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8.38.3 Magnetic Force on a Conductor

A beam of charged particles moving through a magnetic field in a vacuum experiences

a magnetic force. This also occurs if the charged particles are inside a conductor. Under

normal circumstances, the charged particles cannot leave the conductor, so the force

they experience is transferred to the conductor as the deflected electrons collide with

the ions comprising the conducting material.

This principle is applied in electric motors and audio speakers. Some countries are even

experimenting with maglev, or magnetic levitation, trains that use this force to suspend

an entire train, moving without wheel-on-rail friction, at speeds over 500 km/h.

The factors that affect the magnitude of the magnetic force on a conductor are similar

to those affecting the force on a single charged particle (Figure 1). Investigation 8.3.1 in

the Lab Activities section at the end of this chapter investigates two of these factors.

Consider a conductor with a current I, placed in a magnetic field of magnitude B.

Careful measurements reveal that the force on the conductor is directly proportional to

the magnitude of the magnetic field, to the current in the conductor, and to the length

of the conductor. In addition, if the angle between the conductor (or current) and the mag-

netic field lines is v, then the magnetic force is at a maximum when v 5 90° and zero

when v 5 0° or 180°. Hence the magnitude of the magnetic force is directly proportional

to sin v. Combining these relationships produces an expression for the force acting on the

conductor that is very similar to the magnetic force on a single point charge:

F ~ IlB sin v or F 5 kIlB sin v

In SI, units have already been chosen for length, current, and force, but if we use this

equation as the defining equation for the units of magnetic field strength B, then

B 5 }
k Il

F

sin v
}

The SI unit of magnetic field strength is the tesla (T), defined so that

Force on a Conductor in a

Magnetic Field (p. 422)

What factors affect the magnitude of

the force on a conductor in a mag-

netic field? Performing this investi-

gation will allow you to check your

answer.

INVESTIGATION 8.3.1
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Figure 1

Changing the direction of the 

current in the conductor changes

the direction of the force.

1T is the magnetic field strength present when a conductor

with a current of 1 A and a length of 1 m at an angle of 90° to

the magnetic field experiences a force of 1 N; 1T 5 1 N/A?m.

Then in the defining equation for B we have

B 5

1T 5

As a result, the value of k will always be 1 (when appropriate units are used for B, I,

F, and l), so the expression for the magnitude of the force on a conductor with a current

in it in a magnetic field becomes

F 5 IlB sin v

where F is the force on the conductor, in newtons; B is the magnitude of the magnetic

field strength, in teslas; I is the current in the conductor, in amperes; l is the length of the

conductor in the magnetic field, in metres; and v is the angle between I and B.

There are other important observations to be made from the use of a conductor in a

magnetic field:

1 N/(A?m)
}}

k

1 N
}}
k(1 A)(1 m)(1)
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• The force on the conductor F#$ is in a direction perpendicular to both the mag-

netic field B#$ and the direction of the current I.

• Reversing either the current direction or the magnetic field reverses the direction

of the force.

Another simple right-hand rule, equivalent to the one for charges moving in a mag-

netic field, can be used to determine the relative directions of F#$, I, and B#$ (Figure 2):

Section 8.3

Right-Hand Rule for the Motor Principle

If the right thumb points in the direction of the current (flow

of positive charge), and the extended fingers point in the

direction of the magnetic field, the force is in the direction

in which the right palm pushes.

A straight conductor 10.0 cm long with a current of 15 A moves through a uniform 0.60-T

magnetic field. Calculate the magnitude of the force on the conductor when the angle

between the current and the magnetic field is (a) 90°, (b) 45°, and (c) 0°.

Solution

I 5 15 A B 5 0.60 T

l 5 10.0 cm F 5 ?

In the general case, the magnitude of the force is given by

F 5 IlB sin v 

5 (15 A)(0.60 T)(0.10 m) sin v

F 5 (0.90 N) sin v

(a) when v 5 90°, sin v 5 1 and F 5 0.90 N

(b) when v 5 45°, sin v 5 0.707 and F 5 (0.90 N)(0.707) 5 0.64 N

(c) when v 5 0°, sin v 5 0 and F 5 0 N

The magnitude of the force is 0.90 N at v 5 90°, 0.64 N at v 5 45°, and 0 N at v 5 0°. In

each case, the direction of the force is given by the right-hand rule for the motor principle.

SAMPLE problem

external 
m

agnetic field

direction of current

force

Figure 2

The right-hand rule for determining

the direction of the magnetic force

Practice

Understanding Concepts

1. A wire in the armature of an electric motor is 25 cm long and remains in, and

perpendicular to, a uniform magnetic field of 0.20 T. Calculate the force exerted

on the wire when it has a current of 15 A.

2. What length of conductor, running at right angles to a 0.033-T magnetic field

and with a current of 20.0 A, experiences a force of 0.10 N?

3. A straight 1.0-m wire connects the terminals of a motorcycle battery to a taillight.

The motorcycle is parked so that the wire is perpendicular to Earth’s magnetic

field. The wire experiences a force of magnitude 6.0 3 1025 N when there is a cur-

rent of 1.5 A. Calculate the magnitude of Earth’s magnetic field at that location.

4. Two electrical line poles are situated 50.0 m apart, one directly north of the

other. A horizontal wire running between them carries a DC current of 2.0 3

102 A. If Earth’s magnetic field in the vicinity has a magnitude of 5.0 3 1025 T

and the magnetic inclination is 45°, calculate the magnitude of the magnetic

force on the wire.

Answers

1. 0.75 N

2. 0.15 m

3. 4.0 3 1025 T

4. 0.35 N
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Deriving the Equation for the Magnetic Force
The connection between the two equations for the magnetic force on a moving point

charge and a conductor with a current can be made algebraically as follows. The force

on a single point charge is

FM 5 qvB sin v

If there are n such charges in a conductor with length l in the magnetic field and current

I, then the net magnetic force on the conductor due to all the charges is

FM 5 n(qvB sin v) Equation (1)

We could use this equation to specify the magnetic force on a conductor with a cur-

rent, but it would not be very useful, since some of the quantities in the equation are dif-

ficult to measure directly. However, we can measure the current easily. If n charged

particles pass a point in a conductor in time ∆t, then the electric current is given by

I 5 }
n

D

q

t
}

q 5 }
ID

n
t

} Equation (2)

The speed of the charges in the conductor can be found by dividing the distance they

travel through the magnetic field, or l, the length of the conductor, by the time ∆t :

v 5 }
D

l

t
} Equation (3)

Substituting Equations (2) and (3) into Equation (1), and simplifying:

FM 5 n(qvB sin v)

5 n 1}
ID

n
t

}21}
D

l

t
}2B sin v

FM 5 IlB sin v

This yields the same equation as that determined experimentally.

Maglev Trains
Maglev trains eliminate wheels-on-rails friction by using electromagnetic force to lev-

itate the cars. Other electromagnets, mounted on the train itself and on a track guideway

(Figure 3), then move the train forward through attraction between dissimilar poles

and repulsion between similar poles. In reality, the train is flying, encountering only

fluid friction from the air. Consequently, these trains can reach top speeds that are much

higher than is possible with conventional rail. When the time comes to slow the train down,

the currents are reversed, so that the magnetic attraction and repulsion are opposite to

the direction of motion.

guideway

rail arm

levitation

electromagnet

S

guideway
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Figure 3

(a) A maglev train 

(b) Electromagnets support the

maglev train. 

(c) Another set of magnets is used

to drive the train forward and

to slow it down.

(a) (b) (c)
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Section 8.3

• The magnitude of the force on the conductor F is in a direction perpendicular to

both the magnitude of the magnetic field B and the direction of the current I: in

SI units, F 5 I l B sin v.

• Reversing either the current direction or the magnetic field reverses the direction

of the force.

Magnetic Force on a ConductorSUMMARY

Section 8.3 Questions

Understanding Concepts

1. A 1.8-m long, straight wire experiences a maximum force of

magnitude 1.8 N as it rotates in a uniform magnetic field of

magnitude 1.5 T.

(a) Calculate the angle between the magnetic field and

the current in the wire when the force is a maximum.

(b) Calculate the current in the wire.

(c) What is the magnitude of the minimum force on the

conductor in this magnetic field with the current found

in (b)? Explain your answer.

2. A straight horizontal wire 2.0 m long has a current of

2.5 A toward the east. The local magnetic field of Earth is

5.0 3 1025 T [N, horizontal]. Calculate the magnitude and

direction of the force on the conductor.

3. What is the magnitude of the force on a straight 1.2-m wire

with a current of 3.0 A and inclined at an angle of 45° to a

0.40-T uniform magnetic field?

4. Examine the experimental setup shown in Figure 4.

(a) Describe what will happen when the circuit is 

complete.

(b) How will the following changes, considered one at a

time, affect what is observed? (i) The current is

increased. (ii) The magnet is inverted. (iii) A stronger

magnet is used.

(c) A student claims that the force on the conductor will

decrease if the bar is not horizontal. Discuss the

validity of this statement.

5. Explain how a maglev train uses electromagnets (a) to

move forward and (b) to slow down.

Applying Inquiry Skills

6. Some students design an experiment to investigate the

properties of Earth’s magnetic field in their area using a long,

straight wire suspended from string. The teacher tells the

class that the accepted value of the magnetic field of Earth is

5.0 x 1025 T [N, horizontal] in their area. Using a string, the

students hang a wire in a north–south direction, connect the

wire to a power supply, and begin investigating by varying

the amount of current. They intend to measure the angle

between the string and the horizontal to determine the force.

(a) What is wrong with the design of this experiment?

(b) Can the experimental method be adjusted so that it

will work? Explain your answer.

(c) Try to think of a better design using similar principles.

Making Connections

7. Faraday devised a primitive motor (a “rotator”) by

immersing wires and bar magnets in mercury (Figure 5).

There were two versions of this motor, one in which the

wire was fixed and a bar magnet rotated around it (left)

and another where the magnet was fixed and the wire

rotated around it (right). Explain how this motor works.

(a) Trace the path of the current.

(b) Explain how this motor works.
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8.48.4 Ampère’s Law

The magnetic fields that we have been considering, when discussing the force on a con-

ductor with a current or on a moving charged particle, have been uniform magnetic

fields, that is, magnetic fields constant in both direction and magnitude. The magnetic

field between the poles of a horseshoe magnet and the magnetic field in the core of a sole-

noid are very nearly uniform. However, magnetic fields vary in magnitude and direction

as you move from position to position in the field, as is the case for the magnetic field

of Earth, the field surrounding a bar magnet, the field outside the core of a solenoid,

and the field outside a long, straight, isolated conductor. How can we determine the

strength of such a field at any given point? 

Let us start with the long, straight conductor, originally investigated by Oersted and

studied in Section 8.3. Activity 8.4.1 in the Lab Activities section at the end of this chapter

investigates the nature of the magnetic fields around a long wire and a solenoid.

Recall from Section 8.1 that the magnetic field around a straight conductor consists

of field lines that are concentric circles, centred on the conductor. The circles become more

widely spaced as the distance from the conductor increases. Measurements of the mag-

nitude of the magnetic field strength B show that B ~ I and B ~ }
1
r}, where I is the current 

in the conductor and r is the distance from the point of observation to the conductor.

Therefore, the magnitude of the magnetic field strength can be written as

Magnetic Fields Near

Conductors and Coils (p. 424)

What are the characteristics of the

magnetic fields around a long

straight conductor and a coil? How

can the characteristics of these

fields be determined?

ACTIVITY 8.4.1

B = k
I
}r

where k is a proportionality constant. The direction of B is given by the right-hand rule

discussed earlier.

This mathematical relationship became apparent to Oersted soon after he discovered

electromagnetism. It inspired the noted French scientist André Marie Ampère (1775–1836)

to begin working on a general relationship between the current in any conductor (not just

a straight one) and the strength of the magnetic field it produces. Ampère soon found that

there was such a relationship and proposed the following statement to express it:

Ampère’s Law

Along any closed path through a magnetic field, the sum of

the products of the scalar component of B#$, parallel to the

path segment with the length of the segment, is directly

proportional to the net electric current passing through the

area enclosed by the path.

This relationship, called Ampère’s law, can be written in mathematical terms: Along any

closed path in a magnetic field,

oBiDl 5 m0 I

where Bi is the component of B that is parallel to the path along any small segment of

the path Dl ; Dl is one of the small segments into which the path can be subdivided;

∑ is the sum of the products BiDl for every segment along the path; I is the net current

flowing through the area enclosed by the path; and m0 is a proportionality constant,

called the permeability of free space, whose value is 4π 3 1027 T?m/A.
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To fully appreciate this law, let us apply it to the simple magnetic field whose charac-

teristics Ampère already knew—that of a long, straight conductor carrying a current I.

To calculate the magnitude of the magnetic field strength at a point X, a distance r

from the wire, we apply Ampère’s law as follows. Since the law applies for any closed

path, let us choose a circle for a path, passing through X in a plane perpendicular to the

wire, with the wire as its centre and with radius r (Figure 1). This is a good choice of path

because, from previous work, we observed that the magnetic field at all points along

this path is constant in magnitude and points in a direction tangent to the circular path.

Since a circular path centred around the current is used, we can make the simplifica-

tion that Bi 5 B 5 constant, since the magnitude of the magnetic field around a current-

carrying wire is constant in magnitude at a constant distance from the wire because it

is circular. Also B#$ is parallel to Dl , since Dl is tangent to the circle (i.e., B#$ has only one

component, Bi). Therefore,

oBi Dl 5 oB Dl 5 BoDl 5 B(2pr)

because oDl represents the length of the path around a circle of radius r. Therefore,

B(2pr) 5 m0 I

or B 5 m01}
2p

I

r
}2

where B is the magnitude, in teslas, of the magnetic field a distance r, in metres, from a

long, straight conductor with a current I, in amperes.

Note that this is the same relationship that Oersted found experimentally but with

the proportionality constant expressed differently.

Section 8.4

circular path

X
r

I

B

Figure 1

Since Ampère’s law works for any

closed path, we select a circular

path, simplifying the calculation.

What is the magnitude of the magnetic field 2.0 cm from a long, straight conductor with a 

current of 2.5 A?

Solution

r 5 2.0 cm 5 0.020 m 

I 5 2.5 A

B 5 ?

B 5 m0 1}
2p

I

r
}2

5

B 5 2.5 3 1025 T

The magnitude of the magnetic field is 2.5 3 1025 T.

(4p 3 1027 T?m/A)(2.5 A)
}}}

2p(0.020 m)

SAMPLE problem 1

Practice

Understanding Concepts

1. Calculate the magnetic field strength 3.5 cm from a long, straight conductor with

a current of 1.8 A.

2. The magnetic field strength 10.0 cm from a long, straight wire is 2.4 3 1025 T.

Calculate the current.

3. At what distance from a straight conductor, with a current of 2.4 A, is the magni-

tude of the magnetic field 8.0 3 1025 T?

Answers

1. 1.0 3 1025 T

2. 12 A

3. 6.0 3 1023 m
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Coaxial Cables and Magnetic Fields
We can apply Ampère’s law to a coaxial cable to determine the nature of the nearby

magnetic field. If we imagine a circular path around the inner solid wire in the space

between the conductors shown in Figure 2, then the magnitude of the magnetic field is

given by

B 5 m01}
2p

I

r
}2

Remember Ampère’s law uses only current enclosed by the path, so the current in the

outer cylindrical braid has no effect on the result.

If we imagine, instead, a circular path outside the cable, then two equal currents in oppo-

site directions are enclosed within the path, making the net current zero. According to

Ampère’s law, the magnetic field outside the cable must also be zero. Not only do coaxial

cables shield against external electric fields, they also succeed in shielding their own

magnetic fields.

Ampère’s law also allows us to calculate the magnetic field strength in the core of a sole-

noid, using the same elegant technique. We have seen that the magnetic field of a sole-

noid consists of straight, equally spaced field lines in the core, bulging out slightly at

the ends. There is virtually no magnetic field in the region outside the coil. Figure 3

shows a cross-section of a long solenoid, of length L, with N loops, and a current I.

4. Calculate the magnitude of the magnetic field at a point midway between two

long, parallel wires that are 1.0 m apart and have currents of 10.0 A and 20.0 A,

respectively, if the currents are (a) in opposite directions and (b) in the same

direction.

5. A long, solid, copper rod has a circular cross-section of diameter 10.0 cm. The

rod has a current of 5.0 A, uniformly distributed across its cross-section.

Calculate the magnetic field strength 

(a) at the centre of the rod

(b) 2.5 cm from the centre

(c) 5.0 cm from the centre

(d) 7.5 cm from the centre

(Hint: As always, the net current in Ampère’s law is the current through the area

enclosed by the chosen path. Current outside the chosen path does not con-

tribute to the net current.) 

Answers

4. (a) 1.2 3 1025 T, 

(b) 4.0 3 1026 T

5. (a) 0 T

(b) 1.0 3 1025 T

(c) 2.0 3 1025 T

(d) 1.3 3 1025 T

cylindrical braid

insulating

sleeve

solid wire

I

I

Figure 2

Coaxial cable
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This time, as a closed path around which to apply Ampère’s law, we choose the rectangle

WXYZ shown in Figure 3. We can consider this path as four distinct line segments: WX,

XY, YZ, and ZW. However, the magnitude of the magnetic field is perpendicular to the

paths WX and YZ and zero along ZW. Along XY the magnetic field is straight, parallel

to XY, and constant with magnitude B. The length of XY is equal to the length of the sole-

noid L; therefore,

oBi Dl 5 BL

Note that the total current flowing through the area bounded by the path WXYZ is NI,

since the current I flows down through each of the N conductors within the area:

oBi Dl 5 BL 5 m0N I

Solving for the magnitude of the magnetic field, we can write:

B 5 m01}
N

L

I
}2

where B is the magnitude of the magnetic field strength in the core of the solenoid, in

teslas; I is the current flowing through the coil, in amperes; L is the length of the sole-

noid, in metres; and N is the number of turns on the coil.

Again, the direction of the magnetic field is given by the right-hand rule.

Section 8.4
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Figure 3

Cross-section of a solenoid

What is the magnitude of the magnetic field in the core of a solenoid 5.0 cm long, with

300 turns and a current of 8.0 A?

Solution

L 5 5.0 cm 5 5.0 3 1022 m

N 5 300

I 5 8.0 A

B 5 ?

B 5 m01}
N

L

I
}2

5

B 5 6.0 3 1022 T

The magnitude of the magnetic field is 6.0 3 1022 T.

(4p 3 1027 T?m/A)(300)(8.0 A)
}}}}

5.0 3 1022 m

SAMPLE problem 2

Practice

Understanding Concepts

6. A 14-gauge copper wire has a current of 12 A. How many turns would have to

be wound on a coil 15 cm long to produce a magnetic field of strength 

5.0 31022 T?

7. Calculate the magnitude of the magnetic field strength in the core of a coil 

10.0 cm long, with 420 turns and a current of 6.0 A.

8. A coil 8.0 cm long, with 400 turns, produces a magnetic field of magnitude

1.4 3 1022 T in its core. Calculate the current in the coil.

Answers

6. 5.0 3 102

7. 3.2 3 1022 T

8. 2.2 A
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The Ampere As a Unit of Electric Current
In previous studies, you learned that an ampere was defined as the electric current that

transports 1 C of charge past a given point in a conductor in 1 s. This statement, while

true, is just a temporary and nonoperational description of the ampere, since it is diffi-

cult to actually measure how many coulombs of charge pass by a given point. The

accepted SI definition of the ampere is a magnetic one and depends on an understanding

of the force between two parallel conductors with a current in each.

Consider two long, straight, parallel conductors, a distance d apart in a vacuum, with

currents I1 and I2, respectively, as in Figure 4.

Each wire creates a magnetic field, and the other wire has a current through, and per-

pendicular to, that field. The magnitude of the magnetic field created by wire 1 and

experienced by wire 2, a distance d away, is given by

B1 5 m01}
2

I

p

1

d
}2

Then the magnitude of the force acting on wire 2, perpendicular to this field, is given by

F2 5 I2 l B1 sin v

F2 5 I2 l B1 (since sin v 5 1)

If we express this as the force per unit length and substitute the value for B1 obtained

previously, we can write

}
F

l

2
} 5 }

m

2
0

p

I1

d

l2
}

as the expression for the force acting on wire 2 due to the current in wire 1. However,

according to Newton’s third law, an oppositely directed force of the same magnitude

acts on wire 1 because of the current in wire 2. By applying the right-hand rule, we can

see that these mutual forces will cause an attraction if I1 and I2 are in the same direction,

or a repulsion if I1 and I2 are in opposite directions.

Then, using this equation to define the ampere, we simply choose d 5 1 m and define

I1 5 I2 5 1 A, so that

}
F

l
} 5

}
F

l
} 5 2 3 1027 N/m

That is,

(4p 3 1027 T?m/A)(1 A)(1 A)
}}}

2p(1 m)

ampere (A) SI unit of electric 

current; }
F

l
} 5 2 3 1027 N/m

1 A is the current in each of two long, straight, parallel con-

ductors 1 m apart in a vacuum, when the magnetic force

between them is 2 3 1027 N per metre of length.

1 C is the charge transported by a current of 1 A in a time

of 1 s; 1 C 5 1 A?s.

coulomb (C) SI unit of electric

charge; 1 C 5 1 A?s

Then the coulomb is defined, using this relationship for the ampere, as

d

I
1

B
1

F
2

I
2

Figure 4

Two long, straight conductors, each

with a current
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Section 8.4

Answers

9. 1.3 3 1023 N/m

10. 49 A

11. 2.8 3 1022 m

12. 1.0 3 1024 N/m

• Ampère’s law states: ∑Bi Dl 5 m0 I.

• SI defines an ampere as the current in each of two long, straight, parallel 

conductors 1 m apart in a vacuum, when the magnetic force between them is 

2 3 1027 N per metre of length.

• SI defines the coulomb as the charge transported by a current of 1 A in a time of 1 s.

Ampère’s LawSUMMARY

What is the magnitude of the force between two parallel conductors 2.0 m long, with 

currents of 4.0 A and 10.0 A, 25 cm apart in a vacuum?

Solution

l 5 2.0 m

I1 5 4.0 A

I2 5 10.0 A

d 5 25 cm 5 0.25 m 

F 5 ?

}
F

l

2
} 5 }

m

2

0

p

I1

d

I2
}

or F2 5 }
m

2

0I

p

1

d

I2l
}

5

F2 5 6.4 3 1025 N

The magnitude of the force between the two parallel conductors is 6.4 3 1025 N.

(4p 3 1027 T?m/A)(4.0 A)(10.0 A)(2.0 m)
}}}}}

2p(0.25 m)

SAMPLE problem 2

Practice

Understanding Concepts

9. Calculate the magnitude of the force per unit length between two parallel,

straight conductors 1.0 cm apart, each with a current of 8.0 A.

10. Two parallel straight conductors 5.0 m long and 12 cm apart are to have equal 

currents. The force each conductor experiences from the other is not to exceed 

2.0 3 1022 N. What is the maximum possible current in each conductor? 

11. How far from a straight wire with a current of 5.0 A is a second, parallel 

wire with a current of 10.0 A, if the magnitude of the force per metre between

them is 3.6 3 1024 N/m?

12. Calculate the magnitude of the force per metre pushing two straight wires in an

extension cord apart when 1.0 A of DC current lights a 100-W study lamp. The

separation of the wires is 2.0 mm, and the insulation behaves like a vacuum.
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Section 8.4 Questions

Understanding Concepts

1. Calculate the magnitude of the magnetic field 0.50 m from

a long, straight wire with a current of 8.0 A.

2. A typical return stroke from a lightning bolt has a current of

2.0 3 104 A upward from the ground. Calculate the magni-

tude of the magnetic field 2.5 m from a straight bolt.

3. A solenoid, 25 cm long, consists of 250 turns. What is the

magnitude of the magnetic field at its centre when the cur-

rent in the coil is 1.2 A?

4. Two parallel, straight conductors, each 3.0 m long, are 

5.0 mm apart with currents in opposite directions. The cur-

rent in each conductor is 2.2 A. Calculate the magnitude of

the magnetic force acting on each conductor.

5. A flexible, electrically conducting coil is suspended above a

mercury bath as shown in Figure 5. What will happen if a

large current is sent through the coil? What effect will sus-

pending an iron rod in the middle of the coil have?

6. In a typical application of coaxial cables, the inner wire and

the outer cylindrical braid have currents equal in magnitude

but opposite in direction. An insulator separates the two

conductors. Describe the magnetic field (a) between the

two conductors and (b) outside the cable. Explain your

reasoning.

7. Explain how SI defines the ampere and coulomb.

Applying Inquiry Skills

8. A single loop of wire does not have a uniform magnetic

field in its core but a long solenoid made from many loops

will. Design an experiment to determine how long a coil of

radius r has to be before the field in the core is uniform.

9. Light threads 0.80 m long suspend two long, straight, par-

allel wires of length 1.0 m and mass 6.0 3 1022 kg

(Figure 6). The currents in the two wires are in opposite

directions and the angle between the strings is 12°.

(a) Calculate the current in each wire.

(b) Outline a procedure, with similar equipment, that could

be used to determine the factors affecting the magni-

tude of the magnetic force per unit length between

parallel conductors.

Making Connections

10. Figure 7 shows the equipment used to record sound on a

magnetic tape in a tape recorder. Explain how it works.

12°

12°

0.80 m

I

I

Figure 6

mercury

Figure 5

recording head

amplifier

input
output

tape

Figure 7
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8.58.5Electromagnetic Induction

The principle of electromagnetic induction has a wide variety of applications: it is used

in the continent-wide infrastructure that distributes our electric power, in automobiles,

at some traffic lights, in security systems, in computer hard drives, and even in amuse-

ment-park rides.

As we have seen, a steady electric current (a steady stream of electric charges) pro-

duces a steady magnetic field. If a stream of electric charges can cause a magnetic field,

then can a magnetic field cause such a stream? It was first thought that a steady magnetic

field would produce a steady electric current, but experiments quickly established this

to be false. Faraday investigated this very problem and discovered that the way in which

a magnetic field can produce a current is more subtle.

Faraday first used a solenoid around a wooden core, connected in series with a switch

and a powerful battery to form a so-called “primary” circuit. He added a “secondary” cir-

cuit, consisting of a second solenoid around the same wooden core, wired in series with a

galvanometer configured as an ammeter, or current meter (Figure 1). Closing the switch

induced a weak, short-lived current in the secondary circuit, as the galvanometer needle

showed, but only for a very short time. Once the current dropped back to zero in the sec-

ondary circuit, no other current was produced, in spite of the constant current in the pri-

mary circuit. When the primary current was switched off, a small current was induced in

the opposite direction in the secondary circuit, again only for a short time (Figure 2).

To improve his results, Faraday built a new device (now called “Faraday’s ring”), which

utilized an iron ring to increase the magnetic field inside the solenoids (Figure 3). The

currents were large enough to be easily apparent but still found to occur only when the

current was being switched on or off. How were the currents to be explained?

When the current is steady in the primary circuit, the magnetic field in the solenoid

is constant over time. In particular, the magnetic field at each point around and in the

secondary coil is constant. No current is induced in the secondary circuit. When the

primary circuit is turned on, the magnetic field in the secondary solenoid changes very

quickly from zero to some maximum value, causing a current. When the primary circuit

is turned off, the magnetic field in the secondary solenoid changes from the maximum

secondary coil

primary coil

wooden core galvanometer

switch

battery

Figure 1

Faraday’s first induction apparatus. There are two separate circuits. 

Charges do not pass from the primary circuit into the secondary circuit.

Primary circuit

is turned on.

Primary circuit

is turned off.

t (s)

I
 (

m
A

)

Current in Secondary circuit

Figure 2

Only when the primary circuit is

turned on and off is a current

induced in the secondary circuit.

There is no current in the secondary

circuit when the current in the pri-

mary circuit is constant. The plot

shows the two currents to be in

opposite directions.

primary

iron

core

secondary

I

Figure 3

Faraday’s iron ring. Even though the

magnetic fields are stronger than in

Faraday’s first apparatus, an

induced current is produced in the

secondary circuit only when the pri-

mary circuit is turned on or off,

changing the magnetic field.
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value to zero, causing a current in the opposite direction. The key is this: in each case the

magnetic field is changing when the current is induced in the secondary circuit. A con-

stant magnetic field, even a large one, induces no current at all.

Faraday combined all his observations into the law of electromagnetic induction.

Law of Electromagnetic Induction

An electric current is induced in a conductor whenever the 

magnetic field in the region of the conductor changes with time.

S NS

v

0

12

S N

v = 0

0

S NS

v

0

21

Figure 4

(a) When the S-pole is pushed into

the coil, a current (registered

here indirectly, by a potential

difference across oscilloscope

terminals) is produced in the

coil. 

(b) When the magnet stops, the

current drops to zero. 

(c) Removing the magnet causes 

a current in the opposite 

direction. 

(d) When the magnet stops

moving, the current again

drops to zero.

S N

v = 0

0

(a) (b) (c) (d)

drive shaft

magnet

sensing

coil

microprocessor

servo control

mechanismthrottle/fuel injector

Figure 5

Rotating magnets induce brief

pulses of current in a loop con-

nected to a microprocessor in a

cruise-control device. Similar meas-

urement devices are used for ABS

(the automatic/anti-lock braking

system) and traction control on indi-

vidual halves of the axle, or on

wheels.

You can demonstrate Faraday’s law of electromagnetic induction by plunging a bar

magnet into a solenoid connected to a galvanometer (configured as an ammeter) or to

an oscilloscope, as shown in Figure 4. (The oscilloscope does not directly indicate a cur-

rent. It does, however, indicate a potential difference in the secondary coil, caused by

the changing magnetic field and driving the flow of charges.) As the S-pole enters the sole-

noid, the magnetic field in the region of the conductor changes and a current is induced

in the circuit. When the magnet comes to rest, no current is present. When the magnet

is withdrawn, a current is induced in the opposite direction, falling to zero as the magnet

comes to rest.

The maximum current measured in such a demonstration is larger if the magnet is

moved faster, if a stronger magnet is used, or if the coil has more turns. A current is

produced even if the magnet is held stationary and the coil moved around it. We con-

clude, as Faraday did, that the current is produced by a changing magnetic field and the

greater the change, the larger the induced current.

Faraday’s law is applied in some automobile cruise-control devices, which maintain

the speed of a vehicle (Figure 5). Two magnets are attached to opposite sides of the drive
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shaft. A small coil near the drive shaft is connected to a microprocessor, which detects

small variations in electric current. As both magnets rotate past the coil, they induce a

small, brief pulse of electric current, registered by the microprocessor. The frequency

of the pulses indicates the speed of rotation of the shaft and, therefore, the speed of the

vehicle. If the driver sets the cruise control at a certain speed, the microprocessor can main-

tain that speed by sending a signal to a control mechanism which injects more fuel into

the engine if the frequency decreases, less if the frequency increases.

Currents can be produced in a loop of wire rotated in a uniform magnetic field and con-

nected to a galvanometer in its ammeter configuration (Figure 6). The magnetic field

through the loop is changing most when the loop is perpendicular to the field (raising the

current to its maximum) and is not changing when it is parallel (the current drops to

zero for an instant). This principle is fundamental to the construction of generators.

What determines the direction of the induced current? In 1834, Heinrich Lenz, using

the law of conservation of energy, discovered the answer. Lenz reasoned that when the

field from a moving bar magnet induces a current in a solenoid, this current gives rise

to another magnetic field (the “induced” field). There are only two possible directions

for the flow of charge through the coil. Let us assume that the current spirals toward

the magnet when a N-pole is pushed into the coil, as in Figure 7. The right-hand rule for

coils then tells us that the right end of the coil becomes a S-pole, attracting the magnet.

Lenz reasoned that this situation is not possible because the attractive force will speed

up the magnet, increasing its kinetic energy, inducing a larger current (more energy)

and increasing the induced magnetic field (with the magnet speeded up still further,

making its kinetic energy even higher). Since the total energy of the system cannot

increase, our assumption must be false, and the current in the solenoid must spiral away

from the incoming N-pole, as in Figure 8.

Therefore, the near end of the coil is a N-pole. The moving bar magnet induces a cur-

rent in the coil which produces a magnetic field in opposition to the inward motion of

the bar magnet. The work done in pushing the magnet into the coil against the opposing

induced field is transformed into electrical energy in the coil. Lenz summarized this

reasoning in Lenz’s law.

Section 8.5

SN

magnet
plunged
into coil

Induced current
makes near end
of coil an S-pole.

SN

Figure 7

Violating the law of conservation of

energy

B

Figure 6

A current is produced in a coil

rotating in a uniform magnetic field.

SN

magnet
plunged
into coil

NS

Induced current
makes near end
of coil an N-pole.

Figure 8

Obeying the law of conservation of

energy

Lenz’s Law

When a current is induced in a coil by a changing magnetic

field, the electric current is in such a direction that its own

magnetic field opposes the change that produced it.
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Keep in mind that Lenz’s law is consistent with the conservation of energy because the

energy lost by the magnet due to the induced field is equal to the energy gained by the

current due to the inducing field. The total energy remains constant.

Applying Lenz’s Law
We have already introduced the idea of a maglev train. But having studied the ideas of

Lenz, we can examine another form of maglev train that uses Lenz’s law to levitate the

train above the rails. Powerful superconducting electromagnets at the bottom of the

train pass above two rows of coils on the guideway. A current is induced in these coils.

By Lenz’s law, the current acts to oppose the downward motion of the electromagnets,

keeping the train hovering safely above the guideway (Figure 9).

Coils are not necessary for demonstrating Lenz’s law. If a magnetic field changes near

a conducting plate, currents are induced within the plate, forming closed circular paths.

These so-called eddy currents produce magnetic fields in opposition to the inducing

action. This principle is used in induction stoves. The surface of an induction stove is

always cool to the touch. If two pots—one glass, the other metal—are filled with water

and placed on such a stove, the water in the metal pot will boil, while the water in the glass

pot will not heat up at all (Figure 10).

Below the surface of the stove are electromagnets operating on an AC current. Because

the current is alternating, the magnetic field produced is not constant, inducing eddy cur-

rents in the metal pot because metal acts as a conductor. No eddy currents are produced

in the glass pot because glass acts as an insulator. The metal pot has some internal resist-

ance, causing it to heat up. This heat is transferred to the water, causing it to boil.

Practice

Understanding Concepts

1. Explain how Faraday’s law of electromagnetic induction is applied in the operation of

a cruise-control device.

2. Explain how Lenz used the law of conservation of energy to determine the direction

of the induced current produced by a moving magnet near a coil.

3. Two magnets are dropped through thin metal rings (Figure 11). One of the rings has

a small gap.

(a) Will both magnets experience a retarding force? Explain your reasoning,

sketching the magnetic fields of the falling magnets and any induced currents or

current-created magnetic fields.

(b) Will your answers change if the rings are replaced with long cylinders, one with a

long thin gap down one side?

N

S S

N

Figure 11

For question 3

superconducting

magnet

cryogenic

compressor

landing

wheel

guideway
levitation

coil

propulsion

coil

Figure 9

Superconducting electromagnets

induce currents in coils beneath the

maglev train. By Lenz’s law, these

currents set up magnetic fields

opposing the downward motion of

the train, thus lifting it above the

rails.
metal pot

glass pot

Figure 10

The surface of an induction stove is

always cool to the touch. Water in a

metal pot will boil; water in a glass

pot will not heat up at all. Why

would it be unsafe to touch the top

of an induction stove if you are

wearing a metal ring?



Magnetic Fields and Electromagnetism 419NEL

Section 8.5

• The law of electromagnetic induction states that an electric current is induced in

a conductor whenever the magnetic field in the region of the conductor changes.

• The greater the change in the magnetic field per unit time, the larger the induced

current.

• Lenz’s law states that when a changing magnetic field induces a current in a con-

ductor, the electric current is in such a direction that its own magnetic field

opposes the change that produced it.

Electromagnetic InductionSUMMARY

Section 8.5 Questions

Understanding Concepts

1. Examine the circuit shown in Figure 12. When the switch

is closed, assume the magnetic field produced by the sole-

noid is very strong.

(a) Explain what will happen to the copper ring (which is

free to move) when the switch is closed.

(b) Explain what will happen to the copper ring when

there is a steady current in the circuit.

(c) Explain what will happen to the copper ring when the

switch is opened.

(d) How would your answers change if the terminals on

the power supply are reversed? Explain your answer.

2. Figure 13 shows a light bulb connected to a coil around a

metal core. What causes the light bulb to glow?

3. A bolt of lightning can cause a current in an electric appli-

ance even when the lightning does not strike the device.

Explain how this could occur.

4. You place a copper ring onto an insulating stand inside a

solenoid connected to an AC current. Explain what will

happen to the ring.

Applying Inquiry Skills

5. A coil of wire connected to a galvanometer is placed with

its axis perpendicular to a uniform magnetic field. When the

coil is compressed, the galvanometer registers a current.

Design an experiment to determine the factors that affect

the magnitude of the induced current in the coil.

6. Explain how you would construct a device for investigating

the magnitude of the induced current produced by a moving

bar magnet. Assume you have access to a bar magnet, a

compass, a coil, and wire. You may not use a galvanometer.

Draw a diagram of your device and explain how it works.

Making Connections

7. Explain how Lenz’s law is applied in levitating one type of

maglev train.

8. Explain how an induction stove works.

9. Figure 14 shows a ground-fault interrupter, inserted for

safety between the power outlet and an appliance such as

a clothes dryer. The ground-fault interrupter consists of an

iron ring, a sensing coil, and a circuit breaker. The circuit

breaker interrupts the circuit only if a current appears in the

sensing coil.

(a) The circuit breaker will not interrupt the circuit if the

dryer is operating normally. Explain why.

(b) If a wire inside the dryer touches the metal case,

charge will pass through a person touching the dryer

instead of going back through the ground-fault inter-

rupter. How does the interrupter protect the person?

(c) Should all electrical devices be plugged into ground-

fault interrupters? If so, why? If not, why not?

coil

iron core
switch

battery

1 2

copper ring

(free to move)

Figure 12

Figure 13

For question 4
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10. You are a civil engineer, seeking to reduce the number of

traffic jams along a very busy road during rush hour. You

notice that the side streets off the busy road often have

green lights, causing the lights on the main road to be red,

even in the absence of side-street traffic. You decide to

solve this problem by installing large coils of wire just

beneath the surface of the road, near the intersections on

the side streets. You connect the coils to small micro-

processors in the traffic lights. Explain how your device

works and how it will help prevent traffic jams.

11. An amusement-park ride like the one in Figure 15 ele-

vates riders on a lift, then drops them. The lift and the

riders accelerate downward under the force of gravity.

Research the method used to slow them down safely, and

write a short report explaining the physics involved.

Design another ride that uses the same principles.

12. Figure 16 is a schematic of an electric-guitar pickup, a

device that changes the vibrational energy of a guitar

string into sound.

(a) Describe how the pickup works, explaining the need

for the string to vibrate and the purpose of the coil

and permanent magnet.

(b) The string of the guitar vibrates in a standing-wave

pattern, with a series of nodes and antinodes. Where

should a pickup be placed to send the largest possible

current to the amplifier?

heater

element

ground-

fault

interrupter

AC generator

iron ring

sensing

coil

circuit breaker

magnetic

field

lines

Figure 14

Schematic of a ground-fault interrupter (for question 9)
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Figure 15

For question 11

N
S

N

S

to amplifier

iron core

guitar string

(magnetizable)

side view

coil

Figure 16

The schematic of a pickup on an electric guitar

(for question 12)
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Key Expectations• define and describe the concepts and units related tomagnetic fields (e.g., magnetic field, electromagneticinduction) (8.1, 8.2, 8.3, 8.4, 8.5)• compare the properties of electric, gravitational, andmagnetic fields by describing and illustrating thesource and direction of the field in each case (8.1)• predict the forces acting on a moving charge and on acurrent-carrying conductor (8.2, 8.3, 8.4)• determine the net force on, and resulting motion of,objects and charged particles by collecting, analyzing,and interpreting quantitative data from experimentsor computer simulations (8.2, 8.3)• analyze and explain the properties of electric fields,and demonstrate how an understanding of these prop-erties can be applied to control or alter the electricfield around a conductor (e.g., demonstrate howshielding on electronic equipment or on connectingconductors [coaxial cables] affects magneticfields)(8.4, 8.5)• describe instances where developments in technologyresulted in the advancement or revision of scientifictheories, and analyze the principles involved in thesediscoveries and theories (8.2, 8.4)• evaluate, using your own criteria, the social and eco-nomic impact of new technologies based on a scientificunderstanding of electric and magnetic fields (8.2)
Key Terms

poles
law of magnetic poles
magnetic force field
domain theory of magnetism
principle of electromagnetism
solenoid
Ampère’s law
ampere
coulomb
law of electromagnetic induction
Lenz’s law

Key Equations• FM 5 qvB sin v (8.2)
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e
} 5 1.76 3 1011 C/kg (8.2)
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• F 5 IlB sin v (8.3)
• oBi Dl5 m0 I (8.4)
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N

L
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}2 (8.4)

MAKE a summary
In a table, summarize the similarities and differences

between the two major topics in this chapter: the motion of

charged particles in magnetic fields and how that motion

describes the force on a conductor in a magnetic field

(Figure 1). Your table should compare and contrast the

right-hand rules, the resulting motions of the wire and/or

charges, the effect of changing current direction or sign of

charge, the effect of varying the angle between the charge

velocity and the magnetic field, and any other way of

changing the magnitude or direction of the magnetic force.

(a)

+q v

(b)

I

Figure 1
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Write numbers 1 to 7 in your notebook. Indicate beside each

number whether the corresponding statement is true (T) or

false (F). If it is false, write a corrected version.

1. A charge moving in a direction perpendicular to auniform magnetic field experiences a force, but itsvelocity does not change.
2. When a charged particle is fired into and perpendi-cular to a uniform magnetic field, it moves along acircular path until it escapes the field.
3. The force on a conductor in a uniform magnetic fieldis perpendicular to both the current in the conductorand the magnetic field.
4. Reversing the direction of the current in a conductorin a uniform magnetic field reverses the direction ofthe force on the conductor.
5. The magnetic field on the outside of a coaxial cable isproportional to the current in the cable.
6. The magnetic field inside a long, straight coil withmany closely packed turns is essentially uniform.
7. It is possible to shield against gravitational, electric,and magnetic fields.

Write numbers 8 to 13 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

8. A charged particle is placed into a uniform magneticfield with an initial velocity of zero. If no electric orgravitational forces act on the particle, then it(a) accelerates straight forward(b) does not move(c) moves in a circle(d) moves at constant speed(e) none of these
9. If particles with the same initial velocity and chargepass into and perpendicular to a uniform magneticfield, then (a) the radius of curvature is the same for each particle(b) the radius of curvature is greater for the moremassive particles(c) the radius of curvature is greater for the lessmassive particles(d) all the particles spiral with decreasing radiusunder all circumstances(e) none of the these

Unit 3

10. If two wires, with currents as in Figure 1, cross eachother at right angles, one slightly above the other,forming four regions, which region has the strongestmagnetic field pointing out of the page?(a) I (c) III (e) The fields are the same (b) II (d) IV in each region.

11. Particles A, B, C, and D with the same charge andspeed are placed into a uniform magnetic field(Figure 2). Which one experiences the smallest force?(a) A (c) C (e) They all experience (b) B (d) D the same force.
12. Four particles with the same charge and speed areplaced into a uniform magnetic field (Figure 2).Which particle experiences a force directed into thepage?(a) A (c) C (e) They all experience a(b) B (d) D force out of the page.

13. The magnitude of the magnetic field a distance rfrom a long, straight conductor with current I is B.The same magnetic field will have magnitude 2B ifthe current is tripled at a distance of
(a) }

23r} (b) 2r (c) 3r (d) }
32r} (e) none of these

II

III

I

IV Figure 1

B

A D

C

v
v

vv
+q

+q +q

+q

Figure 2

For questions 11 and 12

An interactive version of the quiz is available online.

GO www.science.nelson.com
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Understanding Concepts
1. Describe the effect of Earth’s magnetic field on themotion of a charged particle approaching from space.Are there any directions along which the particle canreach Earth without deflection?
2. Explain why the magnetic field created by the electriccurrents in the wires in your home is unlikely to haveany effect on a nearby compass.
3. A horizontal east–west wire carries a westward cur-rent. A beam of positively charged particles is shotdirectly down at the wire from above. In what direc-tion will the particles be deflected?
4. A charged particle is moving in a circular path underthe influence of a uniform magnetic field. Describehow the path would change in response to each of thefollowing factors, considered separately:(a) The strength of the magnetic field is increased.(b) An electric field is added, in the same direction asthe magnetic field.(c) The magnetic field is removed.
5. Two atoms of the same substance, one singly ionizedand the other doubly ionized, are each acceleratedfrom rest by the same potential difference. The ionsenter the same uniform magnetic field at 90°. Compare(a) their velocities upon entering the field(b) their radii of curvature in the field
6. A straight wire 15 cm long, with a current of 12 A,lying at right angles to a uniform magnetic field,experiences a magnetic force of magnitude 0.40 N.What is the magnitude of the magnetic field?
7. A conductor 45 cm long, with a mass of 15 g, lies in ahorizontal position at a 90° angle to a uniform hori-zontal magnetic field of magnitude 0.20 T. What mustthe current in the conductor be if the magnetic forceis to support the weight of the conductor?
8. Calculate the magnitude and direction of the force on an electron moving horizontally westward at 3.2 3 106 m/s through a uniform magnetic field of1.2 T directed horizontally southward.
9. An a particle of charge +3.2 3 10219 C and mass6.7 3 10227 kg first accelerates through a potentialdifference of 1.2 3 103 V, then enters a uniform mag-netic field of magnitude 0.25 T at 90°. Calculate themagnetic force.

10. Calculate the magnitude and direction of the mag-netic field 25 cm to the east of a straight vertical wirewith a current of 12 A downward through air.

11. A straight wire has a current of 15 A vertically upward,in a vacuum. An electron, presently 0.10 m from thewire, moves at a speed of 5.0 3 106 m/s. Its instanta-neous velocity is parallel to the wire but downward.Calculate the magnitude and direction of the force onthe electron. Will this force remain constant?
12. What is the magnetic field strength in the air core of asolenoid, 0.10 m long, consisting of 1200 loops ofwire and with a current of 1.0 A?
13. A coil 15 cm long, with 100 turns and a current of20.0 A, lies in a horizontal plane. A light frame sup-ports rectangular conducting wire WXYZ, balancedhorizontally at its midpoint in the core of the coil, asin Figure 1. Sides WX and YZ are 5.0 cm long andparallel to the axis of the coil. Side XY is 1.5 cm longand perpendicular to the axis of the coil. A mass of1.8 3 1022 g hangs from the outside end of the lightframe. What current must flow through the rectan-gular conductor to keep it in horizontal balance?

14. Calculate the magnetic force between two parallelwires, 45 m long and 0.10 m apart, carrying currentsof 1.0 3 102 A in the same direction.
15. A straight wire of linear mass density 150 g/m has acurrent of 40.0 A (supplied by a flexible connection ofnegligible mass). This wire lies parallel to, and on topof, another straight horizontal wire on a table. Whatcurrent must the bottom wire have in order to repeland support the top wire at a separation of 4.0 cm?(Frictionless guide plates keep the top wire parallel tothe bottom wire as it rises.)
16. What is the charge-to-mass ratio of a particle acceler-ated to 6.0 3 106 m/s, moving in a circular path ofradius 1.8 cm perpendicular to a uniform magneticfield of magnitude 3.2 3 1022 T?

A

Z

Y

W

X

I = 20.0 A

m = 1.8 3 1022 g

B

I = ?

Figure 1
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17. A proton, of mass 1.67 3 10227 kg, moves in a circle

in the plane perpendicular to a uniform magnetic

field of magnitude 1.8 T. The radius of curvature is

3.0 cm. What is the speed of the proton?

18. A singly ionized atom (q 5 +e) moves at 1.9 3

104 m/s perpendicular to a uniform magnetic field of

magnitude 1.0 3 1023 T. The radius of curvature is

0.40 m. What is the mass of the ion?

19. A singly ionized 235
92 U atom of mass 3.9 3 10225 kg is

accelerated through a potential difference of 1.0 3 105 V.

(a) Calculate its maximum speed.

(b) What is the radius of the path it would take if

injected at this speed and at 90° into a uniform

magnetic field of magnitude 0.10 T?

20. A loop of wire tied to a string is allowed to fall from

the horizontal into a uniform magnetic field, as in

Figure 2. The loop remains perpendicular to the

plane of the page at all times, with the segment XYZ

behind the plane of the page.

(a) Indicate the direction of the current, using these

letters, as the loop swings from left to right

through positions I and II, with the loop still

rising at II.

(b) Indicate the direction of the current, using

these letters, as the loop swings from right to left

through positions I and II, with the loop already

descending at II.

(c) Describe the motion of the loop. Explain your

reasoning.

Applying Inquiry Skills
21. Design an experiment to determine the factors

affecting the force on a long, straight conductor sus-

pended from two conducting springs in a uniform

magnetic field.

22. (a) Design an experiment to investigate the magnetic

field around two long parallel conductors with

equal currents in opposite directions. Assume the

wires are very close together and the measure-

ments are taken from at least 5.0 cm away.

Unit 3

(b) What results do you expect from this experiment?

(c) How would your observations differ if the cur-

rents were in the same direction?

Making Connections
23. A typical speaker has a coil fixed to the back of a

cone. The cone has a flexible edge, allowing it to move

back and forth (Figure 3). The coil is wrapped

around a core that is a magnetic N-pole and is sur-

rounded by a circular S-pole. Explain how such a

speaker works.

24. Figure 4 is a schematic of a variable-reluctance

microphone. A light flexible rod is attached to a per-

manent magnet at one end, to a diaphragm at the

other. The C-shaped structure around the magnet is

also made of magnetic material. Explain how such a

microphone works, paying special attention to the

purpose of the windings in each coil.

Extension
25. A source emits a variety of charged particles, with dif-

ferent masses and charges, at different speeds. Some

of the particles have the same charge-to-mass ratio.

Design a device, or set of devices, that could be used

to find all the different particles emitted from the

source, and describe how the masses, charges, and

speeds of these particles could be determined.

voice coil

fixed to cone

paper diaphram

(cone)

flexible edge

soft iron core

and plates

input

cylindrical

tubular magnet

Figure 3

N
S

sound wave

Figure 4

magnetic field lines

I

P

X
X

Y

Y

Z
Z

II

Figure 2
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Write numbers 1 through 14 in your notebook. Indicate

beside each number whether the corresponding statement

is true (T) or false (F). If it is false, write a corrected version.

1. The electric force between two point charges isdirectly proportional to the product of the chargesand inversely proportional to the square of the dis-tance between them.
2. If the sum of all the electric forces on a charge is zero,the charge must be at rest.
3. Electric charges always move along a path given byelectric field lines.
4. If the electric field in a region of space is zero, theelectric force on any single charge placed in thatregion is also zero.
5. When a small positive test charge is moved towardanother positive charge, the test charge experiencesan increasing electric force, an increasing electricfield, and an increase in electric potential energy.Further, the charge finds itself moving into a regionof higher electric potential.
6. Negative charges move from regions of high electricpotential to regions of lower electric potential.
7. An oil droplet in a Millikan apparatus withuncharged plates falls at a constant speed because ithas a charge.
8. The laws of conservation of momentum and conser-vation of mechanical energy determine the motion ofinteracting charged particles.
9. A negatively charged object that is fired directly awayfrom a positively charged object will cause the kineticenergy to increase and the potential energy todecrease.

10. Magnetic field lines never cross.
11. Uniform electric, gravitational, and magnetic fieldscan change the speeds of particles that are initiallymoving perpendicular to the fields.
12. A charged particle moving parallel to an electric,gravitational, or magnetic field experiences a force.
13. Charges moving perpendicular to a uniform mag-netic field experience circular motion because themagnetic force is always perpendicular to the velocityof the charge.
14. Two long, parallel, straight wires repel each other iftheir currents are in the same direction.

Write numbers 15 to 26 in your notebook. Beside each

number, write the letter corresponding to the best choice. 

15. The force on a small, uniform conducting sphere ofcharge q1 a distance d from another sphere of chargeq2 is 1F. If the sphere of charge q1 is touched with anidentical neutral conducting sphere, which is moved 
far away and then placed a distance }

d2} from q2, theforce on the sphere is
(a) 1F (c) 1}

F2} (e) none of these
(b) 12F (d) 2F

16. Three identical charges are placed on a line from leftto right, with adjacent charges separated by a distanced. The magnitude of the force on a charge from itsnearest neighbour is F. The net force on each charge,from left to right, is(a) 12F, 12F, 12F (d) F, 0, F
(b) 2}

54F}, 0, 1}
54F} (e) none of these

(c) 12F, 0, 12F
17. An electron experiences a force of 1.6 3 10216 N[left] from an electric field. The electric field is(a) 1.6 3 103 N/C (d) 1.0 N [right](b) 1.0 3 103 N/C [left] (e) none of these(c) 1.0 3 103 N/C [right]
18. As the distance between two charges increases, theelectric potential energy of the two-charge system(a) always increases(b) always decreases(c) increases if the charges have the same sign,decreases if they have opposite signs(d) increases if the charges have opposite signs,decreases if they have the same sign(e) is always negative
19. Two oppositely charged parallel plates are separatedby 12 mm. The uniform electric field between theplates has a magnitude of 3.0 3 103 N/C. An electronis ejected from the negative plate, with an initialvelocity of zero. The kinetic energy of the electronwhen it has moved halfway to the positive plate is(a) 2.9 3 10218 J (d) 0 J(b) 5.8 3 10218 J (e) none of these(c) 1.4 3 10218 J

NELAn interactive version of the quiz is available online.

GO www.science.nelson.com
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20. A positive charge of mass 2m is initially at rest,directly to the left of a negative charge of mass m,moving rightward with speed v. When the
negative charge has velocity }2v} [right], the velocity ofthe positive charge is
(a) 0 (c) }4v} [left] (e) }2v} [left]
(b) }4v} [right] (d) }2v} [right]

21. Which of the following statements is true about anytype of field line:(a) They never cross.(b) They are always perpendicular to the surface ofthe object producing the field.(c) They point in the direction of motion.(d) They signify a force, experienced by a test particleof positive charge q, whose magnitude equals theproduct of q and the field magnitude.(e) They never form closed loops.
22. Through a narrow hole you view an apparatus inwhich a small charged sphere, attached to a thinthread, hangs at rest at an angle of 10° to the right ofthe vertical when there is no wind. From your obser-vation, you can infer that(a) the electric field points right(b) the electric field points left(c) the electric field is zero(d) the net force on the sphere is zero(e) the tension in the thread is smaller than the grav-itational force on the sphere
23. An electron moves within a uniform magnetic field of0.20 T, at a speed of 5.0 3 105 m/s. The magneticforce on the electron (a) is 1.6 3 10–14 N(b) is 1.6 3 10–14 N [perpendicular to velocity](c) is 1.6 3 10–14 N [perpendicular to magnetic field](d) is zero(e) cannot be determined from the information 
24. If a straight length of wire with a current is immersedin a uniform magnetic field, then the wire (a) experiences no force if it is perpendicular to thefield(b) experiences some magnetic force, no matter whatits orientation in the field(c) experiences no force if it is parallel to the field(d) experiences no force if the current is alternating(e) does not satisfy any of the above descriptions

Unit 3

25. An electron passes into a magnetic field at 90°. Itsconsequent circular path has radius r. If the speed ofthe electron were twice as great and the magneticfield were twice as strong, the radius would be
(a) r (b) 2r (c) 4r (d) }2r} (e) }4r}26. Particles in a mass spectrograph emerge from avelocity selector into a uniform magnetic field at 90°.If the radius of the circular path of particle 1 is largerthan the radius for particle 2, then (a) particle 1 is of greater mass than particle 2(b) particle 1 has a smaller charge than particle 2(c) the charge-to-mass ratio of particle 1 is smallerthan the charge-to-mass ratio of particle 2 (d) the charge-to-mass ratio of particle 1 is largerthan the charge-to-mass ratio of particle 2 (e) particle 1 is moving faster than particle 2

Write numbers 27 to 30 in your notebook. Beside each

number place the word, phrase, or equation that completes

the sentence.

27. (a) A(n) _______ exists in a region of space when anappropriate object experiences a force in thatregion.(b) The gravitational and electric forces are governedby a(n) _______ law with respect to the distancebetween the objects.(c) If a charged particle passes into a(n) _______ fieldperpendicular to the field lines, the speed doesnot change.
28. (a) Electric field lines are always _______ to a con-ductor in static equilibrium.(b) A(n) _______ cable is shielded from both electricand magnetic fields.(c) The area under the curve on an electric force-displacement graph represents the change in_______ .(d) To analyze the motion of an elastic collisionbetween two charged particles we use conserva-tion of _______ and _______ .
29. When a charged particle of mass m passes into eithera uniform gravitational field or an electric field per-pendicular to the field lines, it follows a(n) _______path; however if it passes into a magnetic field it follows a(n) _______ path.
30. When separating two charges of mass m the gravita-tional and electric force _______ , the gravitationalpotential energy _______ , and the electric potentialenergy _______ .

?

?
?

?
?

?
? ?

?
?

???
NEL An interactive version of the quiz is available online.
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Understanding Concepts
1. When using oxygen in the operating room, shouldthe doctors and nurses wear conducting shoes orinsulating rubber shoes? Explain your answer.
2. Two small charges, 16.0 3 1025 C and –2.0 3 1025 C,are placed 36 cm apart. Calculate the following:(a) the force on a third small charge, 15.0 3 1025 C,placed midway between the two charges(b) the force on a third small charge, 15.0 3 1025 C,placed 18 cm outside them on the line joining thetwo charges, closer to the negative charge(c) the magnitude and direction of the electric field18 cm outside the charges on the line joiningthem, closer to the positive charge (d) the magnitude of the electric field at a point18 cm above the midpoint of the line joining thetwo charges, on the perpendicular to that line(and thus equidistant from the charges)(e) the point at which the magnitude of the electricfield is zero
3. Three charges are arranged as in Figure 1. Calculatethe magnitude and direction of the net electricforce on each charge.

4. Figure 2 represents a neutral helium atom with twoelectrons on either side of the nucleus, in a well-defined circular orbit of radius 2.64 3 10211 m.Calculate the magnitude and direction of the electricforce on either electron.

5. Figure 3 shows the electric field near an object.(a) Could the object be a conductor in electrostaticequilibrium? Explain.(b) Could the object be an insulator? Explain.

6. The conductors in Figure 4 are introduced, one at atime, into a uniform electric field directed to the right,changing the field. Sketch the field near the conductors.

7. A charged insulating ball of mass 7.0 g with a uni-form charge of 1.5 mC, hangs from a light threadinclined at an angle of 8.0° to the vertical (Figure 5).Calculate the magnitude of the electric field.

8. Figure 6 shows two oppositely charged uniformspheres and the electric field between them.(a) What are the signs of q1 and q2?
(b) What is the value of the ratio }qq1

2} ? Explain.

60°

30°

12.0 Cm

11.0 Cm

21.0 C

1.0 m

m

Figure 1

Figure 3

8.0°

Figure 5

q
1

q
2

Figure 6

Figure 4

2e

2e

12e

Figure 2
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9. Two electrons separated by a large distance are fireddirectly at each other. The closest approach in thishead-on collision is 4.0 3 10214 m. One electronstarts with twice the speed of the other. Assumingthere is no deflection from the original path, deter-mine the initial speed of each electron.
10. A charged particle moves at a constant velocity in astraight line through a region of space.(a) Is the electric field zero in the region? Explainyour answer.(b) Is the magnetic field zero in the region? Explainyour answer.
11. An electron, having been accelerated from restthrough 2.4 3 103 V, encounters a uniform magneticfield of magnitude 0.60 T at 90°.(a) Calculate the magnitude of the magnetic force onthe electron.(b) Describe the resulting motion of the electron.(c) Will the electron be trapped in the magneticfield? Explain your answer.
12. A wire 25 cm long, placed at right angles to a 0.18-Tuniform magnetic field, experiences a magnetic forceof magnitude 0.14 N. Calculate the current in the wire.
13. Each of two parallel horizontal wires, runningeast–west and separated by 3.0 m, has a current of1.2 A (Figure 7). Calculate the magnitude anddirection of the magnetic field midway betweenthe two wires if(a) the current is directed east in wire 1, west in wire 2(b) the currents in both wires are directed east

14. A coil 12 cm long, with 500 turns, produces a mag-netic field strength of magnitude 1.6 3 1022 T in itscore. Calculate the current in the coil.
15. The magnitude of the magnetic force between twoconductors 4.00 m long, separated by 8.00 cm, is 2.80 3 10–5 N. The current in one conductor is twicethe current in the other. Calculate both currents.

Unit 3

16. Figure 8 is a schematic of a velocity selector and amass spectrometer. The electric field is perpendicularto the magnetic field in the velocity selector. The elec-tric field between the plates is 1.2 3 104 V/m, and themagnitude of the magnetic field is 0.20 T. A singlycharged ion, of mass 2.2 3 10226 kg, is fired into thevelocity selector at right angles to both the electricand the magnetic fields. The particle passes throughthe selector undeflected.(a) Calculate the speed of the particle.(b) Calculate the radius of the path of the particle asit emerges from the velocity selector.

17. Figure 9 is a cross-sectional view of a coaxial cable.The current in the inner conductor is 1.0 A, directedinto the page, while the current in the outer con-ductor is 1.5 A, directed out of the page. Determinethe magnitude and the direction of the magnetic fieldat A and B.
3.0 m

wire 1

wire 2

E

N

Figure 7

velocity selector

P

r

B in

«

Figure 8

B

1.0 mm

2.0 mm

1.0 mm

1.5 A

1.0 A
A

Figure 9
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Applying Inquiry Skills
18. A typical problem when investigating the forcesbetween charges or the properties of a single charge isthat the charge on the object being investigated oftendecreases over time. Design an experiment that couldbe used to investigate the factors that cause objects tolose their charge.
19. Two parallel, straight wires 35 cm long, each with amass of 12 g, are supported by threads 7.0 cm long(Figure 10). When the current in each wire is I, theangle between the threads is 14°.(a) Determine the magnitude and the direction ofthe current in each wire.(b) Design an experiment to investigate the relation-ship between the force on each conductor andthe current in each wire.

20. A charge moving through a magnetic field can expe-rience a force. Design an experiment in which you usea small conducting ball to determine the factorsaffecting this force.
21. Under the right conditions, a current can experiencea magnetic force due to an external magnetic field.This principle is used in electromagnetic pumps innuclear reactors as a way to transfer heat. In thesepumps liquid mercury or sodium is placed in a pipe,and a current is created in the conducting liquid inthe presence of an external magnetic field. Design anelectromagnetic pump, explaining how it works andhow it can be used to transfer heat. (Note: mercuryand sodium are very dangerous substances thatrequire special care to prevent leaks and should notbe handled by students.)

Making Connections
22. Figure 11 shows a large open loop constructed belowa high-voltage (AC) power line.(a) Can this loop be used to draw power from thelines? Where would the energy come from andhow would it work?(b) If no one actually saw the loop, would the powercompany be able to detect the crime?(c) Could a similar approach be used to bug a tele-phone line? Explain your answer.

23. Explain why the surface of a television screen, even ifrecently cleaned, is often covered in a light layer ofdust.
24. Figure 12 is a simplified diagram of a neutral watermolecule. The molecule has a permanent charge sep-aration because the electrons spend more time nearthe oxygen than the hydrogen. For this reason, wateris said to have polar molecules.

Figure 11

22q

1q

1q

104°O

H

H

Figure 12

35 cm

v = 14°

7.0 cm

Figure 10
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(a) Why is water attracted to both positive and nega-tive charges?(b) What effect does humidity have on removingexcess charges from objects? Explain your answer.(c) Ions in the air can often form nucleation centres(the starting points for the collecting of water-vapour molecules into liquid water). Explain whythis happens.
25. Another name for parallel plates is a capacitor.Capacitors have different applications in manydevices, such as in camera flash attachments, defibril-lators used to return a person’s heart to a normalbeating pattern, and underneath the keys of somecomputer keyboards. Using the Internet and othersources, research capacitors. Pick one application andwrite a short report on your findings.

26. Figure 13 shows a piece of magnetic tape passingnear a playback head in a tape recorder. The playbackhead consists of a coil wrapped around a C-shapedferromagnetic core. Describe how this playback headworks.

27. A degausser is a device that is used to demagnetizepermanently magnetized materials. Using theInternet and other sources, investigate how thesedevices work. Prepare a short oral presentation onyour findings.

28. Birds use the magnetic field of Earth to navigate overlong distances. Using the Internet and other sources,investigate this application or any other way that ani-mals use magnetism, and write a short report on thecurrent research.

Extension
29. A small particle of charge q1 and initial velocity v$1approaches a stationary charge q2 (Figure 14). Creategraphs of the kinetic energy of the moving charge, theelectric potential energy of each charge, and the totalenergy of each charge, for different values of y(ranging from zero, through large compared to theradius of the charge, to very large). How does thevalue of y affect each quantity? You may use simula-tions or any other method to investigate.

30. Research how principles of gravitational, electric, andmagnetic fields are used to investigate astronomicalobjects such as stars, quasars, and black holes. Make aposter showing how these concepts are involved inresearching these objects and what scientists havelearned about them.
31. A point charge of 1q is placed 3 cm to the left of a pointcharge of 24q, as in Figure 15. Determine the locationwhere a third point charge will experience no force.

GO www.science.nelson.com
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The Wave 
Nature of Light
The Wave 
Nature of Light

uni t

In this unit, you will be able to

• demonstrate an understanding of the wave model of electromagnetic radiation and

describe how it explains diffraction patterns, interference, and polarization

• perform experiments relating the wave model of light and technical applications of

electromagnetic radiation to the phenomena of refraction, diffraction, interference, and

polarization

• analyze phenomena involving light and colour, explain them in terms of the wave model

of light, and explain how this model provides a basis for developing technological devices

Overall Expectations

Wireless communication is an integral part of our lives.

Billions of people use radio, television, satellites, cell phones,

and mobile communications devices each day. A leader in

this world of wireless communication is Research In Motion

(RIM), based in Waterloo, Ontario. The current president

and co-chief executive officer of RIM, electrical engineer

Mike Lazaridis, was also one of its founders. Thanks to the

efforts of Lazaridis and his colleagues, RIM holds many of

the key patents for radio technologies and is a world leader

in the mobile communications market.

Lazaridis knows the connection between theory and appli-

cation. “Just about everything that we value in our great

industrial growth today has come about because of theoret-

ical physical studies,” he says. The discoveries of scientists in

the last 200 years, including Young, Maxwell, Hertz, and Marconi, form the basis

of our knowledge today.“That’s the basis of radio,” he says.“Without their work

we wouldn’t have a wireless society.” Lazaridis believes we must invest more in

fundamental research, a conviction he has backed with a donation of $100 mil-

lion to found the Perimeter Institute for Theoretical Physics, not far from the

University of Waterloo. At any one time, this institute, with a mandate of fun-

damental research, houses up to 40 internationally renowned scientists.

uni tun i tun i t

Mike Lazaridis

Co-founder of RIM
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chapter

Waves and Light

In this chapter,
you will be able to

• analyze and interpret the

properties of two-

dimensional mechanical

waves in a ripple tank and

relate them to light

• derive and apply equations

involving the speed,

wavelength, frequency, and

refractive index of waves

and apply them to the

behaviour light

• analyze two-point-source

interference patterns in a

ripple tank and in the

interference of light (Young’s

experiment) using diagrams

• derive and apply equations

relating the properties of

wave interference and

wavelength

• outline the historical

development of the particle

and wave theories of light,

including the development

of new technologies and

discoveries, and summarize

the successes and failures of

each theory

• apply the wave theory to the

property of dispersion and

determine the wavelengths

of the colours of the visible

spectrum

Light is not only energy but it is also a messenger: it carries information from distant

stars and other celestial objects (Figure 1). This information arrives, not just as visible

light, but as a host of other electromagnetic radiations, such as radio waves, X rays, and

cosmic rays.

Everyday we hear about fibre optics, lasers, and light-emitting diodes used in com-

munication; all these technologies use light for their operation. But how? How is the

light energy transmitted from its source?

This was a difficult question for scientists to answer. There were two opposing camps:

some believed that light travels as a wave; others believed it travels as a particle. The evi-

dence seemed to favour one side and then the other until 1830, when most physicists

accepted the wave theory. By the end of the nineteenth century, visible light was 

considered to be only one type of electromagnetic wave. But at the beginning of the

twentieth century it was shown that light had a particle and a wave nature.

In this chapter, we will investigate the evidence for both theories. We will also use the

wave theory to reveal some properties of light not commonly observed. Our investiga-

tions will help prepare the way for Chapter 10, in which we examine modern technological

applications of the wave aspect of light, such as CDs, DVDs, and holography.

442 Chapter 9 NEL

1. What conditions do you think produce the phenomenon shown in Figure 2?

2. What do you think determines the particular colours we see?

3. Recall that sound waves from speakers vibrating in phase interfere and that areas of

lower intensity, which lie along a nodal line, and areas of higher intensity were heard

in front of the speakers. What would the nodal lines look like if the speakers were

replaced with light sources oscillating in phase?

4. What do you think the dark

vertical lines on the photo-

graph in Figure 2 represent?

REFLECT on your learning

Figure 2

The wave theory of light

explains this dramatic effect 

in a simple way.
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Figure 1

This Hubble Space Telescope image shows spiral

galaxy NGC 4603. The HST gathers light of various

wavelengths, enabling scientists to measure pre-

cise distances to far-flung galaxies.

TRYTHIS activity
Diffraction and

Interference of Light

For this activity you will need a prepared slit plate, a showcase lamp, and red

and green filters.

1. Examine the slit plate and select a pair of double slits.

2. Holding the double slits vertically in front of one eye, look at a showcase

lamp covered with a red filter. Describe what you see.

3. Repeat step 2, using the green filter. Describe what you see.

4. Repeat step 3 with a different slit pair. Describe what you see.

(a) Which slit-pair width produced the wider pattern for a single choice of

colour?

(b) Which colour produced the wider pattern for a single choice of slit-pair

width?

(c) How do you know that diffraction and interference of light have

occurred?

You have just recreated a key experiment in the development of the wave

theory of light. You will understand the experiment thoroughly by the end of

this chapter. 
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9.19.1 Waves in Two Dimensions

It is difficult to study the properties of waves for sound, light, and radio because we

cannot view the waves directly. However, if we use a ripple tank, not only can we view

the waves directly, but we can create most conditions needed to demonstrate the prop-

erties of transverse waves in this two-dimension space. Investigation 9.1.1, in the Lab

Activities section at the end of this chapter, provides you with an opportunity to study

the properties of waves in a ripple tank in order to better understand and predict sim-

ilar behaviours and relationships for other waves.

Transmission
A wave originating from a point source is circular, whereas a wave originating from a linear

source is straight. We confine ourselves for the moment to waves from sources with a con-

stant frequency. As a wave moves away from its constant-frequency source, the spacing

between successive crests or successive troughs—the wavelength—remains the same pro-

vided the speed of the wave does not change. A continuous crest or trough is referred to

as a wave front. To show the direction of travel, or transmission, of a wave front, an arrow

is drawn at right angles to the wave front (Figure 1). This line is called a wave ray. Sometimes

we refer to wave rays instead of wave fronts when describing the behaviour of a wave.

When the speed decreases, as it does in shallow water, the wavelength decreases

(Figure 2), since wavelength is directly proportional to speed (λ ~ v). When the fre-

quency of a source is increased, the distance between successive crests becomes smaller,

since wavelength is inversely proportional to frequency 1λ ~ }
1

f
} 2. Both proportionalities

are consequences of the universal wave equation, v 5 f λ. This equation holds for all types

of waves—one-dimensional, two-dimensional, and three-dimensional.

The wave travelling in deep water has a speed v1 5 f1λ1. Similarly, v2 5 f2λ2 for the wave

travelling in shallow water. In a ripple tank, the frequency of a water wave is determined

by the wave generator and does not change when the speed changes. Thus f1 5 f2.

If we divide the first equation by the second equation, we get

}
v

v1

2

} 5 }
f

f

2

1λ
λ

1

2

}

However, f1 5 f2 . Therefore,

Transmission, Reflection, and

Refraction of Water Waves in a

Ripple Tank

How can we view waves to study

them? How are waves transmitted,

reflected, and refracted in a ripple

tank?

INVESTIGATION 9.1.1

transverse wave periodic distur-

bance where particles in the medium

oscillate at right angles to the direc-

tion in which the wave travels

wave front the leading edge of a

continuous crest or trough

wave ray a straight line, drawn

perpendicular to a wave front, indi-

cating the direction of transmission

wave front

direction

of travel

straight wave

(a)

ray
ray

ray

ray

circular wave

(b)

Figure 1

In both cases the wave ray is at 90°

to the wave front.

}
v

v1

2

} 5 }
λ
λ1

2

}
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Section 9.1

deep

ray

shallow

v1 v2

l1 l2

(a) (b)

A water wave has a wavelength of 2.0 cm in the deep section of a tank and 1.5 cm in the

shallow section. If the speed of the wave in the shallow water is 12 cm/s, what is its speed

in the deep water?

Solution

λ1 5 2.0 cm

λ 2 5 1.5 cm

v2 5 12 cm/s

v1 5 ?

}
v

v

1

2

} 5 }
λ
λ1

2

}

v1 5 1}
λ
λ1

2

}2 v2
5 1}21

.

.5

0

c

c

m

m
}2 12 cm/s

v1 5 16 cm/s

The speed of the wave in deep water is 16 cm/s.

SAMPLE problem 1

Answers

1. 1.1 cm

2. 3.6 cm

3. 9.0 Hz; 9.0 Hz

Practice

Understanding Concepts

1. The speed and the wavelength of a water wave in deep water are 18.0 cm/s and 

2.0 cm, respectively. The speed in shallow water is 10.0 cm/s. Find the corre-

sponding wavelength.

2. A wave travels 0.75 times as fast in shallow water as it does in deep water.

Find the wavelength of the wave in deep water if its wavelength is 2.7 cm in

shallow water.

3. In question 1, what are the respective frequencies in deep and shallow water? 

Figure 2

Periodic straight waves travelling from deep water to shallow water (left to right)

λ1 λ2
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Reflection from a Straight Barrier
A straight wave front travels in the “wave ray” direction perpendicular to the wave front,

but how will it behave when encountering obstacles? When a straight wave front runs into

a straight reflective barrier, head on, it is reflected back along its original path (Figure 3).

If a wave encounters a straight barrier obliquely (i.e., at an angle other than 90°), the

wave front is likewise reflected obliquely. The angle formed by the incident wave front and

the normal is equal to the angle formed by the reflected wave front and the normal.

These angles are called the angle of incidence (vi) and the angle of reflection (vr),

respectively (Figure 4). Reflection leaves wavelength, speed, and frequency unchanged.

angle of incidence (vi) the angle

between the incident wave front

and the barrier, or the angle

between the incident ray and the

normal

angle of reflection (vr) the angle

between the reflected wave front

and the barrier, or the angle

between the reflected ray and the

normal

refraction the bending effect on a

wave’s direction that occurs when

the wave enters a different medium

at an angle

incident waves

b
a
rr

ie
r

reflected waves

b
a
rr

ie
r

incident

wave ray

incident

wave
 fro

nt

reflected

wave ray

reflected
wave front

normal

i
u r

u

i
u

r
u

Figure 3

A straight wave front meeting a straight barrier head on is reflected 

back along its original path.

Figure 4

When a wave encounters a straight barrier obliquely, rather than 

head on, the angle of incidence equals the angle of reflection.

normal

incident 
wave 
ray

higher speed
(deep water)

lower speed
(shallow water)

u
R

u
i

boundary

refracted
wave ray

u
R

u
i

u
i

normal

incident 
wave 
ray

higher speed
(deep water)

lower speed
(shallow water) boundary

refracted
wave ray

9

u
R
9

u
R
9

u
i
9

Figure 5

(a) When water waves travel

obliquely into a slower medium,

the wave ray bends toward the

normal. 

(b) If the new medium is a faster

one, the wave ray bends away

from the normal.

Refraction
When a wave travels from deep water to shallow water in such a way that it meets the

boundary between the two depths straight on, no change in direction occurs. On the

other hand, if a wave meets the boundary at an angle, the direction of travel does change.

This phenomenon is called refraction (Figure 5).

(a)

(b)
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We usually use wave rays to describe refraction. The normal is a line drawn at right

angles to a boundary at the point where an incident wave ray strikes the boundary.

The angle formed by an incident wave ray and the normal is called the angle of inci-

dence, vi. The angle formed by the normal and the refracted wave ray is called the angle

of refraction, vR.

When a wave travels at an angle into a medium in which its speed decreases, the

refracted wave ray is bent (refracted) toward the normal, as in Figure 5(a). If the wave

travels at an angle into a medium in which its speed increases, the refracted wave ray is

bent away from the normal, as in Figure 5(b).

Figure 6 shows geometrically that vi is equal to the angle between the incident wave

front and the normal and that vR is equal to the angle between the refracted 

wave front and the normal. In the ripple tank, it is easier to measure the angles between

the wave rays and the boundary, that is, vi9 and vR9 .

To analyze wave fronts refracted at a boundary, the angles of incidence and refrac-

tion can be determined using the equations sin vi 5 }
λ
xy

1
} and sin vR 5 }

λ
xy

2
} , respectively

(Figure 7).

The ratio of the sines gives

=

which reduces to

For a specific change in medium, the ratio }
λ
λ1

2

} has a constant value. Recall Snell’s law from 

optics, sin vi ~ sin vR. This equation can be converted to sin vi 5 n sin vR. The constant

of proportionality (n) and the index of refraction (n) are one and the same thing.

1}
λ
xy

1
}2

}

1}
λ
xy

2
}2

sin vi
}
sin vR

Section 9.1

normal a straight line drawn per-

pendicular to a barrier struck by a

wave

angle of refraction (vR) the angle

between the normal and the

refracted ray, or between the

refracted wave front and the

boundary

x

1

2

incident

wave front

boundary

refracted
wave front

y

u
i

l
1

u
R

l
2

Figure 7
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u
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u
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u
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u
i
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i
u

R

u
R
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u
R
 1 b 5 90°

u
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 5

normal

9

9

9

9
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u
R
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Figure 6

= }
λ
λ1

2

}
sin vi
}
sin vR
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Consequently, we can write

= n

This relationship holds for waves of all types, including light, which we will see shortly.

When light passes from a vacuum into a substance, n is called the absolute index of

refraction. (See Table 1 for a list of absolute indexes of refraction.) The value for the

absolute index of refraction is so close to the value from air to a substance that we rarely

distinguish between them. In this text, when we refer to the index of refraction, we will

be referring to the absolute index of refraction.

sin vi
}
sin vR

Table 1 Approximate Absolute Indexes of Refraction for Various Substances*

Substance Absolute Refractive Index

vacuum 1.000 000

air 1.000 29

ice 1.31

water 1.333

ethyl alcohol 1.36

turpentine 1.472

glass 1.50

Plexiglas 1.51

crown glass 1.52

polystyrene 1.59

carbon disulphide 1.628

flint glass 1.66

zircon 1.923

diamond 2.417

gallium phosphide 3.50

*Measured with a wavelength of 589 nm. Values may vary with physical conditions.

absolute index of refraction the

index of refraction for light passing

from air or a vacuum into a 

substance

You will also recall that we derived a general equation for Snell’s law that applies to any

two substances:

n1 sin v1 5 n2 sin v2

where n1 is the index of refraction in the first medium, n2 is the index of refraction in the

second medium, and v1 and v2 are angles in each respective medium.

For waves we found that }
s

s

i

i

n

n

v

v

R

i
} 5 }

λ
λ

1

2

}, which we can generalize to }
s

s

i

i

n

n

v

v

1

2

} 5 }
λ
λ

1

2

}. But

from the universal wave equation, v 5 f λ , we can show that }
v

v
1

2
} 5 }

λ
λ

1

2

} since f is con-

stant. Therefore, we can write

}
s

s

i

i

n

n

v

v

1

2

} 5 }
v

v
1

2
} 5 }

λ
λ1

2

} 5 }
n

n
2

1
}

The following sample problems will illustrate the application of these relationships in

both in the ripple tank and for light.



Waves and Light 449NEL

Section 9.1

A 5.0 Hz water wave, travelling at 31 cm/s in deep water, enters shallow water. The angle

between the incident wave front in the deep water and the boundary between the deep

and shallow regions is 50°. The speed of the wave in the shallow water is 27 cm/s. Find

(a) the angle of refraction in the shallow water

(b) the wavelength in shallow water

Solution

(a) f 5 5.0 Hz v1 5 50.0°

v1 5 31 cm/s v2 5 ?

v2 5 27 cm/s

}
s

s

i

i

n

n

v

v

1

2

} 5 }
v

v

1

2
}

sin v2 5 1}
v

v

2

1

}2 sin v1

sin v2 5 1 2 sin 50.0°

v2 5 41.9, or 42°

The angle of refraction is 42°.

(b) λ2 5 }
v

f2

2
} but f2 5 f1 5 5.0 Hz

5 }
2

5

7

.0

cm

H

/

z

s
}

λ2 5 5.4 cm

The wavelength in shallow water is 5.4 cm.

27 cm/s
}
31 cm/s

SAMPLE problem 2

For a light ray travelling from glass into water, find

(a) the angle of refraction in water, if the angle of incidence in glass is 30.0°

(b) the speed of light in water

Solution

From Table 1,

ng 5 n1 5 1.50 vg 5 v1 5 30.0°

nw 5 n2 5 1.333 vw 5 v2 5 ?

(a) }
s

s

i

i

n

n

v

v

1

2
} 5 }

n

n2

1
}

}
s

s

i

i

n

n

v

v

w

g
} 5 }

n

n

w

g
}

}
si

s

n

in

30

vw

.0°
} 5 }

1

1

.3

.5

3

0

3
}

sin vw 5

vw 5 34.3°

The angle of refraction in water is 34.3°.

1.50 sin 30.0°
}}

1.333

SAMPLE problem 3
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30°

20°

region A

region B

Figure 8

For question 7

Figure 9

At higher angles of incidence, there

is reflection as well as refraction.

You can see such partial reflection–

partial refraction on the right.

total internal reflection the

reflection of light in an optically

denser medium; it occurs when the

angle of incidence in the denser

medium is greater than a certain

critical angle

Answers

4. (a) 1.2

(b) 1.2

(c) 1.0

5. 31 cm/s

6. (a) 1.36

(b) 3.8 cm, 2.8 cm

(c) 21.6°

7. (a) 1.46

(b) 12 cm/s; 8.2 cm/s

8. 34.7°

9. 28.0°

Partial Reflection–Partial Refraction
When refraction occurs, some of the energy usually reflects as well as refracts. This phe-

nomenon was referred to in optics as partial reflection–partial refraction, a description

that can also be used when referring to this behaviour in waves. We can demonstrate

the same behaviour in a ripple tank, with waves travelling from deep to shallow water,

provided we make the angle of incidence large, as in Figure 9.

The amount of reflection is more noticeable when a wave travels from shallow to deep

water, where the speed increases and again becomes more pronounced as the angle of inci-

dence increases. Figure 10 shows that an incident angle is reached where the wave is

refracted at an angle approaching 90°. For still larger incident angles there is no refraction

at all, with all the wave energy being reflected; this behaviour of light is referred to as total

internal reflection. This phenomenon is analogous to the total internal reflection of light.

(b) na 5 n1 5 1.00

nw 5 n2 5 1.333

v1 5 c5 3.00 3 108 m/s

v2 5 ?

}
v

v
1

2
} 5 }

n

n
2

1
}

v2 5 }
n

n

1v

2

1
}

5

v2 5 2.26 3 108 m/s

The speed of light in water is 2.26 3 108 m/s.

(1.00)(3.00 3 108 m/s)
}}}

1.333

Practice

Understanding Concepts

4. A wave in a ripple tank passes from a deep to a shallow region with v1 5 60°

and v2 5 45°. Calculate the ratios in the two media of (a) the wavelengths, 

(b) the speeds, and (c) the frequencies.

5. Water waves travelling at a speed of 28 cm/s enter deeper water at v1 5 40°.

Determine the speed in the deeper water if v2 = 46°.

6. A 10.0-Hz water wave travels from deep water, where its speed is 38.0 cm/s, to

shallow water, where its speed is 28.0 cm/s and v1 = 30°. Find (a) the index of

refraction, (b) the wavelengths in the two media, and (c) the angle of refraction

in the shallow water.

7. A plane wave generator with a frequency of 6.0 Hz creates a water wave of

wavelength 2.0 cm in region A of a ripple tank (Figure 8). The angle between

the wave crests and the straight boundary between regions A and B is 30°. In

region B the angle is 20°.  

(a) Use Snell’s law to determine the refractive index of the two regions.

(b) Find the speed in each region.

8. Light travels from crown glass into air. (Refer to Table 1 for the indexes of

refraction.) The angle of refraction in air is 60.0°. Calculate the angle of inci-

dence in the crown glass.

9. If the index of refraction for diamond is 2.42, what will the angle of refraction be

in diamond for an angle of incidence of 60.0° in water?
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Section 9.1

normal

<

(a)

iθ

iθ θc

(b)

normal

= 

θc

iθ θc

(c)

normal

>

iθ

iθ θc

Figure 10

(a) Partial refraction–partial 

reflection 

(b) At the critical angle 

(c) Total internal reflection

We have remarked that the frequency of a wave does not in general change when its 

speed changes. Since }
v
v

1

2
} 5 }λ

λ1

2
}, you might expect that the index of refraction and the 

amount of bending would not change for waves of different frequencies, provided the

medium remains the same (e.g., water of the same depth in both cases).

Figure 11, however, shows that indexes of refraction do, in general, depend on wave-

length. In Figure 11(a), the low-frequency (long-wavelength) waves are refracted, as indi-

cated by a rod placed on the screen below the transparent ripple tank. The rod is exactly

parallel to the refracted wave fronts. In Figure 11(b), the frequency has been increased (the

wavelength decreased), with the rod left in the same position. The rod is no longer par-

allel to the refracted wave fronts. It appears that the amount of bending, and hence the

index of refraction, is affected slightly by the frequency of a wave. We can conclude that,

since the index of refraction represents a ratio of speeds in two media, the speed of the

waves in at least one of those media must depend on their frequency. Such a medium, in

which the speed of the waves depends on the frequency, is called a dispersive medium.

Figure 11

(a) The refraction of straight

waves, with a rod marker

placed parallel to the refracted

wave fronts. 

(b) The refracted wave fronts of

the higher frequency waves are

no longer parallel to the marker.

(a) (b)
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• The wavelength of a periodic wave is directly proportional to its speed.

• The frequency of a periodic wave is determined by the source and does not change

as the wave moves through different media or encounters reflective barriers.

• All periodic waves obey the universal wave equation, v 5 f λ .

• The index of refraction for a pair of media is the ratio of the speeds or 

the ratio of the wavelengths in the two media 1 5 2.

• Snell’s law 1n 5 }
s

s

i

i

n

n

v

v

R

i
}2 holds for waves and for light.

• When a wave passes from one medium to another, the wavelength changes and

partial reflection–partial refraction can occur.

λ1
}λ2

v1
}v2

Waves in Two DimensionsSUMMARY

Section 9.1 Questions

Understanding Concepts

1. Straight wave fronts in the deep region of a ripple tank

have a speed of 24 cm/s and a frequency of 4.0 Hz. The

angle between the wave fronts and the straight boundary

of the deep region is 40°. The wave speed in the shallow

region beyond the boundary is 15 cm/s. Calculate

(a) the angle the refracted wave front makes with the

boundary 

(b) the wavelength in the shallow water

2. The following observations are made when a straight peri-

odic wave crosses a boundary between deep and shallow

water: 10 wave fronts cross the boundary every 5.0 s, and

the distance across 3 wave fronts is 24.0 cm in deep water

and 18.0 cm in shallow water.

(a) Calculate the speed of the wave in deep water and in

shallow water.

(b) Calculate the refractive index.

3. Straight wave fronts with a frequency of 5.0 Hz, travelling at

30 cm/s in deep water, move into shallow water. The angle

between the incident wave front in the deep water and the

straight boundary between deep and shallow water is 50°.

The speed of the wave in the shallow water is 27 cm/s. 

(a) Calculate the angle of refraction in the shallow water.

(b) Calculate the index of refraction.

(c) Calculate the wavelength in the shallow water.

4. Straight wave fronts in the deep end of a ripple tank have a

wavelength of 2.0 cm and a frequency of 11 Hz. The wave

fronts strike the boundary of the shallow section of the tank

at an angle of 60° and are refracted at an angle of 30° to

the boundary. Calculate the speed of the wave in the deep

water and in the shallow water.

5. The speed of a sound wave in cold air (220°C) is 320 m/s;

in warm air (37°C), the speed is 354 m/s. If the wave 

front in cold air is nearly linear, find vR in the warm air if

vi is 30°.

6. A straight boundary separates two bodies of rock.

Longitudinal earthquake waves, travelling through the first

body at 7.75 km/s, meet the boundary at an angle of inci-

dence of 20.0°. The wave speed in the second body is 

7.72 km/s. Calculate the angle of refraction.

7. Under what conditions do wave rays in water and light rays

exhibit total internal reflection?

8. Light travels from air into a certain transparent material of

refractive index 1.30. The angle of refraction is 45°. What is

the angle of incidence?

9. A ray of light passes from water, with index of refraction

1.33, into carbon disulphide, with index of refraction 1.63.

The angle of incidence is 30.0°. Calculate the angle of

refraction.

We stated previously that the speed of waves depends only on the medium. This state-

ment now proves to be an idealization. Nevertheless, the idealization is a good approx-

imation of the actual behaviour of waves, since the dispersion of a wave is the result of

minute changes in its speed. For many applications, it is acceptable to make the assump-

tion that frequency does not affect the speed of waves.
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Diffraction of Water Waves

Periodic straight wave fronts in a ripple tank travel in a straight line as long as the depth

of the water is constant and the water is free of obstacles. If the waves pass by a sharp

edge of an obstacle or through a small opening or aperture in an obstacle, the waves

spread out, as illustrated in Figure 1(a). This bending is called diffraction. One of the

easiest ways to observe the properties of the diffraction of waves is with a ripple tank.

Investigation 9.2.1, in the Lab Activities section at the end of this chapter, provides an

opportunity for you to observe and interpret the phenomenon of diffraction.

How much the waves are diffracted at an opening in a barrier depends on both their

wavelength and the size of the opening. Figures 1(b) and (c) show that shorter wavelengths

are diffracted slightly, while longer wavelengths are diffracted to a greater extent by the

same edge or opening.

You can predict how diffraction will vary if you keep the width of the aperture con-

stant and try waves of different wavelengths. In each of the situations in Figure 2, the width

w of the aperture is the same. In Figure 2(a), the wavelength λ is approximately a third

of w. Only part of the straight wave fronts pass through, to be converted to small sectors

of a series of circular wave fronts. In (b), λ is approximately half of w and there is con-

siderably more diffraction. There are still shadow areas to the left and right, where none

of the waves are diffracted. In (c), λ is approximately three-quarters of w. Here, the small

sections of the straight wave that get through the opening are almost entirely converted

diffraction the bending effect on a

wave’s direction as it passes

through an opening or by an

obstacle

Diffraction of Water Waves 

(p. 482)

What factors determine how much a

wave will diffract? How do these

factors relate to one another?

INVESTIGATION 9.2.1

short wavelengths long wavelengths

Figure 1

When waves travel by an edge,

longer wavelengths are diffracted

more than shorter wavelengths.

(a) (b) (c)

Figure 2

As the wavelength increases, the amount of diffraction increases.

(a) (b) (c)
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into circular wave fronts. The wave has bent around the side of the opening, filling

almost the entire region beyond the barrier.

When we keep λ fixed and change w, we find that the amount of diffraction increases

as the size of the aperture decreases. In both instances, if waves are to be strongly diffracted

they must pass through an opening of width comparable to their wavelength or smaller 

1w # λ; equivalently }w
λ

} $12. This means that if the wavelength is very small, a

very narrow aperture is required to produce significant diffraction (Figure 3).

Perhaps the most obvious example of the diffraction of waves occurs with sound. The

sounds of a classroom can be heard through an open door, even though the students

are out of sight and behind a wall. Sound waves are diffracted around the corner of the

doorway primarily because they have long wavelengths, relative to the width of the

opening. If a sound system is operating in the room, its low frequencies (the long wave-

lengths) are diffracted around the corner more than are its higher frequencies (the

shorter wavelengths).

incident waves incident wavesincident waves nearly

straight-line

propagation

large opening small opening shorter wavelength,

no change in opening

(a) (b) (c)

Figure 3

In (a) and (b), similar wavelengths

are diffracted more through a

smaller opening; in (b) and (c), the

openings are the same size but the

wavelengths are shorter in (c), and

there is less diffraction.

• Waves diffract when they pass by an obstacle or through a small opening.

• Waves of longer wavelength experience more diffraction than waves with a

smaller wavelength.

• For a given opening or aperature, the amount of diffraction depends on the ratio 

}w
λ

} . For observable diffraction, }w
λ

} $ 1.

Diffraction of Water WavesSUMMARY

Section 9.2 Questions

Understanding Concepts

1. State the condition required to maximize the diffraction of

waves through an aperature.

2. If waves with a wavelength of 2.0 m pass through an

opening of 4.0 m in a breakwater barrier, will diffraction be

noticeable?

3. Electromagnetic radiation with a wavelength of

6.3 3 10–4 m passes through a slit. Find the maximum slit

width that will produce noticeable diffraction.

4. Will the electromagnetic radiation of question 3 be dif-

fracted by slits wider than the width you calculated?

Explain your answer.

ib10lp
Sticky Note
Activity to try with students
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9.39.3
Interference of Waves 

in Two Dimensions

Constructive and destructive interference may occur in two dimensions, sometimes pro-

ducing fixed patterns of interference. To produce a fixed pattern, the interfering waves

must have the same frequency (and thus the same wavelength) and also similar ampli-

tudes. Standing waves in a string or rope, fixed at one end, illustrate interference in one

dimension. Patterns of interference also occur between two identical waves when they

interfere in a two-dimensional medium such as the water in a ripple tank.

Figure 1 shows two point sources vibrating with identical frequencies and amplitudes

and in phase. As successive crests and troughs travel out from the two sources, they inter-

fere with each other, sometimes crest on crest, sometimes trough on trough, and some-

times crest on trough, producing areas of constructive and destructive interference.

constructive interference occurs

when waves build each other up,

producing a resultant wave of

greater amplitude than the given

waves

destructive interference occurs

when waves diminish one another,

producing a resultant wave of lower

amplitude than the given waves

nodal line a line of destructive

interference

Figure 2

The interference pattern between two

identical sources (S1 and S2),

vibrating in phase, is a symmetric

pattern of hyperbolic lines of destruc-

tive interference (nodal lines) and

areas of constructive interference.

S
1

S
2

node

lines of destructive

interference

(nodal lines)

crests

troughs

areas of 

constructive

interference

supertrough

supercrest

Figure 1

Interference between two point

sources in phase in a ripple tank

You can see from Figure 1 that these areas spread out from the source in symmet-

rical patterns, producing nodal lines and areas of constructive interference. When illu-

minated from above, the nodal lines appear on the surface below the water in the ripple

tank as stationary grey areas. Between the nodal lines are areas of constructive interfer-

ence that appear as alternating bright (double-crest) and dark (double-trough) lines of

constructive interference. You can see these alternating areas of constructive and destruc-

tive interference in Figure 2. Although the nodal lines appear to be straight, their paths

from the sources are actually hyperbolas.
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This symmetrical pattern remains stationary, provided three factors do not change: the

frequency of the two sources, the distance between the sources, and the relative phase of

the sources. When the frequency of the sources is increased, the wavelength decreases,

bringing the nodal lines closer together and increasing their number. If the distance

between the two sources is increased, the number of nodal lines also increases. As you

would expect, neither of these factors changes the symmetry of the pattern: provided the

two sources continue to be in phase, an area of constructive interference runs along the

right bisector, and equal numbers of nodal lines appear on the two sides of the right

bisector. If other factors are kept constant, but the relative phase of the two sources

changes, the pattern shifts (as in Figure 3), with the number of nodal lines remaining the

same. For example, if S1 is delayed, the pattern shifts to the left of the right bisector.

Mathematical Analysis of the Two-Point-Source
Interference Pattern
The two-point-source interference pattern is useful because it allows direct measure-

ment of the wavelength (since it is easy to keep the interference pattern relatively sta-

tionary). By taking a closer look at the two-point-source interference pattern, we can

develop some mathematical relationships that will be useful in Section 9.5 and the next

chapter for analyzing the interference of other kinds of waves.

Consider the ripple-tank interference pattern produced by a pair of identical point

sources S1 and S2, vibrating in phase and separated by three wavelengths. In this pat-

tern, there are an equal number of nodal lines on either side of the right bisector. These

lines are numbered 1 and 2 on both sides of the right bisector (Figure 4). (So, for example,

there are two nodal lines labelled n 5 1: the first line on either side of the right bisector.)

If we take a point P1 on one of the first nodal lines and connect it to each of the two

sources by the lines P1S1 and P1S2 as in Figure 4, we might find that P1S1 5 4λ

and P1S2 5 }
7

2
}λ. The difference between these two distances, called the difference in 

path length, is

P1S1 2 P1S2 = }
1

2
}λ

This relationship holds for any point on the first nodal line on either side of the right

bisector. (We take absolute values when expressing the difference in path length because

our only interest is in the size of the discrepancy in lengths. We do not care which length

is the greater of the two.) When we measure in the same way the difference in path

length for any point P2 on a nodal line second from the centre, we find that

P2S1 2 P2S2 = }
3

2
}λ

Continuing this procedure, we can arrive at a general relationship for any point P on

the nth nodal line:

Figure 3

The effect of a phase delay on the

interference pattern for two point

sources. In (a) the sources are in

phase; in (b) the phase delay is

180°.

difference in path length in an

interference pattern, the absolute

value of the difference between the

distance of any point P from one

source and the distance of the same

point P from the other source: 

P1S1 2 P1S2

(a)

(b)

In Phase versus Out of Phase

Recall from previous studies

that objects vibrating in phase

have the same periods and pass

through the rest point at the

same time. Objects vibrating out

of phase may not have the same

period, but if they do, they do

not pass through the rest point

at the same time.

LEARNING TIP

PnS1 2 PnS2 = 1n 2 }
1

2
}2λ Equation (1)

You can use this relationship to find the wavelength of interfering waves in the ripple

tank by locating a point on a specific nodal line, measuring the path lengths, and sub-

stituting in Equation (1).

If the wavelengths are too small or the point P is too far away from the two sources,

the difference in path length is too small to be measured accurately. To handle these two

cases (which could occur either individually or together), we need another technique.

S1 S2

S1 S2
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For any point Pn , the difference in path length is the distance AS1 in Figure 5(a):

PnS1 2 PnS2 = AS1

Figure 5(b) shows that when Pn is very far away compared to the separation d of the

two sources, the lines PnS1 and PnS2 are very nearly parallel; that is, as Pn → `, PnS1 and

PnS2 become nearly parallel. In this case, the line AS2 forms a right angle with both of

these lines, as illustrated, making the triangle S1S2A a right-angled triangle (Figure 5(b)).

Therefore, the difference in path length can be expressed in terms of the sine of the 

angle vn:

sin vn 5 }
A

d

S1
}

AS1 5 d sin vn Equation (2)

But AS1 = PnS1 – PnS2. Therefore, by combining Equations (1) and (2) we get

d sin vn = 1n 2 }
1

2
}2 λ

Section 9.3

Figure 4

For any point P1 on the first nodal

line, the difference in path length

from P1 to S1 and from P1 to S2 is 

}
1

2
}λ. For any point P2 on the second 

nodal line, the difference in path 

length is }
3

2
}λ.

dS
1

S
2

P

A

d

n
u

S
1

S
2

A

n

Figure 5

(a) Point Pn is near.

(b) Point Pn is far enough away that

PnS1 and PnS2 are considered

parallel.

sin vn 5 1n 2 }
1

2
}2 }

λ
d

}

where vn is the angle for the nth nodal line, λ is the wavelength, and d is the distance

between the sources.

This equation allows us to make a quick approximation of the wavelength for a 

specific interference pattern. Since sin vn cannot be greater than 1, 1n 2 }
1

2
}2 }

λ
d

} cannot 

be greater than 1. The largest value of n that satisfies this condition is the number of

nodal lines on either side of the right bisector. Measuring d and counting the number of

nodal lines gives an approximation for the wavelength. For example, if d is 2.0 m and the

number of nodal lines is 4, the wavelength can be approximated as follows:

sin vn 5 1n 2 }
1

2
}2}

λ
d

}

Or, since the maximum possible value of sin vn is 1,

1n 2 }
1

2
}2}

λ
d

} < 1

14 2 }
1

2
}2}

2.0

λ
m

} < 1

λ < 0.57 cm

In the ripple tank, it is relatively easy to measure the angle vn. The measurement is not,

however, easy for light waves (Section 9.5), where both the wavelength and the distance

between the sources are very small and the nodal lines are close together. We therefore

seek a technique for measuring sin vn without measuring vn itself.

We noted earlier that a nodal line is a hyperbola. But at positions on nodal lines rel-

atively far away from the two sources, the nodal lines are nearly straight, appearing to orig-

inate from the midpoint of a line joining the two sources.

(a)

(b)
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For a point Pn located on a nodal line, far away from the two sources, the line from Pn

to the midpoint between the two sources, PnC, is essentially parallel to PnS1 (Figure 6).

This line is also perpendicular to AS2. Since the right bisector (CB) is perpendicular to

S1S2, we can easily show that v'
n = vn (Figure 7).

In Figure 6, sin v'
n can be determined from the triangle PnBC as follows:

sin v'
n 5 }

x

L

n
}

Since sin vn 5 1n 2 }
1

2
}2}

λ
d

}

and sin v'
n 5 sin vn,

In this derivation, d is the distance between the sources, xn is the perpendicular distance

from the right bisector to the point on the nodal line, L is the distance from the point Pn

to the midpoint between the two sources, and n is the number of the nodal line.

Note that our derivation assumes a pair of point sources, vibrating in phase.

Figure 7

D
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n
u
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n
 1 a 5 90°u
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n
  9
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n
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Figure 6
The distance from the right bisector to the second nodal line in a two-point interference

pattern is 8.0 cm. The distance from the midpoint between the two sources to point P is 

28 cm. What is angle v2 for the second nodal line?

Solution

x2 5 8.0 cm

L 5 28 cm

v2 5 ?

sin v2 5

5 }
8

2

.

8

0

c

c

m

m
}

v2 5 16.6°, or 17°

The angle v2 for the second nodal line is 17°.

x2
}
L

SAMPLE problem 1

}
x

L

n
} 5 1n 2 }

1

2
}2}

λ
d

}
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Section 9.3

Two identical point sources 5.0 cm apart, operating in phase at a frequency of 8.0 Hz,

generate an interference pattern in a ripple tank. A certain point on the first nodal line is

located 10.0 cm from one source and 11.0 cm from the other. What is (a) the wavelength

of the waves and (b) the speed of the waves?

Solution

d 5 5.0 cm PS2 5 10.0 cm λ 5 ?

f 5 8.0 Hz PS1 5 11.0 cm v 5 ?

(a) PS1 2 PS2 5 1n 2 }
1

2
}2λ

11.0 cm 2 10.0 cm 5 11 2 }
1

2
}2λ

λ 5 2.0 cm

The wavelength of the waves is 2.0 cm.

(b) v 5 f λ

5 (8.0 Hz)(2.0 cm)

v 5 16 cm/s

The speed of the waves is 16 cm/s.

SAMPLE problem 2

Practice

Understanding Concepts

1. Two point sources, S1 and S2, oscillating in phase send waves into the air at the

same wavelength, 1.98 m. Given that there is a nodal point where the two waves

overlap, find the smallest corresponding path length difference. 

2. In a ripple tank, a point on the third nodal line from the centre is 35.0 cm from

one source and 42.0 cm from another. The sources are 11.2 cm apart and vibrate

in phase at 10.5 Hz. Calculate the wavelength and the speed of the waves.

3. An interference pattern is set up by two point sources of the same frequency,

vibrating in phase. A point on the second nodal line is 25.0 cm from one source,

29.5 cm from the other. The speed of the waves is 7.5 cm/s. Calculate the wave-

length and the frequency of the sources.

Answers

1. 0.99 m

2. 2.80 cm; 29.4 cm/s

3. 3.0 cm; 2.5 Hz

Up to this point, we have discussed two-point-source wave interference in the abstract,

with formulas and geometrical diagrams, and have inspected some photographs. However,

we have not studied this phenomenon first hand. Investigation 9.3.1 in the Lab Activities

section at the end of this chapter provides you with the opportunity to confirm the

analysis of two-point-source interference in the lab.

• A pair of identical point sources operating in phase produces a symmetrical pat-

tern of constructive interference areas and nodal lines. The nodal lines are

hyperbolas radiating from between the two sources.

• Increasing the frequency (lowering the wavelength) of the sources increases the

number of nodal lines.

Interference of Waves in 

Two Dimensions
SUMMARY

Interference of Waves in Two

Dimensions (p. 482)

How can you test our analysis of

two-point wave interference? What

equipment will you need?

INVESTIGATION 9.3.1
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• Increasing the separation of the sources increases the number of nodal lines.

• Changing the relative phase of the sources changes the position of the nodal lines

but not their number.

• The relationship sin vn 5 1n 2 }
1

2
}2 }

λ
d

} , or }
x

L

n
} 5 1n 2 }

1

2
}2 }

λ
d

}, can be used to solve

for an unknown in a two-point-source interference pattern.

Section 9.3 Questions

Understanding Concepts

1. List three conditions necessary for a two-point-source

interference pattern to remain stable.

2. By how much must path lengths differ if two waves from

identical sources are to interfere destructively?

3. What ratio of }
λ
d

} would produce no nodal line?

4. Explain why the interference pattern between two point

sources is difficult to see

(a) if the distance between the sources is large

(b) if the relative phase of the two sources is constantly

changing

5. Two point sources, 5.0 cm apart, are operating in phase,

with a common frequency of 6.0 Hz, in a ripple tank. A

metre stick is placed above the water, parallel to the line

joining the sources. The first nodal lines (the ones adjacent

to the central axis) cross the metre stick at the 35.0-cm and

55.0-cm marks. Each of the crossing points is 50.0 cm from

the midpoint of the line joining the two sources. Draw a

diagram of the tank, and then calculate the wavelength and

speed of the waves.

6. Two sources of waves are in phase and produce identical

waves. These sources are mounted at the corners of a

square. At the centre of the square, waves from the sources

produce constructive interference, no matter which two

corners of the square are occupied by the sources. Explain

why, using a diagram.

7. In a large water tank experiment, water waves are gener-

ated with straight, parallel wave fronts, 3.00 m apart. The

wave fronts pass through two openings 5.00 m apart in a

long board. The end of the tank is 3.00 m beyond the board.

Where would you stand, relative to the perpendicular

bisector of the line between the openings, if you want to

receive little or no wave action?

8. A page in a student’s notebook lists the following informa-

tion, obtained from a ripple tank experiment with two point

sources operating in phase: n 5 3, x3 5 35 cm, L 5 77 cm,

d 5 6.0 cm, v3 = 25°, and 5 crests 5 4.2 cm. Calculate the

wavelength of the waves using three methods.

9. Two very small, identical speakers, each radiating sound

uniformly in all directions, are placed at points S1 and S2 as

in Figure 8. The speakers are connected to an audio

source in such a way that they radiate in phase, at the

common wavelength of 2.00 m. Sound propagates in air at

338 m/s. 

(a) Calculate the frequency of the sound.

(b) Point M, a nodal point, is 7.0 m from S1 and more than

7.0 m from S2. Find three possible distances M could

be from S2.

(c) Point N, also a nodal point, is 12.0 m from S1 and 5.0 m

from S2. On which nodal line is N located?

Applying Inquiry Skills

10. We have said that waves in a ripple tank are a “reasonable

approximation” to true transverse waves. 

(a) Research the Internet or other sources and report on

how the behaviour of a particle in a water wave does

not exhibit strict transverse wave characteristics. 

(b) When water waves enter very shallow water, for

example as they approach a beach, they not only slow

down but also curl and “break.” Explain this behaviour

using the information you obtained in (a).

(c) If water waves are not true transverse waves, how can

we justify using them to discover the properties of

transverse waves?

Making Connections

11. Two towers of a radio station are 4.00 3 102 m apart along

an east–west line. The towers act essentially as point

sources, radiating in phase at a frequency of 1.00 3 106 Hz.

Radio waves travel at 3.00 3 108 m/s.

(a) In which directions is the intensity of the radio signal

at a maximum for listeners 20.0 km north of the trans-

mitter (but not necessarily directly north of it)?

(b) In which directions would you find the intensity at a

minimum, north of the transmitter, if the towers were

to start transmitting in opposite phase?

12.0 m

S
1

S
2

N

M

5.0 m

5.0 m

Figure 8

GO www.science.nelson.com
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9.49.4Light: Wave or Particle?

The Nature of Light
Energy can move from one place to another as the energy of moving objects or as the

energy of waves. A moving object, whether as small as a subatomic particle such as an

electron, or as large as a baseball or a rocket, possesses kinetic energy. In classical

Newtonian mechanics, the object has to have both mass and velocity if it is to transfer

energy. Energy is conveyed over long distances in waves, even though individual parti-

cles do not travel these distances. How, then, does light travel? How does light from a dis-

tant source, such as the Sun, bring us energy?

The earliest recorded views on the nature of light come to us from the Greeks. Plato

thought that light consisted of “streamers,” or filaments, emitted by the eye. Sight was

achieved when these streamers came into contact with an object. Euclid agreed with

him, arguing,“How else can we explain that we do not see a needle on the floor until our

eyes fall on it?” Not all Greeks held this view, however. The Pythagoreans believed that

light travelled as a stream of fast-moving particles, while Empedocles taught that light

travelled as a wave-like disturbance.

By the seventeenth century, these apparently contradictory views of the nature of light

placed scientists into two opposing camps. Isaac Newton was the principal advocate of

the particle, or corpuscular, theory. The French mathematician, physicist, and astronomer

Pierre Simon de Laplace supported him. One of the principal advocates of the com-

peting wave theory was Christiaan Huygens of Holland, also a mathematician, physicist,

and astronomer. Robert Hooke, president of the Royal Society in London, and a vig-

orous personal opponent of Newton, in turn supported Huygens. The debate continued

for more than a hundred years. By the late nineteenth century, there appeared to be

overwhelming evidence that the nature of light could be better explained using the wave

model. In this section, we will see how appropriate the two theories are for explaining

the observed properties of light.

Before beginning this discussion, it is important to recall the two chief functions of a

scientific model or theory (the terms can be used interchangeably):

• to explain the known properties of a phenomenon

• to predict new behaviour, or new properties, of a phenomenon

Newton and his supporters used the corpuscular theory to explain known features

of light. Newton’s arguments are significant historically; moreover they serve as illustrations

of the scientific method.

Newton’s Particle Theory
Building on an earlier theory by French philosopher and mathematician René Descartes,

Newton imagined that light consisted of streams of tiny particles, which he called “cor-

puscles,” shooting out like bullets from a light source.

Rectilinear Propagation
Sharp shadows and “rays” from the Sun streaming through clouds show that light travels

in straight lines. This is sometimes referred to as the rectilinear propagation of light.

A ball thrown through space follows a curved path under the influence of gravity. The

path of a bullet shot from a gun, on the other hand, curves less because the speed is

greater.

Robert Hooke

Robert Hooke (1635–1703), an

English scientist, invented the air

pump, the balance spring for

watches, the first efficient com-

pound microscope, the hygrom-

eter, a wind gauge, a spiral gear,

the iris diaphragm, and the refrac-

tometer. He also made the first

microscopic study of insect

anatomy, was the first to use the

word “cell” in biology, proposed

zero as the freezing point of water,

was the first to study crystal struc-

ture, explained the nature of

colour in thin films, formulated the

law of elasticity, surveyed London

after the Great Fire, and discov-

ered (but was unable to prove) the

inverse square law for gravitation.

DID YOU KNOW??

rectilinear propagation of light

the term used to describe light trav-

elling in straight lines



462 Chapter 9 NEL

As with the ball, particles travelling at normal speeds are observed to follow a curved

path, due to the effect of gravity. However, faster particles curve less over the same distance.

Newton argued that since the path of light has no noticeable curve, light consists of par-

ticles whose speed is extremely high. Further, since he was not aware that light exerted any

noticeable pressure, he argued that the mass of its particles must be extremely low.

Diffraction
Newton further argued that light does not travel “around a corner,” as do waves. In this

case he discounted the work of Francesco Grimaldi (an Italian Jesuit mathematician)

who had shown that a beam of light passing through two successive narrow slits produced

a band of light slightly larger than the width of the slits. Grimaldi believed that the beam

had been bent slightly outward at the edges of the second aperature, a phenomenon he

named diffraction. Newton maintained that Grimaldi’s effect resulted from collisions

between the light particles at the edges of the slit rather than from the outward spreading

of waves.

Reflection
We know that light falling on a mirror obeys the laws of reflection. How do particles

behave under similar conditions? Figure 1(a) shows light rays reflected by a mirror

(bouncing, Newton would say), and (b) shows a series of images of a bouncing steel ball.

Newton demonstrated that, under the assumption of perfectly elastic collisions, the

laws of reflection follow from the laws of motion. Consider a hard, spherical particle

approaching a frictionless, horizontal surface with a velocity whose horizontal and ver-

tical components are vx and vy respectively. When the particle is reflected, there is no

change in vx . The vertical velocity component vy is reversed in direction because of the

reactive force of the horizontal surface on the sphere, leaving its magnitude unchanged

(Figure 2). (Since the collision is perfectly elastic, DEK 5 0.) The incident velocity is

thus equal in magnitude to the reflected velocity, and vi 5 vr.

Figure 1

(a) Reflected parallel rays of light 

(b) Steel ball bouncing off a hard

surface

v
x

v
y

v
x

v
y

c c

i
u

i
u

r
u

r
u

Figure 2

Vector analysis of the bouncing steel

ball in a collision assumed to be

perfectly elastic. The ball obeys the

same law of reflection as a ray of

light.

(a) (b)

Light Bends

In 1905, as part of his general theory

of relativity, Einstein proposed that

light bends slightly when it passes

through a strong gravitational field

such as that near a star or a galaxy.

Experimental observation during a

solar eclipse verified this in 1919.

This bending is so slight that one

can say that, for most applications of

light, it travels in straight lines.

DID YOU KNOW??
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Refraction
Newton was also able to demonstrate the nature of refraction with the particle model:

when light passes from air to water, it bends toward the normal (Figure 3). Particles,

too, will bend toward the normal if their speed increases. For example, if a ball is rolled

at a transverse angle down a ramp from a raised horizontal surface to a lower horizontal

surface, it will bend, or refract, toward the normal.

Newton believed that water attracted approaching particles of light in much the same

way as gravity attracts a rolling ball on an incline. On the strength of the rolling ball

analogy, he conjectured that particles of light accelerate, specifically at the boundary, as

they pass from air into a medium with a higher index of refraction, such as glass or

water. He therefore predicted that the speed of light in water would be greater than the

speed of light in air. At the time, the speed of light in water was not known. It was not

until 1850, 123 years after Newton’s death, that the French physicist Jean Foucault demon-

strated experimentally that the speed of light in water is, in fact, less than the speed of light

in air—the opposite of what Newton’s particle theory predicted.

Partial Reflection–Partial Refraction
When light refracts, some of the light is reflected. Newton had difficulty explaining this

phenomenon in his corpuscular framework. He did, however, propose a so-called “theory

of fits”: particles of light arrive at the surface sometimes in a “fit” of easy reflection,

sometimes in a “fit” of easy refraction. However, Newton recognized that this explana-

tion was weak.

Dispersion
When white light passes through a glass prism, different wavelengths are refracted

through different angles, generating a display of spectral colours (Figure 4). This phe-

nomenon, called dispersion, has been known since at least the time of the ancient

Egyptians. In 1666, however, Newton became the first physicist to investigate the phe-

nomenon systematically.

To explain dispersion in his corpuscular theory, Newton hypothesized that each par-

ticle in the spectrum had a different mass. Since the violet-light particles are refracted more

than the blue, Newton argued that the violet-light particles must have a lower mass than

blue-light particles. (The lower masses, having less momentum, would be diverted more

easily.) Similarly, the blue-light particles must be lower in mass than the still less deflec-

tion-prone green-light particles. Red-light particles must have the highest masses of all

the species of light in the visible spectrum.

Newton’s corpuscular theory provided, at the time, a satisfactory explanation for four

properties of light: straight-line transmission, reflection, refraction, and dispersion. It was

Section 9.4

Jean Foucault

Jean Foucault (1819–1868) and

another French physicist, Armand

Fizeau (1819–1896), measured the

speed of light with a system of

rotating mirrors and a spinning,

toothed wheel. In 1853, they

showed that the speed of light was

lower in water than in air, pro-

viding strong support for the wave

theory of light. Foucault is remem-

bered today not only for contribu-

tions for optics but also for the

“Foucault pendulum,” a demon-

stration of Earth’s rotation.

DID YOU KNOW??
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(a) Figure 3

(a) Light travelling obliquely from

air into water bends toward the

normal.

(b) When the speed of a moving

particle increases, it bends

toward the normal. 

Figure 4

Dispersion occurs when white light

is refracted in a prism, producing

the spectrum.

i
u

R
u

(b)
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weak in its explanation of diffraction and partial reflection–partial refraction. Considering

the evidence available to Newton, his hypothesis was valid. It was, in its day, superior

to the competing wave theory of light because it used the laws of mechanics, which had

been proven to be valid in other areas of physics. When new evidence became available

that could not be explained using Newton’s corpuscular theory, this was bound to give

stronger support to the wave theory. However, Newton’s stature and authority were so

compelling that the corpuscular theory of light dominated for more than a century. In

fact, his successors adhered to the corpuscular view of light more strongly than Newton

ever did himself.

Newton recognized that the experimental evidence was not exclusively strong enough

for either particles or waves. Although he preferred the particle theory, he was not dog-

matic about it. He considered both theories to be hypotheses, theories that required fur-

ther testing.

The lesson to be learned from Newton’s example is that the theories—in fact, any

pronouncements—of esteemed, famous people should be evaluated on the basis of sup-

porting evidence. A theory should not be accepted simply because it is put forward by

an eminent person.

Huygens’ Wave Model
Robert Hooke proposed the wave theory of light in 1665. Twenty years later, Huygens

developed the theory further, introducing Huygens’ principle (still used today as a dia-

gram-drawing aid) for predicting the position of a wave front:

Huygens’ Principle

Every point on a wave front can be considered as a point

source of tiny secondary wavelets that spread out in front

of the wave at the same speed as the wave itself. The sur-

face envelope, tangent to all the wavelets, constitutes the

new wave front.

B

B

A

A

S

B9
B9

A9

A9

circular wave front straight wave front

Figure 5

Every point on a wave front can be

considered as a point source of tiny

secondary wavelets that spread out

in front of the wave at the same

speed as the wave itself. The surface

envelope, tangent to all the

wavelets, constitutes the new wave

front.

As an illustration of the use of Huygens’ principle, consider Figure 5, in which the

wave front AB is travelling away from the source at some instant. The points on the wave

Christiaan Huygens

Christiaan Huygens (1629–1695) did

most of his work in astronomy and

physics. He discovered a new and

better method for grinding lenses

and, using his improved telescope,

discovered Titan (the largest satellite

of Saturn), the rings of Saturn, and

the “markings” on the planet Mars.

Although it was first proposed by

Galileo, it was Huygens who

improved the pendulum clock so

that it kept accurate time. Today he

is remembered primarily because of

the wave theory of light.

DID YOU KNOW??
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front represent the centres of the new wavelets, drawn as a series of small arcs of cir-

cles. The common tangent to all these wavelets, A′B′, is the new position of the wave

front a short time later.

Huygens and his supporters were able to use the wave theory to explain some of the

properties of light, including reflection, refraction, partial reflection–partial refraction,

dispersion, and diffraction. However, they encountered difficulties when trying to explain

rectilinear propagation, since waves as encountered in a ripple tank tend to spread out

from a source. (This was the primary reason for Newton’s rejection of the wave theory.)

Reflection
As Figure 6 shows, waves obey the laws of reflection from optics. In each case, the angle

of incidence equals the angle of reflection for both straight and curved reflectors.

Refraction
Huygens, using his wavelet model, predicted that light would bend toward the normal

as it passes into an optically denser medium such as glass because its speed is slower in

the second medium (v2 , v1). In a given interval Dt, the wavelet whose source is point

A in Figure 7 travels a shorter distance (v2Dt) than does the wavelet whose source is B

(v1Dt). The new wave front, tangent to these wavelets, is CD (consistent with Snell’s

law). We have seen that Newton’s corpuscular theory predicted the reverse, that is,

v2 . v1. By 1850, when a technique was available for measuring the speed of light in a

material other than a vacuum, the wave theory had already prevailed, for reasons which

we shall examine shortly.

Section 9.4

incident ray
incident wave

reflected

wave reflected ray
i

u
r

u

normal

FF

Figure 6

Waves, like light, obey the laws of

reflection when reflected by a plane

or curved surface.
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Partial Reflection–Partial Refraction
We have already seen from the ripple tank that waves partially reflect and partially refract

whenever there is a change in speed, that the amount of partial reflection varies with

the angle of incidence, that the reflection becomes total for angles of incidence greater

than a critical angle, and that all these phenomena have parallels in optics. Recall that total

internal reflection only occurs for waves travelling from a slow to a fast medium, as is the

case for light (Figure 8).
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air (n 5 1.00)
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Figure 7

During the time interval Dt in (a),

the wavelet from A travels a shorter

distance than the wavelet from B.

Both wave rays (b) and light rays

(c) are refracted toward the normal

when the speed decreases.
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For waves and light refracted away

from the normal when the speed

increases, partial reflection also

occurs.
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Diffraction
Grimaldi had observed the diffraction of light when a ray was directed through two suc-

cessive narrow slits. Newton had said that if light were a wave, then light waves should

bend much more than was observed by Grimaldi. We saw in the previous section that dif-

fraction only becomes easy to detect when the aperture is of approximately the same

order of magnitude as the wavelength. If the wavelength is extremely small, diffraction

will be minimal unless the aperature is extremely small, too.

Huygens’ principle is consistent with diffraction around the edge of an obstacle,

through a large aperture, and through an aperture whose size is on the same order of mag-

nitude as the wavelength of the wave (Figure 9). Neither Newton nor Huygens had been

able to determine what is now known, that the wavelengths of visible light are so incred-

ibly small that diffraction effects must be very small as well. Both theories explained the

diffraction phenomena known in their day. Once the minuteness of the wavelength of

light was known, the wave theory was acknowledged to be superior.

Section 9.4

Figure 9

Diffraction patterns produced by 

(a) a fine wire, 

(b) a sharp edge

(c) a razor blade

(c)(a)

Dispersion
Recall from Section 9.1 that long-wavelength waves were refracted a slightly different

amount than short-wavelength waves when passing from one medium to another with

a lower speed. Wave theory supporters used this fact to explain dispersion. They argued

that white light is made up of the colours of the spectrum, each with a different wave-

length. When white light passes through a prism, the violet wavelengths, for example, are

refracted more than the red because they have different wavelengths. We will see later that

the explanation is more complex, but with the knowledge available at the time, this wave

explanation was satisfactory.

(b)
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Rectilinear Propagation
The wave theory treats light as a series of wave fronts perpendicular to the paths of the

light rays. Huygens thought of the rays as simply representing the direction of motion

of a wave front. Newton felt that this did not adequately explain rectilinear propaga-

tion of light, since waves emitted from a point source spread out in all directions rather

than travel in a straight line. At the time, Newton’s corpuscular theory explained this

property better than the wave theory.

In summary, Huygens’ wave theory explained many of the properties of light, including

reflection, refraction, partial reflection–partial refraction, diffraction, dispersion, and

rectilinear propagation. The wave theory was more valid at that time than Newton’s

corpuscular theory, but because of Newton’s reputation in other areas of physics, the

corpuscular theory would dominate for 100 years, until Thomas Young provided new and

definitive evidence in 1807.

Newton As a Cult Figure

Newton, like Einstein in the 20th

century, was so revered and his

work so well accepted that he

became to the general population

what we would call today a cult

figure. There were Newton jokes

and even comedic plays performed

where Newton was portrayed as an

absented-minded, eccentric figure.

DID YOU KNOW??

• Newton’s particle theory provided a satisfactory explanation for four properties

of light: rectilinear propagation, reflection, refraction, and dispersion. The theory

was weak in its explanations of diffraction and partial reflection–partial 

refraction.

• Huygens’ wave theory considered every point on a wave front as a point source of

tiny secondary wavelets, spreading out in front of the wave at the same speed as

the wave itself. The surface envelope, tangent to all the wavelets, constitutes the

new wave front.

• Huygens’ version of the wave theory explained many of the properties of light,

including reflection, refraction, partial reflection–partial refraction, diffraction,

and rectilinear propagation.

Light: Wave or Particle?SUMMARY

Section 9.4 Questions

Understanding Concepts

1. In what ways does light behave like a wave? Draw dia-

grams to illustrate your answer.

2. When a real-life approximation to a particle, such as a steel

ball, strikes a hard surface, its speed is slightly reduced.

Explain how you know that the speed of light does not

change when it is reflected.

3. Does Huygens’ principle apply to sound waves? to water

waves?

4. What experimental evidence suggests that light is a wave?

5. The index of refraction of one type of glass is 1.50. What,

according to the particle theory of light, is the speed of

light in glass? Explain your answer.

Applying Inquiry Skills

6. Newton hypothesized in his corpuscular theory that parti-

cles of light have very low masses. Design an experiment to

show that if there are indeed particles of light possessing a

low mass, then their mass cannot be high.
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9.59.5
Wave Interference: Young’s 

Double-Slit Experiment

If light has wave properties, then two light sources oscillating in phase should produce

a result similar to the interference pattern in a ripple tank for vibrators operating in

phase (Figure 1). Light should be brighter in areas of constructive interference, and

there should be darkness in areas of destructive interference.

Many investigators in the decades between Newton and Thomas Young attempted to

demonstrate interference in light. In most cases, they placed two sources of light side

by side. They scrutinized screens near their sources for interference patterns but always

in vain. In part, they were defeated by the exceedingly small wavelength of light. In a

ripple tank, where the frequency of the sources is relatively small and the wavelengths are

large, the distance between adjacent nodal lines is easily observable. In experiments with

light, the distance between the nodal lines was so small that no nodal lines were observed.

There is, however, a second, more fundamental, problem in transferring the ripple

tank setup into optics. If the relative phase of the wave sources is altered, the interference

pattern is shifted. When two incandescent light sources are placed side by side, the atoms

in each source emit the light randomly, out of phase. When the light strikes the screen,

a constantly varying interference pattern is produced, and no single pattern is observed.

In his experiments over the period 1802–1804, Young used one incandescent body

instead of two, directing its light through two pinholes placed very close together. The

light was diffracted through each pinhole, so that each acted as a point source of light.

Since the sources were close together, the spacing between the nodal lines was large

enough to make the pattern of nodal lines visible. Since the light from the two pinholes

originated from the same incandescent body (Young chose the Sun), the two interfering

S
2

wave sources

S
1

constructive

interference

nodal line of 

destructive

interference

Figure 1

Interference of circular waves pro-

duced by two identical point

sources in phase

Thomas Young

Thomas Young (1773–1829), an

English physicist and physician,

was a child prodigy who could

read at the age of two. While

studying the human voice, he

became interested in the physics

of waves and was able to demon-

strate that the wave theory

explained the behaviour of light.

His work met with initial hostility in

England because the particle

theory was considered to be

“English” and the wave theory

“European.”Young’s interest in

light led him to propose that any

colour in the spectrum could be

produced by using the primary

colours, red, green, and blue. In

1810, he first used the term energy

in the sense that we use it today,

that is, the property of a system

that gives it the ability to do work.

His work on the properties of elas-

ticity was honoured by naming the

constant used in these equations

“Young’s modulus.”

DID YOU KNOW??
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beams of light were always in phase, and a single, fixed interference pattern could be

created on a screen.

Young’s experiment resolved the two major problems in observing the interference of

light: the two sources were in phase, and the distance between sources was small enough

that a series of light and dark bands was created on a screen placed in the path of the light.

These bands of bright and dark are called interference fringes or maxima and minima.

This experiment, now commonly called Young’s experiment, provided very strong evi-

dence for the wave theory of light.

The sense in which Young’s experiment confirms the wave nature of light becomes

evident in Figure 2, where water waves falling upon a barrier with two slits are diffracted

and produce an interference pattern similar to that produced by two point sources

vibrating in phase in a ripple tank.

interference fringes the light

(maxima) and dark (minima)

bands produced by the interference

of light

S

obstacle

(a) (b)

Figure 2

(a) Interference in a ripple tank

produced by waves from a

single source passing through

adjacent openings 

(b) Photograph of interference in a

ripple tank

Figure 3 shows light waves, in phase, emerging from slits S1 and S2, a distance d apart.

Although the waves spread out in all directions after emerging from the slits, we will

analyze them for only three different angles, v. In Figure 3(a), where v 5 0, both waves

reach the centre of the screen in phase, since they travel the same distance. Constructive

interference therefore occurs, producing a bright spot at the centre of the screen. When 

the waves from slit S2 travel an extra distance of }
λ
2

} to reach the screen in (b), the waves 

from the two sources arrive at the screen 180° out of phase. Destructive interference

occurs, and the screen is dark in this region (corresponding to nodal line n 5 1). As we

move still farther from the centre of the screen, we reach a point at which the path dif-

ference is λ, as in (c). Since the two waves are back in phase, with the waves from S2 one

whole wavelength behind those from S1, constructive interference occurs (causing this

region, like the centre of the screen, to be bright).

As in the ripple tank, we find destructive interference for appropriate values of the

path difference, d sin vn:

sin vn = 1n 2 }
1

2
}2 }

λ
d

} where n = 1, 2, 3, …
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Another set of values of d sin v yields constructive interference:

Section 9.5

sin vm = where m = 0, 1, 2, 3, …
mλ
}
d

Since the dark fringes created on the screen by destructive interference are very narrow

in comparison with the bright areas, measurements are made with those nodal lines.

Also, sin vn is best determined not by trying to measure vn directly but by using the ratio

}
L

x
}, where x is the distance of the nodal line from the centre line on the screen, and L is 

the distance to the screen from the midpoint between the slits.

In general, the equations used for the two-point interference pattern in the ripple

tank can be used for light, that is,

sin vn 5 }
x

L

n
} 5 1n2 }

1

2
}2}

λ
d

}

where xn is the distance to the nth nodal line, measured from the right bisector, as in

Figure 4.

L

bright

(constructive interference)

path difference = 0

screen

S
1

d

S
2

dark

(destructive interference)

1
2

u

u

path difference = 1
2
–l

— wavelength

bright (constructive

interference)

path difference = l

1 wavelength
u

u

(a) (b) (c)

Figure 3

(a) Path difference 5 0 

(b) Path difference 5 }
1

2
} λ

(c) Path difference 5 λ

d
L

x
n

P
n

S
2

S
1

u

u

(n 2    )l1
2
—

Figure 4

LEARNING TIP

A Good Approximation

Actually, }
x

L

n
} 5 tan vn . However, for

L .. x, tan vn is very nearly equal 

to sin vn . Thus }
x

L

n
} serves as a good 

approximation to sin vn in this

instance.
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For each nodal line, we can derive a separate value for x (Figure 4) from this equation,

as follows:

xn 5 1n 2 }
1

2
}2}
L

d

λ
}

x1 5 11 2 }
1

2
}2}
L

d

λ
} 5 }

L

2

λ
d
}

x2 5 12 2 }
1

2
}2}
L

d

λ
} 5 }

3

2

L

d

λ
}

x3 5 13 2 }
1

2
}2}
L

d

λ
} 5 }

5

2

L

d

λ
}

etc.

Although L was different in the earlier equation, in this case L is so large compared to

d and the values of L for the various nodal lines are so similar, that we can treat L as a

constant, being essentially equal to the perpendicular distance from the slits to the screen.

Figure 5 shows that the displacement between adjacent nodal lines (Dx) is given by 

(x2 – x1), (x3 – x2), and (x1 1 x1). In each case the value is

d

S
1

S
2

1
u

Dx Dx Dx

x
1

x
2

x
2

x
3

x
3

x
1

Dx Dx

2
u

3
u

Figure 5

The “Order” of Minima 

and Maxima

For a two-source, in-phase inter-

ference pattern, the nodal line

numbers, or minima, can be called

first-order minimum, second-order

minimum, etc., forn = 1, 2, ... . The

maximum numbers can be called

zero-order maximum, first-order

maximum, second-order max-

imum, etc., form = 0, 1, 2, ... . The

zero-order maximum is called the

central maximum.

LEARNING TIP

}
D

L

x
} = }

λ
d

}

where Dx is the distance between adjacent nodal lines on the screen, d is the separation

of the slits, and L is the perpendicular distance from the slits to the screen.

You are measuring the wavelength of light from a certain single-colour source. You direct

the light through two slits with a separation of 0.15 mm, and an interference pattern is

created on a screen 3.0 m away. You find the distance between the first and the eighth

consecutive dark lines to be 8.0 cm. At what wavelength is your source radiating?

Solution

L 5 3.0 m

λ 5 ?

8 nodal lines 5 7Dx

Dx 5 }
8.0

7

cm
} 5 1.14 cm 5 1.14 3 1022 m

d 5 0.15 mm 5 1.5 3 1024 m

}
D

L

x
} 5 }

λ
d

}

λ 5 }
dD

L

x
}

5

λ 5 5.7 3 1027 m

The wavelength of the source is 5.7 3 1027 m, or 5.7 3 102 nm. 

(1.14 3 1022 m)(1.5 3 1024 m)
}}}}

3.0 m

SAMPLE problem 1

8.0 cm

Dx
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Section 9.5

The third-order dark fringe of 652-nm light is observed at an angle of 15.0° when the light

falls on two narrow slits. How far apart are the slits?

Solution

n 5 3 v3 5 15.0°

λ 5 652 nm 5 6.52 3 1027 m d 5 ?

sin vn 5 1n 2 }
1

2
}2}

λ
d

}

d 5

5

d 5 6.30 3 1026 m

The slit separation is 6.30 3 1026 m.

13 2 }
1

2
}2(6.52 3 1027 m)

}}}
sin 15.0°

1n 2 }
1

2
}2λ

}}
sin vn

SAMPLE problem 2

Practice

Understanding Concepts

1. A student performing Young’s experiment with a single-colour source finds the

distance between the first and the seventh nodal lines to be 6.0 cm. The screen

is located 3.0 m from the two slits. The slit separation is 2.2 3 102 mm. Calculate

the wavelength of the light.

2. Single-colour light falling on two slits 0.042 mm apart produces the fifth-order

fringe at a 3.8° angle. Calculate the wavelength of the light. 

3. An interference pattern is formed on a screen when helium–neon laser light 

(λ 5 6.3 3 1027 m) is directed toward it through two slits. The slits are 43 mm

apart. The screen is 2.5 m away. Calculate the separation of adjacent nodal lines.

4. In an interference experiment, reddish light of wavelength 6.0 3 102 nm passes

through a double slit. The distance between the first and eleventh dark bands,

on a screen 1.5 m away, is 13.2 cm.

(a) Calculate the separation of the slits.

(b) Calculate the spacing between adjacent nodal lines using blue light of wave-

length 4.5 3 102 nm.

5. A parallel beam of light from a laser, with a wavelength 656 nm, falls on two very

narrow slits, 0.050 mm apart. How far apart are the fringes in the centre of the

pattern thrown upon a screen 2.6 m away?

6. Light of wavelength 6.8 3 102 nm falls on two slits, producing an interference

pattern where the fourth-order dark fringe is 48 mm from the centre of the inter-

ference pattern on a screen 1.5 m away. Calculate the separation of the two slits. 

7. Reddish light of wavelength 6.0 3 1027 m passes through two parallel slits.

Nodal lines are produced on a screen 3.0 m away. The distance between the first

and the tenth nodal lines is 5.0 cm. Calculate the separation of the two slits.

8. In an interference experiment, reddish light of wavelength 6.0 3 1027 m passes

through a double slit, hitting a screen 1.5 m away. The distance between the first

and eleventh dark bands is 2.0 cm.

(a) Calculate the separation of the slits.

(b) Calculate the spacing between adjacent nodal lines using blue light

(λblue 5 4.5 3 1027 m).

Answers

1. 7.3 3 1027 m

2. 6.2 3 102 nm

3. 3.7 cm

4. (a) 68 mm

(b) 1.0 cm

5. 3.4 cm

6. 7.4 3 1022 mm

7. 3.2 3 1024 m

8. (a) 1.5 3 1023 m

(b) 4.5 3 1024 m
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Further Developments in the Wave Theory of Light
In Section 9.3 we analyzed the interference pattern between two-point sources in a ripple

tank and derived equations that permitted the calculation of the wavelength of the

source. But with light, all we see are the results of light interference on a screen; we

cannot see what is happening when the light passes through two slits. If Young’s hypoth-

esis is correct, we should be able to use the same equations to measure the wavelength

of light. But we must have a source of light that has a fixed wavelength. There are a lim-

ited number of monochromatic (composed of only one colour and having one wave-

length) sources of light. Traditionally the sodium vapour lamp was used for this purpose,

but today we have lasers that emit a bright single wavelength light, usually in the red

part of the spectrum. Investigation 9.5.1, in the Lab Activities section at the end of this

chapter, gives you the opportunity to use a helium–neon laser or a light-emitting diode

(LED) as your source and, based on the above analysis, predict the interference pattern

using a procedure similar to that used by Young.

When Young announced his results in 1807, he reminded his audience that Newton

had made several statements favouring a theory with some wave aspects. Nevertheless,

Newton’s influence was still dominant, and the scientific establishment did not take

Young and his work seriously. It was not until 1818, when the French physicist Augustin

Fresnel proposed his own mathematical wave theory, that Young’s research was accepted.

Fresnel’s work was presented to a group of physicists and mathematicians, most of them

strong supporters of the particle theory. One mathematician, Simon Poisson, showed that

Fresnel’s wave equations predict a unique diffraction pattern when light is directed past

a small solid disk. If light really did behave like a wave, argued Poisson, the light dif-

fracting around the edges of the disk should interfere constructively, producing a small

bright spot at the exact centre of the diffraction pattern (Figure 6). (According to the par-

ticle theory, constructive interference at this position was impossible.) Poisson did not

observe a bright spot and felt he had refuted the wave theory.

However, in 1818, Dominique Arago tested Poisson’s prediction experimentally, and

the bright spot was seen at the centre of the shadow (Figure 7). Even though Poisson

refuted the wave theory, his prediction that there would be a bright spot at the centre of

the shadow if the wave theory proved valid, led to this phenomenon being known as

“Poisson’s Bright Spot.” (Note that there is also interference near the edge of the disk.)

By 1850, the validity of the wave theory of light had been generally accepted. For some

time afterward, the mathematical consequences of the wave theory were applied to

numerous aspects of the properties of light, including dispersion, polarization, single-

slit diffraction, and the development of the electromagnetic spectrum, which we will

discuss in the next section and in Chapter 10.

But the wave theory was not adequate to explain the movement of light through the

vacuum of space, since waves required a material medium for their transmission. The

power of the wave theory was now so great, however, that scientists theorized a “fluid”

filling all space, from the space between atoms to the space between planets. They called

it “ether.” Many experiments were attempted to detect this ether, but none were suc-

cessful (see Section 11.1).

monochromatic composed of only

one colour; possessing only one

wavelength

Young’s Double-Slit Experiment

(p. 484)

Can you predict interference pat-

terns using Young’s method?

INVESTIGATION 9.5.1

Augustin Fresnel

Augustin Fresnel (1788–1827) spent

most of his life working for the

French government as a civil engi-

neer. His mathematical analysis pro-

vided the theoretical basis for the

transverse wave model of light.

Fresnel applied his analysis to

design a lens of nearly uniform

thickness for use in lighthouses as a

replacement for the less efficient

mirror systems of his day. Today, the

Fresnel lens is found in a wide

range of devices, including over-

head projectors, beacon lights, and

solar collectors.

DID YOU KNOW??

solid

disc

shadow

bright spot

point

source

Figure 6

If light is a wave, a bright spot should

appear at the centre of the shadow of

a solid disk illuminated by a point

source of monochromatic light.
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Section 9.5

Figure 7

Poisson’s Bright Spot

Although in our exploration of the wave theory to this point, we have treated light as

a transverse wave, in fact no evidence has been provided that it is a transverse, not a

longitudinal, wave. One property of light not discussed previously is polarization. When

we understand polarization and apply the wave theory in the next chapter we will have

convincing evidence that validates the wave theory of light, leading to the study of elec-

tromagnetic waves.

• Early attempts to demonstrate the interference of light were unsuccessful because

the two sources were too far apart and out of phase, and the wavelength of light

is very small.

• Thomas Young’s crucial contribution consisted of using one source illuminating

two closely spaced openings in an opaque screen, thus using diffraction to create

two sources of light close together and in phase.

• In Young’s experiment a series of light and dark bands, called interference fringes,

was created on a screen, placed in the path of light, in much the same way as

those created in the ripple tank.

• The relationships sin vn 5 }
x

L

n
} 5 1n 2 }

1

2
}2}

λ
d

} and }
D

L

x
} 5 }

λ
d

} permit 

unknowns to be calculated, given any three of λ, Dx, L, v, d, and n.

• Young’s experiment supported the wave theory of light, explaining all the proper-

ties of light except transmission through a vacuum.

Wave Interference: 

Young’s Double-Slit Experiment
SUMMARY

Section 9.5 Questions

Understanding Concepts

1. Explain why the discoveries of Grimaldi were so important

to Young’s work.

2. Explain why the observation of the double-slit interference

pattern was more convincing evidence for the wave theory

of light than the observation of diffraction.

3. Monochromatic red light is incident on a double slit and

produces an interference pattern on a screen some dis-

tance away. Explain how the fringe pattern would change if

the red light source is replaced with a blue light source.

4. If Young’s experiment were done completely under water,

explain how the interference pattern would change from

that observed in air, using the same equipment and experi-

mental setup.

5. In a Young’s double-slit experiment, the angle that locates

the second dark fringe on either side of the central bright

fringe is 5.4°. Calculate the ratio of the slit separation d to

the wavelength λ of the light.

6. In measuring the wavelength of a narrow, monochromatic

source of light, you use a double slit with a separation of

0.15 mm. Your friend places markers on a screen 2.0 m in

front of the slits at the positions of successive dark bands

in the pattern. Your friend finds the dark bands to be 

0.56 cm apart.

(a) Calculate the wavelength of the source in nanometres.

(b) Calculate what the spacing of the dark bands would be

if you used a source of wavelength 6.0 3 102 nm.

7. Monochromatic light from a point source illuminates two

parallel, narrow slits. The centres of the slit openings are

0.80 mm apart. An interference pattern forms on a screen

placed parallel to the plane of the slits and 49 cm away. The

distance between two adjacent dark interference fringes is

0.30 mm.

(a) Calculate the wavelength of the light.

(b) What would the separation of the nodal lines be if the

slit centre were narrowed to 0.60 mm?

8. Monochromatic light falls on two very narrow slits 

0.040 mm apart. Successive nodal points on a screen 

5.00 m away are 5.5 cm apart near the centre of the pat-

tern. Calculate the wavelength of the light.

9. A Young’s double-slit experiment is performed using light

that has a wavelength of 6.3 3 102 nm. The separation

between the slits is 3.3 3 1025 m. Find the angles, with

respect to the slits, that locate the first-, second-, and third-

order bright (not dark) fringes on the screen. 

Applying Inquiry Skills

10. A thin piece of glass is placed in front of one of the two

slits in a Young’s apparatus so that the waves exit that slit

180° out of phase with respect to the other slit. Describe,

using diagrams, the interference pattern on the screen.

Dominique Arago

Dominique Arago (1786–1853)

made contributions in many fields

of science. He supported the par-

ticle theory at first, but later con-

verted to the wave theory. He

introduced Fresnel to the work of

Young. Arago did some pioneer

work in electromagnetism based

on the discoveries of Oersted. He

was also a fiery political figure,

involved in the French revolutions

of 1830 and 1852.

DID YOU KNOW??
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9.69.6 Colour and Wavelength

We know from the dispersion of white light in a prism that white light is made up of all

of the colours in the visible spectrum. From our work in Section 9.5, we also know that

helium–neon laser light has a wavelength of 630 nm. But what are some of the other

wavelengths found in visible light? Investigation 9.6.1 in the Lab Activities section at

the end of this chapter will give you the opportunity to use a white light source with fil-

ters to measure the wavelengths of red and green light.

Figure 1 shows three interference patterns: one for white, one for red, and one for

blue light. You can see that the separation of the nodal lines is greater for red light than

it is for blue. This is to be expected, since red light has a longer wavelength than blue.

The relationship λ 5 }
dD

L

x
} shows that the wavelength for red light is approximately 

6.5 3 10–7 m and the wavelength for blue light is approximately 4.5 3 10–7 m. Similar

determinations produce values for all the colours in the visible spectrum. Some of these

are given in Table 1.

When white light passes through two narrow slits, the central bright areas in the inter-

ference patterns are white, whereas the spectral colours appear at the edges (Figure 1).

If each spectral colour has its own band of wavelengths, each will interfere construc-

tively at specific locations in the interference pattern. Thus, the colours of the spectrum

are observed in the interference pattern because each band of wavelengths is associated

with its own colour.

On passing through a prism, white light is dispersed, broken up into its components

to form the spectrum. Each of the colours bends by a different amount and emerges

from the prism at its own distinctive angle (Figure 2).

To explain dispersion, the wave theory must show that different frequencies (wave-

lengths) are bent by different amounts when they are refracted. Careful measurements

in a ripple tank demonstrate this. Thus, if the frequency of a wave varies, the amount of

refraction varies slightly as well, thereby explaining dispersion.

Table 1 The Visible Spectrum

Colour Wavelength (nm)

violet 400–450

blue 450–500

green 500–570

yellow 570–590

orange 590–610

red 610–750

Wavelengths of Visible Light 

(p. 485)

What are the wavelengths of the

colours in visible light?

INVESTIGATION 9.6.1

Figure 1

Interference of white, red, and blue

light produced separately, using the

same apparatus in all three cases



Waves and Light 477NEL

Section 9.6
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Although the wavelength of the light does affect the amount of refraction, the behav-

iour is the reverse of what we encounter with water waves in a ripple tank. Shorter wave-

lengths, such as those at the violet end of the spectrum, are refracted more than the

longer wavelengths in the red region of the spectrum. Each spectral colour, having a

wavelength different from the others, is refracted a different amount. This explains the

prism’s separation of white light into the spectrum.

Since each of the wavelengths of visible light undergoes a slightly different amount of

refraction by the prism, the glass must have a slightly different index of refraction for each

colour. For example, the index of refraction of crown glass is 1.53 for violet light and 1.51

for red light. The speed of violet light in glass is slightly less than that for red.

The mathematical relationships governing waves in such media as ropes and water

can be applied to optics:

v 5 f λ

}
s

s

i

i

n

n

v

v

1

2

} = n

n1 sin v1 = n2 sin v2

}
n

n

2

1

} = }
v

v

1

2
}

}
v

v

1

2
} = }

λ
λ

1

2
}

For example, we find from the equation v 5 f λ that the frequency of red light, with

a wavelength of 6.5 3 10–7 m, is

f 5 }λ
v

}

5 }λ
c

}

5

f 5 4.6 3 1014 Hz

3.00 3 108 m/s
}}
6.5 3 1027 m

Figure 2

Dispersion of white light in a prism

The Speed of Light

The speed of light c equals 

3.00 3 108 m/s.

LEARNING TIP
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Answers

1. 5.0 3 1014 Hz

2. 789 nm

3. 3.1 3 1027 m

4. (a) 4.4 3 1027 m

(b) 26°

5. 4.5 3 1027 m

6. 2.0 3 1023 m

Red light with a wavelength of 6.50 3 102 nm travels from air into crown glass (n2 5 1.52).

(a) What is its speed in the glass?

(b) What is its wavelength in the glass?

Solution

(a) λ = 6.50 3 102 nm

n2 = 1.52 n1 = 1.00

v2 = ? v1 = 3.00 3 108 m/s

5 }
v

v

1

2
}

v2 5 v1

5 }
1

1

.

.

0

5

0

2
}(3.00 3 108 m/s)

v2 5 1.97 3 108 m/s

The velocity of red light in the glass is 1.97 3 108 m/s.

(b) λ 5 ?

5 }λ
λ1

2
}

λ2 5 1}
v

v

2

1
}2λ1

5 1 2 6.50 3 102 nm

λ2 5 4.28 3 102 nm

The wavelength of red light in the crown glass is 4.28 3 102 nm.

1.97 3 108 m/s
}}
3.00 3 108 m/s

v1
}
v2

n1
}
n2

n2
}
n1

SAMPLE problem

Practice

Understanding Concepts

1. The wavelength of orange light is 6.0 3 1027 m in air. Calculate its frequency.

2. Light from a certain source has a frequency of 3.80 3 1014 Hz. Calculate its

wavelength in air, in nanometres.

3. A certain shade of violet light has a wavelength in air of 4.4 3 1027 m. If the

index of refraction of alcohol relative to air for violet light is 1.40, what is the

wavelength of the violet light in alcohol?

4. The index of refraction of turpentine relative to air for red light is 1.47. A ray of red

light (λ r 5 6.5 3 1027 m) passes from air into turpentine with an angle of inci-

dence of 40.0°.

(a) Calculate the wavelength of the red light in the turpentine.

(b) Calculate the angle of refraction.

5. A certain Young’s apparatus has slits 0.12 mm apart. The screen is at a distance

of 0.80 m. The third bright line to one side of the centre in the resulting interfer-

ence pattern is displaced 9.0 mm from the central line. Calculate the wavelength

of the light used. What colour was it?

6. Sunlight incident on a screen containing two narrow slits 0.20 mm apart casts a

pattern on a white sheet of paper 2.0 m beyond. Find the distance separating 

the violet (λ 5 4.0 3 102 nm) in the first-order band from the red 

(λ 5 6.0 3 102 nm) in the second-order band.
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Section 9.6

Young’s Experiment Today
It may be obvious to us now, but it was not obvious to the experimenters in the eighteenth

and nineteenth centuries, that to produce an interference pattern, it is necessary to have

two point sources of light in phase. Although the frequency of light sources is very high,

what makes interference impossible is the way light is emitted from an incandescent

source. The light from each source comes from a large number of individual atoms.

Atoms send out light in time intervals of about 10–9 s. The probability that the atoms or

groups of atoms in each source would emit their light waves in phase is nearly zero.

Therefore, the interference pattern produced by two point sources changes in an irreg-

ular fashion every 10–9 s or so and is impossible for an observer to see. In recent years

it has been possible to produce interference with two lasers. Laser light is monochro-

matic; in the case of helium–neon laser light, the wavelength is at the red end of the

spectrum, 6.3 3 10–7 m. When two lasers have been made to operate in phase (they are

then said to be “phase locked”), the interference fringes are seen. Since phase-locking is

not perfect, some drifting of the pattern occurs. Even today, the easiest way to show the

interference of light is to use Young’s technique of putting a single emitter behind two

apertures.

• White light is made of all of the colours found in the visible spectrum, each with

its own range of wavelengths.

• Dispersion occurs because the refractive index of light is slightly dependent on

the frequency of the light.

Colour and WavelengthSUMMARY

Section 9.6 Questions

Understanding Concepts

1. For both converging and diverging lenses, explain how the

focal length for red light differs from that for violet light.

2. When white light passes through a flat piece of window

glass, it is not broken down into colours as it is by a prism.

Explain why.

3. A certain shade of red light has a wavelength in air of

7.50 3 1027 m. If the index of refraction of alcohol is 1.40,

calculate the wavelength of this red light in alcohol. 

4. The wavelengths of the visible spectrum range from 

4.00 3 102 nm to 7.50 3 102 nm. Calculate the range of the

frequencies of visible light.

5. Calculate the angle for the third-order maximum of

5.8 3 102 nm wavelength yellow light falling on double slits

separated by 0.10 mm.

6. Determine the separation between two slits for which 

6.10 3102 nm orange light has its first maximum at an

angle of 3.0°.

7. Using your calculations in questions 5 and 6, explain why it

is difficult to observe and analyze the interference pattern

produced by a double slit.

Making Connections

8. Explain why a rainbow is impossible just after sunrise and

just before sunset.



Chapter 9 SUMMARY Unit 4

Key Expectations

• analyze and interpret experimental evidence indicating

that light has some characteristics and properties that

are similar to those of mechanical waves and sound

(9.1, 9.2, 9.6)

• identify the theoretical basis of an investigation, and

develop a prediction that is consistent with that theo-

retical basis (e.g., predict diffraction and interference

patterns produced in ripple tanks) (9.2, 9.3, 9.6)

• describe instances where the development of new

technologies resulted in the advancement or revision

of scientific theories (9.4)

• describe and explain the experimental evidence sup-

porting a wave model of light (e.g., describe the scien-

tific principles related to Young’s double-slit

experiment and explain how the results led to a gen-

eral acceptance of the wave model of light) (9.4, 9.5)

• define and explain the concepts and units related to

the wave nature of light (e.g., diffraction, reflection,

dispersion, refraction, wave interference) (9.4, 9.5, 9.6)

• describe the phenomenon of wave interference as it

applies to light in qualitative and quantitative terms,

using diagrams and sketches (9.4, 9.5, 9.6)

• describe and explain the phenomenon of wave diffrac-

tion as it applies to light in quantitative terms, using

diagrams (9.5, 9.6)

• collect and interpret experimental data in support of a

scientific theory (e.g., conduct an experiment to

observe the interference pattern produced by a light

source shining through a double slit and explain how

the data support the wave theory of light) (9.5, 9.6)

• analyze, using the concepts of refraction, diffraction,

and wave interference, the separation of light into

colours in various phenomena (9.6)

Key Terms
transverse wave

wave front

wave ray

angle of incidence

angle of reflection

refraction

normal

angle of refraction 

absolute index of refraction

total internal reflection

diffraction

constructive interference

destructive interference

nodal lines

difference in path length

rectilinear propagation

Huygens’ principle

interference fringes

minima

maxima

monochromatic

Key Equations

• v 5 f λ universal wave equation (9.1)

• }
v

v

1

2
} 5 }

λ
λ1

2

} (9.1)

• }
s

s

i

i

n

n

v

v

1

2
} 5 }

λ
λ1

2

} (9.1)

• n1 sin v1 5 n2 sin v2 (9.1)

• PnS1 2 PnS2 5 1n 2 }
1

2
}2λ (9.3)

• sin vn 5 }
x

L

n
} 5 1n 2 }

1

2
}2 }

λ
d

} (9.3)

• destructive interference:

d sin vn 5 1n 2 }
1

2
}2λ where n 5 1, 2, 3, ... (9.5)

• constructive interference:

d sin vm 5 mλ where m 5 0, 1, 2, 3, ... (9.5)

• }
D

L

x
} 5 }

λ
d

} (9.5)

MAKE a summary

Set up a table in two columns, with the headings Particle

Theory and Wave Theory. Label the rows with phrases for

seven important optical phenomena. For each row, indicate

how well each theory explains the given phenomenon.
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Write numbers 1 to 10 in your notebook. Indicate beside

each a number whether the corresponding statement is

true (T) or false (F). If it is false, write a corrected version.

1. The universal wave equation, v 5 f λ, applies only to

transverse waves.

2. Snell’s law in the form n 5 }
s

s

i

i

n

n

v

v

1

2

} holds for both

waves and light.

3. Waves with shorter wavelength experience more dif-

fraction than waves with a longer wavelength.

4. For a given slit, the amount of diffraction depends on 

the ratio }
w
λ

}. For observable diffraction, }
w
λ

} # 1.

5. In a two-point, in-phase interference pattern,

increasing the wavelength of the two sources increases

the number of nodal lines.

6. Decreasing the separation of the two-point interfer-

ence pattern sources increases the number of nodal

lines.

7. Newton’s particle theory provided a satisfactory

explanation for four properties of light: rectilinear

propagation, reflection, refraction, and dispersion. It

was weak in its explanation of diffraction and partial

reflection–partial refraction.

8. Early attempts to demonstrate the interference of

light were unsuccessful because the two sources were

too far apart and out of phase and the frequency of

light is very small.

9. Dispersion occurs because the refractive index of

light is slightly higher for red light than it is for violet

light.

10. Young’s experiment validated the wave theory of light

and explained all the properties of light.

Write numbers 11 to 23 in your notebook. Beside each

number, write the letter corresponding to the best choice.

11. A beam of light travels from a vacuum

(c = 3.00 3 108 m/s) into a substance at an angle of

45°, with a frequency of 6.00 3 1014 Hz and a speed

of 2.13 3 108 m/s. The index of refraction of the 

substance is

(a) 0.707

(b) 1.41

(c) 1.50

(d) indeterminable, but < 1

(e) indeterminable, but > 1

12. You observe diffraction in a ripple tank (Figure 1).

To increase the diffraction of the waves in the region

beyond the barrier, you consider the following 

adjustments:

(i) decreasing the width of the opening

(ii) decreasing the depth of the water

(iii) decreasing the frequency of the source

The best adjustment, or combination of

adjustments, is

(a) (i) only

(b) (ii) only

(c) (iii) only

(d) (i) and (iii) only

(e) (i), (ii), and (iii)

13. Diffraction by a single slit in a ripple tank can be

decreased by 

(a) increasing the frequency of the source

(b) increasing the amplitude of the waves

(c) decreasing the width of the slit

(d) decreasing the distance between the wave gener-

ator and the slit

(e) using a longer wavelength

14. Two point sources in a ripple tank vibrate in phase at

a frequency of 12 Hz to produce waves of wavelength

0.024 m. The difference in path length from the two

point sources to a point on the second nodal line is

(a) 0.6 cm (d) 3.6 cm

(b) 1.2 cm (e) 4.8 cm

(c) 2.4 cm

15. Two point sources 4.5 cm apart are vibrating in phase

in a ripple tank. You count exactly 10 nodal lines in

the entire interference pattern. The approximate

wavelength of the water waves in the tank is

(a) 0.45 cm (d) 10 cm

(b) 1.0 cm (e) insufficient data provided

(c) 1.5 cm

barrierbarrier

wave generator Figure 1

An interactive version of the quiz is available online.

GO www.science.nelson.com
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16. You observe the wave pattern in Figure 2 as you

investigate periodic waves in a ripple tank. You draw

the straight lines shown superimposed on the figure.

The wavelength is

(a) }
L

x
} (b)  }

d

L

x
} (c)  }

2

L

dx
} (d)  }

3

2

L

x
} (e)  }

2

x

L

d
}

17. You wish to continue the same pattern as in question

16, but contemplate making adjustments:

(i) increasing the frequency of the waves

(ii) increasing the separation of the sources

(iii) introducing a phase delay in S1

The adjustment, or combination of adjustments, that

results in a larger number of nodal lines is

(a) (i) only

(b) (ii) only

(c) (iii) only

(d) (i) and (ii) only

(e) (i), (ii), and (iii) 

18. The adjustment, or combination of adjustments, in

question 17 that results only in a shift of the nodal

lines is

(a) (i) only

(b) (ii) only

(c) (iii) only

(d) (i) and (ii) only

(e) (i), (ii), and (iii) 

19. The particle theory is unable to account for the phe-

nomenon of

(a) radiation pressure

(b) emission

(c) interference

(d) propagation

(e) reflection

20. The statement regarding Young’s experiment that is

false is

(a) Diffraction of light occurs at both slits.

(b) Light waves leaving the two slits have a fixed

phase.

(c) The interference pattern from this experiment

has a nodal line down the centre of the pattern.

(d) The separation of the nodal lines is dependent on

the wavelength of the light.

(e) The particle theory was unable to give a satisfac-

tory explanation of this phenomenon.

21. In a double-slit experiment, monochromatic light is

used to produce interference fringes on a screen. The

distance between the slits and the screen is 1.50 m.

The bright fringes are separated by 0.30 cm. If the

screen is moved so that it is 1.0 m from the slits, the

average distance between adjacent dark fringes will be

(a) 0.20 cm (c) 0.45 cm (e) 1.5 cm

(b) 0.30 cm (d) 0.67 cm

22. Ultraviolet light of wavelength 340 nm falls on a

double slit. A fluorescent screen is placed 2.0 m away.

The screen shows dark interference bands 3.4 cm

apart. The distance between the slits is

(a) 2.0 cm (c) 0.020 cm (e) none of these

(b) 0.20 cm (d) 0.0020 cm

23. Figure 3 shows a double-slit pattern produced by a

monochromatic source of pattern (a), which is

changed to pattern (b). The following are possible

adjustments:

(i) The frequency of the source was decreased.

(ii) The frequency of the source was increased.

(iii) The width of each slit was increased.

(iv) The separation of the slits was increased.

(v) The separation of the slits was decreased.

The adjustment, or combination of adjustments, that

explains pattern (b) is

(a) (iii) only

(b) (v) only

(c) (i) and (iii) only

(d) (i) and (v) only

(e) (ii) and (iv) only

(a) (b)

d

S
1

S
2

L

x

Figure 2

For questions 16, 17, and 18

Figure 3

An interactive version of the quiz is available online.

GO www.science.nelson.com
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Understanding Concepts
1. Explain why the wavelength of light decreases when it

passes from a vacuum into a material. State which

properties change and which stay the same.

2. List the similarities and differences between refrac-

tion and diffraction.

3. What is the ratio of thickness of crown glass and

water that would contain the same number of wave-

lengths of light? (ng 5 1.52, nw 5 1.33)

4. Refraction was an area of difficulty for the particle

theory of light. What phenomena of refraction were

not known to Newton and his fellow supporters of

the particle theory?

5. Describe and explain the experimental evidence col-

lected up to the end of this chapter in support of the

wave theory of light.

6. Explain why light from the two headlights of a car

does not produce an interference pattern.

7. Young’s experiment was a pivotal event in the history

of science. Discuss the merits of this statement and

summarize the basic concepts of the experiment.

8. Analysis of an interference effect in a clear material

shows that within the material, light from a helium-

neon laser of wavelength 6.33 3 1027 m in air has a

wavelength of 3.30 3 1027 m. Is the material zircon

or diamond? (nz 5 1.92, nd 5 2.42)

9. Light travels in water at three-quarters the speed it

attains in air. If the angle of incidence in air were

10.0°, what would be the angle in water, according to

a particle theorist?

10. Monochromatic light is incident on twin slits in a

Young’s double-slit experiment. The slits are sepa-

rated by 0.50 mm. A screen located 6.50 m from the

slits has nodal lines separated by 7.7 mm. Calculate

the wavelength of the light.

11. In a Young’s double-slit experiment, the angle that

locates the second-order bright (not dark) fringe is

2.0°. The slit separation is 0.038 mm. Find the wave-

length of the light.

12. Blue light (λ 5 482 nm) is directed through parallel

slits separated by 0.15 mm. A fringe pattern appears

on a screen 2.00 m away. How far from the central

axis on either side are the second-order dark bands?

13. A beam of light of wavelength 5.50 3 102 nm falls on

a screen containing a pair of narrow slits separated by

0.10 mm. Calculate the separation between the two sev-

enth-order maxima on a screen 2.00 m from the slits.

14. In Young’s double-slit experiment, is it possible to see

interference fringes only when the wavelength of the

light is greater than the distance between the slits?

Explain your answer.

15. A laser emitting at 632.8 nm illuminates a double slit. A

screen is positioned 2.00 m from the slits. Interference

fringes are observed with a separation of 1.0 cm.

(a) Determine the separation of the slits.

(b) Determine the angle of the first-order dark fringes.

16. In a Young’s double-slit experiment, the angle for the

second-order bright fringe is 2.0°; the slit separation

is 3.8 3 10–5 m. Calculate the wavelength of the light.

17. Calculate the longest wavelength of light falling on

double slits separated by 1.20 3 1026 m for which

there is a first-order maximum. In what part of the

spectrum is this light? 

18. A certain electromagnetic radiation has a frequency

of 4.75 3 1014 Hz. Calculate its wavelength and,

referring to Table 1 in Section 9.6, state in which part

of the spectrum this radiation is found.

19. In a double-slit experiment, blue light of wavelength

4.60 3 102 nm gives a second-order maximum at a

certain location P on the screen. What wavelength of

visible light would have a minimum at P?

20. Two slits are 0.158 mm apart. A mixture of red light

(λ 5 665 nm) and yellow-green light (λ 5 565 nm)

falls onto the slits. A screen is located 2.2 m away.

Find the distance between the third-order red fringe

and the third-order yellow-green fringe.

21. Light of wavelength 4.00 3 10–7 m in air falls onto

two slits 5.00 3 10–5 m apart. The whole apparatus 

is immersed in water, including a viewing screen 

40.0 cm away. How far apart are the fringes on the

screen? (nwater 5 1.33)

Applying Inquiry Skills
22. Figure 1 in Section 9.6 is a two-point interference

pattern for red, blue, and white light. Assuming that

the photograph is enlarged four times, that the dis-

tance from the double slits is 1.00 m, and that the slit

separation is 6.87 3 1024 m, find the wavelengths of

red and blue light.

23. In Figure 1, point P is on the third nodal line in a

ripple tank interference pattern. The pattern, drawn

to scale, was created by the two sources S1 and S2

vibrating in phase. Using a ruler, find the value of the

wavelength of the interfering waves. (scale: 1.0 mm 5

1.0 cm)
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Making Connections
24. Every autumn, some storms off Nova Scotia and the

eastern seaboard of the United States create waves up

to 35 m high. Often, rogue waves can appear from the

storms hundreds of kilometres away, so their creation

is not just the effect of high winds. Previous storms

have been modelled to help marine forecasters better

predict wave arrivals. Research the Internet for the

latest research on how these waves are created and for

the latest improvements in forecasting techniques.

Present your findings in a creative way.

25. The transmitting antenna for a radio station is 

7.00 km from your house. The frequency of the elec-

tromagnetic wave broadcast by this station is 

536 kHz. The station builds a second transmitting

antenna that broadcasts an identical electromagnetic

wave in phase with the first one. The new antenna is

8.12 km from your house. Show, with diagrams and

calculations, whether constructive or destructive

interference occurs at your radio.

26. A rock concert is being held in an open field. Two

speakers are separated by 7.00 m. As an aid in

arranging the seating, both speakers operate in phase

and produce an 85-Hz bass tone simultaneously. A

centre line is marked out in front of the speakers, per-

pendicular to the midpoint of the line between the

speakers. Determine the smallest angle, relative to

either side of this reference line, that locates places

where the audience has trouble hearing the 85-Hz

bass tone. (The speed of sound is 346 m/s.)

27. Two stereo speakers are placed 4.00 m apart against

the east–west wall of a home theatre. A wiring error

causes the speaker cones to vibrate 180° out of phase.

Unit 4

(a) What is the main problem with this arrangement

if you are sitting at a point equidistant from the

speakers? 

(b) How far due east should you move along the

opposite wall, 5.0 m away, to hear a peak in the

intensity level of an 842-Hz sound? (The speed of

sound is 346 m/s.)

28. Two 1.0-MHz radio antennas emitting in phase are

separated by 585 m along a north–south line. A radio

19 km from each of the two transmitting antennas,

on the east side of the line, picks up a fairly strong

signal. How far north should the receiver be moved if

it is again to detect a signal nearly as strong?

Extension
29. In a Young’s double-slit experiment, using light of

wavelength 488 nm, the angular separation of the

interference fringes on a distant screen is measured to

be 1.0°. Calculate the slit separation.

30. Light of wavelengths 4.80 3 102 nm and 632 nm

passes through two slits 0.52 mm apart. How far apart

are the second-order fringes on a screen 1.6 m away?

31. A police cruiser sets up a novel radar speed trap, con-

sisting of two transmitting antennas at the edge of a

main north–south road. One antenna is 2.0 m [W] of

the other. The antennas, essentially point sources of

continuous radio waves, are fed from a common

transmitter with a frequency of 3.0 3 109 Hz. The

trap is set for cars travelling south. A motorist drives a

car equipped with a “radar detector” along an

east–west road that crosses the main road at a level

intersection 1.0 3 102 m [N] of the radar trap. The

motorist hears a series of beeps upon driving west

through the intersection. The time interval between

successive quiet spots is 0.20 s as the car crosses the

main road. How fast is the car moving? 

32. You are carrying a small radio receiver that receives a

signal from a transmitter located a few kilometres

north of your position. You receive from the same

transmitter a signal reflected from the aluminum

siding on a house a few hundred metres south of your

position. As you carry the receiver 9.0 m north, you

notice that the sound level changes from a maximum

to a minimum. What is the frequency of the radio

transmitters? (Radio waves travel at the speed of light.) 

S
1

S
2

P

Figure 1

For question 23
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chapter

Wave Effects of Light

In this chapter,
you will be able to

• describe polarized light in

terms of its properties and

behaviour and how it is

applied in everyday

applications

• explain single-slit diffraction

and diffraction grating

interference patterns, both

qualitatively and

quantitatively

• explain the operation of the

spectroscope and the

interferometer in terms of the

wave properties of light

• describe how the wave

properties of light are

important in resolution of

optical instruments and how

these properties are applied

in various applications of

thin-film interference, for

example, Newton’s rings,

colours in thin films, coated

surfaces, CDs, and DVDs

• explain the basic concepts

holography

• describe electromagnetic

waves in terms of their

properties and where 

they belong in the

electromagnetic spectrum

Soap bubbles, colourful effects of oil on water, the visible spectrum, peacock feathers—

this is a colourful chapter (Figure 1). You will learn how these effects are produced as well

as how CDs (compact discs) and Polaroid sunglasses work. And our analysis of both

visible and invisible electromagnetic waves will complete our exploration of the wave

nature of light.

The commercial applications, which could not have been developed without an under-

standing of the wave theory of light, are very common in our everyday lives. Look at

your digital watch or calculator display. These work because of the polarization of light.

Notice the spectrum reflected from a CD or the shimmering effect on a bumper sticker.

Light has been diffracted by a series of small slits or gratings. See the spectrum of colours

on the pavement after a rain, look at the beauty of a large soap bubble in the bright sun-

light, or admire the feathers of the peacock. All of these involve light interference in thin

films. Answer your cell phone or watch moving images on your television that have been

transmitted from all over the world by satellites. The development of these technolo-

gies required an understanding of electromagnetic waves. Even the manufacture of

suntan lotion requires an understanding of electromagnetic radiation.
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1. Why do you think polarizing sunglasses reduce glare?

2. Why do you think holding a CD in white light produces a rainbow effect?

3. Why does your camera lens have a purple glare?

4. Peacock feathers show brilliant colours, particularly in the green and blue parts of the

spectrum (Figure 2). The colours are due, not to feather pigments, but to a wave

effect of light. Can you explain the effect?

REFLECT on your learning

Figure 2

A peacock shows off his plumage. 



Figure 1

The photo shows a thin soap film

mounted vertically and illuminated

by reflected white light. Because

of the force of gravity, the film is

thicker at the bottom and thinner

at the top. Why do you think the

colours appear? You should be

able to answer this question by

the time you finish this chapter.
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TRYTHIS activity Thin Film on Water

For this activity, you will need a piece of black cloth or a piece

of black construction paper, a piece of plane glass, some

kerosene or light machine oil, a bright light source, and red and

blue filters.

• Spread the cloth or construction paper on a flat table.

• Place the plane glass on top of the black surface. Cover the

surface of the glass with a thin layer of water.

• Place a few drops of light machine oil or kerosene on 

the water.

• Direct a bright white light source, such as a quartz reading

light, at the surface. Darken the room. Note the interference

pattern on the surface of the water.

• Place a red then a blue filter in front of the light, noting

changes in the pattern.

(a) What do you think the dark areas in the oil film represent?

(b) What do you think caused the patterns you see?

(c) Why do you think the pattern changed when the colour of

the light changed?
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10.110.1 Polarization of Light

Interference in Young’s experiment was a crucial test for the wave theory of light, but it

gave no clue to whether light waves are transverse or longitudinal. Recall that it is pos-

sible to produce a two-source interference pattern with longitudinal sound waves in air

as well as transverse water waves in a ripple tank.

In 1669, the Danish scientist Erasmus Bartholinus found that when he directed a

beam of light into a crystal of Iceland spar (calcite), the ray was split into two beams. This

effect can be observed if a calcite crystal is placed over a written word. Figure 1 shows

that the two rays create a double image. What causes the light to split into two rays trav-

elling along different paths?

Let us hypothesize that the vibrations in a light wave are transverse and that they go

in all directions, perpendicular to the direction in which the light is travelling. If such a

transverse wave were to pass through a filter that allowed the vibrations to occur only in

one plane, then the wave would be plane-polarized. We can illustrate this with a mechan-

ical model. Transverse waves generated in a rope that is moved, in rapid succession, first

up and down, then horizontally sideways, are unpolarized transverse waves. If the rope

passes through a vertical slit, the transmitted waves vibrate only up and down, in the

vertical plane. If these vertically polarized waves encounter a second slit, this time hor-

izontal, the energy is absorbed or reflected, and the wave transmission will be almost

completely stopped (Figure 2). This behaviour is also true for light.

Now that you have a basic understanding of polarization, we can study the effect of

polarizers—natural and artificial—on light. How can the intensity of light be diminished

or even appear to be cancelled? What type of wave is light, and how is light polarized by

reflection and scattering? These are some of the questions we will be discussing.

Figure 1

This calcite crystal (shown in pink

light) creates a double image.

Figure 2

Vertically polarized waves in a rope

are stopped almost completely by a

horizontal polarizing slit.

plane-polarized a wave that can

vibrate in one plane only

unpolarized a wave that vibrates in

all directions perpendicular to the

direction of travel

polarization confining the vibra-

tions of a wave to one direction

polarizer a natural (e.g., clouds) or

artificial (e.g., filters) means to

achieve polarization

TRYTHIS activity Polaroid Sheets

1. Hold a Polaroid sheet up to a light and rotate it 180º. 

2. Hold two sheets of Polaroid up together, so light passes through both. Keeping one

fixed, rotate the other 180º.  

3. Using a bright light, create some glare on a flat surface such as a lab desk. Look at

the glare through a single Polaroid sheet. Rotate the sheet.

4. Hold the Polaroid sheet against various regions of a clear blue sky. Rotate the sheet

each time. 

Never look directly at the Sun, even with polarizing filters; they do not 

protect your eyes from the damaging ultraviolet and infrared radiation.

When light passes through a polarizing filter, the light waves are polarized in one

plane. If the filter is oriented in such a way that the vibrations are horizontal, then we call

the light horizontally polarized. If this horizontally polarized light falls on a second

polarizing filter (the “analyzer”) that polarizes light in the vertical plane, the light energy

is almost completely absorbed (Figure 3). Such absorption occurs not just for vertical

and horizontal orientations, but whenever the axes of the polarizing filters are at right

angles to each other. When the axes of the two filters are parallel, the light polarized by

the first filter passes through the second without further absorption (Figure 4).
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Could these results be explained with longitudinal waves? If light travelled as a lon-

gitudinal wave, the vibrations could only be in only one direction, the direction in which

the wave was travelling. Such a wave would pass through a pair of polarizing filters

without being polarized (Figure 5). In other words, a longitudinal wave cannot be polar-

ized. Light, which we have already decided behaves like a wave, must then behave like a

transverse wave, not as a longitudinal wave.

Returning to the calcite crystal, why does it produce two beams? When a beam of

unpolarized light strikes the calcite, it is separated by the crystal structure into two beams

polarized at right angles, as in Figure 6, in a phenomenon called double refraction.

Experimentally, it is found that one of the beams does not obey Snell’s law in its simple

form. For example, if monochromatic (i.e., light with only one wavelength) light with

a wavelength of 590 nm strikes a calcite crystal, one beam behaves as though the crystal

had a straightforward refractive index of 1.66, whereas the other beam behaves as though

the crystal had a different index of refraction, varying from 1.49 to 1.66, depending on

the angle of incidence. This difference suggests that the light beams travel through the

crystal at different speeds, determined by the orientation of the planes within the crystal

structure. The full explanation of the phenomenon, however, is too complex for us to con-

sider in this text.

Polarization can be achieved four ways. The first is by double refraction, which we

have just examined. The second is by reflection, when some absorption takes place at the

point at which light is reflected off a smooth surface. Light waves reflected from a flat sur-

face are partially polarized in the horizontal plane (Figure 7). Most glare comes from hor-

izontal surfaces, such as a body of water, the hood of a car, or a paved road. The polarizing

filters in Polaroid sunglasses are for this reason arranged in the vertical plane, reducing

glare by absorbing the horizontally polarized light reflected from horizontal surfaces.

Section 10.1

unpolarized

polarizer

analyzer

near

zero

intensity

source

polarizing axis

pol
ar

izi
ng a

xis

Figure 3

After horizontally polarized light

passes through the analyzer, the

light energy is reduced significantly

Figure 4

(a) Polarizing filters with axes perpendicular

(no transmission of light)

(b) Polarizing filters with axes parallel 

(partial transmission of light)

(a) (b)

Figure 5

Longitudinal waves pass through

polarizing filters unaffected.

Figure 6

Polarization in a calcite crystal

double refraction the property of

certain crystals (e.g., calcite) to split

an incident beam of light into two

monochromatic of one colour, or

one wavelength

Figure 7

Light reflected by a nonmetallic

surface is partially polarized in the

horizontal plane. 

unpolarized plane polarized
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The third way is through scattering. Light from the Sun passes through our atmosphere

and encounters small particles that scatter the light. Scattering causes the sky to appear

blue, since the shorter wavelengths (shades of violet and blue) are scattered more than the

longer wavelengths (shades of orange and red). This scattering also causes the light to be

polarized. You can demonstrate polarization by looking at the sky through a rotating

Polaroid sheet or through polarized sunglasses. The amount of polarization depends on

the direction in which you look, being greatest at right angles to the direction of light

from the Sun (Figure 8). Photographers use Polaroid filters to enhance photographs of

the sky and clouds. Since large stretches of the sky are significantly polarized, the polar-

izing filter makes the clouds more prominent by reducing the glare (Figure 9).

The fourth method of polarizing is to use a polarizing filter. Calcite, tourmaline, and

other naturally occurring polarizing crystals are scarce and fragile, keeping polarization

a laboratory curiosity until 1928. In that year, Edwin Land developed the polarizing

plastic he called Polaroid. Polaroid consists of long chains of polyvinyl alcohol impreg-

nated with iodine, stretched so as to lie parallel to one another. (The original polarizer

was made of microscopic, needle-like crystals of iodine.) Because Polaroid made it easy

to produce polarized light, many everyday applications became feasible. Just as impor-

tant, sheets of the new plastic could be used as convenient analyzers, making it easy to

detect polarized light in nature and determine its plane of polarization.

Materials such as glass and Lucite (a transparent or translucent plastic), which become

doubly refractive when subjected to mechanical stress, are said to have photoelasticity.

When a photoelastic material is placed between polarizing and analyzing disks, the strain

patterns (and thus the stress distributions) are revealed, as shown in Figure 10. Engineers

analyzing stresses in objects such as trusses and gears build models in Lucite. When the

models are placed under mechanical stress, areas of stress concentration are easily observ-

able, allowing design changes to be made before the objects are constructed.

TRYTHIS activity Polaroid Sunglasses

Take a pair of Polaroid sunglasses and look at a shiny car in sunlight. Now rotate the

lenses 90°. What do you see?

Never look directly at the Sun, even with polarizing filters; they do not 

protect your eyes from the damaging ultraviolet and infrared radiation.

scattering the change in direction

of particles or waves as a result of

collisions with particles

Polaroid a plastic, light-polarizing

material

photoelasticity the property of a

material that, when analyzed, reveals

the material’s stress distributions

atmospheric

molecule

unpolarized

sunlight

polarized

light

partially

polarized light

unpolarized

light

Figure 8

In being scattered from atmos-

pheric particles, unpolarized

light from the Sun becomes

partially polarized.

Rain, Radar, and Airplanes

Airplanes are the frequent targets of

radar, but during the rain it can be

difficult to separate the pulses from

the reflected rain and the pulses

from the reflected target. Because

the reflected radar pulses from the

target are polarized in a different

way than those from the rain, polar-

izing filters at the radar station can

be used to separate the “clutter” of

the echoes of the rain from the real

target, the airplane.

DID YOU KNOW??
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Polarization has been used to produce the illusion of three dimensions at the movies.

Two overlapping pictures, shot by cinema cameras a few centimetres apart, in the manner

of a pair of human eyes, are projected onto the theatre screen by a pair of projectors, each

equipped with a Polaroid filter. The directions of polarization are chosen to be mutually

perpendicular. The audience is provided cardboard-and-Polaroid spectacles, containing

filters oriented to match the polarizing filters at the projector. The patron’s left eye thus

sees only the images taken in the film studio with the left-hand camera, the right eye

only the images from the right-hand camera. Since the brain receives different left- and

right-eye inputs, the screen looks like a window into a three-dimensional panorama.

To be able to detect polarized light, our eyes require an external polarizing filter.

However, the eyes of certain creatures, for example, ants, horseshoe crabs, and spiders,

are sensitive to polarized light; they use the polarized light from the sky, caused by scat-

tering, as a navigational aid.

Many of the practical applications of polarization make use of the phenomenon of

optical activity, the ability of some substances, such as sugar, turpentine, and insulin, to

rotate the plane of polarization of a beam of light (Figure 11). Solutions of such substances

rotate the plane of polarization in proportion to the concentration of the solution and

to the length of the optical path through the substance. By placing a glass vessel between

linear polarizers, we can measure the angle through which the plane of polarization has

shifted, thereby obtaining a clue to the identity of the dissolved substance and the quan-

tity present. The device used to measure the extent of polarization is called a polarimeter.

Section 10.1

Edwin Land

Edwin Land (1909–1991) was an

American physicist and inventor.

Land became interested in polar-

ized light while a freshman at

Harvard University, in 1926. In his

senior year, at the age of 19, he

terminated his studies to found a

laboratory near the university. With

other young scientists, he applied

the principles of polarization to

various areas of optics, including

filtering and cinematography. In

1948, the company he founded,

the Polaroid Corporation, intro-

duced the first model of its most

successful product, the Polaroid

Land camera for instant photog-

raphy.

DID YOU KNOW??

Figure 10

When placed between two polar-

izers, stresses on the Lucite are 

visible.

optical activity property of a sub-

stance whereby a transparent mate-

rial rotates the plane of polarization

of transmitted light

u

polarizing filter

axis

analyzer

optically active

axis

Figure 11

An analyzer reveals the ability of an optically active substance to rotate

the plane of polarization.

Figure 9

Cloud effects are enhanced when we

add a polarizing filter to the camera.

(a) Without a filter

(b) With a polarizing filter

(b)(a)
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• Polarization of light can be achieved in the following ways: double refraction,

reflection, scattering, and a polarizing filter.

• Polarization provided the proof that light is a transverse wave.

• Polaroid can be used to detect the presence of polarized light and the orientation

of the plane of polarization.

• Scattering occurs when light from the Sun passes through our atmosphere and

encounters small particles that scatter the light.

• Polarizing filters have many uses, including glare reduction, stress analysis, and

photography.

• The optical activity of certain materials can be used to help identify some 

substances.

Polarization of LightSUMMARY

Section 10.1 Questions

Understanding Concepts

1. Briefly describe how each method of polarization polarizes

light.

2. Explain how a pair of Polaroid sheets can be used to

change the intensity of a beam of light.

3. Just before the Sun sets, a driver encounters sunlight

reflecting off the side of a building. Will Polaroid sunglasses

stop this glare?

Applying Inquiry Skills

4. Many sunglasses, advertised as polarizing, are not.

Describe two different ways to test sunglasses for polar-

izing capabilities.

5. You have placed a calcite crystal over the letter A on an

otherwise blank piece of paper and have rotated the crystal

so that two images are produced. If you were to view the

images through a Polaroid filter, rotating the filter slowly

through 180º, what would you see? Explain your answer.

Making Connections

6. Using the Internet or other resources, research the liquid

crystal displays (LCDs) common in electronic screens, such

as calculator and digital wristwatch readouts. Write a short

report explaining how LCDs use polarization.

7. Using the Internet and print sources, research optical

activity and polarimeters and answer the following 

questions:

(a) The first general use of the polarimeter was in the

sugar-beet industry, in the early 1900s. What was the

polarimeter called at the time? Why was it such an

important innovation for farmers?

(b) In what industries is the polarimeter in common use

today and for what purposes?

GO www.science.nelson.com

GO www.science.nelson.com
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10.210.2
Diffraction of Light through 

a Single Slit

Light passing through a single, narrow slit is diffracted. The extent of the diffraction

increases as narrower and narrower slits are used. However interference also occurs.

Figure 1 (and Investigation 10.2.1) shows that a pattern of bright and dark lines appears

if a screen is placed on the far side of the slit. The pattern consists of a bright central

region (the central maximum), with dark regions of destructive interference alternating

with progressively less intense bright areas (the secondary maxima) on either side.

Although the pattern bears some resemblance to Young’s pattern, the spacing of the

bright and dark areas is quite different. Figure 2, produced with white, blue, and red

sources passing separately through the same slit, shows that here, as with Young’s double-

slit pattern, the wavelength of the source affects the extent of the diffraction.

If you look carefully at the diffraction of water waves through a single opening, you see

nodal lines (Figure 3), an indication that wave theory does predict interference for the

single-slit diffraction pattern for light. To see how an interference pattern arises for light,

we can analyze the wave behaviour of monochromatic light passing through a single slit.

This can be done using mathematical analysis or hands-on experimentation in the form

of Investigation 10.2.1 in the Lab Activities section at the end of this chapter.

central maximum the bright cen-

tral region in the interference pat-

tern of light and dark lines produced

in diffraction 

secondary maxima the progres-

sively less intense bright areas, out-

side the central region, in the

interference pattern

Figure 1

Note the central maximum and sec-

ondary maxima.

Figure 2

Single-slit diffraction of white, blue,

and red light

Diffraction of Light in a 

Single Slit (p. 540)

What are the predicted patterns of

diffraction and interference created

by a slit or an obstacle? What rela-

tionship allows us to determine the

wavelength of light, the size and

location of the interference pattern,

or the width of a slit?

INVESTIGATION 10.2.1
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A single slit illuminated by monochromatic light may be considered a row of point

sources of some reasonable, finite number—say, 12—close together and vibrating in

phase. Each such source may be regarded as producing individual secondary circular

waves as described by Huygens. A screen on the far side of the slit shows an interference

pattern, the sum of the contributions from each of the point sources. The various point

sources generate constructive and destructive interference because of the different phases

of oscillations reaching the screen over different distances.

We will use wave rays to represent the direction of motion of the individual Huygens

wavelets produced in the slit opening. First, let us consider the case for light rays that

pass straight through the slit (Figure 4). Since the rays from all 12 point sources all

start in phase and travel approximately the same distance to the screen, they arrive

essentially in phase. Constructive interference produces a bright area on the screen,

the central maximum.

In the case of light diffracted downward through an angle (Figure 5(a)), waves from the

top of the slit (point 1) travel farther than waves from the bottom (point 12). If the path

difference is one wavelength, the light rays from the centre of the slit will travel one half-

wavelength farther than those from the bottom of the slit. They will thus be out of phase,

producing destructive interference. Similarly, waves slightly above the bottom (point 11)

and slightly above the central point (point 5) will cancel. In fact, the ray coming from

each point in the lower half of the slit will cancel the ray originating from a correspon-

ding point in the upper half of the slit. As a result, the rays will interfere destructively in

pairs, causing a dark band, or fringe, to appear on the screen. In the same manner, destruc-

tive interference occurs at an equal distance above the central maximum. As can be seen

from Figure 5(a), for the first minimum, the path difference of one wavelength is given

Figure 3

Diffraction of water waves through 

(a) a single wide opening 

(b) a single narrow opening

L

w

screen

u usin  = 0, since  = 0 (bright)

Figure 4

Rays from all parts of the slit arrive

at the centre of the screen, approxi-

mately in phase.

Fraunhofer Diffraction

The diffraction of light through a

single slit is also called Fraunhofer

diffraction, after Munich-born

Joseph von Fraunhofer (1787–1826).

Interest in light and optics led the

22-year-old Fraunhofer to become

the first to measure the spectrum

of sunlight and identify the absorp-

tion lines.

DID YOU KNOW??

(a) (b)

Applying Huygens’ Principle

In applying Huygens’ principle

to analyze single slit diffraction,

we have used 12 sources to

show the derivation of the gen-

eral equation. The true number

of sources would be far greater

than 12, but would be awkward

to use in a derivation.

LEARNING TIP
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by w sin v1 5 λ. Rearranging this equation, the angle v1 at which the first minimum

appears is given by

sin v 5 }
w
λ

} (first minimum)

We now consider a larger angle v2 for which the path difference between the top 

and the bottom of the slit is }
3

2
}λ. We find that for each point source in the bottom third 

of the slit there exists a corresponding point source in the middle third that is }
λ
2

} far-

ther from the screen. These pairs of point sources to interfere destructively (Figure 5(b)).

However, the waves from the top third of the slit still reach the screen roughly in phase,

yielding a bright spot. The bright spot is not as intense as the central maximum,

since most of the light passing through the slit at this angle, v2, as given by 

sin v2 5 }
2

3

w

λ
}, will interfere destructively.

For an even larger angle, v3, the top waves travel a distance of 2λ farther than those

from the bottom of the slit (Figure 5(c)). Waves from the bottom quarter cancel, in pairs,

with those in the quarter just above, because their path lengths differ by }
λ
2

}. Those in 

the quarter above the centre cancel, in pairs, with those in the top quarter. At this angle,

v3, given by sin v3 = }
2

w

λ
}, a second line of zero intensity occurs in the diffraction pattern.

In summary, minima, or dark fringes, occur at

sin v 5 , , , …

Or in general,

3λ
}
w

2λ
}
w

λ
}
w
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w

1
2
3
4
5
6
7
8
9

10
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12

l
sin 

1
 =    (dark)wu

1
u

1
u

l

2
l

Figure 5

(a) Formation of the first dark

fringe

(b) Formation of the first bright

fringe

(c) Formation of the second dark

fringe

(a)
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2
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(c)

sin vn 5 }
n

w

λ
} (minima)

where v is the direction of the fringe, λ is the wavelength, w is the width of the slit, and

n 5 1, 2, 3, . . . is the order of the minimum.

Maxima, or bright fringes, occur at

sin v 5 0, , ,…
5λ
}
2w

3λ
}
2w



where v is the direction of the fringe, λ is the wavelength, w is the width of the slit, and

m 5 1, 2, 3, … is the order of the maximum beyond the central maximum.

Since for each successive bright area more and more of the point light sources inter-

fere destructively, in pairs, the intensity of the light decreases. The decrease is evident in

Figure 6, a plot of intensity versus sin v for single-slit diffraction.

As in the analysis of the double-slit interference pattern, the value of sin v1 can be 

determined from the ratio sin v1 . tan v1 5 }
y

L

1
}, where y1 is the distance from the centre 

point in the diffraction pattern, and L is the perpendicular distance from the slit to the

screen (Figure 7).
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Or in general,

0

intensity

Dy

Dy Dy
Dy y

1

2Dy

y
2

l
w2

l
w

l2
w2

usin

l2
w

l
w
3

2
l
w
3

Figure 6

Graph of intensity versus sin v for

diffraction through a single slit. The

actual interference pattern is shown

below.

L

1st

minimum

2nd

minimum

y
1

y
2

1
u

2
u

w

Figure 7

sin vm 5 (maxima)
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1

2
}2λ

}}
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Section 10.2

Light from a laser pointer, with a wavelength of 6.70 3 102 nm, passes through a slit with

a width of 12 mm. A screen is placed 30 cm away. 

(a) How wide is the central maximum ( i) in degrees and ( ii) in centimetres?

(b) What is the separation of adjacent minima (excluding the pair on either side of the

central maximum)?

Solution

(a) λ 5 6.70 3 102 nm 5 6.70 3 1027 m n 5 1

w 5 12 mm 5 1.2 3 1025 m v 5 ?

L 5 0.30 cm

( i) On either side of the central line, the width of the central maximum is defined by

the first-order dark fringes. Thus,

sin v1 5 }
w

λ
}

5

sin v1 5 5.58 3 1022

v1 5 3.2°

The angular width of the central maximum is 2 3 3.2° 5 6.4°.

( ii) sin v1 5 }
y

L

1
}

y1 5 L sin v1

5 (0.30 m) sin 3.2°

y1 5 1.67 3 1022 m, or 1.7 cm

The width of the central maximum is 2y1, or 2 3 1.67 cm 5 3.3 cm.

(b) λ 5 }
w

L

Dy
}

Dy 5 }
L
w
λ
}

5

Dy 5 1.7 3 1022 m, or 1.7 cm

The separation of adjacent minima is 1.7 cm. The central maximum is exactly twice

the width of the separation of other adjacent dark fringes.

(0.30 m)(6.70 3 1027 m)
}}}

1.2 3 1025 m

6.70 3 1027 m
}}
1.2 3 1025 m

The width of the central maximum is defined by the first minima on either side of the

centre line. For the position of the first minimum on the screen,

sin v1 5 }
w

λ
}

}
y

L

1
} 5 }

w

λ
} (to a good approximation)

λ 5 }
w

L

y1
}

Thus, the width of the central maximum is y1 1 y1 (Figure 6). Since the separation

of the maxima and minima (∆y), outside the central area, is the same as y1, we may 

rewrite the relation λ 5 }
w

L

y1
} as λ 5 }

w

L

∆y
}. The latter equation is useful in analyzing the

single-slit diffraction pattern, in finding the wavelength of the light, and in predicting the

dimensions of the pattern and the positions of the fringes. A sample problem will illustrate.

SAMPLE problem

Tangent versus Sine 

sin v . tan v 5 }
L

y
} for L .. y ; 

for small angles, the tangent is a

good approximation to the sine.

Prove this yourself by drawing a

right-angled triangle with one very

small angle or by checking the

values on your calculator.

LEARNING TIP
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As seen in the sample problem, the wave theory predicts that the width of the central

maximum is twice the separation of adjacent minima. The photograph in Figure 1

shows that the prediction is true. Our wave interpretation of both Young’s experiment

and single-slit diffraction appears to be correct, offering further support for the wave

theory of light.

In Young’s experiment, each individual slit produces its own single-slit diffraction

pattern, the pattern centres being a distance d apart. The central maximum produced by

each narrow slit covers a large lateral distance when it reaches the screen, relatively far

away. As a result, the two central bright areas overlap and interfere. The double-slit inter-

ference pattern is, in reality, the resultant interference of two single-slit diffraction pat-

terns. The other maxima of a single-slit diffraction pattern occur far out to the sides

and are usually too weak to be seen. If wider slits are used, these maxima become more

visible, as Figure 8 demonstrates.

Figure 8

The top photograph illustrates the

interference pattern produced by

single, wide slits. The bottom photo-

graph is an enlargement of the

centre section of the top photo-

graph. It is only the central region

that is observed in most double-slit

interference patterns, where narrow

slits are used.

Practice

Understanding Concepts

1. Calculate the angle at which 7.50 3 102 nm light produces a second minimum if the

single-slit width is 2.0 mm.

2. The first dark fringe in a certain single-slit diffraction pattern occurs at an angle of

15° for light with a wavelength of 580 nm. Calculate the width of the slit.

3. Red light passing through a single narrow slit forms an interference pattern. If the red

light were replaced by blue, the spacing of the intensity maxima (where constructive

interference takes place) would be different. In what way? Why? 

4. Helium–neon laser light (λ 5 6.328 3 1027 m) passes through a single slit with a

width of 43 mm onto a screen 3.0 m away. What is the separation of adjacent minima,

other than those on either side of the central maximum?

5. Monochromatic light falls onto a slit 3.00 3 1026 m wide. The angle between the first

dark fringes on either side of the central maximum is 25.0°. Calculate the wavelength.

6. A single slit, 1.5 3 1025 m wide, is illuminated by a ruby laser (λ 5 694.3 nm).

Determine the angular position of the second maximum.

7. The first dark fringe in the diffraction pattern of a single slit is located at an angle of

va = 56°. With the same light, the first dark fringe formed with another single 

slit is located at vb = 34°. Calculate the ratio }
w

w

b

a
} of the widths of the two slits.

Answers

1. 49°

2. 2.2 3 1026 m

4. 4.4 cm

5. 6.49 3 1027 m

6. 6.6°

7. 0.67
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If we substitute a lens for the small hole, we define resolution as the ability of the lens

to produce two sharp and separate images. Because light passes through a finite aperture

when it goes through a lens, a diffraction pattern forms around the image. If the object is

extremely small, the diffraction pattern appears as a central bright spot (called the Airy

disk, after nineteenth-century British astronomer Sir George Airy) surrounded by con-

centric bright and dark circular interference fringes. If two objects are extremely close

together, for example, a double star, the two diffraction patterns overlap. The bright fringes

of one pattern fall on the dark fringes of the second pattern, causing the two objects to

appear to merge and making it impossible to resolve. As with a hole, diameter matters:

the smaller the diameter of the lens, the more difficult it is to separate two closely spaced

Section 10.2

resolution the ability of an instru-

ment to separate two images that

are close together

large pinhole

slight diffraction of light

screen

I
2

I
1

Images are fuzzy

but resolved.

S
1

S
2

small pinhole

region where diffracted light 

from each source overlaps

significant diffraction

screen

I
2

I
1

Images overlap 

because of diffraction 

and are unresolved.

S
1

S
2

Figure 9

With a large pinhole, the images are

fuzzy from diffraction but distin-

guishable. With a small pinhole, the

diffraction patterns overlap so much

that the two images cannot be

resolved.

Resolution
Resolution is the ability to separate two closely spaced images. We have seen that light

waves passing around an obstacle or through a small opening are diffracted and that

the smaller the obstacle or opening, the greater the diffraction. This characteristic of

diffraction is important in the design of microscopes and telescopes.

When light from two sources passes through the same small hole, not only is the light

from each source diffracted, but the diffraction patterns overlap. The overlap makes the

images fuzzy (Figure 9). If the hole is very small and the sources very close, the overlap

may be extensive, making it impossible to distinguish the individual images.

TRYTHIS activity Resolution

Set up two showcase lamps, almost touching, at one end of a dark room. Cut an opening

in a piece of stiff paper board and tape a piece of aluminum foil over the opening. In the

foil, poke three small holes with different diameters, starting with a pinhole. Place each

hole, in succession, in front of one eye. Look at the two bulbs with the other eye closed.

How does the size of hole affect your ability to clearly distinguish between both lamps?

What is the relationship between the size of the opening and the resolution?
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In a microscope, the objective lens has a small diameter. This limits even the best

optical microscope to a maximum useful magnification of approximately 10003, since

even the finest objective lens can only resolve detail to a certain point. By decreasing the

wavelength, we can increase the resolving power. For example, an ultraviolet microscope

can detect much finer detail than a microscope operating with visible light. In Section 12.2,

we will see that electron microscopes, with wavelengths approximately 1025 that of light,

can resolve objects down to 0.5 nm.

Observatory telescopes use large lenses or mirrors to increase the resolution. The

largest telescopes are used to view the farthest distances in space, not only because they

receive more light, but because they are able to resolve individual stars that appear very

close together in the sky (Figure 11).

Abbé and Rayleigh

The first physicists to discover the

limitations of ray optics and the

importance of wave theory were

Ernst Abbé and Lord Rayleigh.

DID YOU KNOW??

Figure 11

The Keck telescope in Hawaii is the

largest diameter optical telescope in

the world. 

• Light passing through a single slit creates a diffraction pattern. The pattern con-

sists of a bright central region with dark regions of destructive interference, alter-

nating with progressively less intense areas of bright constructive interference.

• The smaller the slit width, the larger the distance between maxima and minima.

Diffraction of Light through 

a Single Slit
SUMMARY

Figure 10

The view of two adjacent sources of

light as seen, left to right, through a

small-, medium-, and large-diam-

eter lens. As the size of the lens

increases, so does the resolution.

objects. The photographs in Figure 10 illustrate this behaviour for three lenses of different

diameters. (Note that this discussion refers to the entire lens. In photography, the entire lens

is not always used. The resolution is enhanced by using only the centre of the lens.)
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Section 10.2

Section 10.2 Questions

Understanding Concepts

1. You are photographing a single-slit diffraction pattern from

monochromatic light. How would your pattern differ if the

wavelength were doubled? if the both the wavelength and

slit width doubled at the same time? 

2. Monochromatic light falls on a single slit with a width of

2.60 3 1026 m. The angle between the first dark fringes on

either side of the central maximum is 12°. Calculate the

wavelength.

3. The ninth dark fringe in a single-slit diffraction pattern,

from a source of wavelength 6.94 3 1027 m, lies at an angle

of 6.4º from the central axis. Calculate the width of the slit.

4. A single slit 2.25 3 1026 m wide, illuminated with mono-

chromatic light, produces a second-order bright fringe at

25º. Calculate the wavelength of the light.

5. A narrow, single slit with a width of 6.00 3 1026 m, when

illuminated by light of wavelength λ 5 482 nm, produces a

diffraction pattern on a screen 2.00 m away. Calculate 

(a) the angular width of the central maximum in degrees

and (b) the width in centimetres.

6. What would be the angular width in question 5 if the entire

setup were immersed in water (nw 5 1.33) instead of air

(na 5 1.00)?

7. A helium–neon laser operating at 632.7 nm illuminates a

single slit 1.00 3 1025 m wide. The screen is 10.0 m away.

Calculate the separation of adjacent maxima, other than the

central maximum.

8. A beam from a krypton ion laser (λ 5 461.9 nm) falls on a

single slit, producing a central maximum 4.0 cm wide on a

screen 1.50 m away. Calculate the slit width.

9. Sodium-vapour light with an average wavelength of

589 nm falls on a single slit, 7.50 3 1026 m wide. 

(a) At what angle is the second minimum?

(b) What is the highest-order minimum produced?

10. Alcor and Mizar are two stars in the handle of the Big

Dipper (Ursa Major). They look like one star to the unaided

eye (unless the conditions are really good); through binoc-

ulars or a telescope they are easily distinguished as two.

Explain why this is the case.

Applying Inquiry Skills

11. Predict what you will see if you hold a paper clip between

your thumb and forefinger in the beam of a helium–neon

laser. Try it! 

Do not let direct laser beams or reflected beams 

go straight into anyone’s eyes.

12. Digital images are made up of “picture units,” or pixels. The

picture of the woman in Figure 12 is 84 pixels wide and 

62 pixels high. How could you improve the resolution?

(Hint: Consider aperture and distance.)

Figure 12

• The longer the wavelength, the greater the distance between maxima.

• Minima, or dark fringes, occur at sin vn 5 }
n
w
λ
} (n 5 1, 2, … ).

• Maxima, or bright fringes, occur at the centre of the pattern and also at 

sin vm 5 (m 5 1, 2, … ).

• The separation Dy of adjacent maxima or minima is given by the relationship 

∆y 5 }
λ
w

L
}, and the central maximum width is 2Dy.

• Young’s double-slit interference pattern results from the interference of two

single-slit diffraction patterns.

• Resolution, or the ability of an instrument to separate two closely spaced images,

is limited by the diffraction of light.

1m 1 }
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2
}2λ

}}
w


