Chapter 24

Electromagnetic Waves



Electromagnetic Wave

Transverse wave (direction of motion is perpendicular to the amplitude
of the wave)

Composed of fluctuating magnetic and electric fields which are
perpendicular to each other and also perpendicular to the direction of
motion of the wave

Unlike a sound wave or awave on a string, this wave does not need a
medium to travel from one point to another and easily travels through
the near vacuum of outer space

Examples include radio waves, microwaves, TV signal, light, xrays,
radar waves, etc.

Like all waves, thiswave carries energy



Creation of a Time Dependant Electric
Field
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Creation of a Time Dependant Magnetic

Field
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Recall that Faraday's law tells us a changing magnetic
flux with time creates an EMF and therefore an electric
field.

Emf —
{

James Clerk Maxwell (Scottish Physicist 1831-1879)
predicted that a changing magnetic field also creates a
changing electric field.



Creation of an EM Wave

Combining Faraday's Law with Maxwell's ideas tells us that a fluctuating magnetic field
and a fluctuating electric field are linked.

Thisisthe traveling transverse wave known as an electromagnetic wave.

Note: the amplitude of the magnetic and electric fields does not need to be the same but
the phaseis.
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Speed of an Electromagnetic Wave

Recall that the velocity of awaveis given by:

\Y; f

In avacuum, any EM wave travels at one speed (regardless of what form it is) and thisis
given by the constant known as the speed of light defined to be:

¢ 3.00 108%

or
c 671,000,000?7'

The speed of light may also be calculated using the permeability and permittivity of free

space and is defined as:
1

Vo o

This indicates that electromagnetic waves are composed of magnetic and electric fields!
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Receiving an Electromagnetic Wave
(electric field)
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Recall that a L C circuit has aresonance given by:
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Receiving an Electromagnetic Wave
(magnetic field)
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Electromagnetic Spectrum
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Energy Density

To calculate how much energy an EM wave carries, we need to examine both the
energy inthe electric field and the energy in the magnetic field.
Electric energy density: Energy 1 L E?

Volume 2

Energy 1 B2

Magnetic energy density:
Volume 2

adding these together we find the total energy density to be:

= L E? L p?
2 2
or using rms values for the E and B fields,
U, = LEi ——B

ave 2 0 rms 2 rms
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Energy Density (2)

In avacuum, the electric field and magnetic field carry the same amount
of energy so we may write:
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and after some algebra
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the total energy density is given by:
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Energy Density (3)

Going back to the fact the energy densities
are the same for magnetic and electric fields
In avacuum:
1 . E? 1
2 2 ,
we see that electric and
magnetic fields may be related!
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Intensity

i

Theintensity of an electromagnetic waveisgivenby: S %
but remember power is given by
P Energy
y 7 time
S0
Total Energy
tA
but Total Energy = Energy Density Volume

Total Energy uctA
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Doppler Effect
(example 6 from the book)

We have seen the Doppler effect in relation to sound waves back in chapter 16. Thisisthe
effect where a sound wave emitted from an object has its frequency modified by the
relative velocity between this object and the object the sound wave reflects from.

This effect aso appliesto electromagnetic waves aswell. Mathematically, this effect is

given by: v
a .
f fs(l : ) onlyifv ¢
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Doppler Effect (2)

When the EM wave reaches the red car it already has a higher frequency than it
did when it left the blue car. Thisisgiven by:

Vrel
f  f 11 oo f_ f_ f
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The EM wave then isreflected from the red car and is Doppler shifted again
before the blue car receives the reflected wave. Thisis given by:
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Doppler Effect (3)

Combining the two Doppler shifted frequencies we find:

but f  isnearly equal to f so:
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S0 rearranging terms algebraically
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Polarized Light and Polarizers

Unpolarized light is light where the electric field which is part of the
EM waveisnot limited in what direction it oscillates but oscillates
in all directions smultaneously.

Polarized light isan EM wave where the electric field only oscillates
In one direction.

A polarized is amateria which takes
unpolarized light and only allows one
direction of the electric field to pass
through it thus polarizing the light.

After passing through the polarizing
materia, the intensity of light is

reduced by afactor of two.
1
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Malus Law

To change the intensity of polarized
light, all one needsto do is to subject
the polarized wave to another linear
polarizer where the direction of
polarization is rotated relative to the
first one. This arrangement of two
polarizersis usually called an analyzer.

The electric field after the second polarizer is given by:

E E,cos

Recall that the intensity of light was given by the square of the electric field. Therefore,
It is easy to see why the intensity of light exiting is given by:

2 . |
Save So e COS Thisis known as Malus Law



