Waves
Opening note:
X-rays can penetrate your body. Sound waves can make thinks vibrate; water waves can knock you
over in the sea. Infrared waves can warm you up and slinky waves are fun to play with.
A wave is not like a particle; when a wave travels the material does not travel with it (lets observe this
slinky wave). Similarly when you throw a pebble in a pond the water does not actually move outward
from the center with the wave but the disturbance or “rippling effect” moves.

A traveling wave does not carry material, particle or mass with it. It is simply the disturbance of the
material [medium] that travels in the motion of a wave that carries ENERGY ONLY !

A wave is the process of transferring energy from one location to another which is produced by an
oscillating or vibrating motion usually through a medium. It is the disturbance of the medium that
moves.
The two main types of waves are mechanical waves & electromagnetic waves.
1. Electromagnetic Waves: a series of magnetic and electric fields traveling naturally at right
angles to each other. Caused by particles moving. These types of waves do NOT require a
medium and can therefore, pass through free space. NB. The speed of EM-wave is always
constant at 3  𝑥  10!   𝑚𝑠 !! .
EXAMPLES: Radio wave, Microwave, Infrared Radiation, Visible Light, UV, X-rays, Gamma Rays
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2. Mechanical Waves: These waves involve the transmission of energy through some sort of
medium. The medium is temporarily distorted as the wave propagates. One single distortion or
disturbance in the medium is called a pulse. A series of periodic pulses comprises a continuous
or traveling wave.
EXAMPLE: Slinky Waves, Water Waves, Sound Waves, Earthquake (Seismic) Waves,

Mechanical waves can be further subdivided into two more groups described by their different modes
of motion:

A transverse wave is a wave
in which the vibration of
particles in the medium is at
right angle to the direction of
propagation of the wave.
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A longitudinal wave is a wave
which the vibration of
particles in the medium is
along (parallel to) the direction
of propagation of the wave.
Sound waves are classical
examples.

The Characteristic Wave Properties:
Amplitude (A) – The maximum displacement of a particle from the equilibrium position (o).
The amplitude is independent of all other wave properties. However amplitude is related to energy.
𝐸   ∝ 𝐴!
Therefore if amplitude is doubles then energy is quadrupled.

Wavelength (λ) – Distance between two successive points which are in phase (m).
It is essentially the characteristic size of a wave represented by the distance between 2 points with the
same relative position and doing the same thing on the wave (i.e. crest to crest or trough to trough).

Period (T) – Time taken for one wave to complete one cycle (one full wavelength) (s).
Frequency (f) – Number of complete wavelengths passing a point in 1 second (s-1 or Hz).
Both the period and frequency do not change when waves hit boundaries or when waves change
mediums.
Wave number (k) – Number of waves in 1 meter (m-1).
Velocity (ν) – Velocity (wave speed) though the medium is given by the equation 𝒗 = 𝝀𝒇 (ms-1).
Speed is dependent on the type of medium and type of wave; it is generally constant in a given medium
but can change as you change mediums.
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NB. The speed (ν) of a transverse wave in a string or wire is given by the formula:
𝑣 =   

𝑇
𝑀

Where:
T is the tension in the string measured in Newtons
M is the mass per unit length of the string (i.e. mass of the string divided by the length of the string).
Question: A horizontal stretched elastic string has a length 3.0m and a mass 12g. It is subject to a
tension of 1.6N. Transverse waves of frequency 40 Hz are propagated down the string. Calculate the
distance between successive crests of this wave motion.

NB. The speed (ν) of a longitudinal wave in a solid is given by this formula:
𝑣 =   

𝐸
𝜌

Where:
E is Young’s modulus of the material measured in pascals (Nm-2).
Ρ is the density of the material.
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Question:
(a) Calculate the speed of propagation of longitudinal waves in a solid with Young’s Modulus (2.0 x
1011Nm-2) and a density of 7.8 x 103kgm-3.
(b) Calculate the time it takes the wave in the solid to travel 1km and compare this with the time it
takes sound to travel 1km in air. Assume the speed of sound in air is 330ms-1.

The Interaction of waves:
Waves can interact with matter and also waves of the same kind can interact with each other.

Reflection – When an incident wave comes into contact with a boundary there is a possibility of that
wave being reflected. The reflected wave is dependent on the type of boundary and sometimes its shape
and of course the type of wave.
1. Light rays are reflected off of smooth shiny surfaces as shown in the diagram below:
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The normal is a line drawn at 90o to the surface of the mirror at the point where the rays of light meet
the mirror.
The angle of incidence ( 𝜃! ) is the angle between the incident ray and the normal and likewise the
angle of refraction ( 𝜃! ) is the angle between the reflected ray and the normal.
Rules of Reflection:
•
•

The angle of incidence it equal to the angle of reflection.
The incident ray, the reflected ray and the normal are all in the same geometric plane.

2. Waves in a string are reflected when they hit a boundary.
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Refraction – This refers to the bending of waves as they leave one medium and enter into another.

Consider straight water waves passing from deep to shallow water, their wavelength becomes shorter.
However it must be noted that although the wavelength is shortened the frequency (f) of the wave
remains the same. Since 𝑣 = 𝜆𝑓 it means that the waves travel more slowly in shallow water than in
deep water.
Refraction of light is the reason we see phantom images when a straw is placed in a cup of water. The
light rays emitted from the straw are refracted when they leave to water and enter into the air. Our eyes
detect these refracted rays and our brain interprets them to be coming from a different location.

Laws of Refraction:
•

The incident ray, refracted ray and the normal all lie on the same plane

•

Snell’s Law – For waves passing from one medium to another, the sin of the angle of incidence
and the sin of the angle of refraction are in constant ratio.
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𝑛!
𝑣! 𝜆!
=    =
𝑛!
𝑣! 𝜆!
Or
𝑛! sin 𝑖 = 𝑛! sin 𝑟
Or
sin(𝑖)
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (𝑛)
sin(𝑟)

Where the constant (n) is referred to as the refracted index of that material and is unit less and it can be
calculated absolutely for any optical material as the ratio of the speed of light in a vacuum divided by
the speed of light in that material. The value will always be greater than or equal to one.

NB. A Point to be noted is that refraction occurs due to the fact that when waves enter a more dense
medium they slow down and when they enter a less dense medium they speed up.

Kevin Small
www.cxctutor.org or www.cxctutor.com

Consider a light ray moving from a more ‘optically’ dense material to a less ‘optically’ dense material
then it will bend away from the normal as shown above in the first diagram. If the angle of incidence is
continuously being increased, then eventually there will reach a point where the refracted ray is bent so
much that it is exactly 90o. The angle of incidence that causes this to happen is called the critical angle
(c).

Any ray that exceeds the critical angle of incidence is totally internally reflected inside of that
medium as shown in figure above.
Uses of total internal reflection include:
§

Telecommunications – Fiber Optic Cables

§

Prismatic Optical Instruments – Periscopes and Binoculars (that use prisms)

§

Vehicle Safety – Bicycle Reflectors and Cateyes

§

Medical Equipment – Endoscope or Fibroscope

An endoscope is any instrument used to look inside the body. Thousands of optical fibres are bundled
together in an endoscope which is inserted into a human body so that the doctor can 'see' inside.
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Light can be directed down the fibres even if they are bent, allowing the surgeon to illuminate the area
under observation (an incoherent bundle is used to do this!). He or she can then view this from a
television camera linked to a monitor by coherent fibres.
Usually consisting of a fiber-optic tube attached to a viewing device, endoscopes can be used to
explore and biopsy such areas as the colon and the bronchi of the lungs. By employing miniature
television cameras and tiny surgical implements that allow not only exploration but also endoscopic
surgery. Through small incisions; such surgery is much less traumatic to the patient than traditional
open surgery. Recovery times are shorter, and less anaesthetic is required (sometimes none!).
Examples of surgical uses:
Laparoscopic surgery, in which the endoscope is inserted through a small incision in the abdomen or
chest, is used to correct abnormalities of the ovaries and as an alternative to traditional gall bladder and
chest surgery.
Arthroscopic surgery is endoscopic surgery performed on joints such as the knee or shoulder.
Summary: Endoscopes are widely used both in medical and vetenary practices. The physics principle
on which they are based is total internal reflection within a fibre optic bundle of fibres.

Diffraction – This is the spreading out of waves as they pass through narrow openings or around sharp
corners. The amount of diffraction depends on the size of the wavelength and the narrowness of the
opening.
The longer the wavelength of the wave and the narrower the space that the wave is passing through,
the larger the amount of diffraction.

This property is the reason we are able to hear sounds around corners.
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What are Characteristics of diffracted waves?
1. Frequency, wavelength and speed of waves do not change.
2. Changes in the direction of propagation and the pattern of the waves.
3. The amplitude of the diffraction wave decreases so its energy decrease.
Light waves have a very short wavelength compared to water waves. Diffraction is most noticeable
when the gap size is about the same as the wavelength of the wave. Therefore to diffract light the gap
needs to be extremely small, in fact around one thousandth of a millimetre.
Sound waves are more easily diffracted in comparison to light waves because the wavelength of sound
waves is much longer than the wavelength of light waves.

Interference – This refers to the phenomenon that occurs when different waves of the same kind
interact with each other in the same medium.
The behaviour of multiple waves traveling through the same location at the same time in the same
medium is governed by the principle of superposition.
Principle of Superposition: Total displacement of the resultant wave is the sum of all the individual
displacements of the waves.
The interaction of multiple waves following superposition principle is known as wave interference and
there are two types:
•

Constructive interference – the resulting displacement is greater than the original pulses. The
waves are colliding in phase with each other. When this type of interference occurs in a regular
repeated pattern we call these antinodes.
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•

Destructive interference – the resulting displacements negate each other. The waves are
colliding out of phase with each other. When this type of interference occurs in a regular
repeated pattern we call these nodes.

As two waves meet their amplitudes add together and once they have passed each other they continue
going as if they have never met.
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The waves from coherent sources have the same frequency (f), same wavelength and constant
phase difference.
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