kitchen 
light before wandering over to the refrigerator to look for 
something to eat. It may appear that the source of energy for 
these devices is the household wiring; however, you know 
from your work earlier in the chapter that somewhere far 
away from where you live, the armature of a large generator 
is being forced to turn rapidly on its axis at a generating 
station. Transmission lines, like those in Figure C1.48, ensure 
that the energy produced at the generating station is available 
for you to use in your home.
 The towers on the left side of Figure C1.48 support  
high-voltage transmission lines that typically operate 
with voltage values of well over 100 000 V. The guiding 
principle used by the engineers who design and operate the 
transmission system is to keep the voltage at the highest 
level possible while still being safe. Why is it so important 
for the voltage to be kept so high in transmission lines? How 
is this extremely high voltage converted into the 240 V used 
in most circuits? Why is the entire network that distributes 
electrical energy an AC system? In this lesson you will have 
an opportunity to answer these questions.

1.5 Transmitting Electrical Energy
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Power
Light bulbs and many other electrical devices are rated in 
terms of the electrical energy they consume every second. 
Recall that power is the quantity used to describe the rate  
of doing work or transforming energy. 

Units: 

P W
t

E
t

= =

=1 1 W  J
s

 Most people are more familiar with the unit for power 
(the watt) than they are with the quantity itself. For example, 
a conventional 60-W light bulb transforms 60 J of electrical 
energy into thermal energy and light energy every second. 
Unfortunately, since most of the energy produced is thermal, 
these devices end up being heaters that also emit light. More 
efficient designs produce less thermal energy. This is reflected 
in the power rating: the 17-W compact fluorescent bulb 
shown in Figure C1.49 produces the same quantity of light 
energy as a conventional 60-W bulb. When it comes to lighting, the goal is to produce the 
required quantity of light energy while consuming the minimal quantity of electrical energy.

Figure C1.49: Conventional light bulbs are being replaced with more efficient 
designs that use less electrical energy to produce the same amount of light 
energy.

power: the rate of doing 
work or transforming energy

time interval
(seconds)

work done (joules) energy transformed
(joules)

power (watts)

Two lamps emit the same quantity of light. One uses a 17-W compact fluorescent bulb, and the other uses a 
conventional 60-W bulb.

a.	 Calculate the electrical energy used by each bulb in 1.00 h. 

b.	 Explain the following statement: 

	 Compact fluorescent bulbs initially cost more to purchase, but throughout their lifetime they are less 
expensive to operate than conventional bulbs. 

Solution
a.	 60-W	Conventional	Light	Bulb

	 P

t

E

=
=

= ¥ ¥

= ¥

=
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60

1
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1

3 60 103
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h
h

 s

s

.
min
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.

?

	 P E
t

E Pt

=

=

= ( ) ¥( )
= ¥

60 3 60 10

2 2 10

3

5

 J/s s

J

.

.

	 The conventional 60-W light bulb uses 2.2 ¥ 105 J  
of electrical energy in 1.0 h.

b.	 The compact fluorescent bulb uses less electrical energy to produce the same quantity of light energy. Since 
electrical energy is purchased and paid for on a monthly bill, the total operating cost for a compact fluorescent bulb 
is less than that of a conventional bulb.

Example Problem 1.14

	 17-W	Compact	Fluorescent	Light	Bulb

	 P

t

E

=
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= ¥ ¥

= ¥

=
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1
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1
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h
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s

.
min
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.

?

	 P E
t

E Pt

=

=

= ( ) ¥( )
= ¥
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3

4

 J/s s

J

.

.

	 The 17-W bulb uses 6.1 ¥ 104 J of electrical energy  
in 1.0 h.
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      Since J/s is the unit for power, the unit analysis suggests 
the following equation: 

Units: 

P VI=
=1 1 W  V Ai

     This equation is very useful because voltage and electric 
current are quantities frequently used to describe the 
characteristics of electric circuits. Car audio circuits are no 
exception, since the electrical signals sent to the speakers  
are also described in terms of voltage and electric current.  
A speaker is basically a large-scale version of the tiny 
earpiece of the headphones you studied earlier.

Power in Electrical Systems
Someone whose hobby is car audio systems may describe the power rating of his or her speakers as 300 W. In this case, the 
power rating describes the maximum safe input of electrical energy required to produce sound energy. In fact, power is a 
quantity that is used so frequently in such a wide variety of electrical applications that special equations have been developed 
to describe power in terms of electric circuits, voltage, and electric current. Units provide a helpful insight into the origins of 
these equations:

C
s

Calculating Power in Electrical Systems

V
• voltage
• measured in joules
   per coulomb

I
• electric current
• measured in coulombs
   per second

J
C

J

=

=

¥

s

J
C

C
s

39. A family shopping for a new refrigerator has narrowed its search down to two possibilities. The first model is rated 
at 700 W, and the second is rated at 500 W. 

 a. Determine the quantity of electrical energy used by each model in a day. Assume that each model runs for 6.0 h 
every day. 

 b. The manufacturer of the 500-W model promotes their model as being “an environmentally friendly alternative.” 
Refer to your answer to question 39.a. to explain the meaning of this statement.

Practice

 Just like headphones, a speaker is an AC device that only operates if the electric current changes directions. In this course, 
a simplified approach is taken that assumes the coil of the speaker acts as a constant source of resistance.  
 In reality, the resistance of a speaker can vary depending upon how frequently the AC signal switches directions and upon 
the characteristics of other components in the circuit. Example Problems 1.15 and 1.16 show how this simplified approach 
can be applied.

magnet

frame

wire carrying AC signal
The AC signal from the

amplifier passes into
the coil.

flexible rubber
The cone moves easily.

cone
As the cone moves back and forth, sound waves,
which travel through the air, are produced.

movement of
coil and cone

moving coil
The AC signal causes the coil

to be alternately attracted and
repelled by the large magnet

at the back of the speaker.

The long, thin wire of the coil
offers resistance to the AC signal.

power (watts) electric current
(amperes)

voltage (volts)

Figure C1.50: Cut-away 
view of a speaker
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Using a simplified approach, a speaker can be treated 
as a device that offers 4.0 W of resistance to the AC 
input signal, allowing only 2.00 A of current to flow. 
Calculate the power consumed by the speaker. 

Solution
step	1:	 Calculate the voltage applied across the wires 

of the speaker.

	  R

I

V

= W

=

=

4 0

2 00

.

.

?

 A

 V IR=
= ( ) W( )
=

2 00 4 0

8 0

. .

.

 A

 V

	 The AC voltage applied across the wires of 
the speaker is 8.0 V.

step	2:	 Calculate the power consumed by the speaker.

	  V

I

P

=

=

=

8 0

2 00

.

.

?

 V

 A

 P VI=
= ( ) ( )
=

8 0 2 00

16

. . V  A

 W

	 The power consumed by this speaker is 
16 W.

Example Problem 1.15

 The solution to Example Problem 1.15 required two steps 
because the voltage was given. Note how the first step of 
the solution used Ohm’s law. Since there are so many cases 
where power needs to be calculated but voltage is unknown, 
another version of the power equation has been developed.

   P IR I

P I R

= ( )

=

=

2

2Units: 1 W A W
 This version of the power equation is very convenient 
because the power can be calculated in one step in cases 
where the voltage is not given.

Substitution

resistance (ohms)
power (watts)

electric current (amperes)

The volume is turned up in a car with a 4.0-W speaker 
so that 4.50 A of alternating current flows to the 
speaker. Calculate the power consumed by this speaker.  

Solution

R

I

P

= W

=

=

4 0

4 50

.

.

?

 A

 P I R=

= ( ) W( )
=

2

2
4 50 4 0

81

. . A

 W

The power consumed by the speaker is 81 W.

Example Problem 1.16

 Example Problem 1.16 used the simplified approach of 
treating a speaker as a device that offers a constant resistance 
to an AC input signal. The results of these calculations give 
very good estimates of the power requirements of speakers. 
In fact, this simplified approach can also be used when 
determining how sets of speakers will behave when they are 
connected in series or in parallel.V = IRP = VI

Unit C: Electromagnetic Energy388



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

40. Solve Example Problem 1.15 using a one-step 
approach. Confirm that you get the same answer 
using this method. 

41. Solve Example Problem 1.16 using a two-step 
approach. Confirm that you get the same answer 
using this method. 

Use the following information to answer questions 42  
to 44. 

42. Two of the subwoofers are connected in parallel to 
one of the circuits in the sound system. This circuit 
uses a circuit breaker to ensure that the maximum 
current that can be drawn from the amplifier is 5.0 A. 

 a. Draw a schematic diagram for the circuit involving 
the two subwoofers and the circuit breaker.

 b. Determine the total resistance of the two speakers 
in this circuit. 

 c. Use your answer to question 42.b. to determine 
the power consumed by the two speakers if they 
draw the maximum current of 5.0 A. 

 d. Use two different equations to verify that the 
sound system is supplying 20.0 V to the two 
speakers under these conditions. 

43. Suppose the two speakers are connected in series 
with a circuit breaker to the same 20.0-V output of 
the amplifier. 

 a. Draw a schematic diagram for the circuit breaker 
and the two speakers connected in series. 

 b. Determine the total resistance of the two speakers 
in this circuit. 

 c. Calculate the total current drawn by the speakers 
in this circuit. 

 d. Calculate the power consumed by the two 
speakers in this circuit. 

44. Refer to your answers to questions 42 and 43.

 a. If the goal was to produce the most sound energy 
from the 20-V input signal, would it be better to 
connect the speakers in series or in parallel?

 b. Is there a disadvantage to the type of connection 
that you identified in question 44.a?

One of the circuits in a car audio system involves 
a specialized speaker called a subwoofer, which is 
designed to produce very low-frequency sounds. 
This is the speaker that is responsible for the 
thumping bass that can often be heard some 
distance away from a vehicle. In Figure C1.51, the 
subwoofers are the four largest speakers. 

 Each subwoofer can be treated as a device that 
maintains a constant resistance of 8.0 W in these 
questions.

Practice

Figure C1.51

Billing Consumers for Electrical Energy
As anyone who has paid an electricity bill knows, electrical energy is not free. Meters 

are used by utility companies to monitor the use of electrical energy, which is then 
used to calculate the bill that is mailed to the consumer. The traditional unit used 
by utility companies is the kilowatt-hour.  
As shown by the following equations, the 
kilowatt-hour is an energy unit derived from 
rearranging the equation for electric power.

P E
t

E Pt

=

=

=energy measured
in kilowatt-hours

power measured
in kkilowatts

time measured
in hours¥

kilowatt-hour: the 
traditional unit for electrical 
energy used by utility 
companies; 1 kWih = 3.6 MJ  
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A kettle rated at 1000 W operates for a total of 60.0 min in a typical week. 

a.	 Determine the energy consumed in kilowatt-hours.

b.	 Determine the energy consumed in joules. 

c.	 State the relationship between kilowatt-hours and joules. 

d.	 Use your answer to part c. to show an alternative method of answering part b. by using your answer to part a. 

Solution

a.	 P

t
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=
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	 The appliance consumed 1.00 kWih of energy.

c.	 The answers to parts a. and b. indicate that 1.00 kWih = 3.60 ¥ 106 J = 3.6 MJ.

d.	 E = ¥
¥

= ¥1 00
3 6 10

1
3 6 10

6
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.
.kW h

J
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Ji

i

Example Problem 1.17

b.	 P

t
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	 The appliance consumed 3.60 ¥ 106 J or 3.60 MJ of 
energy.

Calculating the Cost of Electricity in Dollars
As Example Problem 1.17 shows, 1 kWih is equivalent to 3.6 ¥ 106 J or 3.6 MJ. The fact that the kilowatt-hour represents 
such a large quantity of energy is one of the reasons this unit is used by utility companies to bill customers. The cost of a 
kilowatt-hour varies, depending upon where you live and the current state of the electricity market. At the time this textbook 
was written, many Albertans were paying about 9.3¢/kWih.
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Most models of TVs and VCRs use electrical energy 
even when they are turned off. This stand-by power 
is used to run clocks in VCRs and to provide an 
“instant on” feature, allowing home electronics to 
become operational with a click of the remote control. 
Average values for stand-by power are about 3.0 W 
for a VCR and 5.0 W for a TV. Since this power is 
required 24 h a day, the electrical energy consumption 
is significant. 

a.		Determine the electrical energy required to  
supply 8.0 W of stand-by power for both a TV  
and a VCR during one year. Express your answer  
in kilowatt-hours. 

b.	 If the price of electricity is 9.3¢/kWih, determine the cost in dollars of providing stand-by power to the VCR and 
TV for 365 days (one year). 

c.	 There are about 2.0 million TVs and VCRs that operate with stand-by power in Alberta. Use this fact to estimate 
the total annual cost of maintaining stand-by power for all of these devices in Alberta. 

Solution
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	 The energy required to supply the stand-by power for one year is 70 kWih.

b.	 units of energy  kW h

cost per energy unit /kW h

$

=

=
=
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	 The annual cost of maintaining the stand-by power for the combination of a VCR and a TV is $6.52.

c.	 number of TVs and
VCRs in Alberta  million

annual cost fo

= 2 0.

rr
1 TV and 1 VCR

annual cost for all TVs
and VCRs in A
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TVs and=   VCRs

in Alberta
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	 The annual cost to provide stand-by power for all the TVs and VCRs in Alberta is about $13 million.

Example Problem 1.18
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45. Compile a list of all the devices in your home that 
use stand-by power. To determine whether a 
device uses stand-by power, the following criteria 
may be helpful: 

 • It uses a stand-alone power supply, like an  
AC adaptor. 

 • It has a remote control.

 • It has a soft-touch keypad.

 • It charges the battery of a portable device,  
like a cordless phone.

 • It is warm to the touch even when it is  
turned off.

 • It does not have an “off” switch. 

 • It has a digital clock display.

46. After listing all the devices in her home that use 
stand-by power, Mikaila determines that the total 
stand-by power consumed by the appliances in 
her household is 87 W. 

 a. Determine the total energy (in kWih) required to 
supply all the appliances in this household with 
stand-by power for 365 days (one year). 

 b. If the price of electricity is 9.3¢/kWih, determine 
the annual cost (in dollars) of the electrical 
energy required to supply the stand-by power 
for this household. 

 c. Describe how the use of stand-by power 
impacts the environment.

Practice

Calculating Some of the Environmental 
Costs of Electricity 

Figure C1.52: The Genesee generating station near Edmonton uses the 
combustion of pulverized coal to produce electricity.

In Alberta, about 75% of the electricity generated is 
produced at generating stations that burn coal. The energy 
released from the combustion of the coal is used to produce 
high-pressure steam that drives a turbine connected to the 
armature of a large generator.

 In the traditional, coal-fired generating stations currently 
in operation today, the coal is first pulverized into a fine 
powder before it is burned to produce steam. As you learned 
in a previous unit, the products of this combustion reaction 
include carbon dioxide (CO

2
); sulfur oxides (SO

x
); nitrogen 

oxides (NO
x
); particulate matter; and trace amounts of other 

compounds, including mercury. 

Figure C1.53: This generating station in Florida looks more like a refinery 
because the coal is first converted into synthetic gas, or syngas. The syngas  
is cleaned before it is burned.

 New technologies are being used to reduce the 
environmental impact of burning coal to produce electricity. 
Experimental, low-emission generating stations first convert 
the coal into a hydrocarbon vapour called synthetic gas, or 
syngas for short. The syngas is then stripped of impurities 
before it is burned to produce the steam that drives the 
turbine, which is connected to the armature of the generator. 
As the following table demonstrates, new technologies are 
helping to reduce some of the harmful effects of coal as a 
source of energy.

Type of 
Emission

Mass Released Generating
Electrical Energy (g/kWih)

Traditional 
Generating 

Station

Experimental, 
Low-Emission 

Generating Station†

CO2(g) about 1.0 ¥ 103 less than 8.0 ¥ 102

SOx(g) less than 1.9* less than 0.2

NOx(g) less than 1.4* less than 0.05

particulate 
matter less than 0.14* less than 0.03

 * Maximum value allowed under Alberta Emission Standards (2001)

 † Data from experimental, low-emission generating stations

CoMpaRinG CoaL-CoMbuSTion TEChnoLoGiES
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 The table “Comparing Coal-Combustion Technologies” is 
a rich source of information that answers some questions and 
suggests some new ones. Note that the new coal-combustion 
technologies dramatically reduce the emissions of sulfur 
oxides, nitrogen oxides, and particulate matter; but the 
reductions in carbon dioxide are much more modest. Although 
it is possible to use scrubbers and other technologies to remove 
impurities from the coal, the one thing that cannot be removed 
is the energy-rich hydrocarbon compounds that are the essential 
component of coal as a fuel. Since coal is the starting point in 
both systems, the ability to reduce carbon dioxide emissions 
has its limitations. Given the connections between carbon 
dioxide emissions and global climate change, some people are 
hesitant to embrace new coal-combustion technologies.
 The next table shows data for when natural gas is burned 
in a gas turbine coupled to the armature of a generator. 
The hot exhaust gas is used to produce steam that can also 
produce electricity using a steam turbine connected to the 
armature of a generator.

Type of 
Emission

Mass Released Generating
Electrical Energy (g/kWih)*

CO2(g) about 4.0 ¥ 102

SOx(g) less than 0.003

NOx(g) less than 0.01

particulate 
matter less than 0.02

* Data from natural gas combined-cycle generating stations

naTuRaL GaS-CoMbuSTion TEChnoLoGy

 Is it really necessary for so many appliances to have 
electronic displays and clocks that use electrical energy on a 
continual basis? Although newer standards are reducing the 
energy consumed by products that use stand-by power, these 
efforts are offset by an increasing number of products, like 
dishwashers, washers, and dryers, that are starting to utilize 
electronic displays and, therefore, require stand-by power. 
Unfortunately, many observers of these trends suspect that 
the stand-by power consumed by each household will 
continue to increase. 

Figure C1.55: It has been estimated that about 80% of the energy consumed 
by a typical microwave oven in its lifetime is used for its clock and stand-by 
power.

 One way to significantly reduce the amount of carbon 
dioxide emissions from combustion reactions is to start 
with a different fuel. When natural gas is used as fuel 
for generating electricity, the amount of carbon dioxide 
released is about 400 g/kWih, which is about half of the 
best values produced by the most advanced coal-combustion 
technologies. Since natural gas has already been cleaned 
of sulfur, and special burners can reduce the emission of 
nitrogen oxides, many people regard the existing natural  
gas-fired generating stations as being a better choice for  
the environment than the leading-edge, coal-fired options.
 These tables provide only a glimpse of some of the 
environmental consequences of using fossil fuels to generate 
electricity. Although it is certainly possible to dig deeper into 
the technical data supporting the use of one technology over 
another, it is also important to step back and keep the big 
picture in mind by considering people’s use of electrical energy.

Figure C1.54: An electrical engineer 
supervises operations at a  
generating station.
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Use the following information to answer questions 47, 48, and 49. 

47. Assume that the electric utility company generates electricity using a traditional coal-fired generating station, where 
the coal is pulverized into a powder and then burned to produce steam to drive a generator.

 a. Use the tables “Comparing Coal-Combustion Technologies” and “Natural Gas-Combustion Technology” to 
estimate the mass (in kilograms) of the annual emissions of CO2(g), SOx(g), NOx(g), and particulate matter that 
are a consequence of this family’s electricity use. 

 b. Calculate the annual cost (in dollars) of electrical energy for this family. 

48. Careful inspection of the electrical devices reveals that a total of 85 W of power is consumed to maintain stand-by 
power in this family’s home. 

 a. Determine the electrical energy (in kilowatt-hours) consumed on an annual basis to maintain the stand-by 
power in the electrical devices used by this family.

 b. Determine the percentage of this family’s annual electric utility bill and the percentage of the corresponding 
annual emissions into the environment that can be traced to the consumption of stand-by power. 

49. List some of the strategies this family could use to reduce the consumption of electrical energy and the 
corresponding emissions into the environment. 
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Practice

An Alberta family used about 1.05 ¥ 104 kWih of 
electrical energy last year. This use of energy has a 
significant effect on the family budget because they 
pay 8.8¢/kWih. 

Transmitting Electrical Energy
Consumers are not the only people interested in reducing the 
wasteful use of electrical energy. Electric utility companies 
have designed their transmission and distribution systems to 
minimize energy losses. Every kilowatt-hour that is lost in 
the transmission process from the generating station to your 
home represents a loss in profit as well as a step backward 
in the efforts of the utility company to meet environmental 
regulations. The main source of power loss in the electrical 
distribution system is the heat produced by the electric 
current passing through many kilometres of conducting 
cables. The following equation identifies the key factors 
affecting these power losses.

P = I 2R

 Once the resistance of the 
cables has been made as low 
as possible, the only way to 
reduce power losses is to keep 
the current to a minimum.
 Note that the value of the 
electric current is squared in 
the equation P = I 2R. This 
means that any reductions 
in the electric current will 
dramatically reduce power 
losses due to heating within 
the cables. The engineers who 
design electric power-distribution systems put this strategy 
into action by increasing the voltage within the transmission 
system. The thinking behind this approach is illustrated in 
Example Problems 1.19 and 1.20.

power lost in the cables due 
to heating effects (watts)

resistance of kilometres 
of cable (ohms)

current passing through 
the cables (amperes)
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A 100-km length of transmission cable has a 
resistance of 5.0 W. This cable transmits 500 kW of 
power from the generator to a small town. 

a.	 Determine the electric current required to transmit 
the 500 kW of power if the voltage used within the 
system is 5000 V. 

b.	 Use your answer to part a. to calculate the power 
lost due to heating effects through the  
100 km of conducting cable. 

c.	 Use your answer to part b. to determine the 
percentage of the transmitted power that was lost 
due to heating effects in this arrangement.

Solution 

a.	 P

V

I

= ¥

= ¥

=

=

500 1000
1
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5

kW  W
kW

W

 V

.
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	 The electric current required is 100 A.

b.	 I

R

P

=

= W

=
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5 0
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.
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 P I R=

= ( ) W( )
= ¥
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	 The power lost due to heating effects within the 
cable is 5.0 ¥ 104 W.

c.	 transmitted power = 5.00 ¥ 105 W

	 power lost to heating = 5.0 ¥ 104 W

	 % of power lost = ?

	

% of power lost
power lost to heating

transmitted power
= ¥100%%

.

.
%

%

=
¥
¥

¥

=

5 0 10

5 00 10
100

10

4

5

W

W

	 In this system, 10% of the available power was 
lost due to heating effects within the transmission 
cables.

Example Problem 1.19

Repeat the analysis of Example Problem 1.19 by 
increasing the voltage within the system to 50 000 V. 

Solution

a.	 P

V

I

= ¥

= ¥

=

=

500 1000
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5 00 10
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5
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	 The electric current required is 10.0 A.

b.	 I

R

P
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	 The power lost due to heating effects within the 
cable is 5.0 ¥ 102 W.

c.	 transmitted power = 5.00 ¥ 105 W

	 power lost to heating = 5.0 ¥ 102 W

	 % of power lost = ?

	

% of power lost
power lost to heating

transmitted power
= ¥100%%

.

.
%
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¥
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	 In this system, 0.10% of the available power was 
lost due to heating effects within the transmission 
cables.

Example Problem 1.20
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Transforming Voltages
As the calculations in Example Problems 1.19 and 1.20 
demonstrate, less power is lost to heating effects within 
the conducting cables if the transmission system 
minimizes the electric current by using high voltages. 
Depending upon the amount of power that is being 
transmitted, the voltages used on the main conducting 
cables can be as high as 500 kV. Although these  
ultra-high voltage values are ideal for transmitting 
electrical energy, they are many times higher than the 
240 V or 120 V typically used in homes. Since nearly 
every home is fed electrical energy from the main 
transmission system, it is natural to wonder how the 
ultra-high transmission voltages are transformed into the 
much lower values used in homes. 
 The transmission voltages are reduced by a number 
of devices called transformers. As the name suggests, a 
transformer transforms the voltage value of one circuit 
into a different value to be used by another circuit. Each 
of the large cylindrical devices on the power pole in the 
photograph is called a step-down transformer because it 
reduces the voltage on the primary circuit (in this case 
about 4 kV) to a lower value that will enter homes—
typically 240 V, which is then split into the 120 V used 
by most household circuits. 

transformer: a device that transforms the AC 
voltage of one circuit into a different AC voltage 
for another circuit using separate coils of wire 
wound around a common iron core 

This transformer increases the voltage from the 20 kV 
produced at the generating station to the ultra-high 
voltages (500 kV or 230 kV) used for the transmission 
of electrical energy. Since the voltage is increasing, this 
device is referred to as a step-up transformer.
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Key Components of a 
Transformer
The essential design of a 
transformer involves two coils 
of insulated wire, each wrapped 
around a common core of 
laminated iron. The primary	coil 
receives the input voltage from 
some external source, which 
causes a current to flow. The 
primary current and the primary 
voltage remain within the primary 
coil because the wire of this 
circuit is insulated. Although the 
secondary	coil is a separate circuit 
that does not contact the primary 
circuit, the secondary current and 
the secondary voltage of this coil 
are a result of the electric current 
in the primary coil. How is the primary coil able to influence the 
charges within the secondary coil if they are separate circuits with no 
electrical connection between the two? You will have an opportunity 
to discover the answer to this question in the next investigation. 

primary coil: the coil to which the input voltage is applied 
in a transformer

secondary coil: the coil that supplies the output voltage 
of a transformer 

purpose
You will build a simple transformer and observe its operation.

Exploring the Transformer

Investigation

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�

 

This investigation involves briefly passing a current 
through the coil that you build. The coil will become 
warm and remain that way for a few seconds after 
the current has passed. If the coil is left connected 
for more than a few seconds, it will become 
uncomfortably warm and will unnecessarily drain 
the batteries. Allow the current to pass through the 
coil for only a few seconds at a time.

Materials 
• 4 AA cells in a plastic battery pack with leads
• digital multimeter
• cardboard cylinder, about 4 cm in diameter and 10 cm 

in length (empty toilet-tissue roll) 
• 2, 10-m pieces of 26- or 28-gauge enamelled magnet wire
• 4 test leads with alligator clips at each end
• strong bar magnet
• iron rod from a ring stand 
• small knife
• adhesive tape

procedure and observations
step 1: Wrap 10 m of enamelled magnet wire around the 

cardboard cylinder to make a small coil. Leave 
about 10 cm of wire free from each end to act as 
contacts. Use adhesive tape to hold the contacts 
and the coils in place. Use a small knife to 
carefully scrape the enamel coating from the last 
5 cm of each contact, as shown in Figure C1.56. 

Figure C1.56

iron coreinput

primary
coil

A Basic Transformer

secondary
coil

output
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step 2: Repeat step 1 and build a second coil. Label one 
coil as the secondary coil and the other as the 
primary coil. 

step 3: Connect the secondary coil to the digital 
multimeter. Set up the multimeter so it is able 
to measure DC millivolts. While observing the 
reading on the multimeter, move one end of the 
bar magnet toward and away from the secondary 
coil, as shown in Figure C1.57. Record your 
observations.

Figure C1.57

step 4: Use the equipment described in step 3 to 
determine which circumstances produce the 
largest output on the multimeter and which 
circumstances produce no output on the 
multimeter. Record your observations. 

step 5: Set up the apparatus as shown in Figure C1.58.

Figure C1.58

step 6: Connect one of the leads from the primary coil 
to one of the leads of the battery pack. While 
carefully observing the display on the digital 
multimeter, momentarily connect the other 
contact from the primary coil to the battery pack. 
Use the multimeter to observe the effects on 
the secondary coil when contact is first made. 
After only a few seconds of contact, break the 
connection and use the multimeter to observe 
the effects on the secondary coil when contact is 
broken. 

step 7: Repeat steps 5 and 6 with the iron rod removed 
from the centres of the two coils. 

analysis
1. Review your observations from step 3, when you 

moved the magnet in and out of the secondary coil.

 a. Was the secondary coil acting as a motor or a 
generator?

 b. Although the magnet did not touch the secondary 
coil, a current was induced in the secondary coil. 
Explain how this effect was able to occur.

2. Review your observations from step 4, when you 
determined which circumstances produced the 
maximum and minimum effect on the secondary coil. 
Summarize your findings.

3. Review your observations from step 6, when you 
made intermittent contact with the battery pack and 
the primary coil while using the multimeter to observe 
the effects on the secondary coil. Although the 
primary coil did not touch the secondary coil, there 
was an effect on the secondary coil. Explain how this 
effect was able to occur.

4. Review your observations from step 7. Suggest a 
reason why it is important for a transformer to have  
an iron core.
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Dave: Graphic has been 
reduced to 2.3125” wide.

Describing the Operation of a Transformer
In the “Exploring the Transformer” investigation, you observed that the secondary coil is affected by the primary coil only if 
current within the primary coil is changing. If a switch connecting the primary coil to a battery pack is suddenly closed,  
an increasing magnetic field is produced within the secondary coil.

 It is the changing magnetic field within the secondary coil that is central to this process. As long as the magnetic field is 
changing, a current will be induced in the secondary coil. Since decreasing the magnetic field is also a change, opening the 
switch can cause a current to be induced in the secondary coil.

 Instead of opening and closing a switch that connects to a DC source, like a battery pack, a more effective way to change 
the magnetic field is to connect the primary coil to a source of alternating current. In this scheme, the current within the 
primary coil is continually changing, so the magnetic field is continually changing. The end result is that the induced current 
in the secondary coil is continually changing in the form of an AC output. 

primary secondary

increasing
magnetic field

The switch
is closed.

Figure C1.59: Closing the switch causes the current in the primary coil to increase. The magnetic field increases through the secondary coil. A current is induced 
to flow in the secondary coil.

primary secondary

decreasing
magnetic

 field

Figure C1.60: Opening the switch causes the current in the primary coil to decrease. The magnetic field decreases within the secondary coil. A current is induced 
to flow in the secondary coil.

constantly changing
magnetic field

primary
AC

input

AC
output

secondary

Figure C1.61: A source of alternating current (AC) connected to the primary coil ensures that the magnetic field is constantly changing within the secondary coil. 
An alternating current (AC) is maintained in the secondary coil.
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Stepping Up or Stepping Down Voltage 
A transformer is an AC device capable of transforming a voltage value from the primary circuit into another voltage value in 
the secondary circuit. 
 Early experiments with transformers revealed that the number of loops or turns of wire on the secondary coil compared to 
the number of loops of wire on the primary coil determined whether the voltage was stepped up or stepped down.

 In Figure C1.62 the step-up transformer has twice the 
number of loops of wire on its secondary coil compared to 
the primary coil. Experiments have shown that if the 
secondary coil has double the number of loops as the primary 
coil, the output voltage of the secondary coil is double that of 
the primary coil. The same reasoning applies to the step-down 
transformer: if there are half the number of loops on the 
secondary coil as on the primary coil, the output voltage of 
the secondary coil is half the value of the primary coil. These 
ratios can be summarized by the following equation: 

N

N

V

V
p

s

p

s

=

 This description is incomplete because it is important to 
remember that energy is conserved. Voltage values cannot 
be stepped up or stepped down without some other variable 
responding to rebalance the output energy with the input 
energy. Transformers can be designed so that energy losses 
are minimized. Ideally, the input energy equals the output 
energy; therefore, the power into the primary coil equals the 
power out of the secondary coil.

primary

AC
input

AC
output

secondary

primary

AC
input

AC
output

secondary

primary

AC
input

AC
output

secondaryVp = 8 V
Np = 4

Vp = 8 V
Np = 4

Vs = 16 V
Ns = 8
eight loops

of wire

Vs = 8 V
Ns = 4
four loops

of wire

Vp = 8 V
Np = 4

Vs = 4 V
Ns = 2
two loops

of wire

Step-Up Transformer

Step-Down Transformer

Figure C1.62

number of loops 
of wire on the 
primary coil

primary voltage 
(volts)

number of loops 
of wire on the 
secondary coil

secondary voltage 
(volts)
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 As the following equations indicate, the current within 
the primary and secondary coils is the variable that 
counteracts changes to the voltage values to ensure that 
energy is conserved.

For an ideal Transformer

power into primary power out of secondary

p p s s

=

=V I V I

V

V

I

I
p

s

s

p

=

secondary voltageprimary voltage

secondary currentprimary current

Rearrange.

A large neon sign is powered by a high-voltage power 
supply. The power supply takes a 240-V input and 
then uses a transformer to increase the voltage to  
12 000 V to operate the sign.
a.	 Does the power supply use a step-up or step-down 

transformer?

b.	 If the transformer has 125 turns of wire on the 
primary coil, determine the number of coils on the 
secondary coil.

c.	 The power supply requires 25.0 A of input current. 
Determine the output current that powers the sign. 

Solution
a.	 Since the input or primary voltage is 240 V and the 

output or secondary voltage is 12 000 V, this is a 
step-up transformer.

b.	 V
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	 The secondary coil of the transformer has  
6.25 ¥ 103 turns of wire.
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	 The output current to power the sign is 0.500 A.

Example Problem 1.21

 This equation describes an ideal transformer with no 
energy losses. In reality, transformers lose a small fraction of 
the input energy in the form of heat; however, these energy 
losses are so small that this equation can be used to describe 
most commercially available transformers.

 The earlier work with step-up and step-down transformers 
relates the primary and secondary voltages to the number of 
turns on each coil.

N

N

V

V
p

s

p

s

=
number of loops of 
wire on secondary coil

number of 
loops of wire 
on primary coil

 These equations can be combined.

N

N

V

V

I

I
p

s

p

s

s

p

= = This is the equation for the ideal transformer.
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Practice

Use the following information to answer questions 50 and 51.

50. The transformer on a power pole takes an input 
voltage of 4.00 kV and then delivers 240 V to a home. 

 a. Is this device a step-up or step-down transformer?

 b. If there are 180 turns of wire on the secondary coil 
of this transformer, determine the number of turns 
of wire on the primary coil. 

 c. If the maximum current supplied to the home 
is 100 A, determine the current supplied to the 
transformer. 

51. The generator at the coal-fired generating station 
supplies the station’s transformer with 20.0 kV. The 
transformer then boosts this voltage value to 230 kV 
for transmission. 

 a. Is this device a step-up or step-down transformer?

 b. Most of the customers of the utility company only 
require 240 V or 120 V to run the appliances in 
their households. Explain why the utility company  
boosts the 20.0 kV from the generator to even 
higher values.

 c. If the power transmitted is 1.2 MW, calculate the 
current flowing through the transmission cables. 

 d. Use the transformer equation to determine 
the current the generator is supplying to the 
transformer at the generating station.

 e. Check your answer to question 51.d. using a  
different equation. 

transmission
substation

power
poles

high-voltage
transmission cables

transformer

transformer

coal-fired
generating
station

open-pit
coal mine

power substation

Transformers play a vital role in the distribution and transmission of electrical energy. In the following diagram, 
transformers can be seen playing a role at the generating station, at the power substation, and on the power poles.
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Power is a quantity that describes the rate of doing work or using energy in joules per seconds or watts. Power was used 
throughout this lesson to describe the rate at which electrical energy is used in light bulbs, speakers, and a variety of 
household appliances. The kilowatt-hour is the unit traditionally used by electric utility companies to bill their customers. 
 The next time you use a kitchen appliance to make waffles, toast bread, or beat an egg, ask yourself this question: “Why 
is this appliance designed to operate on alternating current?” The answer has everything to do with reducing power losses 
during transmission and the central role played by transformers.
 To reduce power losses in the transmission of electrical energy from the generating station to your home, it is essential that 
the current in the conducting cables be kept low by keeping the voltage high. However, a high transmission voltage means 
that there must be some way to reduce the voltage before it enters the homes of consumers. Transformers can reduce and 
increase voltages very effectively, with minimal energy losses, but transformers are AC devices. Since the entire distribution 
and transmission system depends upon the use of transformers, the system is based on alternating current. 

1.5 Summary

1.5 Questions

Knowledge
1.	 Explain why it is misleading to call the bill from a utility company a “power bill.”

2.	 Identify which coil in a step-up transformer has more turns of wire.

Applying Concepts
3.	 Explain why it is necessary to use alternating current with transformers.

4.		 Calculate the power dissipated by a toaster with a resistance of 14.0 W when it is plugged into a 120-V source.

5.		 A household clock rated at 5.0 W is operated for 365 days. Calculate the total electrical energy cost if the charge for 
electrical energy is 8.7¢/kWih.

6.	 An ideal transformer has 100 turns of wire in the primary coil and 1000 turns of wire in the secondary coil. If the voltage 
and current in the primary coil is 120 V and 10.0 A, respectively, determine

	 a.	 the voltage and current in the secondary

	 b.	 the power in the primary and the secondary

7.	 Explain why it is advantageous to transmit power over large distances at high voltages.

Obtain the handout “Generating Electricity with Fossil Fuels” from the Science 30 Textbook CD.  
Use the information on this handout to answer question 8.

8.	 A family just purchased a new refrigerator that consumes 450 kWih of electrical energy every year. The previous 
refrigerator was an old, inefficient model that consumed 605 kWih of electrical energy every year.

	 a.	 If the cost of electrical energy is 8.5¢/kWih, how much money will this family save on their electric bill each year by 
using their new refrigerator?

	 b.	 The utility company that provides electrical energy to this family uses a traditional coal-burning facility that pulverizes 
the coal into a fine powder before burning it to produce steam to drive the turbines. Calculate by how much the family 
will have reduced their annual emissions of CO

2
(g), SO

x
(g), NO

x
(g), and particulate matter by switching to the newer 

refrigerator. 

	 c.	 Consider your answers to questions 8.a. and 8.b. Which reduction do you think is the most significant?
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Chapter 1 Summary

Option 1:
Draw a concept map 

or a web diagram.

Option 2:
Create a point-form 

summary.

Option 3:
Write a story using key 
terms and concepts.

Option 4:
Create a

colourful poster.

Option 5:
Build a model.

Option 6:
Write a script for a skit 
(a mock news report).

In Chapter 1 you saw how fields surround you and are an integral part of many of the technologies you use every day. 
Gravitational fields enable Earth to exert forces on objects without physically touching them. Earth’s gravitational field keeps 
satellites in orbit, ensures that raindrops and snowflakes fall to the ground, and ensures that any ball you throw will always 
return to the surface of the planet. Electric fields enable lightning bolts to travel across the sky and ensure that electrons 
flow though the wires and circuits of every electrical device you have ever used. In nature, magnetic fields help to shield the 
surface of Earth from the harmful effects of the solar wind, and sometimes provide a path for these same particles to produce 
the spectacular displays called the northern lights. Magnetic fields also play a central role in a wide variety of devices, like 
motors, generators, headphones, microphones, speakers, and transformers.

 The influence of electric and magnetic fields does not end here. In Chapter 2 you will see how these two fields can 
combine to produce the electromagnetic waves responsible for TV signals, microwave cooking, X-ray imaging, and even 
visible light. Stars emit electromagnetic waves. This is what enables the Sun to sustain life on Earth and provides scientists 
with valuable information about distant parts of the universe. 

Summarize Your Learning
In this chapter you have learned a number of new terms, concepts, equations, and techniques for problem solving. You will 
have a much easier time recalling and applying the information you have learned if you take some time to organize it into 
some sort of pattern. Now that you have come to the end of this chapter, this is an appropriate time to focus on the patterns 
within the things you have learned. Since the pattern has to be in a form that is meaningful to you, you have some options 
about how you can create this summary. Each of the following options is described in detail in “Summarize Your Learning 
Activities” in the Reference section.

Unit C: Electromagnetic Energy404



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

Chapter 1 Review Questions

Knowledge 
  1. In this chapter you investigated three kinds of fields: gravitational fields, electric fields, and magnetic fields. Copy and 

complete the following table in your notes to summarize the key features of each kind of field. 

Type of 
Field

General Description 
of Source(s)

General Description 
of Test Bodies

Equation That 
Describes Strength 

of Field

Example of How 
Field Assists You in 
a Task or Activity

gravitational 
field

electric field

magnetic 
field

  2. Refer to your answer to question 1 as you answer questions 2.a. and 2.b.

 a. Compare and contrast gravitational fields with electric fields. 

 b. Compare and contrast electric fields with magnetic fields. 

  3. The concept of a field is a fundamental idea that has been referred to throughout Chapter 1. Distinguish between the 
following pairs of terms that all relate to the concept of a field. 

 a. force and field

 b. field lines and field strength

 c. source of field and test body

  4. Obtain the handout “Sketching Fields” from the Science 30 Textbook CD.  
Follow the instructions on this handout and add the required information. 

  5. Identify the common source for all magnetic fields. 

  6. Sketch a simple diagram of a DC electric motor. Label all the key parts. 

  7. Sketch a simple diagram of an AC generator. Label all the key parts. 

  8. Explain the differences between the output of a DC generator and the output of an AC generator. Use voltage-versus-time 
graphs to aid in your explanation. 

  9. With the aid of diagrams, describe how each of the following instruments is properly connected for taking measurements. 

 a. voltmeter

 b. ammeter

 c. ohmmeter 

10. Explain the meaning of kilowatt-hour. Provide an example of how this unit is used. 

11. Transformers play a critical role in the transmission and distribution of electricity.

 a. Sketch a simple diagram that shows the basic parts of a transformer. 

 b. With the aid of diagrams, illustrate how a step-up transformer differs from a step-down transformer. 

12. Explain why electrical energy is distributed through transmission cables with very high voltage and why this system is 
designed to run with alternating current.
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Applying Concepts 
13. A car is parked with its engine off, but the car’s owner 

forgot to turn off the headlights. The car’s battery does 
6000 J of work to move 500 C of charge from one 
contact of the headlight bulb to the other. 

 a. Calculate the voltage between the two contacts of the 
headlight. 

 b. Determine the energy emitted as heat and light by the 
bulb of the headlight. 

14. In Roman mythology Mars (the god of war) had two 
attendants, Phobos (fear) and Deimos (panic). This is 
the origin of the names for the two moons of the planet 
Mars. Phobos has a mass of 1.08 ¥ 1016 kg and an 
average radius of 1.35 ¥ 104 m, while Deimos has a mass 
of 1.8 ¥ 1015 kg and an average radius of 7.5 ¥ 103 m. 

 a. Calculate the gravitational field strength at the 
surface of each moon. 

 b. Calculate the force of gravity that would act on an 
astronaut with a total mass of 107 kg on the surface  
of each moon. 

 c. Explain how the same astronaut can experience a 
different force of gravity on each moon even though 
the astronaut’s mass is the same. 

 d. Sketch a diagram of each moon to illustrate the 
pattern of the gravitational field lines around each 
moon. 

15. A van de Graaff generator is a machine that is able to put 
large quantities of charge on the metal globe on its top 
surface. During the winter months, when the air inside 
buildings is very dry, the globe on top of a van de Graaff 
generator can hold significant quantities of charge. For 
this question, consider that charge to be + 5.5 ¥ 10- 6 C. 

 a. Calculate the number of electrons that were moved 
to produce this charge, and determine whether these 
electrons were added or removed from the large 
metal globe.  

 b. Calculate the strength of the electric field at the 
following distances from the centre of the large  
metal globe.

    i. 40 cm

   ii. 80 cm

  iii. 120 cm

  iv. 160 cm

 c. A speck of dust with a charge of - 2.5 ¥ 10- 12 C moves 
into each of the positions described in question 15.b. 
Calculate the magnitude and direction of the electric 
force on the dust speck in each location. 

 d. Explain how the same speck of dust can experience 
different amounts of electric force in each location. 

 e. Use your answers from question 15.b. to produce a 
graph of electric field strength versus distance from 
the centre of the large van de Graaff generator globe. 
Add the best-fit line. 

 f. Explain the reason for the shape of the resulting  
best-fit line. 

 g. Sketch a diagram to show the large van de Graaff 
generator globe, using arrows to represent the electric 
field vectors at each of the locations described in 
question 15.b. 
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16. Repeat the analysis outlined in all the parts of question 15 if the globe on the van de Graaff generator had a charge of 
- 5.5 ¥ 10- 6 C. 

17. A car speaker is connected to an AC circuit within the amplifier that supplies the speaker with 20.0 V. Consider the 
speaker to have a constant resistance of 4.0 W for all parts of this question. 

 a. Calculate the electric current that flows through the speaker. 

 b. Use your answer to question 17.a. to determine the power rating of this speaker. 

 c. Use your answers to questions 17.a. and 17.b. to determine the electrical energy that is supplied to the speaker during 
10.0 min of operation. Answer in joules. 

18. Repeat the analysis outlined in the steps of question 17 using a speaker with a resistance of 8.0 W. Use your analysis to 
determine which speaker would sound louder. 

Use the following information to answer questions 19 to 21.

A student uses the following equipment to complete a Science 30 lab activity: 

	 •	3 resistors (500 W, 1000 W, and 1500 W)
	 •	6.0-V battery pack
	 •	several leads for connecting the components of circuits 
	 •	digital multimeter capable of measuring volts, amperes, and ohms

These materials can be used to build either a series circuit or a parallel circuit.

19. The first task is to build a circuit that will incorporate all three resistors and use the minimum amount of electrical energy 
from the battery pack. 

 a. Sketch a schematic diagram of this circuit. Be sure to include how the meter would be used to measure the current 
through all three resistors and the voltage across each of the three resistors. 

 b. Using the data provided, calculate the total resistance for the resistors in your circuit. 

 c. Use your answer to question 19.b. to calculate the current that would flow through all three resistors. 

 d. Use your answer to question 19.b. to calculate the electrical energy that would be used by this circuit if it were 
allowed to operate for 10.0 min. 

20. Repeat the analysis outlined in the parts of question 19 for a circuit that will incorporate all three resistors and will use 
the maximum amount of energy from the battery pack. 

21. Refer to your answers to questions 19 and 20. Determine whether it was the series circuit or the parallel circuit that used 
the maximum amount of energy. 
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The Second Price Tag
When most people purchase a major appliance, the main 
consideration is the cost to buy the appliance, which is 
printed on the price tag. Another consideration is the cost 
to operate the appliance over its lifetime. This cost could 
be called the second price tag because, after the initial 
purchase, this cost will be paid month after month on the 
electric bill. Although more energy-efficient appliances 
may have a slightly higher purchasing cost, this is balanced 
against their lower operating costs. 

Environmental Considerations
Another set of considerations is the impact the use of an 
appliance will have on the environment. In Alberta, most 
electricity is generated by burning coal or other fossil 
fuels to drive a turbine that turns the shaft of a generator. 
This means that every kilowatt-hour of electricity has an 
environmental consequence in terms of the emissions of 
CO

2
(g), NO

x
(g), SO

x
(g), and particulate matter. 

Comparison Shopping
The following data was collected for two 22-cubic-foot 
refrigerators with top-mounted freezers.

Use the following information to answer questions 22 to 25.

Refrigerator Model A Model B

Cost to 
Purchase

$1699.99 $1200

Annual Energy 
Consumption

435 kWih 545 kWih

Life Expectancy
of Refrigerator

17 years 17 years

Lifetime 
Operating Costs

Environmental 
Considerations

22. Use 9.3¢/kWih to calculate the following costs.

 a. the lifetime operating costs for Model A

 b. the lifetime operating costs for Model B 

23. Obtain the handout “Generating Electricity with Fossil Fuels” to calculate the mass of CO
2
(g), SO

x
(g), NO

x
(g), 

and particulate matter emitted for Model A if the electricity is generated using a traditional coal-fired generating 
station that uses pulverized coal.

24. Repeat the analysis outlined in question 23 for Model B. 

25. In this set of questions you have examined three criteria to be considered when buying a major appliance: the cost to 
purchase, the lifetime operating costs, and some environmental considerations. 

 a. How do you think most consumers rank these three criteria?

 b. How do you think these three criteria should be ranked in the minds of consumers? 

 c. If you were purchasing a new refrigerator, would you buy Model A or Model B?

26. The doorbell of a home requires 10.0 V to operate. A transformer is used to connect the doorbell to a 120-V circuit 
within the home. The doorbell transformer has 500 turns on the primary coil and supplies the doorbell with 900 mA  
of current. 

 a. Determine whether the transformer features a step-up or step-down design. 

 b. Calculate the number of turns on the secondary coil.

 c. Calculate the current that is drawn from the 120-V household circuit to operate the doorbell.
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Use the following information to answer questions 27 to 32.

27. Identify the proper name for the device shown in Part 1 of the handout. 

28. Describe the rotation of the loop in detail from step 1 through to step 4 in Part 1 of the handout. Be sure to explain the 
direction of motion of the highlighted section of the loop in each step. 

29. Refer to the diagram for Modification 1 in Part 2 of the handout. Carefully compare this diagram with step 1 in Part 1, 
and explain how this modification will affect the motion of the loop. 

30. Refer to the diagram for Modification 2 in Part 2 of the handout. Carefully compare this diagram with step 1 in Part 1, 
and explain how this modification will affect the motion of the loop. 

31. Refer to the diagram for Modification 3 in Part 2 of the handout. Carefully compare this diagram with step 1 in Part 1, 
and explain how this modification will affect the motion of the loop. 

32. Refer to the diagram for Modification 4 in Part 2 of the handout. Carefully compare this diagram with step 1 in Part 1, 
and explain how this modification will affect the motion of the loop.

Use the following information to answer questions 33 to 35.

Obtain the handout “An Energy-Conversion Device” from the Science 30 Textbook CD. Use the 
information on this handout to answer the next six questions.

33. Carefully examine the illustration for Device 1.

 a. Identify the proper name for this device. 

 b. Sketch a graph of voltage versus time to describe the output from this device. 

 c. The number of rotations the loop is forced to make every minute can be increased. Sketch a graph of  
voltage versus time to show the output from the device under these circumstances. 

34. Carefully examine the illustration for Device 2. 

 a. Identify the proper name for this device. 

 b. Sketch a graph of voltage versus time to describe the output from this device. 

 c. The number of rotations the loop is forced to make every minute can be increased. Sketch a graph of  
voltage versus time to show the output from the device under these circumstances.

35. The stationary magnets on either side of the rotating loops play an essential role in the operation of each of these devices. 
Without these magnets, no electrical energy would be produced if the loops were forced to rotate; yet, these stationary 
magnets do not even touch the loops. Explain how the stationary magnets are able to exert forces and produce an electric 
current within the loop even though there is no physical contact.

The diagram shows two devices that transform an input of 
mechanical energy into an output of electrical energy. 
Note that the output displayed on the voltmeter 
changes as the loop is forced to rotate between 
the two stationary magnets.

Device 1 Device 2

input
mechanical

energy

output
electrical
energy

rotation rotation
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In 1987 there were just 100 000 cellphones in Canada. By 2001, there were over 9.5 million. Some experts estimate 
that by the year 2010 there will be over 2.2 billion cellphone users worldwide. Teenagers make up the fastest growing 
segment of the market in Canada. Recent statistics indicate that a typical Canadian teenager with a cellphone sends or 
receives more than nine text messages and makes at least three phone calls a day.
 Many people are surprised to learn that a cellphone is actually a transmitter and receiver of radio waves. Radio 
waves are used in communications and broadcasting and in microwave ovens to heat food. Radio waves emitted by 
objects in space are collected by astronomers using very large radio telescopes. These radio waves provide valuable 
information about solar flares, sun spots, and the surface temperatures of planets.
 How are the radio waves sent and received by cellphones different from the radio waves emitted from distant 
stars and planets? How are they the same? Why are the telescopes used to detect radio waves so much larger than the 
telescopes used to detect light waves? How do light waves compare to radio waves?
 In this chapter you will have an opportunity to answer these questions as you explore the properties of radio waves, 
light, and the rest of the electromagnetic spectrum.
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Background Information
Remote controls can be used to send commands 
to a large number of consumer electronics, such as 
televisions, VCRs, and DVD players. Nearly all remote 
controls use an invisible wave to send coded signals to 
the machine being controlled. When the waves containing 
the coded signal strike a photovoltaic cell, energy in 
the wave is transformed into electrical energy. If the 
photovoltaic cell is connected to a set of headphones, 
you can hear what the signal sounds like.

Purpose
In Part A you will compare the coded signals produced 
by different types of remote controls. In Part B you will 
explore some of the properties of the waves that carry 
these coded signals.

Part A: Listening to the Coded Signal 

Materials
•	 photovoltaic cell with two leads
• 2 test leads with alligator clips at each end
• pair of sensitive headphones (the type you might use 

with a portable music player)
• at least two different remote controls, preferably with 

different brand names
• “Properties of the Waves Emitted by Remote Controls” 

handout

Procedure and Observations
step 1: Use the two test leads to connect the photovoltaic 

cells to the headphones, as shown in Figure C2.1.

Figure C2.1

step 2: Test the detector you built in step 1 by bringing 
it close to a strong light source and covering 
and uncovering the surface of the photovoltaic 
cell with your hand. You should be able to hear 
a wavering sound that corresponds to light 
intermittently hitting the surface.

step 3: Aim one of the remote controls at the 
photovoltaic cell. Press one of the keys and note 
the sound that is created as the coded signal 
strikes the photovoltaic cell. Test the other keys 
to see if you can hear differences in the sounds 
that relate to the corresponding signals. Record 
your observations.

step 4: Repeat step 3 for at least one other remote 
control that has a different brand name. Record 
your observations.

Part B: Properties of the Waves Emitted by 
Remote Controls 

Procedure and Observations
step 1: Obtain the handout “Properties of the 

Waves Emitted by Remote Controls” 
from the Science 30 Textbook CD.

step 2: Follow the instructions on this handout, and 
record your observations.

Analysis
1. Suggest a reason why one brand of remote control is 

often unable to operate another brand of television. 

2. Sketch a simple flowchart to show the energy 
transformations that occur from the batteries in 
the remote control to the sound you heard in your 
headphones.

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�
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Exploring Coded Signals

Try This Activity
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2.1 Electromagnetic Radiation

Imagine 
walking between some 

shade trees early on a warm summer 
morning. Although the air is still cool, the 

effect of the sunlight is noticeable the instant 
you pass from a shaded spot to an area bathed in 

sunlight. Upon leaving the shadows, your eyes might 
automatically squint in response to the dramatic increase 
in the brightness of the light. Your skin would also detect 
a change as the Sun’s rays create a warming sensation on 
exposed surfaces. If the day happened to be one with 
record-breaking high temperatures, the black asphalt 
pavement on roadways would absorb and then re-emit 

energy from the Sun for hours into the evening, long 
after the sun has set. Your eyes would not be able 

to detect this re-emitted radiant heat, but 
the thermal receptors in the skin on 

your fingertips could.
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 The type of radiation that you can see with your eyes and sense 
as radiant heat with your skin does not involve particles with mass; 
instead, it is transmitted in the form of electromagnetic radiation, 
or EMR. Electromagnetic radiation consists of a changing electric 
field and a changing magnetic field travelling at right angles to one 
another. As you learned in Chapter 1, electric fields are produced 
by charged objects, whereas the source of all magnetic fields 
is moving charges. Electromagnetic radiation originates from 
accelerating charges.
 In this lesson you will have an opportunity to survey the many 
forms of electromagnetic radiation. You may be surprised at how 
many everyday devices utilize electromagnetic technologies.

Forms oF radiation From the sun

type of radiation solar-wind particles electromagnetic radiation

how energy is 
transmitted

examples fast-moving electrons, protons, and 
helium nuclei visible light and radiant heat

 You have learned in previous courses that energy travels from the Sun to Earth through the 
near-perfect vacuum of space in the form of radiation. Recall that the radiation from the Sun is 
vitally important since it provides the essential input energy for virtually every food web and warms 
Earth so that the planet can be habitable. In Chapter 1 you learned about solar wind—radiation from 
the Sun in the form of particles with mass like electrons and protons.

electromagnetic radiation (emr): a wave that consists of a changing electric 
field and a changing magnetic field travelling at right angles to one another

Use the table “Forms of Radiation from the Sun” to answer questions 1 and 2.

1. A straight line drawn from the centre to the perimeter of a circle is called a radius. Suggest an explanation for the 
origins of the word radiation.

2. In Chapter 1 you learned that in addition to solar wind, astronauts need to be protected from cosmic rays. Cosmic 
rays are large, positively charged particles emitted from stars in distant parts of the galaxy.

 a. Explain whether or not cosmic rays can be classified as a type of electromagnetic radiation.

 b. Describe evidence from your own experiences that supports the idea that distant stars emit electromagnetic 
radiation that travels to Earth.

Practice

magnetic
field vectors

accelerating charge
• a spark
• a vibrating polar molecule

electric
field vectors

velocity
vector

Figure C2.2: Electromagnetic radiation

radiation: energy 
emitted in the 
form of particles 
or waves
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Transmitting Energy Through Vibrations
Carefully examine Figure C2.3. The idea that waves transmit 
energy from one place to another through vibrations is 
demonstrated in the photograph.
 The child’s splashes disturb the surface of the water. As 
the water’s surface returns to equilibrium, vibrations are set 
up in the form of ripples. The ripples transmit energy away 
from the child along the water’s surface. In a similar way, the 
larger waves behind the child could be transferring energy 
from a boat far offshore.
 Above the water, the child’s voice disturbs the molecules 
in the air and causes a pattern of vibrations to carry sound 
waves away from the child through the air. As the sound 
energy reaches the ears of other people on the beach, they 
might turn in the direction of the source.
 In the background of the photo, electromagnetic radiation 
from the setting Sun warms everyone on the beach and 
provides the last hours of daylight. These waves are different 
from the sound waves and the water waves because, in this 
case, the wave energy is not transmitted by vibrating matter.
 When it comes to electromagnetic radiation, it’s electric 
and magnetic fields that are doing the vibrating. You know 
from your work in Chapter 1 that these fields are invisible 
and are not a form of matter. This is how the electromagnetic 
radiation is able to travel through the vacuum of space to 
Earth. If electromagnetic radiation required matter to carry 
the vibrations, the energy from the Sun would be unable to 
reach Earth. Since electric and magnetic fields can exist in matter as well as in a vacuum, the electromagnetic radiation is able 
to travel through the gases of Earth’s atmosphere to the shore in the photograph.

Use the following information to answer questions 3 and 4.

3. Identify ways in which your body could detect the electromagnetic radiation emitted by the light bulb. 

4. Explain how electromagnetic radiation is able to travel from the filament to the surrounding glass if the air inside the 
bulb is almost completely removed.

Practice

As electric current passes through the filament of an 
incandescent light bulb, the resistance of the tungsten 
filament causes it to heat up and emit light. Nearly all 
the air has been removed from the bulb so that the 
extreme temperature of the filament will not cause the 
filament to burn. This type of light source is considered 
to be inefficient because only 10% of the electrical 
energy produces light energy. The other 90% of the 
input energy produces waste heat. 

Figure C2.3
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Background information
Some devices, like small calculators and garden lights, 
can be powered by a photovoltaic cell, which converts 
light energy into electrical energy. This technology can  
be used to build a detector that indicates the intensity  
of electromagnetic radiation.

Purpose
You will assemble and use a simple detector to explore 
the electromagnetic radiation emitted from an overhead 
projector.

materials
• overhead projector set up with an equilateral prism by 

your teacher 

• photovoltaic cell with two leads

• 2 test leads with alligator clips at each end

• digital multimeter

• “Electromagnetic Energy to Electrical Energy” handout

Procedure and observations
step 1: Set up the digital multimeter to measure millivolts. 

step 2: Connect one end of each test lead to the 
photovoltaic cell. Connect the other ends of each 
test lead to the digital multimeter, as shown in 
Figure C2.4.

Figure C2.4

step 3: It is important to test the detector to ensure it is 
working. Bring the open face of the photovoltaic 
cell close to a light source and note how the 
display on the multimeter changes. Record your 
observations.

step 4: Obtain the handout “Electromagnetic Energy  
to Electrical Energy” from the Science 30 
Textbook CD. You will record your results  
for the remaining steps on this handout. 

step 5: Your teacher will turn on the projector with the 
prism and then turn off the lights in the room. 
You should see the white light from the projector 
being separated into all the colours of the 
rainbow on the screen. 

step 6: Set the multimeter on its most sensitive setting. 
Place the photovoltaic cell in the violet region of 
the spectrum. Slowly move it toward the red end 
as you note the readings for each colour on the 
multimeter. Continue to move the photovoltaic 
cell beyond the red area until the values displayed 
on the multimeter reach a low value that no 
longer changes. Measure how far you were able 
to move into the dark area, away from the red 
region, to reach this point. Record the multimeter 
readings and your position on the handout. 

step 7: Place the photovoltaic cell in the violet region 
of the spectrum and move it toward the area of 
darkness. Note the multimeter readings. Continue 
to move the apparatus until the signal reaches a 
low value that no longer changes. Measure how 
far you were able to move into the dark area to 
reach this point. Record the multimeter readings 
and your position on the handout.

analysis
1. Describe how the multimeter readings changed as you 

moved the photovoltaic cell closer to a bright light source. 

Refer to your observations on the handout as you answer 
the following questions.

2. Describe how the multimeter readings changed as you 
moved your detector

 a. through each colour of the spectrum

 b. into the dark region that borders the red region

 c. into the dark region that borders the violet region

3. The simple detector you built transforms 
electromagnetic energy into electrical energy. Use 
this fact to interpret your results from question 2 
by describing how the intensity (strength) of the 
electromagnetic radiation changed in each case.

4. Your eyes are able to detect the electromagnetic 
radiation that produces all the colours of the rainbow. 
Describe the evidence from this investigation that 
suggests that your eyes are unable to detect all the 
electromagnetic radiation emitted by the projector.

Science Skills 
Performing and Recording
Analyzing and Interpreting
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Electromagnetic Radiation Transfers Energy
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Describing Electromagnetic Radiation

Electromagnetic radiation can be described using the same terminology that you applied to other types of waves in previous 
courses. Electromagnetic radiation is a transverse wave because the direction of the vibrations is at right angles to the wave’s 
direction of travel. Just like other transverse waves, electromagnetic radiation has crests and troughs. One cycle of the wave 
contains one crest and one trough of either the electric field vibration or the magnetic field vibration. A wave train is a series 
of many cycles and forms a repeating pattern of vibrations. The notion of a cycle is also important because it is central to two 
of the most important measurements used to describe a wave—wavelength and frequency.

Wavelength
The distance required for one complete cycle is a key characteristic of the wave. The length of one cycle is called the 
wavelength. In other words, wavelength is the distance from a point on one wave to the corresponding point on the next wave. 
The symbol for wavelength is the Greek letter lamda, l. 

magnetic
field vectors

electric
field vectors

velocity
vector

source of EMR

one cycle

one cycle

Figure C2.5: EMR is a transverse wave. The magnetic field vectors are at right angles to the velocity vector. 
The electric field vectors are at right angles to the velocity vector.

λ

λ

λ

Figure C2.6: The wavelength, l, of electromagnetic radiation can be measured in different ways.

transverse wave: 
a wave in which 
the vibrations are 
perpendicular to the 
direction the wave is 
travelling

cycle: one complete 
vibration of a wave 

wavelength: the 
distance from a point 
on one wave to the 
corresponding point 
on the next wave; the 
length of one cycle
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5. Determine the wavelength of the following examples of 
electromagnetic radiation. 

 a. 

115 mm

v

 b. 

408 km
v

Practice

Determine the wavelength of this electromagnetic 
radiation.

14.0 m

v

Solution
step 1: Determine the number of wavelengths in the 

space.

0.25λ 14.0 m

v

λ

λ

λ

 There are 3.25 wavelengths in the space.

step 2: Calculate the wavelength of the EMR.

  3 25 14 0

1 14 0

4 31

. .

.

.

  m

  m
3.25

 m

l

l

=

=

=

 The wavelength of this EMR is 4.31 m.

Example Problem 2.1
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The following diagram shows an illustration of an electromagnetic radiation passing a detector. Use this information to 
determine the frequency of the EMR. 

 

 Before               after

Solution

number of cycles passing detector

time for the cycles to 

= 4

ppass s= ¥

=

-4 0 10 6.

?f

 
f = number of cycles passing detector

time for the cycles to ppass

s

Hz

 MHz

=
¥

= ¥
=

-
4

4 0 10

1 0 10

1 0

6

6

.

.

.

The frequency of the EMR is 1.0 MHz.

Alternative Solution
If four cycles pass in 4.0 ¥ 10- 6 s, then one cycle passes in 1.0 ¥ 10- 6 s. That means, for every second, one million 
cycles pass. This gives a frequency of one million cycles per second, or 1.0 MHz.

Example Problem 2.2

EMR Detector

0 0

Time (s) Number
of Cycles

v

EMR Detector

4.0 ¥ 10–6 4

Time (s) Number
of Cycles

v

Frequency
Electromagnetic radiation can also be described in terms of how frequently a cycle passes a 
stationary point. This is known as the frequency of the wave. The symbol for frequency is f. 
If three cycles pass a point in one second, the frequency is said to be three cycles per second. 
To keep the communication more concise, “cycles per second” is simply called hertz (Hz), 
in honour of Heinrich Hertz, who discovered radio waves. So, a frequency of three cycles per 
second is simply written as f = 3 Hz. If five cycles pass a point in a second, then the frequency  
is described as five cycles per second, or f = 5 Hz. 

frequency: the number 
of cycles per second

hertz (hz): the unit for 
frequency

three Cycles of an electromagnetic Wave Pass a detector

 Before after

EMR Detector

00

Time (s) Number
of Cycles

v

EMR Detector

31.0

Time (s) Number
of Cycles

v
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Universal Wave Equation
The measurements of wavelength and frequency not only describe key characteristics of waves, they also provide a very 
convenient way to calculate the speed of the wave. 

illustrating the universal Wave equation

 Before after

If (3.0 ¥ 106 waves) ¥ (1.0 ¥ 102 m) of EMR pass a point in 1.0 s, the speed is 3.0 ¥ 108 m/s.

f  ¥  l  =  v

universal Wave equation

v

1.0 x 102 m
EMR Detector

3

Time (s) Number
of Cycles

v

1.0 ¥ 10–6

The length of one cycle is 1.0 ¥ 102 m. 
Therefore, l = 1.0 ¥ 102 m.

Three waves pass the 
detector in 1.0 ¥ 10- 6 s. 
Therefore, f = 3.0 ¥ 106 Hz.

Rearrange.

v = l f
wavelength (m)speed of wave (m/s)

frequency (Hz)

The equation v = l f  is called the universal wave equation because it applies universally to all types of waves. When it comes 
to electromagnetic radiation, there is a very wide range of wavelength and frequency values, but the speed of all these waves 
when travelling through a vacuum is always the same, 3.00 ¥ 108 m/s (the speed of light). This particular speed value has 
a special significance in science; so, it is given its own symbol, c. That’s why the universal wave equation is often written 
as c = l f when it involves electromagnetic radiation. The speed of light is not always mentioned in problems involving 
electromagnetic radiation. It is important to remember the value of c or to be able to find it in the Science Data Booklet or  
some other resource.

6. Determine the frequency of the following examples of electromagnetic radiation. 

 a. In 1.00 ms, 740 radio waves pass the antenna of a radio. 

 b. In 1.00 ms, 2450 microwaves pass through a point on a piece of cheese in a microwave oven.

Practice
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An excited atom in a neon sign emits electromagnetic radiation with a wavelength of 6.4 ¥ 10- 7 m. 

a. Calculate the frequency of the electromagnetic radiation. 

b. If the neon sign was located 25.0 m from an observer, how long would it take the light from the sign to reach  
the observer? 

Solution
a. l = ¥

= = ¥

=

-6 4 10

3 00 10

7

8

.

.

?

m

m/sv c

f

 c f

f c

=

=

= ¥
¥

= ¥
= ¥

-

l

l
3 00 10
6 4 10

4 7 10

4 7 10

8

7

14

14

.
.

.

.

m/s
m

1/s

Hz

                       

 The frequency of the EMR is 4.7 ¥ 1014 Hz.

Example Problem 2.3

b. D

D

d

v c

t

=

= = ¥

=

25 0

3 00 108

.

.

?

 m

m/s

 v
d
t

t
d

c

=

=

=
¥

= ¥ -

D
D

D
D

25 0

8 33 10 8

.

.

 m
3.00 10 m/s

s

8

 The light would take 8.33 ¥ 10- 8 s to travel from the 
sign to the observer.

The antenna of a FM radio station broadcasts electromagnetic radiation with a frequency of 104.5 MHz. A driver in a 
car is receiving these FM radio waves while travelling down a highway at 90.0 km/h, or 25.0 m/s.

a. Calculate the wavelength of the electromagnetic radiation. 

b. Some of the FM radio waves can leave Earth’s atmosphere and travel into space. Calculate how long it would take 
these radio waves to reach the Moon, which is located about 3.84 ¥ 108 m from Earth. 

c. Use your answer to part b. to determine how far the car would travel in the same time it takes the radio wave to 
travel from Earth to the Moon.  

Solution

a. f

v c

=
= ¥
= ¥

= = ¥

=

104 5

104 5 10

3 00 10

6

8

.

.

.

?

 MHz

Hz

104.5 10 1/s

m/s

6

l

 c f

f
c

=

=

=
¥

¥
=

l

l

104 5 10

3 00 10

0 348

6

8

.

.

.

1/s

m/s

 m

 The wavelength of the EMR is 0.348 m.

c. D

D

t

v

d

=

=

=

1 28

25 0

.

.

?

 s

 m/s

 v
d
t

d v t

=

=
= ( ) ( )
=

D
D

D D
25 0 1 28

32 0

. .

.

 m/s  s

 m

 The car would travel 32.0 m in the same time that it takes  
the radio wave to travel from Earth to the Moon.

Example Problem 2.4

b. D

D

d

v c

t

= ¥

= = ¥

=

3 84 10

3 00 10

8

8

.

.

?

m

m/s

 v
d
t

t
d

v

=

=

=
¥

¥
=

D
D

D
D

3 84 10

3 00 10

1 28

8

8

.

.

.

m

m/s

 s

 The FM radio wave would take 1.28 s to travel from 
Earth to the Moon.
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The Electromagnetic Spectrum
The complete range of all electromagnetic radiation is called the 
electromagnetic spectrum. The types of waves are usually organized 
according to wavelength and frequency. 

electromagnetic spectrum: the wide band 
of different types of electromagnetic radiation 
ranging from radio waves to gamma rays

103

104 102 1

105 107 109 1011 1013 1015 1017 1019 1021 1023

Frequency (Hz)

Electromagnetic Spectrum

Wavelength (m)

long wave (radio)

infrared ultraviolet

short wave

R

X-rays

visible light

700 nm 400 nm

gamma rays

television

microwave

O Y G B I V

10–2 10–4 10–6 10–8 10–10 10–12 10–1410–2 10–4 10–6 10–8 10–10 10–12 10–14

 Note that some of the individual bands of electromagnetic 
radiation overlap one another. This is because the same type 
of electromagnetic radiation can be used to accomplish a 
number of very different tasks. As an example, waves with 
a frequency between 109 and 1011 Hz can be used for both 
communication (classified as radio waves) and for radar 
(classified as microwaves). The best way to understand how 
the individual bands on this chart relate to one another is to 
look at three key characteristics: 

 • the nature of the source for each band 
 • the energy transmitted by each band
 • the effects of each band on living tissue

Figure C2.7: The electromagnetic spectrum

7. An AM radio station broadcasts on a frequency of 960 kHz. 

 a. Calculate the wavelength of this electromagnetic radiation. 

 b. If a city block is about 100 m long, approximately how many city blocks would it take 
to contain one wavelength of this electromagnetic radiation?

8. Digital cellphones operate by sending and receiving electromagnetic radiation with 
a wavelength of about 16.5 cm. 

 a. Determine the frequency of the electromagnetic radiation 
emitted by a digital cellphone.

 b. Determine your height in metres; then calculate how many 
wavelengths from a digital cellphone could fit in the space 
between your feet and the top of your head.

Practice
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Radio Waves
Radio waves have the lowest frequency of all types of electromagnetic radiation because they are 
produced by the low-frequency vibrations of electrons within electric circuits. The ability of these 
waves to travel through the atmosphere makes them ideally suited for communication. However, the 
inability of radio waves to penetrate metal objects means that an external antenna is often required.
       When a radio wave passes 

the antenna of a receiver, the 
vibrating electric fields within the 
wave cause electrons within the 
antenna to vibrate as well. The 
circuitry attached to the antenna 
decodes this electric signal, 
providing the user with the radio 
or TV broadcast. Since many radio 
waves can be received by the same 
antenna, the circuitry must allow 
users to select the particular frequency used by the station 
they wish to listen to or watch.
      The effects of radio waves on living tissue vary, 
depending upon the specific frequency or wavelength. Radio 
waves with the lowest frequency are called extremely low 
frequency waves, or ELF for short. These radio waves are 
emitted from the 60 Hz of AC current found in household 
wiring and from power lines. It is unclear whether these 
waves have any effect on human health. 

 Radio waves with a wavelength of about 4 m are used 
with strong magnetic fields in magnetic resonance imaging 
(MRI) machines to produce detailed images of the inside of 
the human body. When these radio waves are directed at a 
specific body part, the nuclei of the hydrogen atoms in that 
body part give off energy, which is used by a computer to 
create an image. These particular radio waves are chosen for 
this purpose because they appear to have no harmful effects 
on the body. This lack of effects is thought to be due to the 
generally low energy content of these waves.

radio wave: a type of electromagnetic radiation with 
a frequency less than 3000 GHz; used primarily for 
communications 

antenna: a transmitter or receiver of electromagnetic energy

extremely low frequency (eLF): electromagnetic radiation 
with a frequency between 3 and 300 Hz; emitted from power 
distribution cables

magnetic resonance imaging (mri): a method of obtaining 
internal images of objects, especially living organisms, by using 
radio waves and strong magnetic fields

Figure C2.8: The antenna on 
this tower broadcasts radio 
waves into the surrounding 
countryside.

   9. Identify which part of a radio wave causes 
electrons in a car’s antenna to vibrate.

10. In Chapter 1 you learned that metal objects can  
shield both electric and magnetic fields.

 a. Explain why a car’s antenna must be located outside the car or built into the windshield.

 b. Explain why a car’s radio is momentarily unable to receive a signal when the car travels under a highway overpass.

11. Many people enjoy speculating about the possibility of intelligent life inhabiting planets that orbit stars other than 
the Sun. It has been estimated that the first television shows broadcast in the mid-1900s would take about 50 
years to reach all of the planets orbiting the nearest 400 stars to Earth. Estimate how far a radio wave containing a 
TV signal could travel in 50 years.

Practice

Figure C2.9: A magnetic resonance imaging, or MRI, machine uses radio 
waves to produce images of internal body parts.

Unit C: Electromagnetic Energy422



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

Microwaves
Although microwaves overlap 
with very short wavelength 
radio waves, they are usually 
classified as a distinct category 
because they generally transmit 
more energy than radio waves. 
To produce the desired high-
frequency radiation of microwaves, high-frequency circuits 
are used. These circuits require special vacuum tubes to 
create microwaves.
 The tube in Figure C2.10 
is from a microwave oven. It is 
specially designed to produce 
electromagnetic radiation with 
a frequency of 2450 MHz. 
This frequency is best for 
causing water molecules 
to increase their molecular 
motion and to start rotating 
within the changing electric 
field of the microwaves. The 
result is that the rotating 
water molecules increase 
the molecular motion of 
other molecules in the food, causing a temperature increase. 
Similar heating effects also occur when microwaves interact 
with fat or sugar molecules, but the fastest cooking occurs 
when the food has a high water content.

Figure C2.11: Whole eggs can explode when heated in a microwave oven. 
This is due to the buildup of steam within the egg’s shell.

 Since living tissue contains a high percentage of water 
molecules, the effects of microwaves on living tissue can be 
hazardous, particularly to those tissues that form the lens 
of the eye. There is evidence that prolonged exposure to 
microwaves leads to cataracts later in life.

microwaves: a type of 
electromagnetic radiation 
with a frequency between 
1 GHz and 100 GHz; 
used for radar, satellite 
communications, and 
cooking food

  Higher-frequency microwaves (ones that are not absorbed 
by water molecules) are used in telecommunications because 
they are particularly effective at penetrating through rain, 
snow, haze, and smoke. This makes microwaves ideally 
suited for radar applications and satellite communications.

The global positioning system 
(GPS) is a system of Earth-orbiting 
satellites that can provide information 
about the exact location of anyone 
with a GPS receiver. Each satellite 
transmits microwave signals that 
are modulated by timed pulses. 
When pulses are received from 
four or more other satellites, an 
inexpensive GPS receiver can 
determine positions on Earth 
with an accuracy of ± 5 m.

DID YOU KNOW?DID YOU KNOW??

Figure C2.10

12. If microwave ovens use electromagnetic radiation 
with a frequency of 2450 MHz, calculate the 
wavelength of the microwaves. 

13. Explain the following statement.

When reheating a plate of food in a microwave 
oven, it is important not to leave a metal 
fork on the plate. The metal fork will act as 
an antenna for the microwaves in the oven, 
resulting in dangerous sparking.

Practice
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Infrared Radiation
When sunlight passes through 
a prism, it is separated into all 
the colours of the rainbow. If 
thermometers with blackened 
bulbs are placed in the coloured 
region of the spectrum, the 
temperature increases relative 
to a control thermometer that is 
shielded from the prism. These 
temperature increases indicate 
that visible light transfers 
energy. If a thermometer is 
placed in the dark area beside 
the red region, it shows an 
increase in temperature as 
well. Even though there is no 
visible light in this area, the 
thermometer indicates that 
energy is being transmitted. 
When this experiment 
was first done in 1800, 
the conclusion was that 
an invisible form of light 
was separated from the 
sunlight by the prism. 
Today, this light is called 
infrared light or infrared 
radiation. The word infra is Latin for “below.” As the name 
suggests, infrared light has a frequency just below red.
 There is a range of electromagnetic radiation that is 
classified as infrared. The temperature-sensitive nerve 
endings in your skin can detect infrared waves. So, when 
you feel the warmth of a campfire, you are sensing infrared 
radiation. The remote controls you use with TVs and DVD 
players also use infrared radiation. Your skin is not able to 
detect the heating effects of the infrared waves produced by 
a remote control; but, as indicated in the “Exploring Coded 
Signals” activity, these waves can still transfer energy.

 Infrared radiation is emitted by the vibration or rotation 
of the molecules within a material; so, objects that are 
warm or hot tend to emit energy in the infrared part of the 
electromagnetic spectrum. It is advantageous for humans and 
most other animals to be able to sense infrared radiation—
objects that emit infrared radiation tend to be hot and may 
represent a burn hazard. 

14. In addition to being able to detect infrared 
radiation, humans are also sources of infrared 
radiation. Most people emit a band of infrared 
radiation with a peak wavelength of about 10 mm. 

 a. Explain the mechanism that allows the human 
body to emit this radiation. 

 b. Calculate the frequency of this radiation. 

15. Sunlight pours in through a window as two friends 
watch a football game on television. A hot bowl 
of popcorn sits between them as they use the 
remote control to switch between games on 
different channels. 

 a. Identify the sources of infrared radiation.

 b. If the TV is operated by an infrared remote 
control, how does the circuitry within the TV 
distinguish between the signal from the remote 
control and the infrared radiation generated by 
other objects in the room?

Practice

visible
radiation infrared

radiation no radiation
from prism

control
thermometer

T = 27˚C
T = 28˚C

T = 27˚C T = 24˚C

prism

radiation
from the Sun

infrared light or infrared 
radiation: a type of 
electromagnetic radiation,  
with a frequency between  
3.0 ¥ 1011 Hz and 4.3 ¥ 1014 Hz, 
that increases the vibrations 
between molecules, resulting 
in heating effects 
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Using Infrared Radiation for Communication

Handheld computers (PDAs) are a popular way for working 
people to stay in touch with their e-mail accounts, scheduling 
software, and customer-account information when they are 
away from the office. These devices are able to send and receive 
signals with other devices, such as printers, laptop computers, 
cellphones, digital cameras, and other handheld computers.

beaming: the communication of data between 
wireless devices using a beam of infrared light 

     Since most of the 
radio-wave frequencies 
are already heavily 
used, many of these 
devices communicate 
using an encoded 
infrared signal. This 
form of communication 
is often called 
beaming. In the next 
investigation you will 
have an opportunity 
to explore some of the 
characteristics of this 
technology by building a  
simple infrared transmitter and receiver.

Purpose
You will build and test a simple infrared transmitter and receiver. 

materials
• portable music system with a headphone jack (e.g., CD player or MP3 player)
• set of sensitive headphones for the portable music system
• 7 test leads with alligator clips at each end
• 7 small elastic bands to shorten the test leads
• 1 AA cell in a holder with leads
• photovoltaic cell with leads
• infrared LED (light-emitting diode) with peak wavelength of 940 nm 
• 0.22-mF capacitor (50 WVDC max)
• audio cable with 3.5 mm ( 1

8 -inch ) stereo plugs at each end (must be less than 2 m long)
• infrared remote control
• 6 sheets of facial tissue
• “Building an Infrared Transmitter and Receiver” handout

Procedure and observations

Part a: Building the infrared transmitter  
and receiver
Obtain the handout “Building an Infrared  
Transmitter and Receiver” from the Science 30 
Textbook CD. Follow the instructions in this  
handout to build the transmitter and receiver.

Building and Testing an Infrared Transmitter and Receiver

Investigation

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�

 

receiver transmitter
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Part B: testing the infrared transmitter and receiver

Procedure and observations
step 1: Determine how the equipment should be arranged to produce the strongest signal between the transmitter and 

the receiver. Record your results.

step 2: While listening through the headphones, slowly pull the photovoltaic cell away from the LED to determine the 
maximum distance that the receiver is able to receive a useable signal from the transmitter. Record your results.

step 3: Determine how many sheets of facial tissue are required to absorb the infrared energy from the transmitter 
when the photovoltaic cell is located 8.0 cm from the LED. 

analysis
1. Suppose the transmitter and receiver you built in this investigation were the prototype for a new model of wireless 

communication technology. Use the results of this experiment to write a concise summary that describes some of 
the strengths and weaknesses of your infrared transmitter and receiver as a communication technology. 

2. Use the Internet as a tool to gather information about the strengths and  
weaknesses of commercially available infrared communication technologies.

Visible Light 
In the entire electromagnetic spectrum, the colours red through violet make up a very thin slice called the visible spectrum. 
Many students use the name “Roy G Biv” as a memory device to help them remember the order of all the colours in the 
visible spectrum: red, orange, yellow, green, blue, indigo, and violet. Individuals have different abilities to see colours. For 
most people, the limits of vision extend from radiation with a wavelength of about 700 nm at the red end to about 400 nm at 
the violet end. 
 In general, visible light is emitted by objects that are hot: the filament of a light bulb, the flame of a candle, or the surface 
of the Sun. In all cases, the temperature is high enough to cause electrons to jump within the overlapping energy levels of 
closely packed atoms or molecules.
      Just over 100 years ago, at the beginning of the twentieth century, Albert Einstein proposed a radical adjustment to the 
idea that visible light was an electromagnetic wave. Einstein proposed that although light had a wavelength and a frequency, it 
was not emitted in long trains of connected waves. Instead, it was emitted in bundles of energy called photons. A photon can 
behave like a particle in that it can collide and interact with an individual atom, but it has no mass because it is a tiny packet 
of electromagnetic energy. The energy of an individual photon depends upon the frequency of the radiation—the higher the 
frequency, the greater the energy of the photon. In the visible spectrum, red photons have the least amount of energy, while 
violet photons have the most. 

red photon green photon violet photon

wavelength increases

frequency increases

visible spectrum: the 
complete range of all colours 
of light that can be seen by 
the human eye: red, orange, 
yellow, green, blue, indigo, and 
violet; frequencies range from 
4.3 ¥ 1014 Hz to 7.5 ¥ 1014 Hz

photon: a small bundle of 
electromagnetic energy
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Photosynthesis
One of the best illustrations of the photon model of light is photosynthesis. 
The input energy for this process is visible light energy from the Sun. 
Within the cells on the leaf of a green plant, a specialized structure called a 
chloroplast contains the pigment molecules called chlorophyl. The pigment 
molecules act like antennae—discs spread out in horizontal patterns to 
absorb as much energy from the incoming photons as possible.

 Note that the chlorophyl molecules absorb the energy in the photons of red and violet light—using this energy to 
eject electrons. These electrons are then picked up by other molecules that participate in the chemical reactions of 
photosynthesis. 
 The photons of green light are not absorbed because they do not have the exact amount of energy needed to eject 
electrons in the chlorophyl molecules. You could say that the chlorophyl “antennae” are not “tuned” to this particular 
frequency of electromagnetic radiation. Since green-light photons are not absorbed, the energy is reflected. This is why a 
plant leaf looks green under white light: the light from the red and violet ends of the visible spectrum has been absorbed, 
leaving only the light from the middle of the visible spectrum—green—to be reflected to your eyes.
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      Photosynthesis is just one example of how photons of 
visible light interact with living tissue. The reactions that 
occur as photons strike the retina are similar. In both cases, 
the energy of the photons is sufficient to cause an electron 
to be ejected from a specialized receptor molecule, but the 
energy is not so great that irreversible chemical changes 
occur. As you will see later in this lesson, if photons with 
more energy than visible light strike these cells, permanent 
damage can occur. 
      Although Einstein’s photon model for light applies to the 
whole electromagnetic spectrum, the effects have practical 
applications only for radiation with frequencies close to 
visible light or higher. At the radio-wave end of the spectrum, 

continuous wave effects dominate—radio-wave photons would be very difficult to detect. At the gamma-ray end of the 
spectrum, the particle-like behaviour of photons is most significant, while continuous wave effects are difficult to detect. 
Visible light is positioned in the middle of the spectrum, so it is ideal for demonstrating the unique blend of both continuous 
wave and photon characteristics.

Ultraviolet Radiation
The Latin word for “beyond” is ultra, so it shouldn’t be surprising that the radiation that has 
a frequency just beyond violet is called ultraviolet light, ultraviolet radiation, or just UV. 
Ultraviolet photons are emitted from sources that are very hot—hotter than the sources for 
visible light. Some people refer to an ultraviolet light source as a “black light,” but the word 
black means the absence of light, so this is not really an accurate description. The best way 
to think of ultraviolet light is in terms of photons. Since ultraviolet photons have a higher 
frequency than those in the visible spectrum, they have more energy.

ultraviolet light, 
ultraviolet radiation, 
or uV: a type of 
electromagnetic radiation 
that is emitted by very 
hot objects; frequencies 
range from 7.5 ¥ 1014 Hz 
to 1 ¥ 1018 Hz

Figure C2.12: This lamp emits both visible light and ultraviolet radiation. Figure C2.13: Good-quality goggles used for snowboarding and skiing have 
special coatings to absorb ultraviolet radiation.

16. Identify the types of sources that produce visible light. 

17. Compare and contrast a photon of red light with a photon of 
violet light. 

18. Why do the leaves of most plants look green? 

19. Use the words photon, antenna, and chlorophyl to explain why 
green plants tend to turn their leaves toward a light source.

Practice
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 In terms of wavelength, the ultraviolet band spans from 
400 nm down to 100 nm. This band can be divided further 
into UVA, UVB, and UVC. You will likely run across these 
terms on product labels when shopping for sunglasses or 
goggles for outdoor activities. It’s important to ensure that the 
sunglasses or goggles you buy will stop 100% of the UVA and 
UVB radiation from entering your eyes. High-energy photons 
can do permanent damage to living tissues. UVC photons are 
even more hazardous, but Earth’s ozone layer absorbs most of 
the UVC radiation before it reaches Earth’s surface.
 Photons of UVC radiation have so much energy that they 
eject electrons from atoms, ionizing the atoms and leading 
to the formation of free radicals. As you learned in Unit B, 
free radicals are highly reactive particles that accelerate the 
decomposition of organic compounds. This is why UVC 
is classified as a type of ionizing radiation. When a UVC 
photon collides with a molecule of DNA, the ionization 
triggers the formation of free radicals, which causes one of 
the DNA strands to break.

      As shown in Figure C2.14, a UVC photon can break 
chemical bonds and cause an accidental bond to be formed 
between adjacent bases. The DNA molecule becomes 
distorted and is no longer able to replicate properly. If this 
kind of event happens in several places along the DNA of a 
bacterium, the micro-organism is no longer able to replicate 
its DNA. It dies or will be unable to reproduce. This is the 
basis of technologies that use ultraviolet radiation to sterilize 
medical and laboratory tools.

UVA

400 nmwavelength: 315 nm 280 nm 100 nm

UVB

ozone layer

The Effects of UV Radiation on Living Tissue

• wrinkling of
   the skin

• sunburn

• possible link
   to skin cancer

• proven link
   to skin cancer
• cataracts

• ionizing radiation
• breaks chemical bonds

• permanent damage to DNA

UVC

Figure C2.15: Most schools use cabinets like this to sterilize safety 
goggles with UVC light. As a safety mechanism, the bulb that is the 
source of the radiation turns on only when the door is closed.

ionizing radiation: high-energy radiation capable of 
ionizing the material through which it passes, leading 
to the formation of free radicals 

Before

UVC
photon

After

Chemical bonds
break.

An accidental
bond forms
between adjacent
thymine bases.

The distorted DNA molecule
does not function properly.

Figure C2.14
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Effects of Long-Term Exposure to 
Radiation

Many years of exposure to 
UV light from the Sun can 
lead to premature aging of 
the skin. Dermatologists 
explain to their patients 
that many forms of skin 
cancer can be traced back 
to accumulated damage 
to tissues that have been 
exposed to UV radiation 
since childhood. The 
medical evidence clearly 
indicates that long-term 
exposure to low doses of 
UV radiation can have 
negative effects on health. 
Researchers are currently 

investigating other areas of the electromagnetic spectrum to 
explore the connections between long-term exposure to low 
doses of radiation and illness.

Figure C2.16: Long-term exposure 
to UV light causes the skin to wrinkle, 
sag, and become leathery. 

Science Links
Many scientists suspect that skin cancers caused 
by exposure to UV light could become more of a 
problem in the future because a key component 
of the atmosphere that protects people from this 
radiation is being depleted. Most of the UV photons 
emitted by the Sun are absorbed by ozone in the 
stratosphere. As described in Unit B, human activities 
release compounds, such as CFCs, that reduce the 
concentration of ozone in the stratosphere.

20. Identify the characteristic of 
UV photons that makes them 
more hazardous to living tissue 
than photons of visible light. 

21. To help reduce UV damage to the skin, many 
people apply sunblock or a sunscreen before 
spending time in the sun. These lotions contain 
compounds that are specially designed to absorb 
different types of ultraviolet radiation:

 • UVA absorbers—titanium dioxide, zinc oxide, 
and avobenzone

 • UVB absorbers—homosalate, octyl salicylate, 
and octyl methoxycinnamate

 a. Describe the health benefits of a sunblock that 
has homosalate as an ingredient. 

 b. Describe the health benefits of a sunblock that 
has zinc oxide as an ingredient. 

 c. If the most hazardous type of ultraviolet 
radiation is UVC, explain why there isn’t an 
ingredient in sunscreen to block UVC rays. 

Practice

X-rays
Annual dental checkups typically begin with diagnostic  
X-rays of your teeth. The patient in Figure C2.17 is wearing 
a lead apron and is temporarily holding the film in place 
while the X-ray machine is brought into position. Once 
everything is in place, the patient will remove her finger from 
her mouth and the technician will leave the area before the 
machine is switched on, emitting a momentary stream of 
X-rays. After the procedure is over, the lead apron is removed 
and the patient can then meet with the dentist, who carefully 
examines the images.

X-rays: high-energy electromagnetic radiation with a frequency 
between 1018 and 1021 Hz; can be produced when fast-moving 
electrons strike a metal target

Figure C2.17
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 X-ray radiation can produce images of the insides of teeth or other body parts due to the fact that X-rays can penetrate 
some body tissues. The X-rays cause photographic film to be exposed by causing a chemical reaction to change the film from 
white to grey or black. The more dense tissues—like teeth, bones, and dental fillings—absorb more X-ray photons, so the 
film behind those areas appears white or lighter. Less dense tissues—like skin, fat, muscle, and blood vessels—appear darker 
on the film because more X-rays are able to pass through. A tooth that has a cavity or a crack allows more X-rays to pass 
through, so these features form darker areas on the image.

emitted
X-rays

metal target

fast-moving
electrons

 X-rays are produced using a high-voltage tube. The high voltage is used to give electrons high speeds so that they collide 
with a metal target, producing X-rays. The X-rays that leave the tube can travel from the tube through the air and then enter 
living tissue. When an X-ray photon collides with a molecule in a cell, a valence electron is knocked out of the molecule. Due 
to the high energy of the X-ray photon, the ejected electron leaves with a large quantity of kinetic energy, allowing it to ionize 
hundreds or thousands of other molecules in the area of the initial collision. Clearly, X-rays are a powerful form of ionizing 
radiation. When DNA is ionized by this kind of interaction, it is possible for both strands of the double helix to break. A 
double-strand break is much more difficult to repair than a single-strand break. If a fragment of DNA is lost during the repair 
process, the results can include mutations, chromosome aberrations, or the death of the cell. Given the effects of ionizing 
radiation on living tissue, you can see why it is so important to minimize your exposure to X-rays.

GuideLines For minimizinG eXPosure to sourCes oF ionizinG radiation

For the safety of the Patient For the safety of the technician

• Use the minimum photon energy to accomplish the task.
• Use shielding to protect tissues not involved in the procedure, 

especially tissues with rapidly dividing cells.
• Avoid exposing unborn children and infants to X-ray radiation.

• Reduce time spent near the source. 
• Increase distance from the source.
• Use shielding between the source and the technician.

ALARA: As Low As Is Reasonably Achievable 
Long-term exposure to low doses of ultraviolet light can create health problems later in life. The same can likely be said 
for long-term exposure to low doses of X-rays or any other form of ionizing radiation. The person or the body organ that is 
repeatedly exposed to low doses of radiation may survive, but the cells can become damaged. This damage can lead to cancer 
and other negative effects years after the initial exposure. Since current scientific evidence indicates that any radiation dose, 
no matter how small, may result in some negative effects on human health, it is best to keep the exposure to ionizing radiation 
as low as is reasonably achievable, or ALARA for short.
 Rapidly dividing cells, like those that produce blood cells in bone marrow, are particularly vulnerable to the effects of 
ionizing radiation because these cells spend a large percentage of their time in the process of DNA replication. Recall from 
Unit A that the processes that run cell division involve the replication of DNA and the lining up of chromosomes before cell 
division. These processes inadvertently increase the chances for genetic damage by presenting a large target to the radiation 
for an increased period of time. Unborn children are especially sensitive to ionizing radiation because their cells are dividing 
at a high rate and are developing into different kinds of tissue.
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 Since rapidly dividing cells are the ones most susceptible 
to damage from ionizing radiation, it makes sense that  
X-rays can also be used to kill cancer cells. When a focused 
beam of radiation is used to shrink or eliminate cancerous 
tumours, the process is called 
radiation therapy. The goal of 
this cancer treatment is to kill 
the cancer cells while doing as 
little damage as possible to the 
surrounding tissue.

radioactive: a term used to describe 
substances that spontaneously emit 
radiation from unstable nuclei

gamma radiation: the highest 
energy form of electromagnetic 
radiation with frequencies above 
1019 Hz; emitted from the nuclei of 
radioactive materials

Use the information below to answer questions 22 to 25.

22. Explain why the tiny screws appear white in the 
image.

23. Closely examine the teeth on the lower left of 
Figure C2.18. Describe the evidence that supports 
the idea that these teeth have soft tissue, like 
nerves and blood vessels, inside them. 

24. An X-ray machine produces photons with 
a frequency of 7.1 ¥ 1018 Hz. Calculate the 
wavelength of these X-ray photons. 

25. A woman slipped and fell on the ice while curling. 
She thinks that she may have injured her hip. 
Explain why it is important for the doctor to ask the 
woman if there is a possibility that she might be 
pregnant before recommending an X-ray be taken.

Practice

Figure C2.18 shows a patient’s X-ray after 
reconstructive surgery to repair a broken jaw.  
The same kind of panoramic X-ray is taken 
during orthodontic work.

Figure C2.18

Gamma Radiation
One of the leading ways to treat a brain tumour is to target 
the tumour with beams of very high-energy photons emitted 
from the nuclei of radioactive materials. The material 
used in this machine is cobalt-60, a radioactive isotope 
produced in nuclear reactors. The special name for photons 
emitted from radioactive sources, like cobalt-60, is gamma 
radiation. Gamma photons have the highest frequency 
of all types of electromagnetic radiation. It follows, then, 
that gamma photons also have the highest energy and the 
greatest penetrating power. Gamma radiation overlaps 
X-rays in the electromagnetic spectrum. 
They both produce ionizing radiation 
and they have an exceptional 
ability to penetrate matter. The 
only real differences stem from 
the fact that gamma photons 
originate from the nuclei 
of radioactive materials 
and can have even higher 
frequencies than X-rays.

radiation therapy: 
the medical use of 
ionizing radiation to 
treat disease, especially 
forms of cancer
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Purpose
You will use a questionnaire and other resources as you work with 
other students to develop strategies to minimize your exposure to 
radiation. 

Part a: ionizing radiation

Background information
Each day you are exposed to a number of different types of ionizing radiation. Some of the sources of radiation are 
unavoidable, while other sources could be classified as voluntary because they are due to decisions you have made 
about how you live your life. In this activity you will work with other students to identify strategies that will help keep 
your exposure to ionizing radiation as low as is reasonably achievable.

Procedure and analysis
step 1: Obtain the handout “Questionnaire: Estimating Your Annual Dose of Ionizing Radiation” from the 

Science 30 Textbook CD. Complete this questionnaire, and add up the totals for each section as 
well as the grand total from all sources. 

step 2: Compare your results from step 1 with the results of your classmates. Use the questionnaire to identify the 
sources that account for the differences in the results between individual students. Suggest strategies that 
could be used to minimize the exposure to radiation for students with higher scores.

Part B: non-ionizing radiation—radio Waves

Background information
Since the 1990s there has been a dramatic increase in the amount of radiation in the form of radio waves that comes 
in contact with human tissue. Although there are many technologies that have contributed to this increase, the most 
significant is the growing popularity of handheld cellphones. Many people would argue that since radio waves are not 
a form of ionizing radiation, the health risks associated with the use of this technology are minimal. Others disagree, 
indicating that the high use of this technology could present a situation similar to the exposure to solar UV, where 
long-term exposure to low doses of radiation creates health problems, including cancer, many years after the initial 
exposure. Since so many people use cellphones, it is important to learn whether this source of radiation presents a 
health hazard—and to reassure the users of this technology if it does not.

Procedure and analysis 
1. Estimate the number of minutes you spend using a handheld cellphone every month. You may need to consult the 

monthly statement from your service provider. Compare your results with those of other students, and determine 
the average number of minutes of monthly cellphone use for your group. Use the average value for your group to 
estimate the total length of time that cellphones would be used in one year and in one lifetime.

2. Refer to the table “Guidelines for Minimizing Exposure to Sources of Ionizing Radiation” that was presented earlier 
in this lesson. Using the guidelines presented on this table, work with other students to develop a list of strategies 
that could be used to reduce the exposure to the radio waves produced by a cellphone. Identify the strengths and 
weaknesses of each strategy. 

3. Work with members of your group to develop a list of specific questions that researchers should consider when 
designing experiments to investigate the possible connections between cellphone use and human health. 

4. Perform an Internet search to determine some of the specific questions that researchers are currently 
investigating on the topic of cellphone use and human health. Compare the results with the list of 
questions you developed in question 3.

Minimizing Exposure to Radiation

Utilizing Technology

Science Skills 
Initiating and Planning
Performing and Recording
Communication and Teamwork

�
�

 

�
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2.1 Summary

The electromagnetic spectrum includes a wide variety of electromagnetic radiation. When listed from lowest frequency to 
highest frequency, the spectrum includes radio waves, microwaves, infrared radiation, visible light, ultraviolet radiation,  
X-rays, and gamma rays. Visible light is the form of radiation that people are most familiar with because it includes all the 
colours that can be detected by the human eye: red, orange, yellow, green, blue, indigo, and violet. Visible light is uniquely 
positioned in the electromagnetic spectrum because it is able to demonstrate the wave characteristics of the radio-wave end 
of the spectrum and the photon characteristics of the gamma-ray end of the spectrum. Gamma rays, X-rays, and UVC are all 
classified as ionizing radiations because each of them can break chemical bonds, which triggers the production of free radicals.

Knowledge
1. Obtain the handout “Summarizing the Characteristics 

of the Electromagnetic Spectrum” from the Science 30 
Textbook CD. Complete the table by adding rows for each 
type of electromagnetic radiation and by adding concise 
descriptions under each category. Note that you may have 
to continue the table on additional pieces of paper. 

2.1 Questions
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Applying Concepts
2. The X-rays used by a dentist to produce images of a 

patient’s teeth have a frequency of 7.2 ¥ 1018 Hz. 

 a. Calculate the wavelength of these dental X-rays. 

 b. Hydrogen is the smallest atom. When a hydrogen 
atom is unexcited, the orbit of the electron is about 
5.29 ¥ 10- 11 m from the nucleus. Compare the 
wavelength of the dental X-ray to the radius of the 
electron’s orbit for an unexcited hydrogen atom. 

3. A GPS satellite emits two microwave signals: one with a 
wavelength of 19.0 cm and the other with a wavelength  
of about 24.4 cm. Calculate the frequency of each of 
these signals. 

4. The door of a microwave oven includes a window made 
from a metal mesh screen attached to glass. Explain why 
the metal screen is a critical part of the design. 

5. Explain why the specialized light bulbs used for growing 
plants indoors tend to have a reddish-purple colour.

6. Explain why people who use tanning beds should wear 
protective goggles. 

7. An X-ray technician may deal with dozens of patients 
requiring X-rays every day. Explain why it is important 
for the technician to operate the X-ray machine from 
behind a shielded wall.

Figure C2.19: This statue of Albert Einstein is located in 
Washington, D.C. The documents in the statue’s left hand 
contain equations that summarize three of his most important 
contributions to science: the photon model of light, the theory 
of general relativity, and the idea of mass/energy equivalence.

Ultrasound is the preferred imaging technology for 
checking the development of an unborn child. This 
technology produces images that can be displayed on a 
computer monitor. 

8. Carefully examine the photo of an ultrasound technician 
scanning the pregnant woman’s abdomen with ultrasound. 
List details from the photo that support the idea that 
ultrasound is not a form of ionizing radiation. 

9. Explain why X-rays are not used to monitor the 
development of unborn children.

Use the following information to answer questions 8 and 9.
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2.2 Astronomy

Figure C2.20

For thousands of years, humans have been living north of the Arctic Circle. To thrive in this beautiful but sometimes harsh 
environment, the First Peoples need a detailed knowledge of the interconnections among a number of complex systems: 
ecosystems, weather patterns, seasonal variations in climate, and other interactions between the terrestrial and marine 
environments. For example, successful hunting depends upon a knowledge of the seasonal variations in sea ice and how these 
changes affect the behavioural patterns of marine mammals, like whales, seals, and walruses.
 As you learned in Units A and B, the traditional ecological knowledge of the Inuit has been acquired over thousands 
of years through their direct contact with the environment. This is a dynamic approach to developing new understandings 
of human interactions with the environment. This view of the world focuses on the inseparable relationships among land, 
resources, and culture. Since the environment includes the effects of objects that are beyond Earth, human interaction with 
this part of the environment also plays a role in traditional ecological knowledge.

      The group of stars in Figure C2.21 is perhaps the most 
familiar to people living in the northern hemisphere. Some 
cultures call this constellation the Big Dipper. Others 
recognize it as a small part of a larger constellation called 
the Great Bear. For the Inuit living in the Arctic, this 
constellation represents a caribou. This constellation is 
important because it can be used to locate the North Star—a 
valuable reference point when navigating at night, especially 
on moving sea ice.

to Polaris
the north star

to Polaris,
the North Star

constellation: a group of stars perceived as 
being in the shape of a figure or a designFigure C2.21: The Big Dipper constellation
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 Given that the arctic environment consists of vast tracts 
of nearly featureless territory and that the Sun is continually 
below the horizon for many weeks of the arctic winter, 
survival depends upon an efficient and reliable system of 
being able to find your way. Traditional navigation techniques 
involve using a number of different indicators from the 
environment, including stars, wind patterns shown by the 
subtle shapes of snowdrifts, and rock cairns called inuksuk.

  In addition to navigation, for thousands of years the 
relative positions of the stars in the night sky have provided 
the Inuit with a reliable way to mark the passing of time. 
Given the scarcity of light during the arctic winter, it is 
important to be able to predict the hours of daylight available 
for any given day so that activities can be planned. The 
position of the Big Dipper relative to the North Star is 
used as a clock to determine time. The positions of other 
constellations on the horizon are used, along with other 
environmental clues, as a calendar to track the passing of the 
seasons and the periodic changes in animal migration patterns. 

Using EMR from Beyond Earth
Electromagnetic radiation from objects in outer space has 
played an essential role in human existence for a long time. 
Today, people are still gathering information from stars in 
an effort to better understand the universe and to improve 
daily life. In this lesson you will 
see how the characteristics of the 
electromagnetic spectrum have 
been applied to these studies and to 
the science of astronomy.

astronomy: the 
science of objects 
and phenomena that 
originate outside 
Earth’s atmosphere

26. Consider the idea of utilizing electromagnetic 
radiation from beyond Earth. 

 a. How does Figure C2.20 on page 436 relate to 
this idea?

 b. Describe some of the ways you use 
electromagnetic radiation from beyond Earth. 

27. A technology used to solve one problem can often 
be the source of a new set of unintended problems. 

 a. Explain how the introduction of CFCs as a 
refrigerant illustrates this idea.

 b. Explain how this idea could apply if the next 
generation of Inuit hunters did not learn the 
traditional navigation techniques and came to 
rely exclusively on GPS technology. 

 c. Interconnectedness is a key characteristic of 
traditional ecological knowledge. Explain how 
this characteristic is helpful for reducing some 
of the negative impacts associated with the 
introduction of new technologies.

Practice

Figure C2.22: Inuit Elders explain that inuksuks are stone monuments that 
guide the people on the land and serve to mark special places, many of them 
sacred.

 An important aspect of Inuit traditional ecological 
knowledge is that it is practical: new technologies are 
often integrated into the existing knowledge base 
and culture. This happened over 100 years ago, 
with the adoption of firearms, and again about  
40 years ago, with the introduction of 
snowmobiles to Inuit communities. 
Recently, GPS (global 
positioning system) 
technology has 
been adapted 
as a new tool to 
supplement the 
traditional methods 
of navigation.
 Inuit Elders stress 
the importance of not 
relying too heavily on this new technology. The extreme 
cold of the arctic environment can cause the batteries that 
power the GPS receivers to fail and can leave the display 
screens inoperable. Becoming lost on the tundra or on the 
frozen surface of the Arctic Ocean can truly be a matter of 
life and death! That’s why the Elders recommend the hunters 
continue to practise the traditional navigation techniques, 
with GPS technology only being used to assist in certain 
circumstances. Being able to navigate by the stars is still an 
important survival skill for the Inuit who obtain traditional 
sources of food through hunting.
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The Nearest Star 
Which star is closest to Earth? Would you have to use an Internet search engine to answer this question, or would you think 
“outside the box” and come up with the answer of the Sun.
 The heat and light that is so essential to life on Earth is the result of nuclear reactions deep within the Sun’s interior. 
Within the Sun’s core, the temperature is estimated to be about 15 000 000°C, and the pressure is thought to be millions of 
times higher than the atmospheric pressure on Earth. Under these circumstances, molecules are torn apart into atoms, and 
electrons are stripped from atoms, leaving the positively charged nuclei. A series of collisions between hydrogen nuclei results 
in the formation of a helium nucleus and the release of gamma photons. This reaction is called nuclear fusion.
 

interior

core

interior

surfacesurface

atmosphere

core

Figure C2.23

nuclear fusion: a process in which two smaller 
nuclei join to form a larger nucleus, releasing energy

Science Links
Just as chemical reactions are described with chemical 
equations, nuclear reactions are described with nuclear 
equations. You’ll learn more about nuclear reactions 
and the equations used to describe them in Unit D.

1
2

1
2

2
3

0
1H H He+ Æ + n

EMR Emitted by the Sun
As a gamma photon is released 
from a fusion reaction and travels 
outward from the Sun’s core, a 
countless number of interactions 
occur between the photon and 
the charged particles that make 
up the Sun’s interior. In each 
interaction, the energy of the 
photon is absorbed and then 
re-emitted. However, since the 
charged particles are given kinetic 
energy in these interactions, the 
re-emitted photon emerges with 
less energy than the incoming 
photon. After an innumerable 
number of collisions, the photons 
that eventually reach the Sun’s 
surface no longer have the energy 
of gamma photons. 
 The electromagnetic radiation from the Sun’s surface consists of visible and infrared photons. This is consistent with 
the behaviour of objects that have the same temperature as the surface of the Sun, about 6000°C. For reasons that are not 
entirely understood, the temperature of the Sun’s atmosphere increases with height above the surface of the Sun. As shown 
in Figure C2.24, as the temperature in a region of the Sun’s atmosphere increases, the energy of the emitted radiation also 
increases. This is why the photons with the most energy, X-rays and gamma rays, are emitted from the hottest region of the 
Sun’s atmosphere in a solar flare. A solar flare is a very powerful eruption in the Sun’s atmosphere that is triggered by the 
sudden realignment of intense magnetic field lines emerging from the surface of the Sun. Even though radio waves have the 
lowest energy content of all EMR, they are produced by solar flares as well. The fluctuations of these huge regions of intense 
magnetic field lines accelerate charged particles in the vicinity, causing these particles to emit radio waves.

solar flare: a violent 
eruption of energy in 
the Sun’s atmosphere 
that produces 
electromagnetic 
radiation and streams 
of high-energy 
charged particles

upper atmosphere
(1 500 000˚C)

•X-rays
solar flare (10 000 000˚C) 

•X-rays  •gamma rays  •radio waves

solar wind (ejected particles of solar material)

pocket of ionized gas

surface of Sun (6000˚C) 
•visible  •infrared

lower atmosphere (10 000˚C) •UV

middle atmosphere (30 000-500 000˚C)
 •X-rays

Figure C2.24
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Electromagnetic Radiation Emitted by the Sun
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 The Sun emits radiation across the whole electromagnetic spectrum—from radio waves to gamma rays; however, only a 
fraction of this radiation is able to reach the surface of Earth. The atmosphere provides a window for only short-wavelength radio 
waves and the wavelengths of EMR close to the visible spectrum (short-wavelength infrared, visible light, UVA, and UVB). 
 As you learned earlier in the course, molecules of oxygen and ozone absorb the energy of the more energetic UVC 
photons. These are not the only molecules in the atmosphere that can absorb EMR. Recall from previous courses that 
molecules of water vapour, methane, and carbon dioxide are able to absorb infrared radiation. This causes the kinetic energy 
of these molecules to increase, adding to a general heating of the atmosphere that is often called the “greenhouse effect.” 
 The X-rays and gamma rays from the Sun tend to be absorbed by collisions with individual atoms. These collisions ionize 
the atoms and liberate electrons. The electrons then act to absorb the energy of the long-wavelength radio waves. 
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 The low position of the Sun in the sky, combined with the 
abundance of snow, accounts for the tremendous amount of 
reflection that can occur on a winter’s day. People who enjoy 
outdoor winter activities can protect their eyes from the glare 
by wearing sunglasses. The most effective type of sunglasses 
deal with the annoying glare by taking advantage of the fact 
that polarization occurs as light reflects from horizontal 
surfaces. Manufacturers refer to this feature on sunglasses  
by advertising that the lenses are polarized. 

 In the next investigation you will have an opportunity to 
learn more about reflection, refraction, and polarization—as 
well as another property of light called diffraction. The 
diffraction that occurs as light rays pass through the pupil 
of the eye helps explain why people have a difficult time 
distinguishing the visual details of objects that are far away.

28. Trace the path of energy that is released at the Sun’s core to the type of EMR that is released from the surface of 
the Sun. 

29. Refer to Figure C2.24, which shows the details of the Sun’s surface and atmosphere.

 a. Identify a region of the Sun that emits UV photons. 

 b. Identify a region of the Sun that emits X-ray photons.  

 c. Explain the characteristic of each region of the Sun that determines the type of EMR emitted. 

30. Astronomers and other scientists use detectors and other scientific instruments for studying the EMR emitted by 
the Sun. 

 a. Explain why there are limits to the EMR that can be studied if the detectors are placed on the surface of Earth. 

 b. Suggest alternative locations for some of the EMR detectors that would expand the EMR that can be studied.

Practice

Exploring the Properties of Visible Light

Although daytime during the arctic winter is short, it would 
be a mistake to assume that winter days in the north are 
dreary. Since the Sun stays close to the horizon in the winter, 
the conditions are ideal for an interesting atmospheric 
phenomenon called sundogs. In Figure C2.25, a pair of 
bright patches of light can be observed on each side of the 
Sun. Because these patches of light “sit obediently” on each 
side of the Sun and often appear to have “tails of light” that 
stream away from the Sun, they are called sundogs. Sundogs 
are caused by the refraction, or bending, of light from the 
Sun as the rays travel through ice crystals in the atmosphere. 
Sundogs are a common occurrence in Alberta as well, also 
because the Sun spends a great deal of time near the horizon 
during the winter months.

Figure C2.25: Sunlight is bent as it travels through ice crystals, creating the 
illusion that the Sun has two bright companions, called “sundogs.”

Figure C2.26: Polarized lenses in sunglasses help to absorb the light energy 
reflected from horizontal surfaces.

refraction: a bending in the direction of a wave that occurs 
when the wave changes speed

reflection: a return of a wave from a boundary

polarization: confining a wave to vibrate in one direction

diffraction: the bending of a wave as it passes by obstacles 
or by the edges of an opening
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Purpose
You will use data tables and labelled diagrams to gather data and 
record observations related to the reflection, refraction, diffraction, and 
polarization of visible light. 

Materials 
The materials for each part of this investigation are listed on the handouts. 

Procedure, Observations, and Analysis
step 1: Obtain each of the following handouts from the Science 30 Textbook CD: 

 • “Investigating Refraction” • “Investigating Diffraction”
 • “Investigating Polarization” • “Investigating Reflection”

step 2: For each handout, complete the procedure, collect the data, and record your observations according to the 
instructions provided.
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Observing the Properties of Visible Light

Investigation

Science Skills
Initiating and Planning
Performing and Recording
Analyzing and Interpreting

�
�
�

In parts of this investigation, you have the option of using a ray box or a laser pointer to produce rays of light. If you 
are using a laser pointer, it is important to employ all the recommended safety precautions to avoid having light 
from this source travel directly to your eyes. 

Mandatory Safety Precautions for Working with Laser Light
 • Never aim a laser at a person’s eye.

 • Avoid having the unprotected eye along or near the beam axis. 

 – If you are working at a table, this means keeping the laser light parallel to the table’s surface so that your 
eyes are well above the work surface.

 – Anticipate the path the laser light will take and arrange the apparatus so that the beam will not 
inadvertently be directed near the eyes of other students. One useful strategy is to work around the 
perimeter of the room, with the laser light directed toward the outside wall. This arrangement also ensures 
that your eyes are facing away from other groups. 

 • Keep the room well-lit so pupils remain small, reducing the “window” available for the entry of laser light. 

 • Avoid having the laser produce light for extended periods of time. Once the apparatus is in place, most 
measurements or observations can be made in a matter of seconds, and then the laser can be switched off.

Astronomers Apply the Properties of 
Visible Light 
With the exception of some moon rocks retrieved during 
the Apollo missions, astronomers are not able to physically 
touch the objects they are studying. Distant planets, stars, 
comets, and clouds of interstellar dust are too far away to 
retrieve samples. Fortunately, the electromagnetic radiation 
that is emitted or reflected from objects in space provides 
a rich source of information. Thousands of years ago, the 
first astronomers used their eyes to observe the visible light 
emitted by objects in the heavens. Astronomers’ ability to 
observe the heavens was significantly improved with the 
invention of the telescope about 400 years ago. 
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Galileo’s Refracting Telescope
Even though these devices were simple by today’s standards, 
Galileo was able to observe the craters of the Moon, the 
four moons of Jupiter, and the rings of Saturn. The simple 
telescope he used consisted of a convex lens at one end and a 
concave lens at the other.
 It is remarkable that Galileo was able to make such detailed 
observations with such a primitive instrument. One problem 
was the quality of the glass used to make the lenses. Other 
problems were related to the fact that his design forced the 
light to enter the telescope through a relatively small opening. 
The small opening produced two problems. The first problem 
was that very little light was able to enter the instrument. This 
meant that faint sources would have looked quite dim to Galileo 
and would have been difficult to see. The second problem was 
that sources that were close together would have been difficult 
to distinguish due to the effects of diffraction.
 Diffraction occurs when light passes through a tiny 
opening. This can be demonstrated if laser light passes 
through a tiny opening and then travels to a distant screen. 
Instead of the laser light forming an exact image of the tiny 
hole, it spreads out, producing a pattern of concentric circles 
called a diffraction pattern.
 Two sources that are close together will each produce a 
diffraction pattern when the light from these sources passes 
through narrow openings. If the opening is large enough, the 
objects may look a little fuzzy, but on the screen two distinct 
images are formed. If the opening is too small, the amount of 
diffraction can increase to the point where the diffraction patterns  
overlap, making it difficult to determine if there are two sources or just one.

incoming
light rays

enlargement to show lenses

Galileo’s Telescope

diffraction
pattern

Diffraction Pattern Formed by Laser Light
Passing Through a Tiny Pinhole

shield with
tiny pinhole

screen

rays of laser light

laser

diffraction pattern: a pattern produced 
by waves that have undergone diffraction 

Diffraction Patterns Formed by Two Close Sources

large opening

screen screen

source 2source 1

small opening

Case 1: Light passes through a large opening.

• Diffraction patterns show minimal
   spreading.

• The image on the screen clearly shows that the
   light came from two sources (good resolution).

Case 2: Light passes through a small opening.

• Diffraction patterns show overlapping,
   “fuzzy” edges.

• The image on the screen lacks the detail to show
   that the light came from two sources (poor resolution).

source 2source 1
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 Astronomers describe the ability of a telescope to distinguish the fine details of an object or 
collection of objects as the resolution of the telescope. Diffraction means that telescopes capable 
of resolving the details of finely spaced objects must have large openings to reduce the effects of 
overlapping diffraction patterns. Although it was understood at the time that a telescope with a wider 
opening would be desirable, the properties of glass imposed limits on the size of the lenses that 
could be used. The force of gravity acting on a large mass of glass made mounting the glass very 
difficult, and eventually pulled the glass out of shape—reducing the effectiveness of the lens to form 
a crisp image. Larger telescopes would require a new technology.

Newton’s Reflecting Telescope
While Galileo’s telescope was designed using lenses based upon the principles of refraction, Isaac Newton improved the 
magnifying ability of the telescope with a new design that featured a curved mirror that utilized the principles of reflection.

 The reflecting telescope has a number of advantages over refracting telescopes:

 • A lens can have the same effect as a prism, causing 
white light to separate into its component colours. 
This can distort images observed through a refracting 
telescope, causing some objects to appear to be 
surrounded by a rainbow. Mirrors do not have this 
disadvantage. 

 • Reflecting telescopes can be made with very large 
openings. Since the light does not pass through the 
mirror, but bounces off its top surface, a very large 
curved mirror can be supported from underneath so 
that it maintains its ideal shape.

Modern Reflecting Telescopes
The Canada-France-Hawaii Telescope, or CFHT for short, is one of the world’s largest reflecting telescopes, using a mirror 
that is 3.6 m in diameter. This telescope is located on top of a dormant volcano in Hawaii because the atmosphere above this 
high-altitude site is clear, dry, and stable most nights of the year.
 Astronomers who study distant stars with this telescope not only 
consider the brightness and colour of the light they collect, they also 
use special instruments to measure the polarization of the starlight. 
Research in this area indicates that the degree to which the starlight is 
polarized is an indicator of the state of interstellar magnetic fields at 
the point of origin. Evidence also suggests that starlight can become 
polarized as it passes through clouds of interstellar dust. Research 
into the polarization of starlight provides information about stars and 
the space surrounding them that could not be obtained any other way.

resolution: the 
amount of small 
detail visible in 
an image; low 
resolution means 
only large features 
can be seen, while 
high resolution 
means that small 
details can be seen

incoming
light rays

curved
mirror

convex lens

flat
mirror

Newton’s Telescope

Figure C2.27: Canada-France-Hawaii Telescope
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False-Colour Images

Although humans can detect infrared radiation with nerve 
endings in their skin, it is not possible to detect this radiation 
with their eyes because the specialized cells located on 
the retina only respond to the visible spectrum. However, 
special detectors can transform the patterns made by infrared 
photons into electrical signals. The electrical signals can 
then be used to produce a visual image that can be detected 
by the eyes. The image in Figure C2.29 was made using this 
process. The white and yellow areas correspond to the places 
emitting the most infrared radiation, while the darker blue 
and black areas indicate the places emitting the least infrared 
radiation. An image like this is called a false-colour image 
because the colours do not correspond to what a person 
would normally see with his or her eyes. As you’ll see in 
the next activity, false-colour images can be used to make 
observations of radiation that is normally invisible.

Figure C2.29: This photograph was taken with an infrared camera.

false-colour image: an image that depicts an object in colours 
that differ from how a person would see the same object using 
only his or her eyes; often used to produce images using EMR 
outside of the visible spectrum

Purpose
You will observe false-colour images using a digital 
camera and an infrared remote control.

Materials
• digital camera
• infrared remote control

Procedure and Observations
step 1: Point the infrared remote control at your eyes 

and observe the lens at the end of the remote 
control as you press several buttons. Record 
your observations. 

step 2: Repeat step 1, but this time view the lens at 
the end of the remote control using the screen 
of a digital camera that has been turned on. 
Record your observations. 

Analysis
1. Produce a simple flowchart to summarize the energy 

transformations that occur from the infrared photons 
entering the lens of the digital camera to the visible 
light photons leaving the camera’s screen.

2. Refer to your answer to question 1 to explain why 
it is misleading to say that a person can “see” 
infrared radiation with a digital camera.

Seeing the Invisible

Try This Activity

31. Figure C2.28 shows a telescope that was designed 
by Johann Kepler. 

 a. Is Kepler’s telescope a refracting telescope or a 
reflecting telescope?

 b. Carefully compare the light rays in this 
telescope to the light rays in Galileo’s 
telescope. Determine a disadvantage of 
Kepler’s design. 

32. Explain the following statement:

The eyes of an eagle have unusually large pupils, which allow the eagle to see the small details in distant objects.

Practice

incoming
light rays

Kepler’s Telescope

enlargement to show lenses

Figure C2.28

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�
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Multiwavelength Astronomy
Another advantage of reflecting telescopes is that there is no large lens to absorb some of the incoming infrared and 
ultraviolet radiation. This means that reflecting telescopes can be used to gather infrared and ultraviolet radiation as well. 
The Canada-France-Hawaii Telescope is used to observe the infrared radiation emitted from objects in space on nights when 
moonlight makes it unfavourable for observations of the visible spectrum. The only place better for infrared astronomy than 
the high-altitude observatories on Earth is in orbit, high above the distortion and filtering that occurs as the radiation passes 
through the atmosphere.
 The Hubble Space Telescope, or HST for short, is able to 
gather infrared and ultraviolet radiation, in addition to visible 
light, from its orbit about 600 km above Earth. Although 
huge clouds of interstellar gas and dust can obscure part of 
the visible universe, these clouds are transparent to infrared 
radiation. Since most of the radiation emitted by interstellar 
matter, planets, comets, and asteroids is in the infrared region 
of the electromagnetic spectrum, infrared radiation supplies 
astronomers with information they could not get any other 
way. In fact, each type of electromagnetic radiation provides 
astronomers with unique information. This is the reason why 
astronomers will often study an object using many different 
types of EMR, an approach known as multiwavelength 
astronomy. Since there is such a range in the wavelengths of 
EMR, the types of telescopes used at the low- and high-energy 
ends of the electromagnetic spectrum are quite different.
      Recall that radio waves are the EMR with the largest wavelength and the 
lowest energy content; so, if astronomers are going to gather this radiation, it 
requires an enormous dish to reflect the waves to a detector. The fact that radio 
waves have a very long wavelength means that diffraction can create significant 
difficulties with resolution if two sources of radio waves are very close 
together. The solution in these cases is to make the effective size of the opening 
of a telescope even larger by collecting data from a group of radio telescopes 
that are linked together. One arrangement that addresses this problem is called 
a very large array. This array simultaneously collects data from a number of 
individual radio telescopes, which is then processed by computers to produce a 
single image.

Figure C2.30: The Hubble Space Telescope collects visible light, infrared 
radiation, and ultraviolet radiation.

multiwavelength astronomy: the study of objects in 
space using the principle that these objects reveal different 
aspects of their behaviour through the many wavelengths 
of EMR they emit

very large array: a group of radio telescopes distributed 
over many kilometres along the arms of a Y-shaped track

Figure C2.32: This very large array in New Mexico consists of 27 individual 
radio telescopes. Each arm of the array, consisting of nine telescopes, can 
be up to 20 km long.

Figure C2.31: This radio telescope uses a 43-m dish to 
collect radio-wave data.
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      You will recall from your work earlier in this chapter that 
types of radiation from the middle of the electromagnetic 
spectrum are unique in that they can effectively demonstrate 
both wave characteristics and photon characteristics. This is 
why visible light can be refracted as a wave as it enters the 
lenses of a digital camera, and then the light can interact with 
individual atoms as its photons collide with the camera’s 
sensor. For high-energy radiation, like X-rays and gamma 
rays, the photon properties tend to dominate, while the wave 
properties are more difficult to observe. This creates design 
challenges for astronomers gathering X-ray and gamma 
radiation. 
 The Chandra X-ray telescope cannot use a large 
curved mirror at the end opposite the opening because the 
penetrating ability of the X-rays would cause the radiation to 
pass through the mirror instead of bouncing off its surface. 
Mirrors are still used, but in this case they are arranged along 
the inside of the body tube of the telescope. X-rays will only 
reflect if the direction of the radiation is almost parallel to 
the surface of the specially designed mirror. Chandra is a 
good example of how astronomers have to take into account 
the properties of the radiation that they want to collect when 
they design their instruments. As Figure C2.34 indicates, 
the wave properties of reflection, refraction, and diffraction 
are more difficult to observe at the high-energy end of the 
electromagnetic spectrum.

Figure C2.33: Chandra is a space-based telescope that uses mirrors along the 
inside of the body tube to focus incoming X-ray radiation.

X-rays

gamma rays

radio waves

Continuous wave properties dominate.

Photon properties dominate.

IR

UV

visible

 Despite these differences, there are characteristics 
astronomers can measure from all regions of the 
electromagnetic spectrum: energy content, wavelength, 
frequency, degree of polarization, and speed. 

Purpose
You will use computer software available from a 
NASA website to compare the orbits of space-based 
telescopes and other satellites.

Procedure
Obtain the handout “Tracking Space-Based 
Telescopes and Other Satellites” from 
the Science 30 Textbook CD. Follow the 
instructions on the handout to find the Internet 
site and then collect the data from this site. 

Analysis 
Concisely explain how Earth is able to exert 
gravitational force on a fast-moving satellite so that it 
maintains an orbit around the planet.

Tracking Space-Based 
Telescopes and Other 
Satellites

Utilizing Technology

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�
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Chandra X-ray Telescope

N

N

Figure C2.34
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33. Explain why astronomical observatories for infrared radiation are sometimes located in specially outfitted aircraft 
that can fly at high altitudes. 

34. Explain why radio telescopes are so large. 

Practice

Analyzing Starlight
Given the challenges of gathering EMR with telescopes, astronomers take great care to 
thoroughly analyze the radiation data they collect. One technique is to use a prism to separate 
the radiation into its component wavelengths. This can also be done with a diffraction 
grating. A diffraction grating is a piece of glass or plastic with thousands of tightly spaced 
parallel lines etched on its surface.

diffraction grating: a piece 
of glass or plastic with 
thousands of tightly spaced 
lines etched on its surface; 
used to produce spectra

continuous spectrum
visible inside spectroscope

diffraction grating

thin slit

spectroscope
light source

ray of white light

 If the source of the EMR is a dense material heated to about 6000°C, most of the radiation 
emitted is from the visible spectrum. Since the resulting rainbow of colour is continuous, with 
one colour blending into another, this spectrum is called a continuous spectrum. This is what 
would be observed if it were possible to send a probe carrying a prism or a diffraction grating 
to the surface of the Sun. This kind of spectrum is not observed by probes that are beyond the 
Sun’s atmosphere because the gases in the cooler parts of the Sun’s outer atmosphere absorb 
certain wavelengths of light. Each wavelength that is absorbed corresponds to a dark line on 
the rainbow of colours.

continuous spectrum: 
a spectrum having 
no distinct lines that 
is distributed over 
an unbroken band of 
wavelengths
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700

Absorption Spectrum of the Sun

Wavelength (nm)Sun
600 500 400

 Since each dark line corresponds to a wavelength of radiation that has been absorbed, 
this is called a dark-line spectrum or an absorption spectrum. The atoms of a particular 
element in a low-pressure gas will only absorb certain wavelengths, creating a dark-line 
spectrum that is unique to that gas. This is a very useful property for astronomers because 
the dark-line spectrum acts like a fingerprint, allowing astronomers to identify the presence 
of certain atoms in the atmosphere of the Sun based on the patterns of dark lines.

absorption spectrum or 
dark-line spectrum: a 
spectrum that has a pattern 
of dark lines due to the light 
passing through an absorbing 
medium; can be used to 
identify a material

      This fingerprinting idea can be taken one step further when an electric current 
is forced to pass through a low-pressure gas. In this case, the same wavelengths that 
the gas absorbs when light passes through it are emitted when the atoms of the gas 
are excited to higher energy levels. This spectrum of a few separated wavelengths is 
called an emission spectrum or a bright-line spectrum.
      Both emission and absorption spectra are normally analyzed with a diffraction 
grating mounted on a device that enables an observer to determine the wavelength 
of each emitted line. Such a device is called a spectrometer, since it allows precise 
measurements of the absorbed wavelengths in a spectrum to be made. 
 Since only certain wavelengths are emitted, this pattern is called an emission 
spectrum or a bright-line spectrum. In the next investigation you will have an 
opportunity to use a spectroscope to observe and record the emission spectra for a 
number of different gases.

star spectrum

hydrogen

helium

calcium

magnesium

emission spectrum 
or bright-line spectrum: a spectrum 
that has a pattern of separate bright 
lines that is emitted from an excited 
gas under low pressure; can be used 
to identify a material

spectra: plural form of spectrum

spectrometer: an optical instrument that is used to measure the wavelengths of light

bright-line spectrum of hydrogen

dark-line spectrum of hydrogen

Science Links: Thickness of the Ozone Layer

Ultraviolet light from the Sun can be reflected from Earth back into space. 
Spectrometers on satellites use this reflected UV radiation to produce an 
absorption spectrum. This data is then analyzed to determine the thickness of 
the ozone layer. The connections among ultraviolet light, the thickness of the 
ozone layer, and the release of CFCs into the atmosphere was explored in Unit B.
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Purpose
You will use a spectroscope to record the patterns of wavelengths 
emitted by excited atoms in a gas-discharge tube and by the 
wavelengths emitted by the hot filament of a light bulb.

Materials
• handheld spectroscope
• high-voltage power supply that can run gas-discharge tubes
• gas-discharge tubes for different gases (hydrogen, helium, mercury, 

and neon)
• showcase light bulb mounted in a lamp with a dimmer switch
• standard fluorescent tube light source (often used as ceiling lighting 

for classrooms and kitchens)
• coloured pens or pencils
• “Observing Continuous and Emission Spectra” handout

Part A: Observing a Continuous Spectrum

Procedure and Observations
step 1: Switch on the showcase bulb and adjust the dimmer switch so the bulb is bright. Observe the spectrum 

produced by the bulb by looking through the spectroscope. Note the relative brightness of each of the colours 
seen through the spectroscope. Use coloured pens or pencils to record your results.

step 2: Use the dimmer switch to gradually reduce the bulb’s brightness. Note the changes in the relative brightness of 
each of the colours seen through the spectroscope. Record your results. 

Analysis
1. Describe the differences between the spectra produced by the bulb on maximum brightness and the bulb on  

a dim setting. 

Part B: Observing Emission Spectra

Procedure and Observations
step 1: Obtain the handout “Observing Continuous and Emission Spectra” from the Science 30 Textbook CD. 

step 2: Connect the gas-discharge tube containing neon gas to the power supply. Switch on the power supply and 
dim the lights in the room. Observe the light from the tube through the spectroscope. Use coloured pens or 
pencils to record your results on the handout. Switch off the power supply.

step 3: Repeat step 2 for mercury, helium, and hydrogen. In each case, record your results on the handout. 

Analysis
2. The unaided eye sees each of the gas-discharge tubes as producing one colour of light, while the spectroscope 

reveals a number of separate bright lines. Speculate on how the human eye arrives at one colour from all the 
colours produced by a gas-discharge tube. 

Part C: Applications

Procedure and Observations
Using a spectroscope, observe the light produced by a standard fluorescent tube light source. Note the wavelengths of 
the bright lines produced in the middle of the spectrum. Record your results. 

Analysis
3. Use your data from Part B to determine the type of excited gas inside a standard fluorescent tube.

Observing Spectra

Investigation

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�

 

• The gas-discharge tubes can become 
hot after running for a few minutes. 
Switch off the power and let the bulb 
cool before handling.

• The high-voltage power supply 
represents a significant shock hazard. 
Be sure it is switched off when 
changing bulbs.
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How Astronomers Analyze Spectra
One way starlight can be analyzed is to determine the chemical composition of the clouds of cool gases found in a star’s outer 
atmosphere. In the next activity you will have an opportunity to see how this is done as you review what you learned about spectra.

Purpose
You will use the applet called “Spectral Analysis” to learn how  
astronomers analyze starlight to determine the chemical composition  
of stars.

Procedure
step 1: Locate the applet “Spectral Analysis” on the Science 30 Textbook CD. 

step 2: Follow the instructions on the application to complete this activity.

Spectral Analysis

Utilizing Technology

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�

 

Doppler Shift
Think back to the last time you were passed by an emergency vehicle with its 
siren wailing. Recall the change in pitch that occurred as the siren approached 
you and then as it passed by. Figure C2.35 compares an observer’s experience 
with sound waves emitted from a stationary source with the sound waves emitted 
from a moving source. If the source is moving towards the observer, the incoming 
waves get bunched together, resulting in an apparent higher-frequency wave than 
what is experienced from a stationary source. If the source is moving away from 
the observer, the incoming waves get spaced farther apart, resulting in an apparent 
lower-frequency wave than experienced from a stationary source. This shift in the 
frequency of a wave due to relative motion between the observer and the source is called the Doppler effect. 
 This same effect can occur with the electromagnetic radiation emitted by stars as they move relative to observers on Earth. 
In the case of EMR, a shift to higher frequencies is called a blue shift and occurs when stars are moving toward an observer. 
A red shift in EMR occurs when a star is moving away from an observer. In the next activity you will have an opportunity to 
learn more about how astronomers use the Doppler effect to determine the motion of distant stars relative to Earth.

Doppler effect: a change in the observed 
frequency of a wave due to motion 
between the source and the observer

blue shift: an increase in frequency due 
to a source of EMR moving toward an 
observer, due to the Doppler effect

red shift: a decrease in frequency due to 
a source of EMR moving away from an 
observer, due to the Doppler effect

Stationary Source

Both observers experience
the same frequency.

Observer A experiences a higher
frequency than observer B.

A B

Source Moving to the Left

A B

Source Source

Figure C2.35
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Purpose
You will use the applet “Red Shift” to learn how astronomers  
apply the Doppler effect to starlight to determine the motion of stars  
relative to Earth.

Procedure
step 1: Locate the applet “Red Shift” on the Science 30 Textbook CD. 

step 2: Follow the instructions on the application to complete this acitivity.

Red Shift

Utilizing Technology

Science Skills 
Performing and Recording
Analyzing and Interpreting

�
�

 

35. Explain the differences between an emission spectrum, an absorption spectrum, and a continuous spectrum. 

36. Every remote galaxy in the universe has red-shifted light. Explain how this evidence supports the idea that the 
universe is expanding.

Practice

Classification of Stars 
In an earlier investigation, you analyzed the spectra 
produced by a light bulb in a lamp with a dimmer 
switch. Using more sophisticated equipment, 
researchers have conducted similar experiments by 
measuring the temperature of the object emitting 
the light and then carefully recording the spectra 
produced. The patterns from these investigations 
give astronomers a powerful tool because they can 
work backward by using the spectra to determine 
the surface temperature of stars. Although there 
will be dark lines in these spectra, if the brightness 
of the emitted light is plotted against wavelength, 
interesting patterns emerge.
 If the peak of the continuous spectrum occurs 
with wavelengths slightly longer than red light (in 
the infrared region), the star likely has a surface 
temperature of about 2900ºC. This is why a star like 
Betelgeuse appears red to the unaided eye. As the 
peak of the emitted light shifts to shorter wavelengths 
and increases to greater brightness, the surface 
temperature of the star increases. Notice that very 
hot stars, like Rigel, have their peak in the ultraviolet 
region of the electromagnetic spectrum. Although 
your eye would interpret this as a bluish-white colour, 
most of the emitted radiation is in the ultraviolet region.  
Note that the connection between temperature and emitted  
radiation is consistent with your earlier work with the surface  
of the Sun.

bluish-white
(Rigel) 11 200 ˚C

B
ri

g
ht

ne
ss

Wavelength

visible
light

The Continuous Spectra of Stars:
Brightness of Emitted Light Versus Wavelength

white
(Sirius) 9700 ˚C

yellowish
(Sun) 5500 ˚C

reddish
(Betelgeuse) 2900 ˚C
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Evolution of Stars
Given the variation in the colour and brightness of the light emitted by stars, it is natural to wonder why these variations occur. 
Current theories explain the spectra of a particular star in terms of the star’s mass and its stage in stellar evolution. Although 
all stars form in regions rich in hydrogen gas and dust, the stages of evolution depend on the original mass of the star.

     Small stars are those stars that have a mass less than 1.4 times the mass of the 
Sun. These stars begin when gravitational attraction causes gas and dust to collect. 
Once the core temperature of the gathering mass reaches about 10 000 000°C, nuclear 
fusion reactions begin and the star is born. The Sun is an example of a low-mass star. 
Astronomers suspect that the Sun’s hydrogen fuel will be exhausted in about 5 billion 
years. According to this theory, the core will collapse while the outer layers expand, 
transforming the Sun into a red giant. Betelgeuse is an example of a star in this stage 
of its evolution. In the final stages of evolution, the core temperature rises and the outer 
layers are thrown off as an expanding shell of gas called a nebula. All that remains of the 
original star is its core, which has exhausted its nuclear fuel. A star in this stage is called a 
white dwarf because it is a small source of dim white light.
     If the mass of the starting matter is between 1.4 and 8 times the Sun’s mass, the process 
of stellar evolution happens more quickly. Astronomers suspect that the additional mass 
means that a supergiant with a core temperature of about 3 000 000 000°C will form. They 
think that the next steps result in the core imploding, followed by a rebound explosion 
called a supernova. Most of the stellar material is hurled into space, leaving behind a 
super-dense object called a neutron star. A neutron star is thought to spin very rapidly 
on its axis, emitting radio waves. In some cases, neutron stars emit radio waves as pulses, 
which is why this kind of source is called a pulsar. A pulsar in the Crab Nebula is thought 
to be the remains of a supernova explosion that was visible from Earth in the year 1054. 

red giant: a star of great size 
and age that has a relatively 
low surface temperature

nebula: an interstellar cloud  
of gas and dust

white dwarf: a compact star 
found as the last stage in the 
evolution of low-mass stars

supernova: a stellar explosion 
that produces a very bright 
cloud of ionized gas that 
remains a very bright object in 
the sky for weeks or months

neutron star: a super-dense 
star consisting mainly of 
neutrons formed as the last 
stage in the stellar evolution of 
intermediate-mass stars

pulsar: a rotating neutron star 
that emits radiation in regular 
pulses

Evolution of Low-Mass Stars

gas and dust low-mass star red giant white dwarfexpanding shell of gas

Figure C2.36: The mass of a low-mass star is between 0.1 and 1.4 solar masses.

Evolution of Intermediate-Mass Stars

gas and dust intermediate-mass star supergiant star neutron starsupernova

Figure C2.37: The mass of an intermediate-mass star is between 1.4 and 8 solar masses.
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 If the mass of the star is greater than 8 solar masses, when the core of the supergiant 
implodes, the result is not a supernova. Instead, the core continues to collapse, becoming 
more and more dense. Eventually the gravitational field of this incredibly dense matter 
is so great that not even light can escape. The result is called a black hole because no 
electromagnetic radiation is emitted while this object consumes surrounding matter.

black hole: an area in space with 
a gravitational field so strong 
that neither matter nor EMR can 
escape; formed as the last stage in 
the evolution of high-mass stars

37. Suppose two new stars are discovered. One star appears to emit light that is slightly less yellow and more white 
than the light emitted by the Sun. The other star appears to emit light that is more orange than the light emitted by 
the Sun. Use this information to compare the temperature of each star to the Sun. 

38. The final object that a star becomes in stellar evolution is either a white dwarf, a neutron star, or a black hole. 
Identify the feature of a star that determines what its endpoint will be in stellar evolution. 

39. Explain why it is impossible to view a black hole through a telescope.

Practice

Evolution of High-Mass Stars

gas and dust high-mass star supergiant star dense black holestar collapses

Figure C2.38: The mass of a high-mass star is greater than 8 solar masses.

Background Information
Unpiloted spacecraft that collect data from the planets and other  
objects that lie beyond the orbit of Mars are called “deep-space  
probes” because the distances from Earth to these objects are so  
large. The Cassini-Huygens probe that was sent to Saturn certainly  
meets this criteria because Saturn is about twice as far from the Sun  
as is Jupiter and nearly ten times farther from the Sun than Earth is.

Purpose
You will use the Internet as a research tool to assess the risks and benefits of the Cassini-Huygens deep-space probe 
that was sent to Saturn.

Research Procedure
Use the information from NASA, the European Space Agency, the Italian Space Agency,  
and other websites to help answer the following questions.

1. The Cassini-Huygens deep-space probe was not launched from Earth on a direct path to Saturn. Instead, its path 
involved looping around the Sun twice using a technique called “gravity assist” before moving toward the outer 
parts of the solar system.

 a. Explain what is meant by “gravity assist” and why this was necessary for the Cassini-Huygens deep-space probe.

 b. Use a diagram to describe the path taken by the Cassini-Huygens deep-space probe on its way from Earth to 
Saturn.

Risks and Benefits of Deep-Space Probes

Utilizing Technology

Science Skills
Initiating and Planning
Performing and Recording
Analyzing and Interpreting
Communication and Teamwork

�
�
�
�
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2. On June 30, 2004, the Cassini-Huygens deep-space probe entered Saturn’s orbit and began to collect data that 
was transmitted back to Earth. Use a table to describe some of the instruments onboard Cassini that were used to 
collect data using EMR. Record the research focus for each instrument as well as the wavelengths detected and the 
region of the electromagnetic spectrum that was sampled.

3. In January 2005, the Huygens probe separated from Cassini. The Huygens probe then dropped into the atmosphere 
of Titan, one of Saturn’s moons, and collected data as it descended and as it sat on the surface.

 a. Explain why scientists were so interested to collect data from Titan.

 b. Describe some of the findings from this research.

4. None of the instruments onboard the Cassini-Huygens deep-space probe could collect data or send data back 
to Earth without a source of electrical energy. This energy was provided by three radioscopic thermoelectric 
generators, or RTGs for short, which convert heat from the natural radioactive decay of plutonium dioxide into 
electricity. The mass of PuO2(s) on board Cassini-Huygens is about 33 kg.

 a. Explain why photovoltaic cells would not be a practical way to generate electrical energy for the Cassini-Huygens 
deep-space probe.

 b. Plutonium dioxide is highly toxic, since it is a potent source of ionizing radiation. Even a few grains of PuO2(s) 
dust lodged in the lungs can cause cancer.

   i. Explain why some of the residents living close to the launch site for the Cassini-Huygens deep-space probe
   wanted the launch of this probe cancelled.

  ii. Explain why some environmentalists in several countries protested the gravity-assist flyby of the 
   Cassini-Huygens deep-space probe.

Analyzing the Issue
5. a. Analyze the results of your research by concisely organizing your findings in a table, with “Risks” at the top of 

one column and “Benefits” at the top of the other.

 b. Review the lists of risks and benefits from the point of view of the stakeholders. How would residents living close 
to the launch site, environmentalists in other countries, and scientists who were going to use the data from 
Cassini-Huygens each react to the entries on your lists? 

Taking a Stand and Defending Your Position
6. Do the benefits of a deep-space probe, like Cassini-Huygens, outweigh the risks? Take a clear position on this 

issue by writing a few concise paragraphs. Your position should be supported by the body of research and should 
indicate that you have considered the question from more than one viewpoint. 

Evaluation
7. It is very helpful at this stage to share your findings with others. How do their points of view differ from yours?  

Are the arguments made to support these views consistent with the information you researched? Did other students 
find additional information that was unknown to you? How has your position changed since you started? If you had 
to make this decision again, what would you have done differently?

2.2 Summary

Some people say that astronomy is the oldest science because humans have been looking into the sky for many thousands of 
years. In the beginning, the light from stars was used to help with navigation, to tell time, and to predict the seasons. Now, 
starlight is also used to determine the chemical composition of stars, the motion of stars relative to Earth, and the temperature 
on the surface of stars.
 In addition to visible light, other forms of EMR are emitted by objects beyond Earth. The fact that each type of radiation 
can provide unique information about the source is the basis for multiwavelength astronomy.
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2.2 Questions

Knowledge
1.  Obtain the handout “Summarizing Multiwavelength 

Astronomy” from the Science 30 Textbook CD.  
Complete this handout by adding the necessary 
information to each column. 

Applying Concepts
Obtain the handout “Reference Absorption Spectra”  
from the Science 30 Textbook CD. Use the  
information on this handout to answer questions 2 and 3.

2. Often a spectrum will contain the lines of more than one 
excited gas. Identify the two gases that produced the 
following spectrum.

3.  Describe the effect on the pattern of spectral lines 
observed on Earth if a star is moving away from Earth 
and if a star is moving toward Earth.

Use the following information to answer questions 4, 5, and 6.

Historical records indicate that in the year 1054 an 
object that glowed as brightly as a full moon appeared 
in the sky. Archaeological evidence suggests that the 
ancient Pueblo People (also known as the Anasazi), 
who lived in what is now Arizona, recorded the 
appearance of a new star in the sky. 

Figure C2.39: Archaeologists suspect the star-like image to the left of 
the crescent moon is the supernova. The image of the hand is thought 
to indicate that this site is sacred.

 The accounts recorded by people living in Japan 
and China pinpoint the location of this very bright new 
object near the constellation Taurus. This same location 
in the sky is currently the location of a glowing cloud 
of interstellar gas and dust known as the Crab Nebula.

4. Describe the stages of evolution for the star that produced 
the Crab Nebula. 

5. Explain why astronomers have collected data for the Crab 
Nebula using so many different types of EMR. 

6. Archaeological evidence suggests that the Anasazi People 
had an agricultural economy that was centred on corn, 
beans, and other crops. 

 a. Suggest reasons why astronomical observations would 
have been important to the Anasazi People.

 b. Suggest a reason why the Anasazi People decided to 
leave a record of this astronomical event.

 The current interpretation of all this data is that the 
Crab Nebula is the remains of a supernova explosion that 
was observed by people on Earth over 900 years ago.
 The Crab Nebula emits EMR from all regions of the 
electromagnetic spectrum. Figure C2.40 shows images 
that were produced using visible radiation (VIS), 
ultraviolet radiation that is near the visible spectrum or 
near ultraviolet (NUV), ultraviolet radiation that is far 
from the visible spectrum or far ultraviolet (FUV), and 
X-ray radiation. Not shown is the data from the radio 
spectrum, which indicates the presence of a pulsar—a 
rotating neutron star at the centre of the nebula.

Figure C2.40: Images of the Crab Nebula produced from emitted EMR
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In this chapter you have surveyed each region of the electromagnetic spectrum, from radio waves with wavelengths that can 
be kilometres long to gamma rays with wavelengths smaller than atoms. The differences in wavelength, frequency, and energy 
among the different types of electromagnetic radiation account for the variety of interactions that are possible with matter. 
Examples include visible light being used by a dandelion in photosynthesis and microwaves being beamed from satellites 
in orbit to satellite dishes on Earth’s surface. Clearly, EMR plays a key role in living systems and in the growing number of 
high-tech devices that are used in daily life.
 People have utilized the visible radiation from stars in the form of constellations for thousands of years. Inuit people use 
this EMR for navigation, for telling time, and for predicting changes in the seasons. Modern astronomers have developed 
technologies that allow them to use radiation from across the whole electromagnetic spectrum as they study stars and other 
objects beyond Earth. 

Summarize Your Learning
In Chapter 2 you learned a number of new terms, processes, and theories. Many of the concepts are related, and you will have 
an easier time recalling them if they are organized into patterns.
 Since the patterns have to be meaningful to you, there are some options about how you can create this summary. Each of 
the following options is described in “Summarize Your Learning Activities” in the Reference Section. Choose one of these 
options to create a summary of the key concepts and important terms in Chapter 2.

Option 1:
Draw a concept map 

or a web diagram.

Option 2:
Create a point-form 

summary.

Option 3:
Write a story using key 
terms and concepts.

Option 4:
Create a

colourful poster.

Option 5:
Build a model.

Option 6:
Write a script for a skit 
(a mock news report).

Chapter 2 Summary
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Chapter 2 Review Questions

Knowledge
1.	 In Chapter 2 you saw how each region of the electromagnetic spectrum is applied to technologies on Earth and to the 

study of astronomy. In many cases, the penetrating ability of the radiation plays a significant role in how the radiation is 
used. Copy and complete the following table to summarize what you have learned.

Region of
Electromagnetic Spectrum

Applications on Earth That Illustrate 
Penetrating Ability

Applications in Astronomy That 
Illustrate Penetrating Ability

Type of
EMR

Range of 
Frequencies

radio waves

microwaves

infrared 
radiation

visible light

UV radiation

X-rays

gamma rays

APPlIcATIonS oF ElEcTRoMAgnETIc RAdIATIon
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2.	 Some forms of EMR are classified as ionizing radiation.

	 a.	 Explain the meaning of this term. 

	 b.	 Describe the effects ionizing radiation has on living 
tissue. 

	 c.	 Describe strategies you can use to reduce your 
exposure to ionizing radiation. 

3.	 One way to analyze EMR is to pass the radiation through 
a prism or a diffraction grating. This causes the radiation 
to separate into its component wavelengths, producing 
a spectrum. Depending upon the source, three types of 
spectra can be observed. For each of the following types 
of spectra, describe a possible source and indicate how 
this information could be used by astronomers. 

	 a.	 continuous spectrum

	 b.	 absorption spectrum (dark-line spectrum)

	 c.	 emission spectrum (bright-line spectrum)

4.	 Sketch a series of diagrams to show the main steps in the 
evolution of stars like the Sun. 

5.	 A black hole is one of the most intriguing regions of 
space studied by astronomers.

	 a.	 Describe some of the characteristics of a black hole.

	 b.	 Describe how a black hole is formed.

Applying Concepts
6.	 In astronomy, the unit that is often used to describe 

distances between Earth and stars other than the Sun is 
the light-year. For example, Alpha Centauri (after the Sun, 
the closest star to Earth that can be seen with the naked 
eye) is 4.3 light-years from Earth. 

	 a.	 Determine how many metres there are in one  
light-year.

	 b.	 Use your answer to question 6.a. to determine the 
distance (in metres) from Alpha Centauri to Earth. 

	 c.	 Explain the following statement: 

If you were to see Alpha Centauri on a 
clear night, you would not be seeing the 
way this star looks now. You would be 
seeing the way it looked 4.3 years ago.

	 d.	 Sirius is the brightest star in the night sky and is 
located 8.3 ¥ 1016 m from Earth. When you look at 
Sirius in the night sky, how far back in time are you 
actually seeing it? 

7.	 A truck driver uses a citizen’s band, or CB, radio to 
communicate with other truckers. If the broadcast 
frequency is 27.965 MHz, calculate the wavelength  
of the radio wave.

8.	 Figure C2.41 shows the wavelengths of light that are 
absorbed by pigments in the chloroplasts of plants.

	 a.	 Identify the wavelengths of light that are strongly 
absorbed by all three pigments. 

	 b.	 Identify the wavelengths of light that are not strongly 
absorbed by these three pigments. 

	 c.	 If you looked at a plant leaf that contained these 
three pigments, what would be the colour of the leaf? 
Explain your answer.

	9.	 The world’s largest airborne astronomical observatory 
is NASA’s Stratospheric Observatory for Infrared 
Astronomy, or SOFIA for short. In Figure C2.42, the 
black square near the tail shows where the open cavity 
for the telescope is located.

Figure c2.42

	

	 a.	 Explain why it is necessary to go more than  
10 km above Earth’s surface to make observations 
in the infrared and microwave regions of the 
electromagnetic spectrum. 

	 b.	 What specific astronomical phenomena is SOFIA 
designed to study? You can answer this question by 
using the Internet as a research tool to find out the 
key objectives on NASA’s SOFIA website. To find 
the website, enter the following keywords into 
your Internet seach engine: NASA + SOFIA.
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There has been a dramatic increase in the number of 
devices in homes and workplaces that utilize radio 
waves to make connections between devices. These 
devices are very convenient because they eliminate the 
need for cables to carry signals. This is why they are 
sometimes called “wireless radio” technologies. Two 
of the most common wireless radio technologies are 
cordless telephones and wireless routers that enable 
more than one computer to access the Internet using a 
single modem.
 When a new technology is introduced to solve one 
problem, a new set of unintended problems is often 
created.

Use the following information to answer questions 10 to 13.

10.	 The fact that you can listen to a portable radio inside 
most buildings illustrates an important property of radio  
waves—the ability to penetrate walls made of wood, 
cement, and glass. 

	 a.	 Explain why this property of radio waves is essential 
to the design of wireless devices. 

	 b.	 Explain how this property of radio waves can create 
security issues when wireless devices are used to 
communicate sensitive information, such as credit 
card numbers or passwords for bank cards.

	 c.	 Explain why businesses that use wireless 
communication systems reduce the power of their 
transmitters to the minimum level necessary to run 
all the devices within the building. 

11.	 The owner’s manual for a wireless router includes the 
following recommendations for the location of the router:

 • Place the wireless router in a central location within 
a home or business, away from outside walls.

 • Avoid placing the wireless router near large metal 
objects, like filing cabinets. 

	 Use your knowledge of the behaviour of radio waves to 
explain each of these recommendations. 

12.	 Many brands of cordless telephones use a frequency 
of 2.4 GHz. This same frequency is also utilized by 
manufacturers of wireless routers. 

	 a.	 Explain what the phrase “a frequency of 2.4 GHz” 
means in terms of the interaction of a radio wave 
with an antenna. 

	 b.	 Calculate the wavelength of the radiation associated 
with this signal. 

	 c.	 Explain the difficulties that could occur if a person 
was using a cordless phone while using their 
computer’s wireless router. 

	 d.	 Suggest some solutions to this problem. 

13.	 Since the number of wireless radio devices is continuing 
to increase, alternative technologies are being developed. 
Wireless infrared systems use a beam of infrared 
radiation to send a signal from one device to another. 
You utilize a system that transmits infrared signals every 
time you use a remote control to operate a TV or VCR. 
Use your experiences with remote controls to outline 
some of the possible advantages and disadvantages of a 
wireless infrared communication system.

14.	 In addition to making astronomical observations, 
telescopes can also be used for observing objects on 
Earth. A mounted set of binoculars at Lake Louise gives 
tourists a magnified view of the glacier at the far end of 
the lake.

	 Use Figure C2.43 to determine whether the design of 
this device is closer to being a reflecting telescope or a 
refracting telescope.

Figure c2.43: Lake Louise, Alberta

15.	 X-rays produced in a diagnostic imaging machine have 
a wavelength of 8.8 nm. Determine the frequency of this 
radiation.
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Use the following information to answer questions 16 and 17.

16.	 Diamondbacks are most sensitive to infrared radiation 
with a wavelength of 10 mm.

	 a.	 Calculate the frequency of this radiation.

	 b.	 Speculate why snakes have evolved to be sensitive to 
this frequency of infrared radiation. 

17.	 Draw a diagram to show how a mouse that is straight 
ahead of a diamondback’s head would send equal 
amounts of infrared radiation to each sensor. Draw 
another diagram to show how a mouse that is off-centre 
would send more radiation to one sensor than the other.

Use the following information to answer question 18.

18.	 Safety procedures are used to ensure the safety 
of patients and the technicians who operate X-ray 
machines. Describe the procedures that are based on 
ALARA to minimize the risks to patients and to the 
health-care professionals operating the equipment. 

Obtain the handout “Reference Absorption Spectra”  
from the Science 30 Textbook CD. Use the  
information on this handout to help answer  
questions 19 and 20.

19.	 Identify the excited gases that produced the following 
spectra.

	 a.	

	 b.	

20.	 Often a spectrum will contain the lines of more than one 
excited gas. Identify the two gases that produced each of 
the following spectra. 

	 a.	

	 b.	

21.	 The following spectrum was produced by a source that 
was stationary in relation to the observer.

	 The next spectra were produced by sources that were 
moving with respect to the observer. In each case, 
determine whether

 • the spectrum is an example of red shift or blue shift
 • the source of the spectrum is moving toward the 

observer or away from the observer

	 a.

	 b.

22.	 Refer to the spectra shown in questions 21.a. and 21.b. 
Determine which of these two spectra was produced by 
the faster-moving source. Explain your reasoning.

In Chapter 2 you learned of the hazards to living tissue 
caused by exposure to ionizing radiation. You also 
learned that health-care professionals go to great efforts 
to keep the exposure to themselves and their patients as 
low as reasonably achievable, or ALARA for short.

This diamondback rattlesnake has a pair of infrared 
receptors on its head, between its eye and its nostril.

eye
infrared

receptor

 To utilize these receptors, the snake moves its 
head back and forth until the radiation detected by the 
receptor on the left is equal to the radiation detected 
by the receptor on the right. When this occurs, the prey 
emitting the infrared radiation is straight ahead of the 
snake. This system can guide the snake as it hunts in 
dark conditions.
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Tara (Williams) Volpe, a descendant of the Mohawk People, studied Biology at the 
University of Montreal. Upon graduation, Tara searched for career opportunities in 
fields that interested her and would utilize her skills. While travelling in Russia, she 
was fortunate enough to meet NASA employees working in Moscow supporting 
the MIR Space Station. When she inquired about career opportunities in the 
Manned Space Flight Program, they led her in the right direction. 
 Tara was hired as a Biomedical Flight Controller at the Johnson Space Centre 
in Houston, Texas. After several years of training, she worked in Mission Control 
as a member of the flight control team for the International Space Station (ISS). 
During missions, Tara advised the ISS crew on the operation, maintenance, and 
repair of the extensive Crew Health-Care System, which includes medical, fitness, 
and environmental analysis equipment. In addition, she ensured a safe and 
healthy environment onboard the space station by monitoring the temperature, 
pressure, and atmospheric gas composition.  
 Tara is currently working with a team of doctors, engineers, scientists, and 
astronauts to develop the medical requirements necessary to safely return a human crew to the Moon, and eventually 
to travel to Mars. With missions lasting up to two-and-a-half years, they need to consider long-term exposure to 
weightlessness, increased radiation, and, of course, how much food to pack.   
 Tara loves her job with NASA and advises other Aboriginal students to set their career goals high and reach for  
the stars.

Biomedical Flight Controller

Career Profile

When you began this unit, you were asked to think 
about the connections between natural phenomena, 
like the northern lights, and a number of technologies 
that utilize electromagnetic energy. The key concepts 
that ran through all of these topics were electric 
fields and magnetic fields. Motors, generators, and 
transformers are all technologies based upon the 
properties of electric and magnetic fields. When these 
two fields interact, the result is an electromagnetic 
wave that can be organized into the regions of the 
electromagnetic spectrum. Long-wavelength radio 
waves, incredibly tiny X-rays, and the full rainbow of 
colours within the visible spectrum are all examples 
of electromagnetic waves.
 Throughout the unit you also considered these topics from the point of view of personal health. Whether it’s 
avoiding regions of intense electric field lines under a thundercloud or reducing your exposure to ionizing radiation, 
the effects of electromagnetic energy require careful consideration. In Unit D you will extend these ideas from the 
health of an individual to the health of the whole planet. 

460 Unit C: Electromagnetic Energy



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

Unit C Review Questions

Name Symbol Most Common Unit Equations

gravitational field

electric field

magnetic field

voltage

current

resistance

power

wavelength

frequency

wave speed

speed of EMR in a vacuum

1.	 The following table summarizes the important quantities studied in this chapter. Copy and complete the table in your 
notebook.

2.	 Define each of the following terms. In each case, include a simple diagram to illustrate the key points in your definition. 

	 a.	 field b. test body c. alternating current d. transformer

	 e.	 electromagnetic radiation f. reflection g. refraction h. diffraction

	 i.	 polarization j. photon

3.	 A car’s block heater is rated at 1000 W and is plugged in for 12.0 h every night during each of the 31 days in January. 

	 a.	 Calculate the electrical energy consumed by the block heater in both joules and kilowatt-hours. 

	 b.	 If the cost of electricity is 9.4¢/kWih, calculate the cost to operate the car’s block heater for all of January. 

4.	 Repeat question 3, only this time assume that the car’s owner uses a timer that allows the block heater to turn on for only 
3.00 h every day. 

5.	 Refer to your work in questions 3 and 4. Beyond saving money, describe some of the other benefits of using a timer  
for the car’s block heater. 

6.	 A radio station broadcasts to its listeners on a wave with a wavelength of 405.4 m. Calculate the frequency of this broadcast.

7.	 The human eye is most sensitive to yellow-green light that has a frequency of 5.5 ¥ 1014 Hz. 

	 a.	 Calculate the wavelength of this light.

	 b.	 Suggest a reason why some fire engines and other emergency vehicles are often painted a yellow-green colour. 

8.	 The following graphic shows the spectrum of the Sun. 

	

	 a.	 Identify this spectrum as a continuous spectrum, an emission spectrum, or an absorption spectrum. 

	 b.	 Concisely explain why there are dark lines on this spectrum.
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This circuit shows the connections between two resistors, 
a switch, and a battery. Note that in addition to labelling 
the components, each of the contact points in the circuit 
has been labelled for the purposes of these questions.

V

R2

R1
I III

II V

IV

12.	 Describe how you would use other equipment to 
measure the following values.

	 a.	 the voltage across the battery

	 b.	 the current through resistor R
1

	 c.	 the resistance of resistor R
2

13.	 Calculate the electric current flowing through R
2
 given 

the following values: V = 6.00 V, R
1
 = 510 W, and  

R
2
 = 1000 W.

Use the following information to answer questions 14 and 15.

The rear-window defroster of a car consists of five 
heating wires that each have a resistance of 32 W. The 
wires are connected to a switch and to the 12.0-V car 
battery as shown in the schematic diagram.

R1

R2

R3

R4

R5

12.0 V

14.	 Calculate the equivalent resistance of the five heating 
wires. 

15.	 Use your answer to question 14 to calculate the current 
that would flow through the closed switch.

		9.	 Obtain the handout “Reference Absorption Spectra” 
from the Science 30 Textbook CD. Use the  
information on this handout to help identify  
the excited gas that produced the following spectrum.

	  

10.		The following spectrum was produced by a source that 
was stationary in relation to the observer.

	 The next spectra were produced by sources that were 
moving with respect to the observer. In each case, 
determine whether

 • the spectrum is an example of red shift or blue shift

 • the source of the spectrum is moving toward the 
observer or away from the observer

	 a.

	 b.

 

11.	 Refer to the spectra shown in questions 10.a. and 10.b. 
Determine which of these two spectra was produced by 
the faster-moving source. Explain your reasoning.

Use the following information to answer questions 12 and 13.

462 Unit C: Electromagnetic Energy



Science 30 ©
 2007 A

lberta E
ducation (w

w
w

.education.gov.ab.ca). T
hird-party copyright credits are listed on the attached copyright credit page.

Use the following information to answer questions 16 to 19. 16.	 Compare the ability of each pair of goggles to transmit 
ultraviolet radiation. 

17.	 Compare the ability of each pair of goggles to transmit 
infrared radiation.

18.	 When the full spectrum of solar radiation is analyzed, it 
is found that more protons with a wavelength of 500 nm 
arrive at Earth’s surface than any other wavelength. 
Compare the ability of the three pairs of goggles to 
absorb the energy of the 500-nm photons. 

19.	 Determine which pair of goggles would have the greatest 
darkening effect on incoming light. 

Use the following information to answer questions 20 to 22.

20.	 Identify the proper name for this device.

21.	 Sketch a voltage-versus-time graph to show the output  
from this device. 

22.	 Repeat question 21 to show how the output would change 
if the number of rotations per minute was decreased.

This device transforms an input of mechanical energy 
into an output of electrical energy.

ro
ta

tio

n falling
water

A student went online shopping for a new pair of goggles 
to be used for snowboarding and downhill skiing. There 
were many brands to choose from, with a variety of 
models within each product line. Although the various 
websites provided photographs, one manufacturer 
supplied technical data describing the ability of each pair 
of goggles to transmit various wavelengths of EMR. 
 Note that the visible spectrum extends from 400 nm 
to 700 nm.
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Electricity generating stations that burn pulverized coal as a fuel often have particulate matter, such as bits of 
uncombusted coal, in the exhaust gas that leaves the furnace. This exhaust gas is called flue gas, and the particulate 
matter in flue gas can be a significant source of air pollution if it is not removed before entering the environment. 

 An electrostatic precipitator is designed to remove particulate matter from flue gas. This technology works by 
positively charging a large number of parallel plates while the metal rods hanging between the plates are negatively 
charged. As the particles in the flue gas pass the negatively charged rods, the particles pick up negative ions and become 
negatively charged. These negatively charged particles are then attracted to the positive plates where they are collected. 
By the time the flue gas has passed through a long column of rods and plates, over 99% of the particulate matter has 
been removed. Periodically the large positive plates are rapped with automated hammers, causing the particles to drop 
into the hoppers below the plates. 
 The following data describes the negative rods and the positive plates for the electrostatic precipitator  
at one coal-fired power plant: 

 voltage between the plates and rods = 72.0 kV
 electric field between plates and rods = 1.28 ¥ 105 N/C
 typical charge on a very tiny particle in the flue gas = - 1.6 ¥10- 18 C 
 typical charge on a larger particle in the flue gas = - 3.2 ¥ 10- 15 C

negative rods

positive
plates

cleaned
flue gas

flue gas

cleaned
flue gasflue gas

particles
fall into
hopper

particles collected by plates

negative rods

Side View Top View

The Electrostatic Precipitator

Use the following information to answer questions 23 to 27.

23.	 Draw a simple diagram showing the shape of the electric field lines between the negatively charged rods and the 
positively charged plates. 

24.	 Calculate typical values for the electric force on a very tiny particle and on a larger particle in the flue gas.

25.	 Concisely explain how the negatively charged rods and positively charged plates are able to exert forces on the moving 
charged particles in the flue gas even though the particles are not touching the rods or the plates. 

26.	 The electric force values that you calculated in question 24 were quite small. Explain how such small forces are able to 
produce the desired effects. 

27.	 The electrostatic precipitator is designed to address one of the environmental concerns about burning coal to produce 
electricity—the release of particulate matter. However, there are other environmental concerns that this technology does 
not address.

	 a.	 List at least two other environmental concerns related to the burning of coal to produce electricity. 

	 b.	 Describe possible technological fixes for the issues you identified in question 27.a.

	 c.	 Many people argue that it is important to think more broadly than simply using one technology to solve the problems 
created by another technology. Identify some alternative, broad-based strategies that address the environmental 
concerns related to using coal as a fuel to generate electricity.
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31.	 Calculate the strength of the gravitational field of Earth at the location occupied by the Hubble Space Telescope. 

32.	 Use your answer to question 31 to calculate the force of gravity that Earth exerts on the Hubble Space Telescope at  
its location in orbit.

33.	 Compare your answer to question 32 to the force of gravity that Earth exerts on the Hubble Space Telescope if it is 
located on Earth’s surface. 

34.	 Use the concept of gravitational field to explain the difference between your answers to questions 32 and 33. 

35.	 Identify the type of sensor on Hubble’s spectrometer that detects the most EMR with the most energy. 

36.		Identify the sensor or sensors that are capable of detecting the following types of EMR.

	 a.	 infrared radiation b. visible light c. ultraviolet radiation

37.	 Explain why these sensors would not be as effective if they were placed on ground-based telescopes on Earth’s surface. 

38.	  At the time this textbook was published, NASA was planning a mission to upgrade the Hubble Space Telescope in  
May 2008. The preliminary planning called for a crew of seven to travel on Space Shuttle Discovery to deliver nearly  
10 tonnes of replacement parts and upgrades. The estimated cost of the mission is US$900 million. 

	 a.	 In general terms, list some of the benefits of space-based research. 

	 b.	 In your opinion, do the benefits of space-based research justify the costs? Support your answer by referring to the 
items you listed in question 38.a.

Use the following information to answer questions 28 to 30.

The voltage needed by the negatively charged rods and the positively charged plates in an electrostatic precipitator 
is supplied by a transformer. The transformer takes an input voltage of 480 V on its primary coil and increases it to 
72.0 kV on its secondary coil.

28.	 Determine whether this is a step-up transformer or a step-down transformer. 

29.	 If there are 80 coils on the primary coil of the transformer, calculate the number of coils on the secondary coil. 

30.	 Would you expect the current in the secondary coil to be larger or smaller than the current in the primary coil? Explain.

Use the following information to answer questions 31 to 38. 

The Hubble Space Telescope has a mass of 11 600 kg and it orbits Earth at an altitude of 600 km. Earth has a mass of 
5.98 ¥ 1024 kg and a radius of 6.37 ¥106 m. The EMR collected by the telescope is analyzed by a spectrometer that has 
three sensors capable of detecting EMR in the following ranges.

Note that the visible spectrum extends from 400 nm to 700 nm. 

Type of Sensor Wavelengths of EMR Detected (nm)

cesium iodide detector 115 to 170

cesium telluride detector 165 to 310

charge-coupled device 305 to 1000
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