Electromagnetic Induction and Electromagnetic
Waves

Topics:

* Electromagnetic induction
* Lenz's law

* Faraday’s law

* The nature of electromagnetic
waves

* The spectrum of electromagnetic
waves

Sample question:

The ultraviolet view of the flowers on the right shows markings that
cannot be seen in the visible region of the spectrum. Whose eyes are
these markings intended for?
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Reading Quiz

1. Which of the following will cause an induced current in a coil of
wire?

A magnet resting near the coil.

The constant field of the earth passing through the coil.
A magnet being moved into or out of the coil.

A wire carrying a constant current near the coil.
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Answer

1. Which of the following will cause an induced current in a coil of
wire?

C. A magnet being moved into or out of the coil.
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Reading Quiz

2. The speed of electromagnetic waves in a vacuum

depends upon the wavelength.

depends on the photon energy.

is the same as the speed of sound.

is the same for all waves regardless of wavelength.

oo
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Answer

2. The speed of electromagnetic waves in a vacuum

D. is the same for all waves regardless of wavelength.
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Reading Quiz

3. Comparing infrared and ultraviolet, we can say that

infrared has longer wavelength and higher photon energy.
infrared has longer wavelength and lower photon energy.
ultraviolet has longer wavelength and higher photon energy.
ultraviolet has longer wavelength and lower photon energy.

oo w>
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Answer Electromagnetic Induction
3. Comparing infrared and ultraviolet, we can say that openorclipe sl R
- D 3 o Push or pull coil.
B. infrared has longer wavelength and lower photon energy. T = (jy
=
—
N
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Magnetic Flux
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® = A 4B = ABcosf

Magnetic flux through area A at angle 6 to field B
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Checking Understanding

A loop of wire of area A is tipped at an angle @ to a uniform

magnetic field B. The maximum flux occurs for an angle @ = (°.

What angle @ will give a flux that is 12 of this maximum value?
A. 6=30°
B. #=45° | . )

C. 6=60° \ 2 s

\ \ field B
D. 6=90° X ) —F
Loop, area A 4

-
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Answer

A loop of wire of area A is tipped at an angle @ to a uniform
magnetic field B. The maximum flux occurs for an angle @ = 0°.
What angle @ will give a flux that is 12 of this maximum value?

-—
|/_‘\
| ~
° \ \3\/-"-:9 Uniform
C. d=060 VoA magnetic
A \ field B

\
|
Loop, area A\&/
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Lenz’s Law

2. The loop needs to
generate an upward-
pointing magnetic
field to oppose the
change in flux.

Lenz’s law There is an induced
current in a closed, conducting
loop if and only if the magnetic flux
through the loop is changing. The
N iy direction of the induced current is
et @ such that the induced magnetic

l field opposes the change in the

- ll _{,]nduced ﬂUX.

current
B

3.According to the
right-hand rule, a
counterclockwise
current is needed to
induce an upward-
pointing magnetic field.

s

1. The flux fhmugh
the loop increases
downward as the
magnet approaches.

Using Lenz’s Law

MP)

TACTICS BOX 25.1 Exercises 5-9

© Determine the direction of the applied magnetic field. The field must
pass through the loop.
® Determine how the flux is changing. Is it increasing, decreasing, or stay-
ing the same?
® Determine the direction of an induced magnetic field that will oppose
the change in the flux:
B Increasing flux: The induced magnetic field points opposite the applied
magnetic field.
B Decreasing flux: The induced magnetic field points in the same
direction as the applied magnetic field.
m Steady flux: There is no induced magnetic field.
©® Determine the direction of the induced current. Use the right-hand rule
to determine the current direction in the loop that generates the induced
magnetic field you found in step 3.
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Faraday’s Law - -
Checking Understanding
v Anemf & is induced in a conducting loop if the magnetic flux A IOng conductor Carrying a current runs next to a IOOp of wire. The
through the loop changes. If the flux changes by A® during time interval Az, current in the wire varies as in the graph Which Segment of the
the magnitude of the emf is f ' .
o graph corresponds to the largest induced current in the loop?
E=|— 25.11
v ( )
and the direction of the emf is such as to drive an induced current in the direc-
tion given by Lenz’s law. i
C
PROBLEM-SOLVING
MP STRATEGY 25.1 B D
PREPARE Make simplifying assumptions about wires and magnetic fields. E F
Draw a picture or a circuit diagram. Use Lenz’s law to determine the direc- i
tion of the induced current.
soLve The mathematical representation is based on Faraday’s law
AD
&= |=—
At
For an N-turn coil, multiply by N. The size of the induced current is
I = E&IR.
assess Check that your result has the correct units, is reasonable, and
answers the question.
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Answer

A long conductor carrying a current runs next to a loop of wire. The
current in the wire varies as in the graph. Which segment of the
graph corresponds to the largest induced current in the loop?
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Checking Understanding

A magnetic field goes through a loop of wire, as below. If the
magnitude of the magnetic field is increasing, what can we say
about the current in the loop?

A. The loop has a clockwise current.

B. The loop has a counterclockwise current.

C. The loop has no current.
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Answer

A magnetic field goes through a loop of wire, as below. If the
magnitude of the magnetic field is increasing, what can we say
about the current in the loop?

B. The loop has a counterclockwise current.
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Checking Understanding

A magnetic field goes through a loop of wire, as below. If the
magnitude of the magnetic field is decreasing, what can we say
about the current in the loop?

A. The loop has a clockwise current.

B. The loop has a counterclockwise current.

C. The loop has no current.
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Answer

A magnetic field goes through a loop of wire, as below. If the
magnitude of the magnetic field is decreasing, what can we say
about the current in the loop?

A. The loop has a clockwise current.
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Checking Understanding

A magnetic field goes through a loop of wire, as below. If the
magnitude of the magnetic field is constant, what can we say about
the current in the loop?

A. The loop has a clockwise current.

B. The loop has a counterclockwise current.

C. The loop has no current.
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Answer

A magnetic field goes through a loop of wire, as below. If the
magnitude of the magnetic field is constant, what can we say about
the current in the loop?

C. The loop has no current.
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Checking Understanding

A battery, a loop of wire, and a switch make a circuit below. A
second loop of wire sits directly below the first. Just before the
switch is closed, what can we say about the current in the lower
loop?

A. The loop has a clockwise current.

B. The loop has a counterclockwise current.

C. The loop has no current.

.
——

-
S~
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Answer

A battery, a loop of wire, and a switch make a circuit below. A
second loop of wire sits directly below the first. Just before the
switch is closed, what can we say about the current in the lower
loop?

C. The loop has no current.

i o Ll
>
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Checking Understanding

A battery, a loop of wire, and a switch make a circuit below. A
second loop of wire sits directly below the first. Immediately after the
switch is closed, what can we say about the current in the lower
loop?

A. The loop has a clockwise current.

B. The loop has a counterclockwise current.

C. The loop has no current.

— **'—j/!‘\ //.//
>
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Answer

A battery, a loop of wire, and a switch make a circuit below. A
second loop of wire sits directly below the first. Immediately after the
switch is closed, what can we say about the current in the lower
loop?

A. The loop has a clockwise current.

.
—=|i —

—
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Checking Understanding

A battery, a loop of wire, and a switch make a circuit below. A
second loop of wire sits directly below the first. Long after the switch
is closed, what can we say about the current in the lower loop?

A. The loop has a clockwise current.

B. The loop has a counterclockwise current.

C. The loop has no current.

.
i
—
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Answer

A battery, a loop of wire, and a switch make a circuit below. A
second loop of wire sits directly below the first. Long after the switch
is closed, what can we say about the current in the lower loop?

C. The loop has no current.

i o Ll
>

Slide 25-29

Copyright © 2007, Pearson Education, Inc., Publishing as Pearson Addison-Wesley.

Checking Understanding

A battery, a loop of wire, and a switch make a circuit below. A
second loop of wire sits directly below the first. Immediately after the
switch is reopened, what can we say about the current in the lower
loop?

A. The loop has a clockwise current.

B. The loop has a counterclockwise current.

C. The loop has no current.
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Answer

A battery, a loop of wire, and a switch make a circuit below. A
second loop of wire sits directly below the first. Immediately after the
switch is reopened, what can we say about the current in the lower
loop?

B. The loop has a counterclockwise current.

\/”’*’""5//'\‘\ =
>

Slide 25-31

Copyright © 2007, Pearson Education, Inc., Publishing as Pearson Addison-Wesley.

The figure shows a 10-cm-diameter loop in three different
magnetic fields. The loop’s resistance is 0.1 Q. For each situation,
determine the strength and direction of the induced current.

. . bes X X XX
@
f X
$ X
. . x = x X

X

i

Xp XX
|

i

X1 X X

|

a) Increasing at 0.5 Tfs

xOx %

¢) Decreasing at 0.5 T/s

A coil used to produce changing magnetic fields in a TMS
(transcranial magnetic field stimulation) device is connected to a
high-current power supply. As the current ramps to hundreds or
even thousands of amps, the magnetic field increases. In a typical
pulsed-field machine, the current near the coil will go from 0 T to
2.5 T in atime of 200 ps. Suppose a technician holds his hand
near the device, and this increasing field is directed along the axis
of his hand—meaning the flux goes through his gold wedding
band, which is 2.0 cm in diameter. What emf is induced in the ring?

b) Decreasing at 0.5 T/s
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Electromagnetic Waves

(a) Electromagnetic wave (b) Right-hand rule for electromagnetic waves

Spread the fingers of your right hand so that
your index finger, thumb, and middle finger
point out from your hand as shown. Your

g thumb, index and middle fingers give the
Y Wavelength A 2 3 A

\ directions of v, E and B, as shown.
E '.““ E'T

1. The wave is a sinusoidal traveling wave,
with frequency fand wavelength A.

i \ v
B_ g >3
/
|
2. E and B are E
perpendicular to :
each other and to
the direction of i
travel. Thus an 3. E and B are in phase.
electromagnetic ~ That is, they have
wave is a matching crests,
transverse wave.  troughs, and zeros.
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Checking Understanding

A plane electromagnetic wave has electric and magnetic fields at
all points in the plane as noted below. With the fields oriented as
shown, the wave is moving

into the plane of the paper. B

out of the plane of the paper. i

to the left.

to the right.

toward the top of the paper.
toward the bottom of the paper.

mmo O w >
e
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Answer

A plane electromagnetic wave has electric and magnetic fields at
all points in the plane as noted below. With the fields oriented as
shown, the wave is moving

A. into the plane of the paper. B

E

o
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Electromagnetic Waves Carry Energy

1) Inside the cavity of a microwave oven, the 2.4 GHz
electromagnetic waves have an intensity of 5.0 kW/m?2. What
is the strength of the electric field? The magnetic field?

2) Adigital cell phone emits a 1.9 GHz electromagnetic wave
with total power 0.60 W. At a cell phone tower 2.0 km away,
what is the intensity of the wave? (Assume that the wave
spreads out uniformly in all directions.) What are the electric
and magnetic field strengths at this distance?
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Polarization
(a) y y The incident light is polarized
Plane. of' Polari . at angle 6 with respect to the
/ polarization 0lanzer axis, I polarizer’s axis.

Only the -‘componem of E

(b) . C :
in the direction of the axis

The wave is : R
moving is transmitted.
Y : Y Y
T%lowa.{d you. T 230
E P
B 7 E
Bl E .

Voo

Horizontal
polarization

= 2
Itmnsmi(led = Lincident €O 0

Polarization 30° Malus’s law for transmission of polarized light by a polarizing filter

from vertical

Vertical
polarization

Light passed through a polarizing filter has an intensity of 2.0
W/m?2. How should a second polarizing filter be arranged to
decrease the intensity to 1.0 W/m2?

(a) Unpolarized light

4

Polarizer

Analyzer

(b)

0° : 0 = 45° 0 =90°

The red lines show the axes of the polarizers.
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The Electromagnetic Spectrum
, , A radio wave has a frequency of 100 MHz. What is the
Wave-like behavior . S o
> wavelength, and what is the energy of individual photons®
Wavelength Visible Now, do the same calculations for a gamma ray of frequency
(m) 3.0x 1019?
I X107 1x108\1Xx10° 1x10™* 0.01 1 100
I 1 1 1 1 1 1
Gamma rays Ultraviolet Infrared FM radio/TV
X rays Microwaves AM radio
1 X 10* 100 1 001 IX10*1X10°1x107%
Photon energy
(eV)
h
Particle-like behavior
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Thermal Emission Spectrum

Visible
UV light IR
)\peak = 527 nm Pe.u.k intensity
Yo, shifts to shorter
e wavelengths as
the temperature
increases.

_—T=5500K
T = 4500 K
T = 3500 K

Intensity

Apeak = 644 nm

)\Peak=829nm/

1000 1500 2000

Wavelength (nm)

0 500

2.9 X 10°nm - K

. (25.22) |&

INVERSE
p.118

Apcak(in nm) =

Wien’s law for the peak wavelength of a thermal emission spectrum
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Additional Clicker Questions

A bar magnet sits inside a coil of wire that is connected to a meter.
The bar magnet is at rest in the coil. What can we say about the
current in the meter?

A. The current goes from right to left.
B. The current goes from left to right.
C. There is no current in the meter.
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Answer

A bar magnet sits inside a coil of wire that is connected to a meter.
The bar magnet is at rest in the coil. What can we say about the
current in the meter?

C. There is no current in the meter.
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Additional Clicker Questions

A bar magnet sits inside a coil of wire that is connected to a meter.
The bar magnet is pulled out of the coil. What can we say about
the current in the meter?

A. The current goes from right to left.
B. The current goes from left to right.
C. There is no current in the meter.
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Answer

A bar magnet sits inside a coil of wire that is connected to a meter.
The bar magnet is pulled out of the coil. What can we say about
the current in the meter?

A. The current goes from right to left.
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Additional Clicker Questions

A bar magnet sits inside a coil of wire that is connected to a meter.
The bar magnet is completely out of the coil and at rest. What can
we say about the current in the meter?

A. The current goes from right to left.
B. The current goes from left to right.
C. There is no current in the meter.
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Answer

A bar magnet sits inside a coil of wire that is connected to a meter.
The bar magnet is completely out of the coil and at rest. What can
we say about the current in the meter?

C. There is no current in the meter.
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Additional Clicker Questions

A bar magnet sits inside a coil of wire that is connected to a meter.
The bar magnet is reinserted into the coil. What can we say about
the current in the meter?

A. The current goes from right to left.
B. The current goes from left to right.
C. There is no current in the meter.
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Answer

A bar magnet sits inside a coil of wire that is connected to a meter.
The bar magnet is reinserted into the coil. What can we say about
the current in the meter?

B. The current goes from left to right.
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Additional Clicker Questions

A typical analog cell phone has a frequency of 850 MHz, a
digital phone a frequency of 1950 MHz. Compared to the signal
from an analog cell phone, the digital signal has

longer wavelength and lower photon energy.

longer wavelength and higher photon energy.

shorter wavelength and lower photon energy.

shorter wavelength and higher photon energy.

oOm>
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Answer

A typical analog cell phone has a frequency of 850 MHz, a
digital phone a frequency of 1950 MHz. Compared to the signal
from an analog cell phone, the digital signal has

D. shorter wavelength and higher photon energy.
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Additional Clicker Questions

A radio tower emits two 50 W signals, one an AM signal at a
frequency of 850 kHz, one an FM signal at a frequency of 85
MHz. Which signal has more photons per second?

A. The AM signal has more photons per second.

B. The FM signal has more photons per second.

C. Both signals have the same photons per second.
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Answer

A radio tower emits two 50 W signals, one an AM signal at a
frequency of 850 kHz, one an FM signal at a frequency of 85
MHz. Which signal has more photons per second?

A. The AM signal has more photons per second.
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Additional Examples

1. Two metal loops face each other. The upper loop is suspended
by plastic springs and can move up or down. The lower loop is
fixed in place and is attached to a battery and a switch.
Immediately after the switch is closed,

A. Is there a force on the upper loop? If so, in which direction
will it move? Explain your reasoning.

B. Is there a torque on the upper loop? If so, which way will it
rotate? Explain your reasoning.

= Plastic

<
=

-

springs =
-

=
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Additional Examples

2. The outer coil of wire is 10 cm long, 2 cm in diameter, wrapped
tightly with one layer of 0.5-mm-diameter wire, and has a total
resistance of 1.0 Q. It is attached to a battery, as shown, that
steadily decreases in voltage from 12V to 0 Vin 0.5 s, then
remains at 0 V for t > 0.5 s. The inner coil of wire is 1 cm long, 1
cm in diameter, has 10 turns of wire, and has a total resistance
of 0.01 Q. It is connected, as shown, to a current meter.

a. As the voltage to the outer coil begins to decrease, in which
direction (left-to-right or right-to-left) does current flow
through the meter? Explain.

b. Draw a graph showing the current in the inner coil as a
function of time for 0 <t <1 s. Include a numerical scale on
the vertical axis. reedy

12Vio0Vin0ss
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