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Week 14:
Electromagnetic waves
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Structure of the lecture

1. Waves

1. What is a wave?

2. 1D wave equation

3. Sinusoidal plane waves
2. Electromagnetic waves
Recall: Maxwell's equation
How was EM wave discovered? Hertz experiment
How to produce EM waves?
Maxwell’'s equation in vacuum
Electromagnetic waves in vacuum
Electromagnetic spectrum
Summary of the lecture
3. Some solved problems

Noakowdh =
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What is a wave?

Definition: A wave is a disturbance, Y (x, t), of a continuous medium that propagates with a fixed shape at constant velocity v.

We distinguish two types of waves:
* Longitudinal: Parallel oscillations to the propagation direction.
* Transverse: Perpendicular oscillation to the propagation direction.
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Longitudinal waves

Longitudinal wave in a spring Longitudinal wave in a gas
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Transverse waves

transverse wave 1n a rope

transverse wave in a spring
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Acoustic waves

Longitudinal wave (animation)
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What is a wave?

Definition: A wave is a disturbance, ¥ (x, t), of a continuous medium that propagates with a fixed shape at constant velocity v.

We distinguish two types of waves:
* Longitudinal: Parallel oscillations to the propagation direction.
* Transverse: Perpendicular oscillation to the propagation direction.

0%y _ 0%
dt2 dx?

Equation of d’Alembert
one-dimensional or differential equation
of the one-dimensional wave motion

o]

The general solution of the d’Alembert equation is:

Y(x,t) = f(x—vt) + f(x + vt)

The d’Alembert wave equation is an example of a linear differential equation,
which means that if y1 (x, t) and y2 (x, t) are solutions to the wave equation,
then \|!1 (X, t) i\|12 (X, t) 1s also a solution. traveling wave back wave
The implication is that waves solution of the d’Alembert equation (and so also

electromagnetic waves, as we will see) obey the superposition principle.
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One-dimensional differential wave equation

Differential equation of a 2 l/) a 2 l/) 6‘ 2 l/) 1 5‘ 2 l/)
wave motion —_— = D 2__ T or —— =
one-dimensional; a t 2 a X 2 a X 2 1% 2 0 t 2

General solution:

w(x,t)=f(x-vi)+ f(x+vt)
CURIOSITY
Démonstration:

Let'sput: u = x + vt

—
oY B a¢au_ oY
dx  ou dx du

Taking the second derivatives we obtain«

0%y 0 (0 ou\ 2 (Y\du 0%y 0%y 0 [0y ou\ 0 [(dyY\ou
dx2  dx\ou dx) ou\dx)ox  du? otz ot\ou at) ou\ac)or ¥
=

0%y _ 0%

Jdt? Jdx?

2 0%V

du?
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The three-dimensional wave differential equation

Equation of d’ Alembert
02 /4 02 74 one-dimensional or
1D — 2
5 V ) differential equation of
6t ax the wave motion

one-dimensional

Equation of d’ Alembert

82 82 82 82 three-dimensional or
3D lg —2 ( l/; W 5 ) w2V 21// differential equation of
ot OX 5)/ aZ the wave motion

three-dimensional
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CURIOSITY

Plane waves with arbitrary propagation direction

Spherical and plane wave fronts

Spherical wave fronts Flane wave fronts

FPaint sources

Fays

H 32

Plane sine wave propagating along the axis k:

wave—vector K:

=

Y(r,t) =Asin(k-rt wt) = Asin(kyx + k,y + k,z + wt)
i(k-riwt))

(complex form: Y(r,t) = Ae

k = kk

Y(r,t) =Asin(k-r + wt)

SRRS

2
k=\/k§+k§+k§=

+al
N

~A

Djg
plaCe
directj, 0?]1% In the

Plane waves are a special case of
waves where a physical quantity,

such as phase, is constant over a

plane that is perpendicular to the
direction of wave travel.
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H22

Sinusoidal plane wave with propagation along x

rira

— —v Sine wave (equivalent shapes):
Y(x,t) = Asin[k(x £vt)] =

\/ \0\x =ASin(ka_r27ﬂvt) -

2T
=A sin(T (x £vt)) =

t=0 ¢ - x L
=A sin( 271(1 + F)) =
D —— = Asin(kx + wt) (more common form)

\/ \/ A Wavelength[m]

2
e a— k = TH Wave number [m™1]
(a)
¥ P _ Ax _ A — Af = @ h locit
|<— *ﬂ V=9 =5 = f = - phase velocity[m/s]
i/
4 1% w
\/ \+/ f= 7= 5 Frequency [Hz]
1
P == Period [s
A - 5]
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Electromagnetic Waves
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Maxwell’s Equations (integral form)

We now present four equations that are regarded as the basis of all electrical and magnetic phenomena.
These equations, developed by Maxwell, are as fundamental to electromagnetic phenomena as Newton’s
laws are to mechanical phenomena.

The theory that Maxwell developed turned out to also be in agreement with the special theory of
relativity, as Einstein showed in 1905.

Maxwell’s equations represent the laws of electricity and magnetism that we have already discussed, but
they have additional important consequences. For simplicity, we present Maxwell’s equations as applied
to free space, that is, in the absence of any dielectric or magnetic material. The four equations are:

€y equations. Equations (1) and (2)

are symmetric, apart from the

absence of the term for magnetic

monopoles in Equation (2).

Furthermore, Equations (3) and (4)
5 Ay ' gre symmetric in that the line

) % E-ds = <« Faraday’s law integrals of E and B around a

closed path are related to the rate
Ad. of change of magnetic flux and

(4) jg B-ds = ugl + €yuy — < Ampére-Maxwell law electric flux, respectively.

(1) ?f A < Gauss's law Notice the symmetry of Maxwell’s

(2) jg Bdh =0 < Gauss's law in magnetism
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The transmitter consists of two

spherical electrodes connected to

an induction coil, which provides

short voltage surges to the

spheres, setting up oscillations in
the discharge between the
electrodes.

Induction
coll

Transmitter

Receiver

The receiver is a nearby loop
of wire containing a second

spark gap.

Hertz’s Discoveries

Hertz performed experiments that verified Maxwell’s prediction. The
experimental apparatus Hertz used to generate and detect electromagnetic
waves 1s shown schematically in Figure.

An induction coil 1s connected to a transmitter made up of two spherical
electrodes separated by a narrow gap. The coil provides short voltage surges to
the electrodes, making one positive and the other negative. A spark 1s generated
between the spheres when the electric field near either electrode surpasses the
dielectric strength for air (3 X 10° V/m).

From an electric-circuit viewpoint, this experimental apparatus is equivalent to
an LC circuit in which the inductance 1s that of the coil and the capacitance 1s
due to the spherical electrodes.
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The transmitter consists of two

spherical electrodes connected to
an induction coil, which provides
short voltage surges to the
spheres, setting up oscillations in
the discharge between the
electrodes.

Induction
coll

Transmitter

Receiver

The receiver is a nearby loop
of wire containing a second

spark gap.

Hertz’s Discoveries

Spark Induced >
_\gipjjw sparks —~~" ~
Tuner
Resona;es at Transformer Trlezr?:r?'li:tlter RLEOCC;F?Vzer
" 2mic

The apparatus used by Hertz in 1887 to generate and detect electromagnetic waves.

Because L and C are small in Hertz’s apparatus, the frequency of oscillation is high, on the
order of 100 MHz. Electromagnetic waves are radiated at this frequency as a result of the
oscillation of free charges in the transmitter circuit.

Hertz was able to detect these waves using a single loop of wire with its own spark gap (the
receiver). Such a receiver loop, placed several meters from the transmitter, has its own
effective inductance, capacitance, and natural frequency of oscillation.

In Hertz’s experiment, sparks were induced across the gap of the receiving electrodes when
the receiver’s frequency was adjusted to match that of the transmitter.
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Production of Electromagnetic Waves

S, J A magnetic field will be produced in empty space if there is a changing electric field.
. A changing magnetic field produces an electric field that is itself changing.
T This changing electric field will, in turn, produce a magnetic field, which will be
—I changing, and so it too will produce a changing electric field; and so on.
(a)

Maxwell found that the net result of these interacting changing fields was a wave of
electric and magnetic fields that can propagate (travel) through space!

® : : :
* Consider two conducting rods that will serve as an “antenna”. Suppose these two rods
1 T are connected by a switch to the opposite terminals of a battery. When the switch 1s
+_ closed, the upper rod quickly becomes positively charged and the lower one negatively
) charged.

* Electric field lines are formed as indicated in Figure. While the charges are flowing, a
current exists whose direction is indicated by the black arrows. A magnetic field is
therefore produced near the antenna. The magnetic field lines encircle the rod-like

FIGURE 6 Fields produced by antenna and therefore points into the page on the right and out of the page on the left.

charge flowing into conductors. It

takes time for the E and B fields to . _ '
travel outward to distant points. The ~ * In the static case, the fields extend outward indefinitely far.

(b)

fields are shown to the right of the However, when the switch is closed, the fields quickly appear nearby, but it takes time for
antenna, but they move out in all them to reach distant points. Both electric and magnetic fields store energy, and this energy
directions, symmetrically about the i ) ) .

(vertical) antenna. cannot be transferred to distant points at infinite speed.
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T
()

;1 Now we look at a different situation, where our
antenna is connected to an ac generator.

In Fig. a, the connection has just been realized.
Y Q Charge starts building up and fields form.

The + and - signs in Fig. a indicate the net charge on
each rod at a given instant.

The black arrows indicate the direction of the current
IR 1. The electric field 1s represented by the red lines in
the plane of the page; and the magnetic field,

according to the right-hand rule, is into or out of the
FIGURE 7 Sequence showing page, in blue
electric and magnetic fields that
spread outward from oscillating
charges on two conductors (the
antenna) connected to an ac source
(see the text).
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FIGURE 7 Sequence showing
electric and magnetic fields that
spread outward from oscillating
charges on two conductors (the
antenna) connected to an ac source
(see the text).

In Fig. b, the voltage of the ac generator has reversed in direction; the current is reversed, and the new
magnetic field is in the opposite direction. Because the new fields have changed direction, the old lines
fold back to connect up to some of the new lines and form closed loops, as shown.

The old fields, however, don’t suddenly disappear; they are on their way to distant points.
Indeed, because a changing magnetic field produces an electric field, and a changing electric field
produces a magnetic field, this combination of changing electric and magnetic fields moving

outward is self-supporting, no longer depending on the antenna charges.

_
Direction
4 %) —=of
Antenna wave travel
&
(a) ~

2
4

|f3f

&

(b)

FIGURE 8 (a) The radiation fields (far from the antenna)
produced by a sinusoidal signal on the antenna. The red closed

SELF loops represent electric field lines. The magnetic field lines,

perpendicular to the page and represented by blue (x) and ©,
also form closed loops. (b) Very far from the antenna the

SUPPORTING

WAVES wave fronts (field lines) are essentially flat over a fairly
large area, and are referred to as plane waves.
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The fields not far from the antenna, referred to as the near field, become quite complicated.

We are instead mainly interested in the fields far from the antenna, which we refer to as the radiation field,
or far field. The electric field lines form loops, as shown in Fig., and continue moving outward.

The magnetic field lines also form closed loops but are not shown since they are perpendicular to the page.

,,.ff

Direction
? —= Df
wave travel

~

(b)

Several things about the radiation field can be noted

from this Fig..

(1) the electric and magnetic fields at any point are
perpendicular to each other, and to the direction of
wave travel.

(2) we can see that the fields alternate in direction (B 1s
into the page at some points and out of the page at
others; E points up at some points and down at
others). Thus, the field strengths vary from a
maximum in one direction, to zero, to a maximum in
the other direction.

(3) the electric and magnetic fields are “in phase”: that
1s, they each are zero at the same points and reach
their maxima at the same points in space.

(4) very far from the antenna the field lines are quite flat
over a reasonably large area, and the waves are

referred to as plane waves.
14.19
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Static Electric Dipole Oscillating Electric Dipole
(generates a static electric field) (generates an oscillating electric field
and

an oscillating magnetic field)

M,

14.20
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Production of Electromagnetic Waves

If the source voltage varies sinusoidally, then the electric and magnetic field strengths in the radiation
field will also vary sinusoidally. The sinusoidal character of the waves 1s diagrammed 1in the figure
below, which shows the field directions and magnitudes plotted as a function of position.

Notice that B and E are perpendicular to each other and to the direction of travel (=the direction of the
wave velocity v). The direction of v can be found from a right-hand rule using ExB.

E

Direction
of motion

of wave

—

E

*  We call these waves electromagnetic (EM) waves. They are transverse waves because the amplitude is
perpendicular to the direction of wave travel.

* EM waves are always waves of fields, not of matter (like waves on water or a rope).

* Because they are fields, EM waves can propagate in empty space.

 EM waves are produced by electric charges that are oscillating and hence are undergoing acceleration.
Accelerating electric charges give rise to electromagnetic waves.
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Electromagnetic Waves in vacuum, and Their Speed, Derived
from Maxwell’s Equations

Let us now examine how the existence of EM waves follows from Maxwell’s equations.

We begin by considering a region of free space, where there are no charges or conduction currents—that
is, far from the source so that the wave fronts are essentially flat over a reasonable area.

We call them plane waves, as we saw, because at any instant B and E are uniform over a reasonably large
plane perpendicular to the direction of propagation.

We choose a coordinate system, so that the wave is traveling in the x direction with velocity v with E parallel
to the y axis and B parallel to the z axis.

Maxwell’s equations in vacuum, with O=I=0 (no sources),

y become:
%E-di = 0
. jgﬁ-df{ = 0
E
L ddy
E-di = —
B
z X L dD g
B-dl = —
(J; Mo € At
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Electromagnetic Waves, and Their Speed, Derived from
Maxwell’s Equations

in vacuum . _
Notice the beautiful symmetry of these equations. The term on

Maxwell’s equations, with O=I=0 : the right in the last equation, conceived by Maxwell, is essential
for this symmetry. It is also essential if electromagnetic waves

I are to be produced, as we will now see.
E-dA = 0
If the wave is sinusoidal with wavelength A and frequency f,
L then such a traveling wave can be written as
f’gB""‘A =0 E = E, = E,sin(kx — o)
S dd, B = B; = Bysin(kx — wt)
OE-dl = — speed of the wave
J dt 27T )
k = ; ®w = 27f, and fA = — = v
F dd A k
¢B-dl = €g—-
] Mo € At

Such waves, in which the electric and magnetic fields are restricted to being

parallel to a pair of perpendicular axes, are said to be linearly polarized
waves.
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Maxwell’s Equations

e

TN »,

FIGURE 10 Applying Faraday’s
law to the rectangle (Ay)(dx).

FIGURE 11 Applying Maxwell’s
fourth equation to the rectangle
(Az)(dx).

According to Equation Eifl.l 1,
this spatial variation in E gives
rise to a time-varying magnetic
field along the z direction.

y

_-_-_-_-_-_'_-—-_

L

s

—

E(x+ dx)
¢

E{x} e

z-"'f._—_——-—-_-_—————x

Figure 34.6 Ataninstant when a
plane wave moving in the positive x

direction passes through a rectan-
gular path of width dxlying in the xy
plane, the electric field in the y direc-
tion varies from E (x) to E{x + dx).

Electromagnetic Waves, and Their Speed, Derived from

According to Equat;i}nn 34.14, this
spatial variation in B gives rise to

a time-varying electric field along
the y direction.

Bl .,

Figl..II'E 34.7 Atan instant when
a plane wave passes through a rect-
angular path of width dx lying in
the xz plane, the magnetic field in
the z direction varies from B (x) to

B(x + dx).

Let’s consider those circuits and let’s apply
Faraday’s law and Ampere/Maxwell’s law.
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o Electromagnetic Waves, and Their Speed, Derived from

Maxwell’s Equations
) = BE€dx assuming dx is very small compared with the wavelength of the wave

S dPp
f -ds = — dt Faraday’s law applied to the rectangle in Figure According to Equation 34.11,

this spatial variation in E gives
rise to a time-varying magnetic
field along the z direction.

)

Consider a rectangle of width dx and height [, lying in the xy plane as shown in Figure.
Let’s first evaluate the line integral of E - ds around this rectangle in the counterclockwise y

direction at an instant of time when the wave is passing through the rectangle.

-

dx

g

The contributions from the top and bottom of the rectangle are zero o
because E is perpendicular to ds for these paths. L AE(x+ dy
We can express the electric field on the right side of the rectangle as 5 T (
E(x + dx) = E(x) + - dx = E(x) + —dx = Exo
( ) ( ) dx I constant ( ) ax :f-‘_____________—__—'—'—'—x
Yo ) IE 9B Figure 34.6 Atan instant when a
=1 AT — [k _Ir ..,_. : plane wave moving in the positive x
= % E-ds = [E(x + d.’E) ]{? [E(‘x) ]{? ~ { ( «)x) dx € () d:Xf — _€dx T direction passes through a rectan-
¢ dx dt gular path of width dxlying in the xy
— plane, the electric field in the y direc-
d(I)B dB JB oE OB tion varies from E (x) to E(x + dx).
= {dx— = {dx—— — = =
dt dt X constant a l a X a t
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Noting that the magnitude of the magnetic field changes from B(x) to
B(x+dx) over the width dx and that the direction for taking the line integral
is counterclockwise when viewed from above in Figure

0B
B-ds =[B(x)]¢ — [B(x+ dx)]t ~ —¢ ) dx
X
oD
d, = Etdx, —L=1¢ dx
ot ot
0B oL
—1‘? - dx — M{) E()’€ dx -
X ot
0B oL
8_x — T Mo€ 8_15

Ampere’s law

dd
jgl_?:'d?=y.04'+eouod—‘g

l

According to Equat_i’nn 34.14, this
spatial variation in B gives rise to

a time-varying electric field along
the y direction.

E=l

Figure 34.7 Atan instant when
a plane wave passes through a rect-
angular path of width dx lying in
the xz plane, the magnetic field in

the z direction varies from B (x) to
—»
B(x + dx).
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Slide 13.38 Slide 13.39

, ok ob B oL
Consider | — = —— and — = —Wog€y
0x ot /&x ot
; el 2 9
o, OF d (0B d (0B a( aE):> L O°E
—_— - = — = — —| — = — — € &
0x dx> dx \ 91 91\ dx g\ F%0 g, e e
) ) In a similar way, one 32 B 82 B
Remember: Equation of a 14 ) a 4 can s:how that it.is = Mo€o — 5
(slide 13.6)  d’Alembert 8t2 =V axz possible to obtain: Bx at

These equations both have the form of the linear wave
equation with the wave speed v replaced by ¢, where:

1

Because this speed is precisely the same as the €= \ﬁ

speed of light in empty space, we are led to Ho€o

believe (correctly) that c= 1

light is an electromagnetic wave !!! V(4w X 1077 T m/A)(8.854 19 X 107" C*/N-m’)

= 2.997 92 X 108 m/s
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The simplest solution of those wave equations is a sinusoidal wave for which
the field magnitudes E and B vary with x and ¢ according to the expressions:

) LE=LE max COS (kx — wi) where E,,,-and B,y,,, are the maximum values of the fields.
2 B=5b max COS (kx — wt) The angular wave number 1s k = 27”, where A is the wavelength.
The angular frequency 1s w = 2rf, where f is the wave
w _ QWf _ f — . frequency. According to the traveling wave model, the ratio
k 2w/ A i w /k equals the speed of an electromagnetic wave, ¢
J!

where we have used v = ¢ = Af, which relates the speed, frequency,
and wavelength of a sinusoidal wave.

N E

Therefore, for electromagnetic waves, the
wavelength and frequency of these waves are related by

A = ¢ 3.00 X 10°m /s

f f Pictorial representation, at one instant, of a
sinusoidal, linearly polarized electromagnetic

wave moving in the positive x direction.

X
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Taking partial derivatives of Equation (1) (with respect to x) and (2) (with respect to ¢) gives

_ _ ok i
() E=FE_. cos (kx — wi) — = —kE,,. sin (kx — wt) Slide 13.38
X :
@ B= B, _cos (kx — wt) placein  db _  JB
0B - Jx 0t
— = wB,,,, sin (kx — ot)
ot
kEmax - meax . R .
E E That is, at every instant, the ratio of
— E ko C the magnitude of the electric field to the
max __ 2 = ¢ B B magnitude of the magnetic field in an
B k max electromagnetic wave equals the speed
max of light.
1 1 18
c = = = 3.00 X 10°m/s.

V € Mo \/(8.85 X 1072 C?/N-m?)(4m X 1077 T-m/A)

This is a remarkable result. For this is precisely equal to the measured speed of light!
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Light as an Electromagnetic Wave £ 1
and the Electromagnetic Spectrum T B Ve

The wavelengths of visible light were measured in the first decade of the
nineteenth century, long before anyone imagined that light was an electromagnetic
wave. The wavelengths were found to lie between 4.0 X 107"m and 7.5 X 10" m,
or 400 nm to 750 nm (1 nm = 10° m). The frequencies of visible light can be found

c =Af

where f and A are the frequency and wavelength, respectively, of the wave. Here,
c is the speed of light, 3.00 X 10* m/s; it gets the special symbol ¢ because of its

universality for all EM waves in free space.

Chart of the Electreomagnetic Spectrum

1 1 1 nm 1A 1 pm
wavelength | I \ | \ o m 1wl e | \ | l i

AM*40s 102 10 1 107 102 10% 104 105 10% 107 108 10°¢ 1010 1011 1012

1 MHz 1GHz 1 THz 1 PHz 1 EHz 1 ZI-IIZ

frequency L 1 L 1 [ 1 l l l 1 l 1 l 1 l

(Hz) 105 106 107 108 10° 1070 10" 10'2 10 10 10'5 106 1017 1018 101 1020 102

Radio Spectrum _ Terah. Infrar:

Broadcast and Wireless Microwave Far IR Mid IR Extreme UV Soft X-ray Hard X-ray

<

S2|U0JID9

A = 3x108/freq = 1/wn*100) = 1.24x105/eV|

« enormous range of wave lengths and frequencies
« spans more than 15 orders of magnitude

X-ray Gamma

= 3.00 X 10°m/s
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Applications of electromagnetic waves

1 ft 1cm 1 mm i 1nm 1A
wavelength | | | | | | | | vl bl | l | | |

103 102 10 1 10-* 102 103% 104 10° 10% 107 10% 10° 10" 10" 1012

1r|>m

1 MHz 1 GHz 1 THz 1 PHz 1 EHz 1ZHz
| | | | | I

frequency | | I | 1 1 I | 1 | |

H2) 405 108 107 108 10° 10 10" 10' 103 10 10' 10' 1017 10'® 10'® 1020 102

Radio Spectrum - Terahe- Infrared raviolet X-ray Gamma

Broadcast and Wireless Microwave Far IR Mid IR Extreme UV Soft X-ray Hard X-ray

Bands

= V=Y

B E
N
S

S91U04}99|9

Fiber telecom Dental Curing
0.7-1.4 200-350nm

4

I.=M dio = Medical X-rays
[
i 10-0.1 A

AM radlic 88-108 MHz Mobile Phones 0-0

600kHz-1.6MHz . /QOOMHZ'ZAGHZ Radar ; Cosmic ray
1-100 GHz . . Visible Light observations

Bio imaging 425.750THz < i
1-10 THz p,  700-400nm

Baggage screen

TV Broadcast  Wireless Data 10-1.0A

Sources and Uses of
Frequency Bands

-

54-700 MHz ~2.4 GHz
i Ultrasound A S—— PET imagin
1-20 MHz - SEIEaning 0.1-0 01g Ag
0.2-4.0 THz 1-0.

Sound Waves 400-290nm Crystallography

20Hz-10kHz — “mm wave” 3 = 2.2-0.7 A
- Microwave Oven “sub-mm” Night Vision

2.4 GHz 1007y

|A = 3x108/freq = 1/(wn*100) = 1.24x10¢/eV
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Energy in EM Waves

Electromagnetic waves carry energy from one region of space to another. This
energy is associated with the moving electric and magnetic fields. The energy
density u; (J/m?) stored in an electric field E is lu; = €, E*| The energy density
stored in a magnetic field B is given by |up = 3 B>/ u,| Thus, the total energy stored
per unit volume in a region of space where there is an electromagnetic wave is

1 1 B’
U = ugp + ug = EEG E? + E,u,_ (total energy density associated to an EM wave)
0
In this equation, £ and B represent the electric and magnetic field strengths of the
wave at any instant in a small region of space. We can write U in terms
of the E field alone, using (B = E/c) and (c = 1/Veom)
to obtain
1 1 eopo E?
u = —€,E? + = 0F0 = e, E2
2 2 o

Note here that the energy density associated with the B field equals that due to the
E field, and each contributes half to the total energy. We can also write the energy
density in terms of the B field only:

u = €, E? = €,c’B* =

or in one term containing both £ and B,

u = € E* = €yEcB = = |, /[— EB.
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Summary: Electromagnetic plane waves in vacuum

E(x,t) = Ejcos(k-x— wt + @) B(x,t) = Bycos(k:x — wt + ¢,) >[E\
wave vector: k pulsation: w = c|K| = ck / 2 S

2T - k
wavelength: 1 = m direction of propagation: kK = m

Link between E, et By :

k . 1,
E, and B, are:

—perpendicular to the direction of propagation” ("transverse wave") (i.e, B L K,E 1 K)
—perpendicular to each other (i.e.,, B L E)

— |Bo| = (1/¢)|E,|

G395, 2540 14.35
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Some solved problems
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BT T Determining E and B in EM waves. Assume a 60.0-Hz EM
wave is a sinusoidal wave propagating in the z direction with E pointing in the
x direction, and E, = 2.00V/m. Write vector expressions for E and B as
functions of position and time.

APPROACH We find A from Af = v = ¢. Then we use Fig. 9 and Eqgs. 7 and 8
for the mathematical form of traveling electric and magnetic fields of an EM

wave.
SOLUTION The wavelength is
. Y :
A= &= 200 X10m/s oo,
f 60.0s™"
From Eq. 8 we have
2 2 :
k= - — T~ 126%10°m"
A 5.00 X 10°m
w = 2af = 2w(60.0Hz) = 377rad/s.
From Eq. 11 with » = ¢, we find that
E .
g, = Lo - _200V/m o 100T

c 3.00 ¥ 10°m/s

The direction of propagation is that of E x B, as in Fig. 9. With E pointing
in the x direction, and the wave propagating in the z direction, B must point in
the y direction. Using Eqs. 7 we find:

E = i(2.00V/m)sin|[(1.26 X 10°m™)z — (377rad/s)t]

— -
=

B = j(6.67 X 1077 T)sin|[(1.26 X 10°°m™")z — (377rad/s)t|
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JECU LT Wavelengths of EM waves. Calculate the wavelength (a) of a
60-Hz EM wave, (b) of a 93.3-MHz FM radio wave, and (c) of a beam of visible
red light from a laser at frequency 4.74 x 10" Hz.

APPROACH All of these waves are electromagnetic waves, so their speed 1s
¢ = 3.00 X 10°m/s. We solve for A in Eq. 14: A = ¢/f.

3.00 x 108
SOLUTION (a) A = — = m/S _ 50 x10°m.
f 605!

or 5000 km. 60 Hz is the frequency of ac current in the United States, and, as we
see here, one wavelength stretches all the way across the continental USA.

00 %
(b)A = 3.00 lDHﬁm,"lS — 1m

03.3 X 10°s~
The length of an FM antenna is about half this (% A),or 1 % m.
()r = 20X 1W0m/s _ con 10" m (=633 nm).

| 474 % 10%s7!
BT TN ESTIMATE | Cell phone antenna. The antenna of a cell phone

is often ; wavelength long. A particular cell phone has an 8.5-cm-long straight rod
for its antenna. Estimate the operating frequency of this phone.

APPROACH The basic equation relating wave speed, wavelength, and frequency
is ¢ = Af; the wavelength A equals four times the antenna’s length.

SOLUTION The antenna is ;A long, so A = 4(8.5cm) = 34cm = 0.34m. Then
f=c/A=(3.0x10°m/s)/(0.34m) = 8.8 X 10° Hz = 880 MHz.

NOTE Radio antennas are not always straight conductors. The conductor may be
a round loop to save space. See Fig. 21b.
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I2TYTITIEY ESTIMATE | Phone call time lag. You make a telephone call

from New York to a friend in London. Estimate how long it will take the elec-
trical signal generated by your voice to reach London, assuming the signal is (a)
carried on a telephone cable under the Atlantic Ocean, and (b) sent via satellite
36,000 km above the ocean. Would this cause a noticeable delay in either case?

APPROACH The signal is carried on a telephone wire or in the air via satellite. In
either case it is an electromagnetic wave. Electronics as well as the wire or cable slow
things down, but as a rough estimate we take the speed to be ¢ = 3.0 X 10°m/s.
SOLUTION The distance from New York to London is about 5000 km.

(a) The time delay via the cable is 1 = d/c ~ (5 X 10°m)/(3.0 X 10°m/s) = 0.017s.
(b) Via satellite the time would be longer because communications satellites,
which are usually geosynchronous, move at a height of 36,000 km. The
signal would have to go up to the satellite and back down, or about
72,000 km. The actual distance the signal would travel would be a little
more than this as the signal would go up and down on a diagonal. Thus
t =dfc~72x10"m/(3 X 10°m/s) = 0.24s.

NOTE When the signal travels via the underwater cable, there is only a hint of a delay
and conversations are fairly normal. When the signal is sent via satellite, the delay is
noticeable. The length of time between the end of when you speak and your friend
receives it and replies, and then you hear the reply, is about a half second beyond
the normal time in a conversation. This is enough to be noticeable, and you have to
adjust for it so you don’t start talking again while your friend’s reply is on the way
back to you.
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