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 Electromagnetic Induction      

    In this chapter, your goals are to:   
•   (20-1) Explain the importance of electromagnetic induction.  

•   (20-2) Describe what is meant by a motional emf and an induced emf.  

•   (20-3)  Explain what determines the magnitude and direction of an emf in 
a circuit with a changing magnetic flux.  

•   (20-4) Define the key properties of an ac generator.    

    To master this chapter, you should review:   
•   (6-2)     The work done by a constant force.  

•   (12-3)    Simple harmonic motion.  

•   (16-6)    The electric flux through an area.  

•   (18-6)    The electric power for a resistor.  

•   (19-3, 19-5)   The magnetic force on a moving charged particle and on a current-
carrying wire.  

•   (19-7)    The magnetic field produced by a current-carrying loop.     

20-1    The world runs on electromagnetic 
induction  
 In  Chapter 18  we discussed  direct-current  electric circuits in which the current always 
flows in the same direction. In these circuits what makes the current flow is the emf 
provided by a battery. This electric potential difference between the battery terminals 
is caused by chemical processes inside the battery (see  Section 18-2 ). 

 But many of the electric circuits around you are  alternating-current  circuits in 
which the current constantly changes direction. That includes the current in light 
 fixtures, toasters, electric fans, and other devices plugged into wall sockets.  (Alternating 
current also indirectly powers mobile devices like cell phones and laptop computers. 
These devices have batteries, but the batteries are recharged by plugging them into a 
wall socket.) What kind of emf produces an alternating current? 

 The answer to this question comes from a remarkable discovery made by physicists 
around 1830:  If the magnetic field in a region of space changes, the change gives rise to an 
electric field . This electric field, called an  induced  field, is very different in character from 
the electric field produced by point charges that we described in  Chapter 16 : An induced 

  What do you think?  

 The stripe on the back of a 
credit card is magnetized 
in a pattern that encodes 
your account information. 
A credit card reader contains 
a loop of wire, and when 
you swipe the card through 
the reader, the magnetized 
card’s motion generates an 
electric current in the wire 
that sends a signal to the 
credit card company. To 
make this current flow, what 
kind of force must act on 
electrons in the wires of the 
card reader? (a) A magnetic 
force; (b) an electric force; 
(c) a combination of electric 
and magnetic forces. 
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866     Chapter 20  Electromagnetic Induction 

electric field does not point away from positive charges and toward negative charges but 
instead has field lines that form closed loops like magnetic field lines. That’s just what’s 
needed for that induced electric field to push charges around a loop of wire and generate 
an electric current. As we’ll see later in this chapter, it’s easy to make this induced electric 
field flip its direction back and forth, which makes a current that flips back and forth — in 
other words, an alternating current. The vast amount of electric current used by our tech-
nological civilization is produced in this way (Figure 20-1a).

We use the term electromagnetic induction for the process whereby a changing mag-
netic field induces an electric field. (The word “electromagnetic” shows that this process 
involves both electric and magnetic fields.) Electromagnetic induction has many applica-
tions beyond producing an alternating current to be delivered to wall sockets. It’s how a 
credit card reader decodes the information on the card’s magnetized strip (see the photo 
that opens this chapter). It’s also at the heart of a relatively new medical technique called 
transcranial magnetic stimulation (TMS), which allows physicians to stimulate electrical 
activity in the brain without sticking electrodes to the scalp or inserting them through 
the skull. In TMS, a time-varying magnetic field is produced inside the brain by current- 
carrying coils around the head. This causes an induced electric field, which in turn causes 
currents to flow within the brain (Figure 20-1b). TMS has been used with some success 
to treat cases of depression that have not responded to more conventional therapy.

In this chapter we’ll begin by describing the relationship between a changing mag-
netic flux and the electric field that it induces. We’ll introduce two important laws that 
describe electromagnetic induction. The first of these, Faraday’s law, will tell us how 
the emf that appears in a closed loop (such as an electric circuit) due to an induced 
electric field is related to the rate of change of the magnetic flux through the loop. The 
second, Lenz’s law, will tell us the direction of this induced emf. We’ll see how induced 
emf makes possible the important device called a generator, which converts mechanical 
energy into electric energy and creates an alternating emf. (Each of the wind turbines 
shown in Figure 20-1 uses its spinning blades to run a generator.) In Chapter 21 we’ll 
see how all of these ideas explain the behavior of alternating-current circuits.

20-2 A changing magnetic flux  
creates an electric field
Figure 20-2 shows an experiment that we can understand with the physics we already 
know. A loop of wire with an attached ammeter (a device for measuring the current in 
the loop) is placed near the south pole of a stationary magnet. No current flows if the 
loop is held stationary. That’s not surprising, since there’s no source of emf connected 
to the loop. But a current does flow in the loop when it is moved toward the magnet’s 
south pole (Figure 20-2a) and flows in the opposite direction when the loop is moved 
away from the magnet’s south pole (Figure 20-2b). What’s happening is that the mobile 
charges within the loop are moving along with the loop through the magnetic field of 
the bar magnet and so experience a magnetic force that pushes the charges around the 

B i o M e d i c a l

Figure 20-1 Electromagnetic 
induction Two examples 
of the phenomenon of 
electromagnetic induction, 
in which electric currents are 
induced by the presence of a 
changing magnetic flux.

(a) (b)

An electric generator produces current by
electromagnetic induction: Coils of wire
move relative to a magnetic �eld, which
generates an emf in the coils. The motion
can be powered by the wind, as in these
wind turbines.

A changing magnetic �eld applied to the
brain induces an electric �eld there,
causing electric currents. Areas in red are
where the currents are strongest.
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TAKE-HOME MESSAGE 
FOR Section 20-1
✔ In electromagnetic 
induction, a time-varying 
magnetic flux in a certain 
region gives rise to an electric 
field in that same region.

✔ Electromagnetic induction 
is used to produce an 
alternating current.
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20-2   A changing magnetic flux creates an electric field      867

loop (Figure 20-2c). Reversing the direction in which the loop and its charges move 
also reverses the direction of the magnetic force, so the charges are pushed in the oppo-
site direction, and the current direction reverses (Figure 20-2d). In either case we say 
that the magnetic force on the mobile charges is equivalent to an emf that makes the 
current flow. There is no magnetic force, and hence no emf, if the loop and its charges 
are at rest. (Recall from Section 19-2 that magnetic forces act only on moving charges.) 
Because the loop must be in motion for the emf to appear, we call it a motional emf.

Figure 20-3 shows an experiment that looks similar but involves entirely differ-
ent physics. Now we hold the loop stationary and move the south pole of the magnet 
either toward the loop (Figure 20-3a) or away from the loop (Figure 20-3b). In this 
case there can be no magnetic force on the mobile charges within the loop because 
those charges are at rest in the stationary loop. Nonetheless, there is an emf in the loop 
and a current flows around the loop in response, but only when the magnet is moving 
relative to the loop. Since there is no magnetic force in this situation, it must be that the 
emf is due to an electric force on the mobile charges (Figures 20-3c and 20-3d).

What’s happening is that when the magnet is moving, the magnetic field at the loca-
tion of the loop is changing: Its magnitude increases when the magnet’s south pole moves 
toward the loop (Figure 20-3a) and decreases when the magnet’s south pole moves away 
from the loop (Figure 20-3b). So this experiment shows that an electric field is induced 
by the changing magnetic field. For this reason we call the emf in the experiment of 
 Figure 20-3 an induced emf. We use the term “electromagnetic induction” for situations 
in which a changing magnetic field causes, or induces, an electric field.

Although the experiments in Figures 20-2 and 20-3 are different, they have the same 
result: Whether the loop moves toward the stationary magnet at 1 m s/ , as in Figure 20-2a, 

i

i

B

B

(a) Moving the loop toward a stationary magnet

Charges 	ow around the loop.

Motion of loop

Ammeter

i

i

B

B

B

B
FB

FB

• Charges in the loop move
   along with the loop in
   the magnetic �eld.
• Magnetic forces push mobile
   charges around the loop,
   causing a current.

B

B

(b) Moving the loop away from a stationary magnet

(c) Side view of loop moving toward a
     stationary magnet

(d) Side view of loop moving away from a
     stationary magnet

Charges 	ow in opposite
direction around the loop.

Motion of loop

Ammeter

v = Velocity of loop

v

B
B B

B

FB

FB

Reversing the velocity of
the loop reverses the
directions of the magnetic
forces, so charges 	ow in
the opposite direction.

v = Velocity
      of loop

v

Figure 20-2 A loop of wire 
moving with respect to a magnet 
If a loop of wire moves toward or 
away from a magnet, a current 
flows in the loop. The current is 
caused by magnetic forces.
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868     Chapter 20  Electromagnetic Induction 

or the magnet moves toward the stationary loop at 1 m s/ , as in  Figure 20-3a, the same 
emf appears in the loop. In fact, the same emf appears if the magnet and loop are both 
moving, as long as the magnet and loop approach each other at a relative speed of 1 m s/ .  
Since the result is the same in each of these cases, we should be able to describe all of 
these effects in terms of a single equation. But what equation is that?

It turns out that we can describe the emf in any of these situations in terms of the 
change in magnetic flux through the loop in Figures 20-2 and 20-3. We define this in 
the same way that we defined electric flux in Section 16-6: It’s the area A of the sur-
face outlined by the loop, multiplied by θB cos , the component of the magnetic field 
that’s perpendicular to that surface (see part (a) of Figure 20-4). In equation form the 
 magnetic flux ΦB (“phi-sub-B”) through the loop is

i

i

B

B

(a) Moving the magnet toward a stationary loop

Charges 	ow around the loop.

Motion of magnet

i

i

B

B

B

B
FE

FE

• Charges in the loop experience
   electric forces.
• These forces push mobile
   charges around the loop,
   causing a current.

B

B

(b) Moving the magnet away from a stationary loop

(c) Side view of magnet moving toward a
     stationary loop

(d) Side view of magnet moving away from a
     stationary loop

Charges 	ow in the opposite
direction around the loop.

Motion of magnet

v = Velocity of magnet

B
B

B
FE

FE v = Velocity of magnet

B

Reversing the velocity of
the magnet reverses the
directions of the electric
forces, so charges 	ow in
the opposite direction.

Figure 20-3 A magnet moving 
with respect to a loop of wire 
If a magnet moves toward 
or away from a loop of wire, 
a current flows in the loop. 
Magnetic forces cannot explain 
why this happens, so electric 
forces must be present to 
produce the current.

See the Math Tutorial 
for more information on 
trigonometry.

Magnetic flux  
(20-1) ΦB = AB⊥ = AB cos 

Area of the surface

Magnitude of the magnetic �eldThe component of the magnetic
�eld perpendicular to the surface

Magnetic 	ux 
through a surface

Angle between the magnetic �eld
and the perpendicular to the surface

(The subscript “B” on the symbol ΦB in Equation 20-1 reminds us that this is the 
flux of the magnetic field 

�
B.) As parts (b) and (c) of Figure 20-4 show, the flux ΦB can 

be positive or negative. Note that the choice of positive x direction is arbitrary; in 
 Figure 20-4 we chose the positive x direction to be up, so ΦB is positive for the case 
shown in Figure 20-4b and negative for the case shown in Figure 20-4c. Had we chosen 
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20-2   A changing magnetic flux creates an electric field      869

the positive x direction to be downward, we would have had Φ <B 0 in  Figure 20-4b 
and Φ >B 0 in Figure 20-4c. It doesn’t matter which one we choose, since the physics 
will turn out to be the same in either case. (In a similar way, in Chapter 2 we had to 
make a choice of positive x direction for analyzing motion in a straight line. The actual 
motion didn’t depend on which direction we chose to be positive and which to be 
negative.)

In Figures 20-2 and 20-3 the magnetic field is not uniform over the area enclosed 
by the loop, so the perpendicular component θ=⊥B B cos  has different values at dif-
ferent points on this area. In such a case ⊥B  in Equation 20-1 is the perpendicular com-
ponent of the magnetic field averaged over the area A enclosed by the loop. Note that 
if the loop is actually a coil with N turns of wire, the net magnetic flux through the coil 
is N multiplied by the flux through one turn of the coil.

If the magnet and loop in Figures 20-2 and 20-3 are not moving with respect to 
each other, the magnetic flux through the loop remains the same. In this case there is 
no emf and no current in the loop. The flux changes, however, when either the loop 
moves relative to the magnet (Figure 20-2) or the magnet moves relative to the loop 
(Figure 20-3). In these cases there is an emf in the loop and the current. This suggests 
that an emf appears in a loop when the magnetic flux through that loop changes. This 
observation is known as Faraday’s law of induction, named for the nineteenth-century 
English physicist Michael Faraday:

Figure 20-4 Magnetic flux (a) The magnetic flux through 
a loop. The flux is (b) most positive when 

�
B  points along 

the perpendicular to the loop and (c) most negative 
when 

�
B  points opposite to the perpendicular.

If there is a uniform magnetic
�eld B through the interior of
the loop at an angle q to the
x axis, there is a magnetic
�ux through the loop:
ΦB = AB cos q

B

+x

A

q

(a)

Loop of wire
encloses an
area A.

Choose the x axis to
point perpendicular to
the plane of the loop.

(b)

If B is perpendicular
to the loop in the
positive x direction,
q = 0 and 
ΦB = AB cos 0
= AB(+1) = +AB

B

+x

A

(c)

If B is perpendicular
to the loop in the
negative x direction,
q = 180° and
ΦB = AB cos 180°
= AB(–1) = –AB

B

+x

A

Faraday’s law of induction  
(20-2)

Change in the magnetic �ux through
the surface outlined by the loop

Time interval over which the change in magnetic 	ux takes place

Magnitude of the induced
or motional emf in a loop

∆ΦB

∆t=

This law states that the magnitude of the emf that appears in a loop is equal to the mag-
nitude of the rate of change of the magnetic flux through the loop. If a large change in 
flux ∆ΦB happens in a short time interval ∆t, the resulting emf has a large magnitude; if 
the change in flux is relatively small and happens over a long time interval, the resulting 
emf has a small magnitude.

Note that Equation 20-2 tells us only the magnitude of the emf, not its direction. 
In the following section we’ll see how the direction is determined.
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870     Chapter 20  Electromagnetic Induction 

WATCH OUT! It’s not the magnetic flux that causes an emf, but the rate at which the flux changes.  

   The mere presence of magnetic flux through a loop 
does not cause an emf to appear in the loop. If a flux 

is present but does not change, such as what happens when a 
magnet and loop are held stationary with respect to each other, 

there is  no  resulting emf. An emf appears only when the flux 
changes , such as when the magnet and loop in  Figures 20-2  
and  20-3  move either toward or away from each other. 

!

 In the following example we’ll check Faraday’s law. We’ll do this by considering a 
situation in which we can use our knowledge of magnetic forces to calculate the emf, 
then compare this to the emf calculated using  Equation 20-2 .         

   Go to Interactive  Exercise 20-1  
for more practice dealing 
with motional emf.   

  EXAMPLE 20-1 Changing Magnetic Flux I: A Sliding Bar in a Magnetic Field  
 A copper bar of length  L  slides at a constant speed  v  along stationary, U-shaped 
copper rails (  Figure 20-5   ). A uniform magnetic field of magnitude  B  is directed 
perpendicular to the plane of the bar and rails. The moving bar and stationary 
rails form a closed circuit, and an emf is produced in this circuit because the wire 
is moving in a magnetic field. Determine the emf in the circuit (a) by using the 
expression for the magnetic force on a charge in the moving wire and (b) by using 
Faraday’s law of induction,  Equation 20-2 .   

   Set Up     
      For a battery the magnitude of the emf equals 
the change in electric potential (potential 
energy per charge) for a charge that traverses 
the  battery; that is, it’s equal to the  work per 
charge  that the battery does on charges that 
travel from one terminal to the other. We’ll use 
the same idea in part (a) to calculate the emf 
in terms of the work done by the magnetic force 
on a charged particle that travels the length 
of the moving bar. In part (b) we’ll find the 
emf by instead using  Equation 20-2 . While the 
 magnetic field doesn’t change, the area of the 
loop  outlined by the moving bar and the rails 
 does  change, and so the magnetic flux through 
this loop changes. 

 Magnetic force on a moving 
charged particle: 

    θ=F q vB| | sin     (19-1) 

 Work done by a constant 
force that points in the same 
direction as the straight-line 
displacement: 

    =W Fd     (6-1) 

 Magnetic flux: 

    θΦ = =⊥AB ABB cos     (20-1) 

 Faraday’s law of induction: 

    ε = ∆Φ
∆t

B| |     (20-2)  

   Solve  
 (a) Find the magnetic force on a charged particle 
moving along with the copper bar. 

 For a positive charge  q  moving with the bar, the velocity   �v   is 
perpendicular to the magnetic field   

�
B  . So   θ = °90    in  Equation 19-1 , 

and the magnetic force   
�
F   on such a charge has magnitude 

    ( )= ° = =F qvB qvB qvBsin 90 1    

 The force   
�
F   is perpendicular to both   �v   and   

�
B  , so it is directed along 

the length of the moving bar. 

     Figure   20-5       A sliding copper bar  What emf is generated in the bar as it slides in the 
presence of a magnetic field   

�
B  ?  

Copper
rails

Copper bar slides
on the rails at
constant velocity v.

v
L

A uniform magnetic �eld B
points perpendicular to the
plane of the rails.

B B

L

i

i ∆d = d = d v ∆t

∆A = L∆d = d = d Lv∆t
increase in area

Top viewTop viewT

i

v

q
+

F
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20-2   A changing magnetic flux creates an electric field      871

 Use the magnetic force on a charged particle to 
find the emf produced in the bar. 

 The magnetic force   
�
F   on a charge  q  causes it to move along 

the length  L  of the bar. Since   
�
F   is in the same direction as the 

displacement of the charge, the work done on the charge as it 
travels this length is 

    = =W FL qvBL   

 The magnitude of the emf in the bar equals the work done per charge: 

    ε = = =W
q

qvBL
q

vBL| |    

 (b) Use Faraday’s law of induction to find the emf.  The magnetic field   
�
B   points perpendicular to the plane of the loop 

outlined by the moving copper bar and the copper rails. If the area of 
this loop is  A  and we take the positive  x  direction to point out of the 
plane of the above figure (in the same direction as   

�
B  ), then   θ = 0   in 

 Equation 20-1 . The magnetic flux through the loop is then 

    Φ = = =AB AB ABB cos 0 (1)    

 The magnetic field is constant, but the area  A  changes with time 
because the bar moves. The speed  v  of the bar is just the distance   ∆d   
that the bar moves divided by the time   ∆t   that it takes to move that 
distance, so 

    = ∆
∆

∆ = ∆v
d
t

d v tand    

 During time   ∆t   the area  A  of the loop outlined by the moving bar 
and rails increases by an amount   ∆ = ∆ = ∆A L d Lv t  . Therefore, the 
change in magnetic flux through the loop during this time is 

    ∆Φ = ∆ = ∆ = ∆A B Lv t B vBL tB ( ) ( )    

 From  Equation 20-2  the magnitude of the emf in the loop is 

    ε = ∆Φ
∆

= ∆
∆

=
t

vBL t
t

vBLB| |     

   Reflect  
 We find the same expression for the emf in both parts (a) and (b), as we must. This gives us added confidence that 
 Equation 20-2  is valid, and a host of experiments back up its validity.  

  EXAMPLE 20-2 Changing Magnetic Flux II: A Varying Magnetic Field  
 A uniform magnetic field of magnitude   =B 1.50   T is directed at an angle of   °60.0    to the plane of a circular loop of 
copper wire. The loop is 3.50 cm in diameter. (a) What is the magnetic flux through the loop? What is the induced emf 
in the loop if the magnetic field decreases to zero (b) in 10.0 s or (c) in 0.100 s? 

   Set Up     
      The magnetic flux is given by  Equation 20-1 . 
Note that   θ    in this equation is the angle 
between the direction of magnetic field   

�
B   

and the  perpendicular  to the loop, so 
  θ = ° − ° = °90.0 60.0 30.0   . The magnetic flux 
through the loop changes when the field 
 magnitude changes, so an emf will be induced 
in the loop. We’ll use  Equation 20-2  to calculate 
the magnitude of this induced emf. 

 Magnetic flux: 

    θΦ = =⊥AB ABB cos     (20-1) 

 Area of a circle of radius  r : 

    π=A r2   

 Faraday’s law of induction: 

    ε = ∆Φ
∆t

B| |     (20-2)  

B

= 30.0°

60.0°

OO
+x

3.50 cm
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872     Chapter 20  Electromagnetic Induction 

Solve
(a) Find the area of the loop, then use 
Equation 20-1 to calculate the magnetic flux 
through the loop.

The radius r of the loop is one-half of the diameter:

r = = = . × −1
2

(3.50 cm) 1.75 cm 1 75 10 m2

The area of the loop is

A rπ π= = × = ×− −(1.75 10 m) 9.62 10 m2 2 2 4 2

From Equation 20-1 the magnetic flux through the loop is

θΦ = = × °
= × ⋅

−

−
ABB cos (9.62 10 m )(1.50 T) cos 30.0
1.25 10 T m

4 2

3 2

(b) The change in magnetic flux is the final value 
(zero) minus the initial value that we found 
in (a). Equation 20-2 tells us that to find the 
magnitude of the induced emf, we divide this 
change by the time t∆ = 10.0 s over which the 
flux change takes place.

The change in magnetic flux is

B∆Φ = −
= − × ⋅ = − × ⋅− −

(final flux) (initial flux)
0 1.25 10 T m 1.25 10 T m3 2 3 2

If the flux decreases to zero in t∆ = 10.0 s, the magnitude of the 
induced emf is

/
t
Bε = ∆Φ

∆
= − × ⋅

= . × ⋅  = . ×

−

− −

| |
1.25 10 T m

10.0 s

1 25 10 T m s 1 25 10 V

3 2

4 2 4

(c) Repeat part (b) with t∆ = 0.100 s. If the flux decreases to zero in just t∆ = 0.100 s, the magnitude of the 
induced emf is

t
Bε = ∆Φ

∆
= − × ⋅

= . × ⋅  = . ×

−

− −

| |
1.25 10 T m

0.100 s

1 25 10 T m s 1 25 10 V

3 2

2 2 2/

Reflect
The induced emf is 100 times greater in part (c) than in part (b) because the same flux change takes place in /1 100 as 
much time. The faster the flux change, the greater the induced emf that results. Note that the emf is induced only during 
the time when the magnetic flux is changing. There is zero emf when the magnetic field is at its original value of 1.50 T, 
and there is zero emf when the magnetic field has stabilized at its final value of zero.

If we replace the loop by a coil of the same diameter with 500 turns of wire, the induced emf is 500 times greater: 
× × =−500 1.25 10 V 0.0625 V4  in part (b), × × =−500 1.25 10 V 6.25 V2  in part (c). The key to generating a large 

induced emf is to have many turns of wire and a rapid change in magnetic flux.
In this example we chose the positive x direction to be upward so that the angle θ  between the magnetic field and 

the perpendicular to the loop was °30.0 . Can you show that we would have found the same results for emf had we 
chosen the positive x direction to be downward so that θ = °150.0 ?

GOT THE CONCEPT? 20-1 A Wooden Loop
Suppose the loop in Example 20-2 were made out of 
wood rather than copper wire, but the magnetic field 
changes in the same manner as in part (b) of Example 20-2. 

Compared to the emf calculated in part (b) of Example 20-2, the 
emf induced in the wooden loop would be (a) zero; (b) much 
smaller but not zero; (c) slightly less; (d) the same; (e) greater.

TAKE-HOME MESSAGE FOR Section 20-2
✔ A motional emf appears in a conductor that moves in a 
magnetic field. The force that produces the emf is a magnetic one.

✔ An induced emf appears in any loop subjected to a changing 
magnetic field. The force that produces the emf is an electric one.

✔ Both motional emfs and induced emfs can be described 
by Faraday’s law of induction: The magnitude of the emf in a 
loop is equal to the absolute value of the change in magnetic 
flux through the loop divided by the time over which the 
change takes place.
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20-3 Lenz’s law describes the direction  
of the induced emf
Equation 20-2 tells us the magnitude of the emf that appears in a loop when there is 
a change in magnetic flux through that loop: / tBε = ∆Φ ∆| | | |. It does not, however, 
tell us the direction in which the emf tends to make current flow around that loop. 
As we’ll see, there’s a simple rule for determining this direction that works for both 
motional emfs (caused by a conductor moving in a magnetic field) and induced emfs 
(caused by a conductor being exposed to a changing magnetic field).

To learn about this rule let’s think again about the loop of wire in Figure 20-2. 
In addition to the field 

�
Bmagnet, there’s also a magnetic field produced by the current 

within the loop itself. As we learned in Section 19-7, a current-carrying loop pro-
duces a magnetic field of its own. The direction of the field 

�
Bloop due to the loop 

depends on the direction of the current around the loop and is given by a right-
hand rule: Curl the fingers of your right hand around the loop in the direction of 
the current, and the extended thumb of your right hand will point in the direction 
of 

�
Bloop in the interior of the loop (see part (a) of Figure 20-6). So whenever an emf 

appears in a loop — either a motional emf as in Figure 20-2 or an induced emf as 
in  Figure 20-3 — the current produced by that emf generates a magnetic field 

�
Bloop 

whose direction depends on the direction of the current and emf. We call 
�
Bloop an 

induced magnetic field.
The field 

�
Bloop itself produces a magnetic flux through the loop, and it’s the sense 

of this flux that will tell us the direction of the emf in the loop. Let’s choose the 
positive x direction for the loop in Figure 20-6 to point to the right, perpendicular 
to the plane of the loop. If the loop is close to the south pole of a bar magnet, as in 
Figure 20-6b, the field of the magnet causes a positive magnetic flux through the loop 
(the field 

�
Bmagnet points generally to the right, in the positive x direction). If the loop 

moves toward the magnet as in the left-hand side of Figure 20-6b, the field 
�
Bmagnet  

inside the loop increases and the positive flux increases. Experiment shows that in 
this case the current induced in the loop gives rise to an induced magnetic field 

�
Bloop 

within the loop, which points in the opposite direction to 
�
Bmagnet. So while the flux 

due to 
�
Bmagnet becomes more positive, 

�
Bloop gives rise to a negative flux that opposes 

the change in the flux of 
�
Bmagnet.

If instead the loop moves away from the magnet as in the right-hand side of 
 Figure 20-6b, the field 

�
Bmagnet inside the loop decreases and the positive flux decreases. 

In this case the direction of the induced current in the loop is reversed, as is the direc-
tion of the induced magnetic field 

�
Bloop: Now 

�
Bloop inside the loop points in the same 

direction as 
�
Bmagnet. The magnetic flux due to 

�
Bloop is now positive, which opposes the 

negative change (decrease) in the flux of 
�
Bmagnet.

In both cases shown in Figure 20-6b, the induced magnetic field is in a direction 
opposite to the change in flux of the external magnetic field (in this case the field due 
to the bar magnet). Many experiments show that this is always the case, no matter 
whether the induced magnetic field is due to a motional emf, an induced emf, or a 
combination of the two. The nineteenth-century Russian physicist Heinrich Lenz sum-
marized these observations in a principle that we now call Lenz’s law:

The direction of the magnetic field induced within a conducting loop opposes 
the change in magnetic flux that created it.

It’s common to combine Faraday’s law and Lenz’s law into a single equation:

Faraday’s law and Lenz’s law for 
induction  
(20-3)

Change in the magnetic �ux through
the surface outlined by the loop

Induced or motional
emf in a loop

∆ΦB

∆t= −

The minus sign indicates that the current caused by the emf
induces a magnetic �eld which opposes the change in �ux.

Time interval over which the change
 in magnetic �ux takes place
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i

i

• A current-carrying loop generates a magnetic �eld Bloop.
• To �nd the direction of Bloop, curl the �ngers of your right
   hand around the loop in the direction of the current i.
   Your extended right thumb points in the direction of Bloop

   in the interior of the loop.
• Bloop itself causes a magnetic �ux through the loop.

Bloop

Bloop

Bloop

Bloop

Bloop

BloopBloop

(a)

i

i

Bmagnet

Bmagnet

(b)

i

i
Bloop BloopBloop

+x

If the loop and magnet move
closer together, the magnetic
�ux through the loop due to
Bmagnet increases.

i

i
Bloop

Bloop

Bmagnet

Bmagnet

If the loop and magnet move
farther apart, the magnetic
�ux through the loop due to
Bmagnet decreases.

Motion of loop Motion of loop

Figure 20-6 Lenz’s law The 
current induced in a loop by a 
change in flux always acts to 
oppose the flux change.

WATCH OUT! Like Faraday’s law, Lenz’s law is about the change in flux.

Notice that Lenz’s law refers to the direction of the 
change in magnetic flux (“Is the flux increasing or 

decreasing?”), not to the direction of the field that causes the 
flux. The field 

�
Bmagnet points in the same direction in both of the 

situations shown in Figure 20-6b, but the flux change is different 

in the two situations, so the emf is in different directions as 
well. The minus sign in Equation 20-3 is a reminder about the 
direction of the induced or motional emf. As we discuss below, 
this direction will always be such that the resulting current 
produces a magnetic field which opposes the change in flux.

!

We can check Lenz’s law by revisiting the sliding copper bar from Example 20-1 
 (Section 20-2). The upward external magnetic field of magnitude B causes an upward mag-
netic flux through the loop formed by the sliding bar and the rails on which it slides (Fig-
ure 20-7). The area enclosed by this loop increases as the bar slides to the right, so the upward 
flux increases as well. By Lenz’s law an induced current will flow in the loop to generate an 
induced magnetic field that opposes this change in flux. So this induced magnetic field must 
point downward, and to produce that induced field the current in the loop must be clockwise 
as seen from above the loop. That’s just the direction of current flow that we depicted in the 
figure that accompanies Example 20-1. So this situation is consistent with Lenz’s law.
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The sliding copper bar in Figure 20-7 illustrates another 
aspect of Lenz’s law. Once the induced current is flowing in the 
bar, the external magnetic field exerts a force on that current. 
Using the right-hand rule for this force (see Section 19-5), we 
see that this force points opposite to the direction in which the 
bar is moving. In other words, this force opposes the motion 
that gives rise to the change in flux through the loop made up 
of the bar and rails. That’s always the case when a conductor 
moves through a magnetic field: A current is induced in the 
conductor, and the magnetic field exerts a force on the current 
that opposes the motion of the conductor. We can summarize 
this in an alternative statement of Lenz’s law:

When the magnetic flux through a loop changes,  
current flows in a direction that opposes that change.

Since a magnetic force opposes the motion of the bar in 
Figure 20-7, we need to apply an external force to keep the bar 
in motion. If we make the bar move faster, the magnetic flux 
through the loop changes more rapidly, the emf and resulting 
current in the loop are greater, and the magnetic force oppos-
ing the motion of the bar is greater. (The magnetic force on the bar is proportional to the 
speed of the bar, just like the drag force on a microscopic object moving through a fluid; 
see Section 5-5.) So we must apply a greater force to make the bar slide at a faster speed.

This same effect explains the phenomenon of magnetic braking. If you try to make a 
magnet move past a conductor or a conductor move past a magnet, currents appear in the 
conductor. (These are called eddy currents, since their pattern resembles that of eddies in a 
body of water. The conductor does not need to be in the form of a loop for these currents 
to appear.) The magnetic force that the magnet exerts on the eddy currents opposes the 
motion of the conductor relative to the magnet, so by Newton’s third law there is a force 
that opposes the motion of the magnet relative to the conductor. One application of this 
is to roller coasters. When a roller coaster car enters the part of the ride where it’s sup-
posed to slow down, a copper fin on the car passes through powerful permanent magnets 
mounted on the track. Eddy currents arise in the fin, and the interaction between the eddy 
currents and the field of the permanent magnets causes a force that smoothly brings the 
car to a slow speed. The car is then stopped by conventional mechanical braking.

Eddy currents are also used in an electromagnetic flowmeter, a device that can mea-
sure blood flow in an artery. Blood is an electrical conductor; eddy currents are induced 
in the blood as it flows past magnets in the flowmeter. The device records the small but 
measurable magnetic fields due to these currents and uses them to determine the rate of 
flow. The advantage of an electromagnetic flowmeter is that it is noninvasive: No com-
ponent of the device need be surgically introduced into the body.

Another application of eddy currents is magnetic induction tomography, a relatively 
new experimental technique for medical imaging. In this technique changing magnetic 
fields created by coils placed near a part of the body induce eddy currents. Observing 
the fields produced by these eddy currents is a way to monitor brain swelling. Eddy 
currents can also be used for the controlled, repeated delivery of medication. A capsule 
containing the drug is implanted in the body; the capsule is made from a gel that heats 
up slightly when there are eddy currents, opening pores through which the medication 
is released. As for an electromagnetic flowmeter, no implanted electronics are required.

B i o M e d i c a l

B i o M e d i c a l

Figure 20-7 A sliding copper bar 
revisited Lenz’s law helps explain 
the direction in which current 
flows in this situation.

v

i

i

i
i F

Bloop

1 As the bar slides to the right, the upward
magnetic 
ux through the loop increases.

2 The induced current i produces
an induced magnetic �eld Bloop
that opposes the change in 
ux.

3 The magnetic force on the
current in the moving bar
opposes the bar’s motion.

GOT THE CONCEPT? 20-2 Induced Current I
In Figure 20-8 a rectangular loop of wire moves to 
the right into a region of constant, uniform magnetic 
field. The field points into the plane of the figure, in 

a direction perpendicular to the plane of the loop. When the 
loop is entering the field region, as in Figure 20-8a, what is 
the direction of the current around the loop? (a) Clockwise; 
(b) counterclockwise; (c) current is zero; (d) not enough 
information given to decide.

Figure 20-8 A moving 
rectangular loop of wire 
In each situation what 
is the direction of the 
induced current in the 
moving loop of wire?

(a)

Moving loop
seen face-on

(b)

B

v v

B

Moving loop
seen face-on
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20-4 Faraday’s law explains how alternating 
currents are generated
We learned in Section 18-2 about the importance of alternating current in technology. 
(If you’re reading these words in a room lit by electric light, the light bulbs are pow-
ered by alternating current. If you’re reading on a mobile device such as a tablet, the 
device’s battery was charged by plugging it into a wall socket and using the alternat-
ing current delivered by that socket.) We now have the physics we need to understand 
how alternating current is produced.

Let’s look at a coil of wire with N turns, each of which has area A. As Figure 20-9 
shows, this coil is free to rotate around an axis that lies along a diameter of the coil. 
We place the coil in a region of uniform magnetic field 

�
B, then rotate the coil at a con-

stant angular speed ω. As the coil rotates the magnetic flux through each turn of the 
coil changes, so an emf is generated. As we will see, this is an alternating emf of just the 
sort required to generate an alternating current. That’s why a rotating coil of the sort 
shown in Figure 20-9 is called an ac generator.

We begin by writing an equation for the magnetic flux through the rotating coil. 
The angle θ  between the magnetic field 

�
B and the perpendicular to the coil changes as 

the coil rotates:

θ ω φ= +t

In Equation 20-4 φ is the value of the angle at =t 0. From Equation 20-1 the magnetic 
flux through the N turns of the coil is N times that through one turn:

θ ω φΦ = = +NAB NAB tB cos cos ( )

When θ φ= + =wt 0 so θ =cos 1, the perpendicular to the coil is in the same direc-
tion as 

�
B and the flux has its most positive value Φ = NABB ; when /θ φ π= + =wt 2 

so θ =cos 0, the coil is edge-on to the magnetic field and the flux is zero; when 
θ φ π= + =wt  and θ = −cos 1, the perpendicular to the coil points opposite to 

�
B and 

the flux has its most negative value Φ = −NABB ; and so on. So the magnetic flux varies 
with time, and it follows that there will be an emf in the coil.

Faraday’s law and Lenz’s law (Equation 20-3) tell us that the emf is equal to the 
negative of the rate of change of ΦB. We actually know how to find the rate of change 
of a cosine function like that in Equation 20-5. In Section 12-3 we saw that the posi-
tion of an object undergoing simple harmonic motion with amplitude A is given by

ω φ= +x A tcos ( )

The rate of change of position x is just the velocity vx, which we found was equal to

ω ω φ= − +v A tx sin ( )

You can see that Equation 20-5 for magnetic flux is identical to Equation 12-6 for 
position, with amplitude A replaced by NAB (note that A in Equation 20-5 denotes 

(20-4)

(20-5)

See the Math Tutorial 
for more information on 
trigonometry.

(12-6)

(12-7)

GOT THE CONCEPT? 20-3 Induced Current II
In Figure 20-8 a rectangular loop of wire moves to 
the right into a region of constant, uniform magnetic 
field. The field points into the plane of the figure, in 

a direction perpendicular to the plane of the loop. When the 

loop is moving and completely inside the field region, as in 
Figure 20-8b, what is the direction of the current around the 
loop? (a) Clockwise; (b) counterclockwise; (c) current is zero; 
(d) not enough information given to decide.

TAKE-HOME MESSAGE FOR Section 20-3
✔ An emf induced by a changing magnetic flux tends to 
cause a current to flow. This current generates a magnetic 
field of its own, called the induced magnetic field.

✔ The induced magnetic field is in a direction that opposes 
the change in flux that created the emf that gave rise to the 
induced field.

✔ Eddy currents arise whenever a conducting material, even 
a nonmagnetic one, moves relative to a magnetic field.

Figure 20-9 An ac generator As 
the coil rotates, an oscillating emf 
is generated in the turns of wire 
that make up the coil.

B

As the coil rotates with angular
speed w, the angle q between
the magnetic 
eld B direction
and the perpendicular to the
coil changes: q = w t + f.

Rotation
axis

+x

Coil, N turns of wire

Area
A

q
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area, not amplitude). Making the same replacement in Equation 12-7 tells us that the 
rate of change of magnetic flux through the rotating coil is

ω ω φ∆Φ
∆

= − +
t

NAB tB sin ( )

Substituting Equation 20-6 into Equation 20-3 then gives us the emf in the rotating coil:

(20-6)

Emf in an ac generator  
(20-7)

Angular speed of the rotating coil Angle of the coil at t = 0Time

Number of turns
in the coil

Area of
the coil

Magnitude of the magnetic �eld
to which the coil is exposed

Emf produced by
an ac generator

The emf alternates with angular frequency ω , which is the same as the angular 
speed of the rotating coil. The maximum value of the emf is ε ω= NABmax , which 
shows that we can increase the maximum emf by increasing the angular speed ω, the 
number of turns N, the coil area A, the magnetic field magnitude B, or a combination 
of these.

While the emf produced by an ac generator changes from positive to negative, the 
power delivered by the generator does not. As an example, suppose an ac generator is 
connected to a circuit device (such as a light bulb or a toaster) that we can represent as a 
resistor with resistance R. If we ignore the internal resistance of the coil, the emf is equal 
to the voltage drop across the resistor: ε = iR. The current in the resistor is therefore

ε ω ω φ= =  +i
R

NAB
R

tsin ( )

The current in the resistor alternates with the same angular frequency ω as the emf. 
From Section 18-6 the power into such a resistor is

=P i R2

If we substitute Equation 20-8 into Equation 18-24, we get

ω ω φ ω ω φ=  +



 =  +P

NAB
R

t R
N A B

R
tsin ( ) sin ( )

2 2 2 2 2
2

Figure 20-10 shows graphs of the emf ε  (Equation 20-7) and resistor power P 
(Equation 20-9) as functions of time. The power P is never negative, which means that 

(20-8)

(18-24)

(20-9)

Figure 20-10 An ac generator: 
Emf and power These graphs 
show the emf ε generated in 
the coil shown in Figure 20-9 
and the power P that this emf 
delivers to a resistor R connected 
to the coil. We assume φ = 0 in 
Equations 20-7 and 20-9. Note 
that T is the time it takes for the 
coil to complete one rotation.

0

e emax = wNAB

Pmax =

–emax = –wNAB

0

t

t

P

T

2T

T 2T

w 2N2A2B2
––––––––––

R

Paverage =
w 2N2A2B2
––––––––––

2R
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energy always flows from the ac generator into the resistor, never the other way. The 
average value of the function ω φ +tsin ( )2  is 1

2, so the average power into the resistor is

ω=P
N A B

R2average

2 2 2 2

It may seem like the power given by Equation 20-10 comes “for free”: You let the coil 
rotate, and an emf is generated that makes power flow into the resistor. Alas, this power 
comes at a price. As we discussed in Section 20-3, whenever a conductor (such as the coil 
of an ac generator) moves in the presence of a magnetic field, the conductor experiences 
a magnetic force that opposes its motion. So left to itself, the coil would quickly slow to a 
halt. To keep the coil in motion, you must apply a torque that just balances the effects of 
this magnetic force. At an electric generating station, this torque is applied to the blades of 
a turbine that is connected to the coil. The blades can be turned by the force of the wind 
(Figure 20-1a), by the force of flowing water at a hydroelectric plant, or by the force of a 
fast-moving steam at a coal-fired or nuclear power plant (where heat from burning fossil 
fuels or radioactive decay is used to boil water and produce steam). Part of the mechan-
ical power used to make the turbine spin goes into the electric power provided by the 
 generator; the rest is lost due to friction in the turbine and generator. Note that in some 
generators, like the ones shown in  Figure 20-11, the coil is stationary and the magnetic 
field alternates; in either case there is an alternating emf like that shown in Figure 20-10.

The ac generator is one part of a system of power delivery based on alternating  current. 
In Chapter 21 we’ll explore in more detail the physics of alternating current in circuits.

(20-10)

Go to Interactive Exercise 20-2 
for more practice dealing 
with coils.

Figure 20-11 An ac hydroelectric generator At the Center Hill Dam in Tennessee, 
water flowing past a turbine turns this rotor, which is equipped with a series of 
electromagnets (the tall red rectangles around the rotor’s rim). These are arranged 
with alternating orientations: one electromagnet has its north pole at the top, the next 
one has its north pole at the bottom, the next has its north pole at the top, and so on. 
(The red rotor shown here has been removed for maintenance.) As it spins, stationary 
coils around the rotor are exposed to an alternating magnetic field, which produces an 
alternating emf as depicted in Figure 20-10. Each of the three generators at the Center 
Hill Dam can produce an average power of 45 megawatts ( ×4.5 10 W7 ).
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EXAMPLE 20-3 Lighting the Gym with a Bicycle
You attach the coil of an ac generator to an exercise bicycle so that as you work the pedals the coil turns, and an emf is 
generated. The generator is geared so that it makes 10 rotations for each rotation of the pedals. The coil has an area of 

× −6.40 10 m3 2, has 2000 turns of wire, and is in a magnetic field of magnitude 0.100 T. How many times a second must 
you turn the pedals to deliver an average power of 60.0 W to a light bulb with a resistance of Ω80.0 ?

Set Up
The situation is as shown in Figure 20-9. We’ll use 
Equation 20-10 to solve for the angular speed ω  of 
the generator coil. Since the coil makes 10 rotations 
for every rotation of the pedals, the angular speed 
of the pedals is equal to ω  divided by 10.

Average power delivered by an ac generator to a resistor:

ω=P
N A B

R2average

2 2 2 2

  (20-10)

Solve
Rewrite Equation 20-10 to solve for ω .

Find the angular speed of the generator coil from Equation 20-10:

/

ω

ω

=

= =
. ×

= .

−

RP

N A B
RP

NAB

2

2 2(80.0 Ω)(60.0 W)

(2000)(6 40 10 m )(0.100 T)
76 5 rad s

2 average
2 2 2

average
3 2

Convert this from radians per second to revolutions per second:

/ω
π

= 











=76.5
rad
s

1 rev
2 rad

12.2 rev s

The generator turns 10 times faster than the pedals, so the pedals 
must turn at a rate of

/ / / /= =(12.2 rev s) 10 1.22 rev s 73.1 rev min
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Key Terms
ac generator
electromagnetic induction
Faraday’s law of induction

induced emf
induced magnetic field
Lenz’s law

magnetic flux
motional emf

GOT THE CONCEPT? 20-4 A Flickering Fluorescent Lamp
Certain types of fluorescent lamps flicker rapidly. That’s 
because these lamps emit a pulse of light every time a 
burst of electric power is provided to the lamp. If such 

a lamp is powered by a source of emf that oscillates at 60 Hz, 
what is the frequency at which the lamp will flicker? (a) 30 Hz; 
(b) 60 Hz; (c) 120 Hz; (d) 240 Hz; (e) 3600 Hz.

Reflect
A cycling cadence of /.73 1 rev min isn’t difficult for an amateur cyclist, so you can certainly power a light bulb in this 
way. Exercise bicycles with generators of this kind are commercially available and are used to return power to the 
electrical grid in the same manner as residential solar panels.

TAKE-HOME MESSAGE FOR Section 20-4
✔ An ac generator consists of a coil that rotates in a 
magnetic field.

✔ The emf produced by an ac generator oscillates at an angular 
frequency that equals the angular speed of the rotating coil.

Chapter Summary
Topic Equation or Figure

Motional emf: An emf appears in a 
loop when that loop moves in the 
presence of a magnetic field. The emf 
is a result of magnetic forces on the 
mobile charges within the loop.

(Figure 20-2c)

Induced emf: An emf also appears in 
a loop when the magnetic field within 
the loop changes. Here the forces that 
create the emf are not magnetic, but 
electric; an electric field is produced 
by the changing magnetic field.

(Figure 20-3c)
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(a) Moving the loop toward a stationary magnet

Charges 	ow around the loop.

Motion of loop

Ammeter

i

i

B

B

B

B
FB

FB

• Charges in the loop move
   along with the loop in
   the magnetic �eld.
• Magnetic forces push mobile
   charges around the loop,
   causing a current.

B

B

(b) Moving the loop away from a stationary magnet

(c) Side view of loop moving toward a
     stationary magnet

(d) Side view of loop moving away from a
     stationary magnet

Charges 	ow in opposite
direction around the loop.

Motion of loop

Ammeter

v = Velocity of loop

v

B
B B

B

FB

FB

Reversing the velocity of
the loop reverses the
directions of the magnetic
forces, so charges 	ow in
the opposite direction.

v = Velocity
      of loop

v

i

i

B

B

(a) Moving the magnet toward a stationary loop

Charges 	ow around the loop.

Motion of magnet

i

i

B

B

B

B
FE

FE

• Charges in the loop experience
   electric forces.
• These forces push mobile
   charges around the loop,
   causing a current.

B

B

(b) Moving the magnet away from a stationary loop

(c) Side view of magnet moving toward a
     stationary loop

(d) Side view of magnet moving away from a
     stationary loop

Charges 	ow in the opposite
direction around the loop.

Motion of magnet

v = Velocity of magnet

B
B

B
FE

FE v = Velocity of magnet

B

Reversing the velocity of
the magnet reverses the
directions of the electric
forces, so charges 	ow in
the opposite direction.
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880     Chapter 20  Electromagnetic Induction 

Faraday’s law and Lenz’s law: 
Faraday’s law states that if the magnetic 
flux through a loop changes, an emf 
is induced around that loop. The 
magnitude of the induced emf equals 
the magnitude of the rate of change of 
the magnetic flux through the loop.

Lenz’s law states that the direction 
of the induced emf is such as to 
oppose the flux change: The induced 
current causes its own flux (which 
helps compensate for the change). 
A conductor and magnet that move 
relative to each other experience 
magnetic forces that oppose this 
relative motion.

 (20-3)

Alternating current and an ac 
generator: To produce an alternating 
emf (the sort needed to cause an 
alternating current), rotate a coil in 
the presence of a constant magnetic 
field. The changing flux causes an 
emf that oscillates sinusoidally.

 (20-7)

Angular speed of the rotating coil Angle of the coil at t = 0Time

Number of turns
in the coil

Area of
the coil

Magnitude of the magnetic �eld
to which the coil is exposed

Emf produced by
an ac generator

Change in the magnetic �ux through
the surface outlined by the loop

Induced or motional
emf in a loop

∆ΦB

∆t= −

The minus sign indicates that the current caused by the emf
induces a magnetic �eld which opposes the change in �ux.

Time interval over which the change
 in magnetic �ux takes place

Answer to What do you think? Question
(b) The electrons in the wire are initially at rest and so do not 
experience a magnetic force. (Recall that a magnetic field exerts 
a force only on a charged object that is in motion.) So it must 
be an electric force that sets the electrons into motion. This is 
a consequence of electromagnetic induction: As you swipe the 

credit card through the reader, the wire loop is exposed to a 
varying magnetic field from the stripe on the back of the card. 
This causes a changing magnetic flux through the loop, which 
induces an electric field and an emf. Electrons move in the loop 
in response to this emf.

Answers to Got the Concept? Questions
20-1 (d) The induced emf does not depend on what the loop 
is made of. (Note that Equation 20-2 makes no reference to the 
properties of the loop material.) So the emf will be exactly the 
same whether the loop is made of copper, wood, silver, rubber, 
or even air. The difference is that because copper is a good 
conductor while wood is a very poor conductor, a current will 
be generated in the copper loop but not in the wooden loop.

20-2 (b) As the loop in Figure 20-8a moves into the field region, 
there is an increasing magnetic flux through the loop due to the 
magnetic field directed into the plane of the figure. According 
to Lenz’s law, current will flow in the loop to induce a magnetic 
field 

�
Bloop that will oppose this increase, so 

�
Bloop in the interior of 

the loop must point out of the plane in Figure 20-8a. The right-
hand rule depicted in Figure 20-6a tells us that to induce such a 
field, current must flow counterclockwise around the loop. (You 
can confirm this by using the right-hand rule for the magnetic 
force on a moving charge. A positive charge in the right-hand 
leg of the moving loop feels an upward magnetic force, and this 
force drives current in a counterclockwise direction around the 
loop. There are also magnetic forces on charges in the top and 
bottom legs of the loop, but these forces have zero component 
along the length of the wire and so do not induce a current.)

20-3 (c) Although the loop in Figure 20-8b is moving, the 
magnetic flux through the loop remains constant because it is 
moving through a region of constant, uniform magnetic field. 
Since there is no flux change, Faraday’s law tells us that no emf 
is induced and so no current will be generated. (You can con-
firm this by using the right-hand rule for the magnetic force 
on a moving charge. A positive charge in the right-hand leg 
of the moving loop feels an upward magnetic force, and this 
force by itself would drive current in a counterclockwise direc-
tion around the loop. But a positive charge in the left-hand 
leg of the moving loop also feels an upward magnetic force, 
which by itself would drive current in a clockwise direction 
around the loop. There are also magnetic forces on charges 
in the top and bottom legs of the loop, but these forces have 
zero component along the length of the wire and so do not 
induce a current. The net effect is that there is zero current in  
the loop.)

20-4 (c) Figure 20-10 shows that the power delivered by an 
ac generator goes through two up-and-down cycles during the 
time T required for the emf to go through a single cycle. So if 
the emf varies at 60 Hz, the power delivered to the fluorescent 
lamp varies at × =2 60 Hz 120 Hz.
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Questions and Problems      881

Questions and Problems
In a few problems you are given more data than you actually need; 
in a few other problems you are required to supply data from your 
general knowledge, outside sources, or informed estimate.

Interpret as significant all digits in numerical values that 
have trailing zeros and no decimal points.

For all problems use /= .g 9 80 m s2 for the free-fall accel-
eration due to gravity. Neglect friction and air resistance unless 
instructed to do otherwise.
• Basic, single-concept problem
•• Intermediate-level problem; may require  

synthesis of concepts and multiple steps
••• Challenging problem
Example See worked example for a similar problem

Conceptual Questions
1. • Two conducting loops with a common axis are placed 
near each other, as shown in Figure 20-12. Initially the cur-
rents in both loops are zero. If a current is suddenly set up in 
loop a in the direction shown, is there also a current in loop b? 
If so, in which direction? What is the direction of the force, if 
any, that loop a exerts on loop b? Explain your answer.

4. • A common physics demonstration is to drop a small mag-
net down a long, vertical aluminum pipe. Describe the motion 
of the magnet and the physical explanation for the motion.

5. • Medical In hospitals with magnetic resonance imaging 
(MRI) facilities and at other locations where large magnetic 
fields are present, there are usually signs warning people 
with pacemakers and other electronic medical devices not to 
enter. Why?

6. •• Figure 20-15 depicts an elec-
tron (e−) between the poles of an 
electromagnet. Explain how the elec-
tron is accelerated if the magnetic 
field is gradually being increased.

Multiple-Choice Questions
7. • Figure 20-16 shows a sequence of sketches depicting a 
rectangular loop passing from left to right through a region of 
constant magnetic field. The field points out of the page and 
perpendicular to the plane of the loop. In which sketch is the 
magnitude of the magnetic flux through the loop decreasing?

A. from left to right approaching the magnetic field
B. entering the magnetic field
C. inside the magnetic field
D. leaving the magnetic field
E. from left to right moving away from the magnetic 

field
b

a ia

Figure 20-12 Problem 1

Metal plate

Electromagnetic coil
Figure 20-13  
Problem 2

B out v

Figure 20-14 Problem 3

S

N

e– B

Figure 20-15 Problem 6

A.

B.

C.

D.

E.

Figure 20-16  
Problem 7

2. •• In a popular demonstration of electromagnetic induc-
tion, a metal plate is suspended in midair above a large electro-
magnetic coil, as shown in Figure 20-13. (a) How does this 
work? (b) If your professor does the demonstration, one thing 
you’ll notice is that the plate gets quite hot. (In fact, you can end 
the demonstration by frying an egg on the plate!) Why does the 
plate become hot? (c) Would the trick work if the plate were 
made of an insulating material?

3. • A conducting rod slides without 
friction on conducting rails in a mag-
netic field, as shown in Figure 20-14. 
The rod is given an initial velocity �v 
to the right. Describe its subsequent 
motion and justify your answer.

8. • On which variable does the magnetic flux depend?
A. the magnetic field
B. the area of a region through which the magnetic field 

passes
C. the orientation of the field with respect to the region 

through which it passes
D. all of the above
E. none of the above
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882     Chapter 20  Electromagnetic Induction

12. • A conducting loop moves at a constant speed parallel to 
a long, straight wire carrying a constant current, as shown in 
Figure 20-20. The induced current in the loop will be

A. clockwise.
B. only parallel to the current i.
C. counterclockwise.
D. alternately clockwise and then counterclockwise.
E. zero.

9. • Two metal rings with a common axis are placed near 
each other, as shown in Figure 20-17. If current ia is suddenly 
set up and is increasing in ring a as shown, the  current in  
ring b is

A. zero.
B. parallel to ia.
C. antiparallel to ia.
D. alternatively parallel and antiparallel to ia.
E. perpendicular to ia.

b a

ia

Figure 20-17 Problem 9

Figure 20-18  
Problem 10

R

Figure 20-19 Problem 11

10. •• Figure 20-18 shows two coils wound around an iron 
ring, which directs the magnetic field of each coil around the 
ring. Current appears in the coil on the right

A. the moment the battery is connected by closing the 
switch.

B. the entire time the battery is connected with the switch 
closed.

C. the moment the battery is disconnected by opening the 
switch.

D. the moment the battery is connected by closing the 
switch and the moment the battery is disconnected by 
opening the switch.

E. the entire time the battery is disconnected with the 
switch open.

11. • The copper ring of radius R in Figure 20-19 lies in a mag-
netic field pointed into the plane of the figure. The field is uni-
formly decreasing in magnitude. The induced current in the ring is

A. clockwise and constant.
B. clockwise and changing.
C. zero.
D. counterclockwise and constant.
E. counterclockwise and changing.

i

Figure 20-20 Problem 12

Problems
20-1 The world runs on electromagnetic induction

20-2 A changing magnetic flux creates an electric 
field
13. • A single-turn circular loop of radius 5.0 cm lies in the 
plane perpendicular to a uniform magnetic field. During 
a 0.12-s time interval, the field magnitude increases uni-
formly from 0.20 to 0.40 T. Determine the magnitude 
of the emf induced in the loop during the time interval. 
 Example 20-2

14. • A circular coil that has 100 turns and a radius of 10.0 cm 
lies in a magnetic field that has a magnitude of 0.0650 T 
directed perpendicular to the coil. (a) What is the magnetic 
flux through the coil? (b) The magnetic field through the coil 
is increased steadily to 0.100 T over a time interval of 0.500 s. 
What is the magnitude of the emf induced in the coil during 
the time interval? Example 20-2

15. • A 30-turn coil with a diameter of 6.00 cm is placed in 
a constant, uniform magnetic field of 1.00 T directed per-
pendicular to the plane of the coil. Beginning at time =t 0 s,  
the field is increased at a uniform rate until it reaches 1.30 T 
at =t 10.0 s. The field remains constant thereafter. What is 
the magnitude of the induced emf in the coil at (a) <t 0 s, 
(b) =t 5.00 s, and (c) >t 10.0 s? (d) Plot the magnetic field 
and the induced emf as functions of time for the range 
− < <t5.00 s 15.0 s. Example 20-2

16. • A student takes a strand of copper wire and forms it 
into a circular loop of circumference 0.350 m. The student 
then places the loop in a uniform, constant magnetic field 
of magnitude 0.00250 T that is oriented perpendicular to 
the face of the loop. Pulling on the ends of the wire, the 
student reduces the circumference of the loop to 0.125 m in 
a time interval of 0.800 s. Assuming that the loop remains 
circular as it shrinks, what is the magnitude of the aver-
age emf induced around the loop during this time interval? 
Example 20-1

20-3 Lenz’s law describes the direction of the 
induced emf
17. • Determine the direction of the induced current in the 
loop for each case shown in Figure 20-21. In part (f) the loop 
spins around its axis but does not change position.
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Questions and Problems      883

field. A conducting wire loop is placed perpendicular to the 
magnetic field as shown. For each situation, determine if the 
induced current in the loop is clockwise, counterclockwise, or 
zero as viewed from above while the magnetic field changes 
from its initial value to its final value.

21. •• A square, 30-turn 
coil 10.0 cm on a side with 
a resistance of Ω0.820  is 
placed between the poles of 
a large electromagnet. The 
electromagnet produces a 
constant, uniform magnetic 
field of 0.600 T directed into 
the page. As suggested by 
Figure 20-24, the field 
drops sharply to zero at the 
edges of the magnet. The 
coil moves to the right at a 
constant velocity of /.2 00 cm s. What is the current through the 
wire coil (a) before the coil reaches the edge of the field, (b) while 
the coil is leaving the field, and (c) after the coil leaves the field? 
(d) What is the total charge that flows past a given point in the coil 
as it leaves the field? (e) Plot the induced current in the loop as a 
function of the horizontal position of the right side of the current 
loop. Let the right-hand edge of the magnetic field region be =x 0.  
Your plot should be in the range of − < <x5.00 cm 20.0 cm.

22. •• (a) Determine the magnitude and direction of the force 
on each side of the coil in Problem 21 for situations (a) through 
(c). (b) As the loop enters the field region from the left, what is 
the direction of the induced current and the resulting force on 
each segment of the coil?

20-4 Faraday’s law explains how alternating currents 
are generated
23. • A rectangular coil with sides 0.10 m by 0.25 m has 
500 turns of wire. It is rotated about its long axis in a magnetic 
field of 0.58 T directed perpendicular to the rotation axis. At 
what frequency must the coil be rotated for it to generate a 
maximum potential of 110 V?

24. • An electromagnetic generator consists of a coil that has 
100 turns of wire, has an area of 400 cm2, and rotates at /60 rev s 
in a magnetic field of 0.25 T directed perpendicular to the rota-
tion axis. What is the magnitude of the emf induced in the coil?

25. •• You decide to build a small generator by rotating a 
coiled wire inside a static magnetic field of 0.30 T. You con-
struct the apparatus by coiling wire into three loops of radius 
0.16 m. If the coil rotates at 3.0 revolutions per second and is 
connected to a device with × Ω1.0 102  resistance, calculate the 
average power supplied to that device. Example 20-3

26. • Perhaps it has occurred to you that we could tap Earth’s 
magnetic field to generate energy. One way to do this would 
be to spin a metal loop about an axis perpendicular to Earth’s 
magnetic field. Suppose that the metal loop is a square that is 
45.0 cm on each side and that we want to generate an electric 
potential in the loop of amplitude 120 V at a place where Earth’s 
magnetic field is × −5 10 T5 . At what angular speed (in  /rev s) 
would we have to spin the coil? Does this appear to be a feasible 
method to extract energy from Earth’s magnetic field?

General Problems
27. •• The induced voltage versus time for a coil that has 
100 circular turns of wire with radii 25 cm is given in the table. 

18. •• A bar magnet is moved steadily through a wire loop, 
as shown in Figure 20-22. Make a qualitative sketch of the 
induced emf in the loop as a function of time (be sure to include 
the times t1, t2, and t3). Consider the direction of positive emf to 
be as indicated in the figure.

v

S

N

(a)

v

N

S

(c)
S

N

(d)

v

v

S

N

(e)

v

S

N

(f)

S

N

(b)

w

Figure 20-21 Problem 17

v v v

NS NS NS NS NS NSSNS S N N

t1 t2 t3

Positive emf direction

Figure 20-22  
Problems 18 and 19

19. •• A bar magnet is moved steadily through a wire loop, 
as shown in Figure 20-22, except that the leading edge of the 
 magnet is the south pole instead of the north pole. Make a 
 qualitative sketch of the induced voltage in the loop as a  function 
of time (be sure to include the times t1, t2, and t3). Consider the 
direction of positive emf to be as indicated in the figure.

20. • Each situation shown in Figure 20-23 shows the  initial 
and final magnitude and direction of a changing magnetic 

Bf Bf

BfBf

(a) (b)

(c) (d)

Bi Bi

Bi
Bi

Figure 20-23 Problem 20

B

B into the page 30-turn coil

v

Figure 20-24 Problem 21
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884     Chapter 20  Electromagnetic Induction

32. •• A permanent bar magnet with the 
north pole pointing downward is dropped 
into a solenoid. (a) Determine the direction of 
the induced current that would be measured 
in the ammeter shown in Figure 20-26. (b) If 
the magnet is suddenly pulled upward through 
the solenoid, what is the direction of the 
induced current that would be measured in the 
ammeter?

33. •• A pair of parallel conducting rails that are 12 cm apart lies 
at right angles to a uniform magnetic field of 0.8 T directed into 
the page, as shown in Figure 20-27. A Ω15-  resistor is connected 
across the rails. A conducting bar is moved to the right at /2 m s 
across the rails. (a) What is the current in the resistor? (b) What 
direction is the current in the bar (up or down)? (c) What is the 
magnetic force on the bar? Example 20-1

Plot V(t) and use this graph to  
predict the graph of the mag-
netic field as a function of time 
B(t) that is passing through the 
loop (assume the magnetic field 
is perpendicular to the plane of 
the loop and that the average 
value of B(t) is 0).

28. ••• A long, rectangular loop of width w, mass m, and 
resistance R is being pushed into a magnetic field by a constant 
force 

�
F (Figure 20-25). Derive an expression for the speed of 

the loop while it is entering the magnetic field. Example 20-1

B

F
w

Figure 20-25 Problem 28

A

Figure 20-26 Problem 32

15 Ω 2 m/s

B = 0.8 T, into page

12 cm

Figure 20-27 Problem 33

t (s) V (V) t (s) V (V)

0 0 9 2
1 2 10 4
2 4 11 2
3 2 12 0
4 0 13 −2
5 −2 14 −4
6 −4 15 −2
7 −2 16 0
8 0

29. •• A magnetic field of 0.45 G is directed straight down, 
perpendicular to the plane of a circular coil of wire that is made 
up of 250 turns and has a radius of 20 cm. (a) If the coil is 
stretched, in a time of 15 ms, to a radius of 30 cm, calculate 
the emf induced in the coil during the process. (b) Assuming 
the resistance of the coil is a constant 25 Ω, what is the induced 
current in the coil during the process? (c) What is the direction 
of the induced current in the coil (clockwise or counterclock-
wise, as viewed from above)? Example 20-1

30. •• Astronomy Activity on the Sun, such as solar flares and 
coronal mass ejections, hurls large numbers of charged particles 
into space. When the particles reach Earth, they can interfere 
with communications and the power grid by causing electro-
magnetic induction. As one example, a current of millions of 
amps (known as the auroral electrojet) that runs about 100 km 
above Earth’s surface can be perturbed. The change in the cur-
rent causes a change in the magnetic field it produces at Earth’s 
surface, which induces an emf along Earth’s surface and in the 
power grid (which is grounded). Induced electric fields as high 
as /.6 0 V km have been measured. We can model the circuit at 
Earth’s surface as a rectangular loop made up of the power lines 
completed by a path through the ground beneath. We can treat 
the magnetic field created by the electrojet as being uniform 
(but not constant). Consider a 1.0-km-long stretch of power line 
that is 5.0 m above the surface of Earth. If the induced emf in 
the Earth–power line loop is 6.0 V, at what rate must the mag-
netic field through the loop be changing? Assume that the plane 
of the loop is perpendicular to Earth’s surface. Example 20-2

31. • Medical During transcranial magnetic stimulation 
(TMS) treatment, a magnetic field typically of magnitude 
0.50 T is produced in the brain using external coils. During 
the treatment the current in the coils (and hence the magnetic 
field in the brain) rises from zero to its peak in about µ75 s. 
Assume that the magnetic field is uniform over a circular area 
of diameter 2.0 cm inside the brain. What is the magnitude of 
the average induced emf around this area in the brain during 
the treatment? Example 20-2

B

B into the page

Axis

50-turn coil

Figure 20-28 Problem 34

34. ••• A 50-turn square coil 
with a cross-sectional area of 
5.00 cm2 has a resistance of 

Ω20.0 . The plane of the coil is 
perpendicular to a uniform mag-
netic field of 1.00 T. The coil is 
suddenly rotated about the axis 
shown in Figure 20-28 through 
an angle of °60  over a period of 
0.200 s. (a) What charge flows 
past a point in the coil during 
that time? (b) If the loop is rotated a full °360  around the axis, 
what is the net charge that passes the point in the loop? Explain 
your answer.

35. •• An ordinary gold wedding ring is tossed end over end 
into a running MRI machine with a 4.0-T field. The ring spends 
1.3 s in the field, during which it completes 60 full rotations. 
If the ring has a resistance of Ω6.0  and a diameter of 18 mm, 
what is the average power dissipated by the ring? Example 20-3

36. •• Marisol is designing a system to detect when the door 
to her room is opened. She has observed that the magnetic field 
in the vicinity of the door is perpendicular to the door when 
it is closed and has a magnitude of about = × −B 5.5 10 T5 . 
Knowing Faraday’s law, Marisol uses electromagnetic induc-
tion as the basis of her alarm. She wraps a single loop of wire 
around the perimeter of her door and connects it to a volt-
meter that can detect an emf as small as = × −V 1.00 10 Vmin

6 .  
The voltmeter is configured to take a time-averaged reading 
and will trigger the alarm if the average emf over a certain 
period of time exceeds the threshold voltage Vmin. What is the 
minimum time interval required for someone to open  Marisol’s 
door θ = °25.0 , starting from the closed position, without the 
average induced emf over that time interval exceeding the 
threshold? The dimensions of the door are 0.900 m by 2.00 m. 
Example 20-2
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