WAVES Reflection, Refraction and Total Internal Reflection

Waves reflect off a plane surface.

Waves travel at different speeds depending on the media
they are travelling in.

oy Angle of
shows ngle o
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Normal - a construction line perpendicular
to the reflecting / refracting surface at the
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If the waves meet the boundary at an angle . . . wavelength decreases as Slow waves
speed = frequency x wavelength in shallow
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the wavefront
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This process is called refraction. / light ray.

As light slows down it changes direction towards the normal (angle of incidence, i, > angle of refraction, r)

As light speeds up it changes direction away from the normal (angle of incidence, i, < angle of refraction, r).

Real and apparent depth

Path that the brain thinks
light has followed.

J I Apparent depth (where the brain
w44 | v thinks the fish is).
Refraction away from the normal. / Real depth (where the fish really is).

Actual path of light ray.
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Total internal reflection (TIR)

: ~

Angle of

\ refraction
Angle of <€— Waves do not change direction " Increases,
incidence if they are already travelling refracted ray gets
gradually along the normal. further away
increased. from normal.

j__
\

Angle of refraction = 90°, the corresponding angle of
incidence is called the critical angle. — Critical angle depends
on the medium.

._l Compare this

. with

reflection by
a mirror.

= Prisms are
commonly used as
reflectors.
When angle of incidence > critical angle, the light cannot ﬁglfeojflg gfllii%%%: 45° =
leave the medium. It is totally internally reflected. 8 ’ > £ g
QD o=
E%
Total internal reflection can be used to manipulate the path of light. —< =5
2=
> 45° =

Periscope Other uses:

e Binoculars E.g. ‘Cat’s eyes’ in roads.

from the normal. In what special situation is there no change in direction?

¢ Bicycle reflectors
N\ >— Y Prisms are more robust
N than mirrors.
Questions o2 | ai
1. Explain how to decide whether a wave changes direction towards or away \\:_l _|A11'

2. Copy and complete the diagram right to show the paths of the two rays

through and out the bottom of the glass block. Glass
3. Copy and complete the diagrams right to = = =)
show what happens to light incident on a 4 ~ ~
glass/air surface when the angle of W ;é/ @
incidence is less than, equal to, or above
the critical angle. Less than Critical angle Greater than
critical angle critical angle
4. Explain, with the aid of a diagram, why
waves meeting a boundary where they slow
down at an angle change direction.
5. Complete the path of the light ray through this
prism and suggest a use for such a prism. 45°
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WAVES  Refractive index and dispersion

When light travels from a vacuum (or air since it makes very little difference to the speed) into another medium,
it is slowed down. The amount of slowing is expressed by the ratio:

Speed of light in vacuum (m/s)
Speed of light in medium (m/s)

= refractive index, n

Small refractive Large refractive
index index

Small refractive index

T i )%

Large refractive index

—>

Therefore, the bigger the refractive index the greater the
change in direction of the light wave as it passes into the

medium.

Hence Snell’s Law

Refractive index n, = sini

sin r

Dispersion

Red light has the longest
wavelength and is slowed
the least. It changes

Light speeds up as
direction the least. g b “

it leaves the prism
and is refracted
away from the

Light slows as it

enters the prism

and is refracted
towards the

normal. \

contains

light changes
direction the least
and blue the most.

a Mixture o
wavelengths Glass prism
(colours)- /
Blue light f
has the shortest Spectrum
wavelength and is (rainbow)
slowed the most. produced on

It changes a screen.
direction the most.

Questions
1.

normal. Again, red

The bigger the refractive index the more the
light is slowed as it passes into the medium.

Increasing ' _
refractive Medium 1
index | Light slows
Y and changes -
. direction Medium 2
Decreasing | towards the -
refractive | normal. :
index , )
Light speeds up ! Medium 1

and changes
direction away
from the normal.

Total internal reflection

1. Light must change direction away from the normal
so must be going from high to low refractive index.
2. Angle of incidence must be greater than the critical
angle.
Small refractive index Large refralctive index
! A '_I A

L
1

(4

The higher the refractive index of the ‘material, the
greater the change of direction away from the normal
and therefore, the lower its critical angle.

The critical angle, ¢, can be calculated from the ratio
of the refractive indices either side of the boundary.

Sin (critical angle) = refractive index of second material

refractive index of first material
Sinc = nr
nj

Which colour, blue or red, is slowed most as it enters a glass prism?
2. Copy the water droplet and complete the diagram to show how the drop splits the white light into
colours. Show the order of these colours on your diagram.

3. The speed of light in a vacuum is 3 x 108 m/s. Show that:
a. The refractive index of water is about 1.3 given the speed of light in water

is 2.256 x 108 m/s.

b. The speed of light in diamond is about 1.2 x 108 m/s given its refractive i

index is 2.42.

light

4. The refractive index of glass is about 1.52. A ray of light enters a glass block
at 25° to the normal. Show that it continues through the block at about 16°.

5. What is the critical angle for light travelling from water, refractive index 1.33, to air, refractive index
1.00? Why is it not possible to calculate a critical angle for light travelling from air into water?

WAVES Ditfraction and Interference

Both diffraction and interference are properties of waves. The fact that all electromagnetic waves display both

effects is strong evidence for them having a wave nature.

Diffraction — the spreading out of wave energy as it passes through a gap or past an obstacle.

«—>
Incoming Wavefront
wave spread out in a
semicircle.

Wave energy
spreads around
the semicircle.

Gap size = wavelength

Light has a very short wavelength (about 5 x 10~7 m), so
needs very small gap sizes for diffraction to be noticeable.

Interference — when two waves meet, their effects add.

Wayvelength unchanged

W Wavelength unchanged

Majority of wave energy
continues ahead, a small
proportion of the energy

—»> spreads out.

Gap size much wider than wavelength -
diffraction effect is not very noticeable.

When two waves arrive in step, they reinforce each other and this /\/\/\

is called constructive interference. For light the result would be

bright and for sound, loud.

When two waves arrive out of step they cancel out and this is
called destructive interference. For light this would be dark and

for sound, quiet.

aves set off in step

<=
=

aves meet here

h

W

\

If the difference in path length (I1 - [2) is:

e A whole number of wavelengths the
waves arrive in step and we have
constructive interference.

¢ An odd number of half wavelengths,
the waves arrive out of step and we
have destructive interference.

Questions

ARR - VW
JAVAVAN
NN

Interference patterns

Path difference = whole number of wavelengths,
here the waves arrive in step and add

Path difference =
odd number of
half
wavelengths, .

here the Slits
waves arrive
out of step and
cancel out

1. The speed of sound in air is about 340 m/s. Calculate wavelength of the note ‘middle C’, frequency = 256 Hz.
Hence, explain why a piano can be heard through an open doorway, even if the piano itself cannot be seen.

2. A satellite dish behaves like a gap with electromagnetic waves passing through. Explain why the dish
sending the signal to a satellite should have a much wider diameter than the wavelength of the waves,
whereas a dish broadcasting a signal from a satellite over a wide area should have the same diameter as

the wavelength of the waves.

3. The diagram shows a plan view of a harbour. The wavelength of the waves

arriving from the sea is 10 m.
a. How long is length x?

b. How many waves fit in the length E1 to B?
c¢. How many waves fit in the length E2 to B?
d. Therefore, will the waves arrive in or out of step at the buoy, B?
Hence, describe the motion of a boat tied to it.
e. If the wavelength increased to 20 m how would your answers to b—d change?

E,
40 m Buoy, B
S < >®

E | 30m| a
A

toml E2l HARBOUR
A_Wavelength
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WAVES  Polarization and the Photon Model of Light

Electric field ) . .
Magnetic field Electromagnetic waves are made from an electric and magnetic
8 field oscillating at right angles to each other and to the

direction of wave motion.

Symbols
Unpolarized
PN\ N NN r\{[\\/\
Direction of CARAA E%§ E%§
> Electric field oscillates in

wave motion L
all possible planes
A beam of electromagnetic radiation is made up of many

r1 44

waves. If the electric field in all the waves only oscillates PPN NN AN )
in one plane (so the magnetic field only oscillates in one e N\ AN ¢ ¢ ¢ ¢ ”
plane too), the waves are said to be polarized. Polarized

The arrow shows
the plane of
oscillation of the
electric field.

Electric field
oscillates in
one plane only

A mechanical wave on a string can be polarized
by passing it through a frictionless slot; only
the oscillation in one plane passes through.

Polaroid is a material that contains molecules that

All produce behave like the slot for visible light.
unpolarized
light. It Polaroid
contains SUN \
waves with Overall,
all possible YLY _X A 1.1 light
polarizations. intensity
. / is reduced.
S f Only one polarization can
ﬁ/\ pass though.
——
w \ Polaroid sunglasses
help to block this The energy @ Hence, the

and reduce glare. carried by each

photon is directly —
proportional to the

Light is polarized by

electromagnetic
spectrum is also a l
reflection, e.g. from water.

photon energy.

scale of increasing

frequency of the

@ Electromagnetic radiation always delivers / electromagnetic wave. /
energy in packets (or quanta). These have Gamma
been called photons. @ The total energy
Energy delivered by a beam of X-ray | &
delivered electromagnetic radiation Ultraviolet sc;:
/\/\/\) 0 (its intensity) depends on . . . 0
Continuous wave ‘ . ' . > Energy eaqh photon Visible é
Aggl(fg)clgg time  photons cQrries Infrared | £
NVR’/\/\’W\ p, Energy Microwave | &
1S VaVaNAYAYA delivered A Radi §
Photons U Number of photons adiowave g
T - > arriving per second  Ayos gver which the |
time photons are spread
Questions

1. What do we mean by a polarized wave? Draw a diagram to illustrate your answer.

2. Reflected light from a lake in summer is horizontally polarized. Which orientation of light should the
Polaroid material in sunglasses allow to pass if the glasses are to cut down glare from the lake?

What is a photon?

What type of radiation delivers more energy per photon, X-rays or radiowaves?

Suggest why X-rays and gamma rays can knock electrons out of atoms (ionize them) but visible light and
infrared cannot. What effect might this have on the human body?

The photons in a beam of electromagnetic radiation carry 4 x 10717 J each. If 1 x 108 photons arrive
each second over a 2 m? area what is the total energy arriving per m2?

& S Es

WAVES  Seismic Waves and the Structure of the Earth

Earthquakes occur when stresses build up at fault lines where the Earth’s tectonic plates are moving past each
other. The energy stored can be suddenly released as the plates shift, sending out a shock or seismic wave.

Epicentre — the point directly above the focus on the Earth’s

These seismic waves come in two types
surface.

P (primary) waves

S (secondary) waves

Faster Slower
Focus - point at which stress (about 10 km/s) (about 6 km/s)
between plates is released. Longitudinal Transverse

Travel through
solids and liquids

Cause most damage
as they make buildings
move side to side

Travel through
solids only

Cause less damage

move up and down

Crust .

(solid) - Srr I

maximum /7 oooN\co-o 0T T

70 km bbb
thick.

D — D E——

Outer core (molten, iron
and nickel).

_

Diameter 12 735(
[~

e

Inner core (solid, due to great
pressure. Iron and nickel).

Waves follow a curved path

Mantle as the density of the Earth

(Yery steadily increases as you go
Els}?ous - Imost into the Earth. Therefore,

chaves aimos their speed changes and they
as a solid).

are steadily refracted.
Not to scale

S wave shadow zone. S waves
cannot travel through the
molten outer core so this area
forms a ‘shadow’ of the Earth’s
core. Seismometers in this
region do not detect S waves.

P wave shadow zone - caused by
refraction as the P waves enter and
leave the core. Seismometers here
pick up no waves.

Sudden change in direction at join
between layers, because the density
of the material suddenly changes so
there is a sudden change in wave
speed and hence direction by
refraction (see p36).

The distance to the epicentre can be
estimated by the time lag between
the P and S waves arriving.

Questions

1. What is the difference between an Earthquake’s epicentre and its focus?

2. Draw a labelled diagram of the layers in the Earth. If the crust is a maximum of 70 km thick, what
percentage of the total radius of the Earth is made up of crust?

3. Write down two similarities and three differences between P and S waves.

4. Explain how scientists know that the outer core of the Earth is molten.

5. Here is a seismometer trace for an earthquake:
a. Which trace, X or Y, shows the arrival of the S waves and which the P waves?
b. If the speed of the P waves is 10 km/s and they took

X
150 s to arrive, how far away was the earthquake? Y
c. If the speed of the S waves is 6 km/s, how long should
they take to arrive?
d. Hence, what is the time interval t marked on the graph? ‘ ‘
—t—>

as they make buildings
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WAVES  Sound Waves

Sound waves are caused by mechanical
vibrations (a form

The louder the sound
the harder the air is
pushed and the

Examples i greater the

of kinetic energy). /\
. . Loudspeaker
Rarefactlon;partlcles spread out pushes air to
A \ form a series of
i compressions. —X
a A Mechanical wave
s> Compression carries kinetic
‘ — particles energy of
& _close together | vibrations away

The higher the pressure in the ~
compression, the greater the
pressure on the eardrum.
Therefore, the eardrum vibrates
with larger amplitude and a
louder sound is heard.

pressure

in the

Ns_————__ compressions.
===

=
-
\§\\\\;//////
_———
N— >
NSt )’//////
—_— —

—_—

)

<> Wave‘i\éng\'\t‘h J

This is an example of a longitudinal wave (see p28).

The particles pass energy by collisions. CRO displays waveform

\\\\
\\x)w 00

Low pitch

High pitch

Frequencies that are
multiples of the first ?,66

A single frequency like these sounds
(higher harmonics)

is quite dull, literally ‘monotonous’.

AVAVAN

Quiet 2nd harmonic 3rd harmonic
/\/\/\ /\/\/\ These much more
complicated
Much More inge e waveforms are
. Refracti Stng noge m said to have
Reflection — efraction E.g. sound from . higher quality.
an echo above water source is

"> distorted under it. Interference

E.g.
for sonar
Properties of sound "
F
=S Y L “"ﬂ) Loud
P
@fj <>,§éx pee Increases with increasing enmﬁr § és % Quiet
=
Time for echo to return Gases —» Liquids —» Solids g %o—) Loud
allows distance d to be E.g. air E.g. water E.g.steel o2
calculated = 340 m/s = 1500 m/s = 6000 m/s E =
Questions
1. What causes sound? Explain how the sound from a loudspeaker reaches your ear.
2. Explain why sound cannot travel in a vacuum.
3. Use the formula speed = frequency x wavelength to calculate the range of wavelengths of sound the
human ear can hear in air where the speed of sound is about 340 m/s.
4. Why does sound travel faster in solids than in gases?
5. What does the pitch of a sound wave depend on?
6. What does the loudness of a sound wave depend on?
7. What is a harmonic? 4em
8. Copy this waveform and add: <>
a. A waveform of twice the frequency but the same amplitude. /\ 4 cm

b. A waveform of half the amplitude but the same frequency. | \/ \/
c. A waveform of the same amplitude and frequency but of a higher quality.

Normally the number of positive
and negative charges is equal in

each atom
All materials el
are made of

atoms —p -

Measured in Coulombs, C.

Static electricity is formed when electrical charges are
trapped on an insulating material that does not allow them
to move. You can charge up a material by . . .

ELECTRICAL ENERGY ' Static Electricity

The positively charged nucleus is
orbited by negatively charged
electrons. These do not escape
because opposite charges attract.

Nucleus - has positive charge

e”<€— Electrons -
have negative
charge

Like charges repel
: g : : N -
t

Unlike charges attract

1) Friction Electrons (negative charge) 2) Induction

rubbed off the wool onto the
¢ polythene rod.

Negatively

Overall neutral charged surface

Wool duster particle, e.g. dust.

Opposite -
‘ Electrons charges [~
Gain of electrons repelled — A attract |_ This explains why
. Iaaves an overall away. —> — TV screens tend
- — to get very dusty.
(V negative charge. _
\ In all charging processes, it is J _ =
Loss of always electrons that move as 4
ialectrons Polythene rod they can be removed from or Surplus of posit.ive g
eaves an added to atoms. charges on this "
surface i

overall positive
charge.

Clothing and aircraft can
be charged by friction. Static electricity will

+ (—\ flow to Earth if a
conducting path is

Antistatic sprays contain a conducting chemical
to avoid the build up of charge

provided, as the Copper
charges can get further lightning .
conductor Sparks like

e apart by spreading
(——/ over the Earth.

attracted to

Both plane
and fuel tanker are connected to Earth before fuelling to prevent any sparks.

NANNAN

|

~

E.g. ~ Large metal plate

Uses and
dangers of static

Danger of explosions — flammable vapours Electrostatic precipitator

or dust ignited by sparks — earthing

needed in these environments electrigity V;ﬁl;g: ] Chimney
; ; i Negative :
Spraying paint and pestlcl‘des charge Smoke l(j}?ag?;;\&egate
Negatively ® ®, ) induced on attracted
charged 4 leaf by and sticks Positively
! mgtal A ‘® positive to negative charged grid.
..../* object. 7 drops. plates.
@@ . Positively
Attraction charged ) Smoke particles
Sora As drops all have droplets are When large particles are collected positively charged by
ggn 1};; the same charge, attracted to Oﬁ, the pla(tites, theﬁ’ fall d?";’ln the contact with the grid.
positively they repel giving a leaf. chimney due to their weight.
charged. fine spray. Prevents dirty smoke entering the atmosphere.
Questions
1. Complete the following sentences. Like charges , unlike (opposite) charges
2. What is the unit of electrical charge?
3. What is the difference between an insulator and a conductor?
4. Why would it not be possible to charge a copper rod by rubbing it, no matter how furiously you rubbed?
5. Explain in as much detail as possible how a balloon rubbed on a woolly jumper sticks to a wall.
6. Make a list of all the examples of static electricity in action mentioned in this page. Divide your list into

cases where static electricity is useful, where it is a nuisance, and where it is dangerous. Try to add your
own examples to the list.

(e.g. a TV screen).

lightning are

sharp points.
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