
Chapter 23 -
Electromagnetic waves



reading quiz

 Which wave travels fastest in a vacuum
– A. X-rays
– B. Gamma Rays
– C. Visible Light
– D. All travel at the same speed

 In an electromagnetic wave which of the following is true
– A. E and B fields are perpendicular
– B. E and B fields are parallel
– C. E-field is always zero
– D. B-field points along the direction of propagation



electromagnetic waves?

 Faraday’s law told us that
– time-varying magnetic fields generate electric fields

 James Clerk Maxwell found that
– time-varying electric fields generate magnetic fields

 taken together then
– electric field → magnetic field → electric field → …

 with this we can have disturbances in the electric
and magnetic fields that propagate across space
– ELECTROMAGNETIC WAVES

 unlike the waves you met in Phys111, such as sound waves or waves on
a string, no medium is required - it is not atoms moving around, but
instead the electric and magnetic fields and these can exist even in a
vacuum



speed of electromagnetic waves?
 simple em wave:

– electric field in the y-direction
– magnetic field in the z-direction
– propagation in the x-direction,

with unknown speed, c
 turns out this satisfies the equations

of electromagnetism (Faraday’s law
and some others I haven’t shown you)

 but only if

 and

 so

 experiments with mirrors and long distances indicate that the speed of
light (in vacuum, strictly) also has this value

– LIGHT IS AN ELECTROMAGNETIC WAVE
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properties of electromagnetic waves?
 we considered a very simple em wave, there are many more possibilities,

but they all have certain common properties:
– they are transverse :     and     are perpendicular to each other and to

the direction of motion
– the ratio of magnitudes of electric and magnetic fields are fixed

– wave travels with a fixed speed
(in vacuum)

– no medium is required for
propagation
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speed of light (in vacuum)

 how much time is required for light to travel 1 foot ?
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the electromagnetic spectrum
 from the speed of electromagnetic waves being equal to the measured

speed of visible light, we guess that visible light is an em wave
 but so are a lot of other waves that we often think of as being ‘different’

from visible light
 they actually only differ in their frequency (or wavelength)





the electromagnetic spectrum
 we can only see the visible part of the spectrum, but the rest is out there

too and can be detected with special instruments
 e.g. astrophysical objects emit radiation over a large region of the

spectrum



properties of electromagnetic waves?
 light having a certain frequency, wavelength and speed is traveling

through empty space. If the frequency of the light were doubled, then
– A. its wavelength would remain the same and its speed double
– B. its wavelength would remain the same and its speed halve
– C. its wavelength would be halved and its speed double
– D. its wavelength halve and its speed remain the same



sinusoidal waves
 a very important type of wave is one whose time and space dependence is like

that of the sine function

 a snapshot of one of these waves
might look like

 mathematically we’d describe the wave:

 e.g. a snapshot at time t = 0

 e.g. the time dependence at x = 0
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energy in electromagnetic waves

 we’ve already learnt that setting up electric and magnetic
fields requires input of energy (recall ‘charging’ a capacitor
or an inductor coil)

 thus an em wave, being made up of electric and magnetic
fields must have an energy content

 energy density for any electric and magnetic field

 but in a wave we said that

 so

 in other words in an em wave the electric and magnetic
fields share the energy equally



energy flow in electromagnetic waves

 let’s go back to our simple em wave
 E=0, B=0 to the right of the

‘wave-front’

 in time       the wave-front advances
through a distance

 consider an area of wave-front,
 then the new volume now housing

E,B-fields is
 and the energy housed is

 energy flow per unit area per unit time



energy flow in electromagnetic waves

 what about in the case of a sinusoidal wave?
 here the intensity varies with time

– e.g. at x=0

 average over time

 average energy flow is often called the intensity

av = 1/2

+1

-1



energy flow in electromagnetic waves

 if a sinusoidal electromagnetic wave with intensity 10 W/m2 has an
electric field of magnitude E at a given time and place, then a 20 W/m2

wave of the same wavelength will have an electric field of magnitude
– A

– B

– C

– D



the nature of light

 for our purposes we will treat light as an electromagnetic
wave

 later on we’ll see that in some circumstances light behaves
like a particle

 both of these views are actually true and we have a good
theory that explains it, but it usually takes 5/6 years of
math/physics training to be ready to take on this theory

 in virtually all ‘everyday’ experiences, light can be
considered to be a wave

 lets see how far that gets us



wave-fronts

 a wave-front is a handy concept in understanding waves
 defined as the surface on which the phase of a wave is the

same, i.e. where the wave is at the same bit of the vibration



wave-fronts

 a wave-front is a handy concept in understanding waves
 defined as the surface on which the phase of a wave is the

same, i.e. where the wave is at the same bit of the vibration



wave-fronts and rays

 for light the equivalent of the
high-pressure areas for sound,
or the raised water level for
water waves, is the magnitude
of the electric or magnetic field

 can also define rays which are
imaginary lines at right angles
to the wavefronts

 rays are very handy for
describing geometric optics



describing light via rays

 self-luminous object emit light rays

 rays themselves are not visible as they travel through air



describing light via rays

 objects which are not self-luminous can be seen using light
‘scattered’ from their surfaces

 e.g. reading a page:

 ‘scattering’ occurs at ‘rough’
surfaces

 what about smooth surfaces?



describing light via rays

 when light moves from one medium to another (say from
air to glass) two things can happen
– some light can be reflected, continuing to propagate in the air, but

in a new direction
– some light can be refracted, propagating then through the glass,

usually in a different direction



speed of light in a medium & refractive index

 in a material, light always travels somewhat slower than it
does in vacuum

 basically this is due to interactions with the charges

 we can define a quantity, the index of refraction, that is the
ratio of the speed of light in a vacuum to the speed in a
material

 this is the number that determines the optical properties of
a material

big index of refraction means slower light



index of refraction



reading quiz

 a glass has a refractive index of 1.50. How fast does light travel in this
glass?
– A. 4.5 x 108 m/s
– B. 2.0 x 108 m/s

 a large glass block has an air bubble in the middle. Can light in the air
bubble undergo total internal reflection?
– A. yes, if the angle of incidence is large enough
– B. no, because the refractive index of glass is larger than that of air



deflection of light rays & slowing of light

 light traveling slower in a material
causes rays to bend at the interface

 why?
 consider this analogy: light fast

light slow

A group of sprinters gather at point P on a parking lot bordering a
beach. They must run across the parking lot to a point Q on the
beach as quickly as possible. Which path from P to Q takes the
least time? You should consider the relative speeds of the sprinters
on the hard surface of the parking lot and on loose sand.

A. a
B. b
C. c
D. d



principles of geometric optics

 set of ‘rules’ for light rays which can
be verified experimentally or derived
starting from electromagnetism
equations

– the incident, reflected and
refracted rays are all in the
same plane along with the
normal to the surface (so we can
draw on a page of paper)

– the angle of reflection is equal
to the angle of incidence

– for a fixed frequency of light,
Snell’s law holds:



Snell’s law of refraction



from air to glass



refraction



fishpond

 you kneel over a fishpond and see a fish via sunlight which reflects off
the fish and refracts at the water-air interface. If the light from the fish
to your eye strikes the water-air interface at 60.0o to the interface, what
is the angle of refraction of the ray in the air?



fishpond

 where does it appear to you that the fish is located?

somewhere on this line
refraction is the origin of
this classic optical illusion

more on this
next time



An observer O, facing a mirror, observes a light source S. Where
does O perceive the mirror image of S to be located?

A. 1
B. 2
C. 3
D. 4



through a glass

 what is the apparent position of the pins?



total internal reflection



total internal reflection & fiber optic cables



two transparent materials:



wavelength, frequency?

 in vacuum we said that

 in a material, this still holds, but now the speed has changed
– so either the frequency or the wavelength must change

 it is the wavelength that changes - the frequency, which is the number of
wavefronts per unit time is unchanged



dispersion

 the refractive index of a material actually
depends somewhat on the frequency of
the light

 so different colors of light are ‘bent’ by
different amount when they pass from air
into a material

 since white light is a superposition of
waves covering the whole visible
spectrum, we see dispersion of white light
into a spectrum



rainbows

 when the material is water droplets in clouds and the light is from the sun
we get rainbows


