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Describing Oscillations
¢ Anoscillationis defined as follows:

Therepetitive variation with time t of the displacement x of an object about the
equilibrium position (x = 0)

DISPLACEMENT
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Apendulumoscillates between A and B. On a displacement-time graph, the oscillating
motion of the pendulum s represented by a wave, with an amplitude equal to xo

+ Displacement (x) of awaveis the distance of a point on the wave fromits equilibrium
position
o |tis avectorquantity;itcanbe positive ornegative anditis measuredin metres (m)

¢ Period (T) ortime period, is the timeinterval forone complete repetition anditis measured
inseconds (s)
o Iftheoscillations have a constant period, they are said to be isochronous
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Diagram showing the time period of a wave
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« Amplitude (xg) is the maximum value of the displacement on either side of the equilibrium
positionis known as the amplitude of the oscillation
o Amplitudeis measuredin metres (m)
¢ Wavelength (1) is the length of one complete oscillation measured from the same point
on two consecutive waves
o Wavelengthis measuredin metres (m)

/N <—— WAVELENGTH (A) —>
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¢ Frequency (f) is the number of oscillations per second anditis measuredin hertz(Hz)
o Hzhavethe Slunits of perseconds™
¢ Thefrequency andthe period of the oscillations are related by the following equation:

FREQUENCY (Hz)%

.f:

_ ]
T
° PERIOD (S)

Phase & Phase Difference

e Phaseis ausefulwaytothinkabout waves
e Thephase of awave can be consideredin terms of:
o Wavelength
o Degrees
o Radians
¢ Onecomplete oscillationis:
o lwavelength
o 360°
o 2mradians
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P AND Q ARE TWO YOURNOTES
SUCCESSIVE IN-PHASE L
POINTS, SINCE THEY ARE
SEPARATED BY 21

DISPLACEMENT, A
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\/k \/ PHASE, #rad)

EQUILIBRIUM POSITION x=0

Wavelength Aand amplitude A of a travelling wave

¢ Thephasedifference between twowaves is ameasure of howmuch a point orawaveisin
front or behind another
¢ This can be foundfrom therelative position of the crests ortroughs of two different waves
of the same frequency
o Whenthecrests of each wave, orthe troughs of each wave are aligned, the waves are
inphase
o Whenthe crest of one wave aligns with the trough of another, they arein antiphase

¢ The diagram below shows the green wave leads the purple wave by Vs i
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¢ Incontrast, the purple waveis said tolag behind the green wave by V2 1
Phase differenceis measuredin fractions of awavelength, degrees orradians
¢ Thephase difference can be calculated from two different points on the same wave orthe
same pointon two different waves
¢ The phasedifference between two points can be described as:
o Inphaseis 360° or 2mradians
o Inanti-phaseis 180° ormradians

) Worked Example

Achildon a swing performs 0.2 oscillations per second.Calculate the period of the
child's oscillations.

Step 1: Write down the frequency of the child's oscillations
f=0.2Hz

Step 2: Write down the relationship between the period Tand the frequency f

T=

— | =

Step 3: Substitute the value of the frequency into the above equation and calculate the
period

T_1
0.2
T=5s

> Worked Example

Plane waves on the surface of water at a particularinstant are represented by the
diagram below.
Direction of travel of waves

7.50 mm

25cm
Thewaves have a frequency of 2.5 Hz.Determine:
a) The amplitude
b) The wavelength

c) The phase difference between points Aand B
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YOURNOTES
A. THE AMPLITUDE l

MAXIMUM DISPLACEMENT FROM THE EQUILIBRIUM POSITION

7.50 mm +2 =3.75 mm

B. THE WAVELENGTH

DISTANCE BETWEEN POINTS ON SUCCESSIVE OSCILLATIONS
OF THE WAVE THAT ARE IN PHASE

FROM DIAGRAM: 25cm=3% WAVELENGTHS

1=z 3% =E Gy

C. THE PHASE DIFFERENCE BETWEEN POINTS A AND B

1A

POINTS A AND B HAVE %?\ DIFFERENCE=%*360°=18§

(’) Exam Tip
¥ When labelling the wavelength and time period on a diagram:

e Make sure thatyourarrows go fromthe very top of a wave to the very top of the
nextone

e |fyourarrowis too short, you willlose marks
e The same goes forlabelling amplitude, don’t draw an arrow from the bottom to
the top of the wave, this willlose you marks too.
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Simple Harmonic Oscillations

¢ Simple harmonic motion (SHM) is defined as follows:

The motion of an object whose accelerationis directly proportional but oppositein
directionto the object's displacement from a central equilibrium position

¢ Anobjectis said to perform simple harmonic oscillations when all of the following apply:
The oscillations areisochronous

Thereis a central equilibrium point

The object's displacement, velocity and acceleration change continuously

Thereis arestoring force always directed towards the equilibrium point

The magnitude of therestoring forceis proportional to the displacement

o]

o

o

(e}

(e}
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Conditions for SHM

¢ Thedefining conditions of simple harmonic oscillations are that the restoring force and the
acceleration mustalways be:
o Directedtowards the equilibrium position, and hence, is always in the opposite
direction to the displacement
o Directly proportional to the displacement

a«—X

e Where:
o a=acceleration(ms?)
o x=displacement(m)

The Restoring Force

¢ Oneofthe defining conditions of simple harmonic motion is the existence of a restoring
force
e Examples of restoring forces are:
o The component of the weight of a pendulum's bob that is paralleland opposite to the
displacement of the bob
o Theforce of a spring, whose magnitude s given by Hooke's law

<— _—
Tl
g?ic ON DIRECTION DIRECTION DIRECTION
e OF POSITIVE x OF F OF POSITIVE x
LIS S ; SPRING CONSTANT = k

e

7

7 m

e

/—{Mﬁﬁ 500

-

F=—-kx

F = —mgsinb

For a pendulum, the restoring forceis provided by the component of the bob's weight that
is perpendicular to the tensionin the pendulum's string. For amass-spring system, the
restoring forceis provided by the force of the spring.

e Foramass-spring systemin simple harmonic motion, the relationship between the
restoring force and the displacement of the object can be written as follows:

F=-kx

e Where:
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o F=restoringforce(N)
o k=springconstant(N m)
o x=displacement from the equilibrium position (m)

FORCE, F (N)

GRADIENT = =K

DISPLACEMENT, x (m)

Graph of force against displacement for an object oscillating with SHM

e Forceanddisplacementin SHM have alinear relationship where the gradient of the graph
represents the constant
o Inthis case, the springconstantk
¢ Anobjectin SHM willalso have arestoring force to return it toits equilibrium position
o This restoring force will be directly proportional, butin the opposite direction, to the
displacement of the object from its equilibrium position

Acceleration & Displacement

¢ AccordingtoNewton's SecondLaw, the net force on an objectis directly proportional to
the object's acceleration, F « a fora constant mass

F=ma

¢ Where
o F=force(N)
o m=mass (kg)
o a=acceleration(ms?)

¢ SinceF=ma(Newton's secondlaw), and F = -kx (Hooke's law), the equations can be set as
equaltooneanother:

ma = - kx
¢ Rearrangingto show therelationship between acceleration and displacement gives:

k
a=-—X
m

¢ This equation shows that
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o Thereis alinearrelationship between the acceleration of the object moving with YOURNOTES
simple harmonic motion andits displacement from its equilibrium position 1

¢ Theminus sign shows that when the mass on the springis displaced to theright
o Thedirection of the accelerationis to theleft andvice versa
o Inotherwords, aandxare always in opposite directions to each other

¢ This equation shows accelerationis directly proportional butin the opposite directionto
displacement foran objectin SHM

a« =X

e Therefore, it can bestatedthat:

¢ Where
o a=acceleration
o k=isaconstantbutinthisinstance not the spring constant
o x=displacement

+ Notethatinphysics, kis the standardletter used foran undefined constant

-2
GRADIENT = —K ACCELERATION, a (m s™2)

Xo
|

|

| DISPLACEMENT, x (m)
|

|

|

|

|

Graph of acceleration against displacement for an object oscillating with SHM

> Worked Example
®
Apendulum's bob oscillates about a central equilibrium position. The amplitude of
the oscillations is 4.0 cm. The maximum value of the bob's accelerationis 2.0 ms2.

Determine the magnitude of the bob's acceleration when the displacement from
the equilibrium positionis equalto 1.0 cm.

You may ignore energy losses.
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Step 1: List the known quantities

o Amplitude of the oscillations, x5 =4.0cm=0.04m
o Maximum acceleration,a=2.0ms=2
o Displacement,x=1.0cm=0.01m

Rememberto convert the amplitude of the oscillations and the displacement from
centimetres (cm) into metres (m)

Step 2: Recall therelationship between the maximum accelerationa and the
displacement x

o Themaximum acceleration a occurs at the position of maximum displacementx =xg
a=- kXo

Step 3: Rearrange the above equation to calculate the constant of proportionality k

a
k=-—
Xo

Step 4: Substitute the numbers into the above equation

2.0
k=-504

k=-50s"2

Step 5: Use this value of k to calculate the acceleration a’' when the displacementis x =
0.01m

a'=-kx
a'=-(-50)s2x0.01m
a'=0.50ms2
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SHM Graphs

Displacement & Velocity

* Thedisplacement-time graphforan object moving with SHMis a sinusoidal curveif:
o The object starts to oscillate from the equilibrium position.
o The equilibrium positionis x=0att=0

¢ Thedisplacement-time graphis a cosine curveif
o The object starts to oscillate from the position of maximum displacement.
o Maximumdisplacementisx=xpatt=0

¢ The maxima and minima on the graph are the values of maximum displacement (xg) of the
oscillating object on either side of the equilibrium position

¢ Thevelocity-time graphis obtained by taking the gradients of tangents to all points on
the displacement-time graph

e Thevelocity-time graphis a cosine curveif:
o The object starts to oscillate from the equilibrium positionwhenx=0att=0
o Thedisplacement-time graphis a sine curve

¢ Thevelocity-time graphis a sine curveif:
o The object starts to oscillate from the position of maximum displacement when x = xg
att=0
o Thedisplacement-time graphis a cosine curve

¢ Themaxima and minima on the graph are the values of maximum velocity (vo) of the
oscillating object as it passes the equilibrium position
o Thedifferencein the sign of the velocity accounts for the different directions of the
velocity vector as the object passes through the equilibrium position (i.e. fromright to
left orvice versa)
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COSINE CURVE

Displacement-time & velocity-time graphs for an object oscillating with SHM. The object

starts oscillating from the equilibrium position (x=0andt = 0)

Acceleration

The acceleration-time graphis obtained by taking the gradients of tangents to all points
on the velocity-time graph

The graphis a negative sine curveif:
o The object starts to oscillate from the equilibrium positionwhenx=0att=0

The graphis a negative cosine curveif:
o The object starts to oscillate from the position of maximum displacement when x = xg
att=0

The maxima and minima on the graph are the values of maximum acceleration (ap) of the
oscillating object at the positions of maximum displacement (x = x)
o Onceagain, thedifferencein signindicates a differencein the direction of the
acceleration vector
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" YOURNOTES
ACCELERATION = £ = GRADIENT OF THE VELOCITY — TIME GRAPH !

) PHASE DIFFERENCE
. a=aq, WITH DISPLACEMENT -
s ] WHEN TIME GRAPH = 180°
Z Xx=-x, a=0
Eo2] WHEN
& o] x=0
8 1 40\/5' 20\ TIME/s
{ -_— -

2 —SINE CURVE PHASE DIFFERENCE

WITH VELOCITY -
TIME GRAPH = 90°

Anacceleration-time graph for an object oscillating with SHM. The object starts oscillating
from the equilibrium position (x=0andt = 0)

¢ Notethatallgraphs must have the same period
e Theonly two differences between the graphs are:
o Theshiftintime-i.e.thereis a phase difference of 90° between successive graphs
o The amplitude of the wave form -i.e. the different amplitudes of the three graphs are
the values of maximum displacement xp, maximum velocity voand maximum
acceleration agof the oscillating object

*> Worked Example
o

Below is the displacement-time graph for an object oscillating with SHM.

x/cm 2
llf
0 T T T T /s
0.1 0.2 0.3 0.4 0.5
-1 \
i
-2 ‘

(i) Determine the period of the oscillations

(i) Calculate the frequency of the oscillations

(iii) Mark a point on the graph where the velocity is zero, label this with "v = 0"

(iv) Mark a point on the graph where the velocity is maximum and positive, label this
with "vo"

(v) Mark a point on the graph where the acceleration is maximum and positive, label
this with "ap"

(vi) Determine the value of the maximum velocity vo

(i) Identify the period T of the oscillating object on the graph
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o Mark the time between any two identical points on the graph (e.g. two peaks)

-
x/cm 2
/]_
0 , , 1t/s
01 0.2 0.3 0.4 0.5
—1
-2

T=0.20s

(ii) Calculate the frequency f

Step 1: Write down the relationship between frequency and period

(iii) Identify any position of zero velocity on the displacement-time graph and label this

IIV= 0"

o Thevelocity of an object oscillating with SHM is zero at the positions of maximum
displacement x =xgp

o Hence, thevelocity is zero at any minima or maxima on the displacement-time graph

(e.g.att=0.105s)

x/cm 27
/]7
0 | | 1 t/s
01 0.2 0.3 0.4 0.5
—14
-2
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(iv) Identify any position of maximum positive velocity on the displacement-time graph
and label this "vp"

o Anobject oscillating with SHM has its maximum velocity at the equilibrium position (x =
0)

o Velocity is defined as therate of change of displacement

o Thevelocityis the gradient of the tangent to a point of zero displacement

o Thegradientmustbe positive(e.g.att=0.155s)

x/cm 2
/]7
0 i) , , 1 t/s
01 0.2 0.3 0.4 0.5
_/],
-2

(v) Identify any position of maximum positive acceleration on the displacement-time
graph andlabel this "ap"

o Anobject oscillating with SHM has its maximum acceleration at the positions of
maximum displacement (x = xo)

o Accelerationis proportional to negative displacement

o Theaccelerationis maximum and positive when the displacementis maximum and
negative

o Theaccelerationis maximum and positive atany minima on the displacement-time
graph(e.g.att=0.305s)

x/cm 2
/]7
0 | | 1 t/s
01 0.2 0.3 0.4 0.5
—1
-2

(vi)

Step 1: Draw the tangent to the point of maximum positive velocity identified in Step 4
(i.,e.att=0.155s)
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x/cm 24 YOURNOTES
! l
1- |
| aX
0 :| | 1 t/s
o1/ p.2 |03/ 0.4 \05
I
—1 l
|
|
|
-2 I

At

Step 2: Calculate the gradient of the tangent to get the value of the maximum velocity
voincentimetres per second (cms™')

. Ax
Gradient = At

. 4
Gradient = 006

Gradient=67cms™!

vo=67cms”!
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Energy in SHM

* Thetotal energy of an object oscillating with SHM is the sum of its potential energy
(gravitational or elastic) and kinetic energy

E-= EP+EK
e Where:
o E=totalenergyinjoules(J)
o Ep=potential energyinjoules (J)
o Ex=kinetic energyinjoules (J)
E /N ENERGY, E ())
E,
| 1
| [
| [
| I E
: : o E = (E,) yax
I |
>~
1 ] P
-X, 0 Xo DISPLACEMENT, x (m)

*E = (E) yuy

Graph of total energy E, potential energy Ep and kinetic energy Ex of an object oscillating
with SHM

o |fenergylosses due to friction ordrag are zero orignored, the total energy E of the system
is conserved

¢ The potential energy store of the objectis ata maximum at the point of maximum
displacement from the equilibrium position
o Thepoint of maximum displacementis amplitude xg
o Kinetic energyis zero at amplitude
o Potential energyis equal to the total energy of the system at this point

¢ Energyis transferred from the object's potential energy store toits kinetic energy store as
the object moves from amplitude to the equilibrium position
o Theobjecthas both potential and kinetic energy
o The sum of the potential andkinetic energy is equal to the total energy of the system
o Thetotalenergy of the systemis conserved

¢ Thekinetic energy store of the objectis at a maximum at the equilibrium position
o Thisis becausevelocityis ata maximum as the object passes through the equilibrium
position
o Kinetic energy is equal to the total energy of the system at this point
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e Energyis transferred from the object's kinetic energy store toits potential energy store as YOURNOTES
the object moves from the equilibrium position to amplitude 1
o Theobjecthas both potentialand kinetic energy
o The sum of the potential andkinetic energy is equal to the total energy of the system
o Thetotalenergy of the systemis conserved

*> Worked Example

The following graph shows the variation with displacement of the kinetic energy of
an object of mass 0.50 kg oscillatingwith SHM. Energy losses can be neglected.

ENERGY, E (mJ)

60

T
-20 -10 10 2.0 DISPLACEMENT, x (cm)

(i) Determinethetotal energy of the object

(i) Determinethe amplitude of the object's oscillations

(iiiy Calculate the maximum velocity of the objectin metres persecond(ms™)
(iv) Determine the potential energy of the object when the displacementisx=1.0
cm

(i) Determine the total energy of the object by reading the maximum value of the kinetic
energy fromthe graph

o Fromthe graph, read the maximum value of the object's kinetic energy (Ex)max =60 mJ

o Recallthat, at the equilibrium position (x = O), the total energy Eis exactly equal to the
maximum value of the kinetic energy (Ex)max

o Sinceenergylosses canbe neglected, the total energy is constant

E=60m)
(ii) Read the amplitude of the object's oscillations from the graph

o Themaximum displacement positions are the locations on either side of the
equilibrium position where the kinetic energy is zero Ex = O

X0=2.0cm
(iii)

Step 1: Recall the equation for the kinetic energy Ex of an object in terms of its mass m
andvelocity v

EK=%mV2
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Step 2: Rearrange the above equation to calculate the velocity v

26¢
m

Step 3: Substitute the numbers into the equation to calculate the maximum velocity of
the object

o Mass of the object,m=0.50 kg
o Youmust convert the maximum kinetic energy must from millijoules (mJ) into joules (J)

Ex=60mJ=0.06)

_ [2x006
V=J"050
v=0.49ms"!

(iv)

Step 1: Read the value of the kinetic energy Ek of the object when the displacementis x =
1.0cm

EK: 50m)

Step 2: Write down therelationship between total energy E, kinetic energy Ex and
potential energy Ep

E=Ep+Ex

Step 3: Rearrange the above equation to calculate the potential energy Ep
Ep=E- Ex

Step 4: Substitute the numbers inthe above equation

o EK=50mJ
o E=60mJ

Ep=60mJ-50m)J

Ep:]O m)J
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Properties of Waves

Travelling waves are defined as follows:

Oscillations that transfer energy from one place to another without transferring
matter

Energy is transferred by the waves, but matteris not
The direction of the motion of the wave is the direction of the energy transfer
Travellingwaves can be of two types:
o Mechanical Waves, which propagate through a medium and cannottakeplaceina
vacuum
o Electromagnetic Waves, which can travel through a vacuum

Waves are generated by oscillating sources
o Theseoscillations travelaway from the source

Oscillations can propagate through a medium (e.g. air, water) orin vacuum i.e. no
particles), depending on the type of wave

The key properties of travellingwaves are as follows:

Displacement (x) of a waveis the distance of a point on the wave fromits equilibrium
position

o Itisavectorquantity;itcanbe positive ornegative

o Measuredin metres (m)

Wavelength (1) is the length of one complete oscillation measured from same point on two
consecutive waves

o Forexample, two crests, ortwo troughs

o Measuredin metres (m)

Amplitude (xp) is the maximum displacement of an oscillating wave fromits equilibrium
position (x=0)
o Amplitude can be positive ornegative depending on the direction of the displacement
o Measuredin metres (m)

Period () is the time taken for a fixed point on the wave to undergo one complete
oscillation
o Measuredinseconds(s)

Frequency (f) is the number of full oscillations per second
o MeasuredinHertz(Hz)

Wave speed (c) is the distance travelled by the wave per unit time
o Measuredin metres persecond(m s
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WAVELENGTH (A) ——>

——

DISPLACEMENT (x)

\

AMPLITUDE (A)

"

DISTANCE OF
WAVE TRAVEL

Diagram showing the amplitude and wavelength of a wave

e Thefrequency, f,andthe period, T, of a travelling wave are related to each other by the

equation:

FREQUENCY (Hz)%

DISPLACEMENT
x (m)

.f:

ONE COMPLETE
OSCILLATION

_1
-

°® PERIOD (S)

T=10s
f=10Hz

0.5s | 10s 15s 20s T|ME
| t (s)
I

T

Period Tand frequency f of a travelling wave
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YOURNOTES

*> Worked Example !
[

The graph below shows a travellingwave.

DISPLACEMENT, x (cm)

10F-------

.5 1. 5 2. .5 TIME, t (ms)

Determine:
(i) The amplitude A of the wave in metres (m)

(ii) The frequency f of the wave in hertz (Hz)

(i) Identify the amplitude A of the wave on the graph

o Theamplitudeis defined as the maximum displacement from the equilibrium position
(x=0)

DISPLACEMENT, x (cm)

O—F------=
5 m\/s ﬂ\jS TIME, t (ms)

o Theamplitude must be converted from centimetres (cm) into metres (m)

o

A=0.1m
(ii) Calculate the frequency of the wave
Step 1: Identify the period T of the wave on the graph

o Theperiodis defined as the time taken for one complete oscillation to occur

Page 23 of 111

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

DISPLACEMENT, x (cm)

T=10ms

1 A /\

15 1. 5 2. 5 TIME, t (ms)
1 1

i i

| I

(PSS B

o Theperiod must be converted from milliseconds (ms) into seconds (s)

T=1x1073s

Step 2: Write down the relationship between the frequency fand the period T

f=

—lI=

Step 3: Substitute the value of the period determined in Step 1

1
f=
1x107°

f=1000 Hz
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The Wave Equation

+ Thewave equation describes therelationship between the wave speed, the wavelength
andthe frequency of thewave

c=fA

e Where
o c=wavespeedin metres persecond(ms™)
o f=frequencyinhertz(Hz)
o A=wavelengthin metres (m)

Deriving the Wave Equation
e Thewave equation can be derived using the equation for speed
d
V="
t

e Where
o v=velocity orspeedin metres persecond(ms™)
o d=distancetravelledin metres (m)
o t=timetakeninseconds(s)

¢ When the source of a wave undergoes one complete oscillation, the travellingwave
propagates forward by a distance equal to one wavelength 4

¢ Thetravellingwave covers this distancein the time it takes the source to complete one
oscillation, the time period T
distance for one oscillation

A
wave speed = — P ==
P time taken for one oscillation T

e Therefore, the wave speed c is given by

A
=T
e Theperiod T of awaveis given by:
. 1
- f

e Therefore, combining these equations gives the wave equation

c=1A
> Worked Example
1

Atravellingwave has a period of 1.0 us and travels ata velocity of 100 cms™'.
Calculate the wavelength of the wave. Give your answerin metres (m).
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Step 1: Write down the known quantities

o Period, T=1.0pus=1.0x10"%s
o Velocity,c=100cms'=1.0ms"!

Note the conversions:

o The period must be converted from microseconds (us) into seconds (s)
o Thevelocity mustbe converted fromcms'intoms™

Step 2: Write down therelationship between the frequency f and the period T

—l=

f=

Step 3: Substitute the value of the period into the above equationto calculate the
frequency

o1
T1x10°

f=1.0x10%Hz
Step 4: Write down the wave equation
c=fa
Step 5: Rearrange the wave equation to calculate the wavelength A

i S
o f

Step 6: Substitute the numbers into the above equation

Lo L0
T1x10°

2=1x10"%m
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Transverse & Longitudinal Waves

¢ Inmechanicalwaves, particles oscillate about fixed points

e Therearetwo types of wave: transverse andlongitudinal

¢ Thetype of wave can be determined by the direction of the oscillations inrelation to the
direction thewaveis travelling

Transverse Waves
e Transverse waves are defined as follows:

Awaveinwhich the particles oscillate perpendicular to the direction of motionand

energy transfer
THE PARTICLES ON THE WAVE THE WAVE MOVES
OSCILLATE UP AND DOWN (AND TRANSFERS ENERGY)
FROM THE LEFT TO RIGHT

A\
I \
1
i
1
1 DIRECTION OF MOTION
\"/ AND ENERGY TRANSFER
»TROUGH
OSCILLATIONS

Atransverse wave travelling from left to right

e Transverse waves show areas of peaks and troughs

e Examples of transverse waves include:
o Electromagnetic waves e.g.radio, visible light, UV
o Vibrations on a guitarstring

e Transverse waves do notneed particles to propagate, and so they can travel through a
vacuum

Longitudinal Waves
¢ Longitudinalwaves are defined as follows:

Awaveinwhich the particles oscillate parallel to the direction of motion and energy
transfer

Page 27 of 111

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

|, THE PARTICLES ON THE WAVE
QCILLATE LEFT AND RIGHT

RAREFACTION __________ al LLLATI0N - COMPRESSION

DIRECTION OF MOTION
AND ENERGY TRANSFER

THE WAVE MOVES
(AND TRANSFERS ENERGY)
FROM LEFT TO RIGHT

Alongitudinal wave travelling from left to right

e Asalongitudinalwave propagates, areas of low and high pressure can be observed:
o Ararefactionis an area of low pressure, with the particles being furtherapart from

each other

o Acompressionis an area of high pressure, with the particles being closerto each other

e Sound waves are an example of longitudinal waves
e Longitudinalwaves need particles to propagate, and so they cannot travel through a
vacuum

?

Worked Example

The diagram below represents a transverse wave attime t = 0. The direction of
motion of the waveis shown. PointPis a point on the wave. State in which direction
point P willmove immediately after the time shown.

DIRECTION OF MOTION OF THE WAVE

ANVANETA
ARV AR/

Step 1: Determine the possible directions that point P can travelin

o

o

o]

Intransverse waves, the particles oscillate perpendicular to the direction of motion
This transverse wave travels fromright to left

Oscillations will either be up ordown

Hence point P will eithermove up ordown
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Step 2: Determine the next direction of point P YOURNOTES

o Sincethewaveis moving fromrighttoleft, a crest(i.e. a point of maximum i
displacement above the equilibrium position) will be approaching point Pimmediately
afterthe time shown

o Point P willbe moving upwards
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Transverse & Longitudinal Graphs

o Two different types of graphs can beusedtorepresenta travellingwave:
o Displacement-distance graphs, with displacementx(m) on the y-axis and distance d
(m) on the x-axis
o Displacement-time graphs, with displacement x(m) on the y-axis and time t(s) on the
X-axis

e Bothtransverse andlongitudinal waves can be shown on these graphs

Displacement-Distance Graphs

e Adisplacement-distance graphis also known as a wave profile
* |trepresents the displacement of many particles on the wave at a fixed instantin time (e.g.
t=0)
¢ Adisplacement-distance graph directly provides:
o Theamplitude A of thewave
o Thewavelength Aof thewave

> AMPLITUDE
A=0.001m POINT WITH POSITIVE
DISPLACEMENT A=0.2m DISPLACEMENT
x (m)
WAVELENGTH

0.001 4 Q
4 /N /N
0.1 \(7 0. 0.4 0.5 WISTANCE
-0.001+ P ' i)

|
POINT WITH NEGATIVE
DISPLACEMENT

|
An example of displacement-distance graph for a travelling wave

i[e

¢ Inthedisplacement-distance graph of a transverse wave movingin the horizontal
direction:
o Particles with positive displacement are those movingup
o Particles with negative displacement are those movingdown

¢ Inthedisplacement-distance graph of a longitudinal wave movingin the horizontal
direction:
o Particles with positive displacement are those moving to theright
o Particles with negative displacement are those moving to theleft

¢ Thewavelengthinalongitudinalwave can be figured out from the distance between two
rarefactions (or two compressions)
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N

d ’ NIk
T Ll

[
i'i

i\

A wavelength on alongitudinal wave is the distance between two compressions or two
rarefactions

Displacement-Time Graphs

¢ Adisplacement-time graphs represents the variation of the displacement of one particle
with time
¢ Adisplacement-time graph directly provides:
o Theamplitude A of thewave
o Theperiod Tof thewave

- AMPLITUDE

A =0.001m
DISPLACEMENT T=0.05s

x (m)
PERIOD »

AP A A
0.25W 0.75,\ 1.00 1.25 :w TIME,
~0.001 - | | s
| |

0.001 +

T

An example of displacement-time graph for a travelling wave
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Below is the displacement-time graph fora light wave travellingat 3x 108 ms™",

DISPLACEMENT
X (mm)

1, SaveMyExams
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1

Determine:

1\/2 3

(i) The period of the wave in seconds (s)

(ii) The wavelength of the wave in metres (m)

TIME
't (ms)

(i) Determine the period T directly from the displacement-time graph

o Recallthat periodis defined as the time taken forone complete oscillation
o Notethatyoumust convert the period from milliseconds (ms) into seconds (s)

DISPLACEMENT
x (mm)

T=2ms

4\/2

T=2x10"3s

(ii) Determine the wavelength of the wave in metres

3\/ TIME
‘ t (ms)

Step 1: Write down the relationship between frequency f and period T

Step 2: Substitute the value of the period determined in Step 1into the above equation

f=

—l~

fo_ 1
“2x1073

f=500Hz

Step 3: Write down the wave equation
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Step 4: Rearrange the above equation to calculate the wavelength 4 YOURNOTES

i

i
T f

Step 5: Substitute the velocity ¢ = 3 x 108 ms~'and the frequency f calculated in Step 2

_3x10°
1= 500
A=6x10°m
(') Exam Tip
-

When approaching a question, pay attention to the label on the x-axis of the graph.

¢ Thedistance between two adjacent crests (ortroughs) on a displacement-
distance graphis equal to the wavelength 2 of the wave

¢ Thedistance between two adjacent crests (or troughs) on a displacement-time
graphis equalto the period T of the wave

Remember to look at the units of measure on both axes of the graph, and convert
units if needed.

The speed of any electromagnetic wave is equal to the speed of light,c =3x 108 m s~
1
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Electromagnetic Waves

e Anelectromagnetic waveis generated by the combined oscillation of an electricand a
magnetic field

* These fields oscillate perpendicular to each otherandto the direction of motion of the
wave (i.e. the directionin which energy is transferred)

THESE THREE DIRECTIONS
ARE PERPENDICULAR
TO EACH OTHER

THE ELECTRIC FIELD
OSCILLATES ALONG
THIS DIRECTION

/ ll DIRECTION OF
MOTION (AND

THE MAGNETIC FIELD ENERGY TRANSFER)

OSCILLATES ALONG OF THE WAVE
THIS DIRECTION

An electromagnetic waveis generated by the combined oscillation of an electric anda
magnetic field

e Electromagnetic waves are transverse waves and, as such, they can travel through
vacuum

e Regardless of their frequency, all electromagnetic waves travel at the speed of light ¢ = 3 x
108 ms-invacuum

e Electromagnetic waves form a continuous spectrumbased on theirfrequency
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THE ONLY PART DETECTABLE
BY THE HUMAN EYE

VISIBLE LIGHT
700 nm 600 nm 500 nm 400 nm

LOW RADIO
FREQUENCY WAVES

HIGHER

MICROWAVES INFRARED ULTRAVIOLET X-RAYS GAMMA

FREQUENCY

< LONGER WAVELENGTH (METERS) SHORTER >
I I I I I I I I I I I I I I I

o' 10° 10" 107 107 10 10° 10° 107 10° 10° 107 10™ 10“2 107"

Aaﬁ% b ¢ OB w

IONISING ELECTROMAGNET!C WAVES
HARMFUL TO PEOPLE

The electromagnetic spectrum

e Humans canonly sense electromagnetic waves with wavelengths in therange 700 nm -
400 nm, which are the limits of the so-called visible spectrum

¢ Electromagnetic waves with longerand shorterwavelengths areinvisible to the human eye

Electromagnetic Wave Wavelength, A (m)

Radio Waves >107?
Microwaves 1%107° — 2.5 %10°°
Infrared 25x5107° - 751077
Visible Light 75107 - 4 <1077
Ultraviolet 4107 - 1x107"
X—rays 1:107° - 1-107"
Gamma Rays < 107"

¢ Knowingthe wavelengths of electromagnetic waves, their frequencies can be calculated
using the wave equation, andremembering that their speedin vacuumis always equal to

the speed of light
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YOURNOTES

*> Worked Example !
[

The wavelength of blue light falls within therange 450 nm - 490 nm. Determine the
range of frequencies of blue light.

Step 1: Write down the known quantities

o Notethatyoumust convertthevalues of the wavelength from nanometres (nm) into
metres (m)

= llower:450 nm:4.5x10‘7m
" lh;ghe,=490nm=4.9x10‘7m

Step 2: Remember that all electromagnetic waves travel at the speed of light invacuum
o Fromthedatabooklet,c=3x108ms™"
Step 3: Write down the wave equation
c="fA

Step 4: Rearrange the above equation to calculate the frequency f

C
f=x

Step 5: Substitute the lower and higher values of the wavelength to calculate the
limiting values of the frequency of blue light

o Thelowerfrequency fiower corresponds to the highervalue of the wavelength Axigher

3x108
4.9x 1077

flower =
=6.1x10"Hz
o Thehigherfrequency fhigher corresponds to the lower value of the wavelength Aower

3 x 108
45x 107

fhigher =
=6.7x10"Hz
Step 6: Write down the range of frequencies of bluelight

f=61x10"Hz-6.7 x10 Hz

(') Exam Tip

You mustmemorise all electromagnetic waves in the correct order, as well as the
range of wavelengths foreach type of wave. You must also remember that all
electromagnetic waves travel at the speed of light in vacuum.
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Sound Waves

e Soundwaves arelongitudinal waves and, as such, require a mediumin which to propagate
e Soundwaves are generated by oscillating sources, which produce a changein density of

the surrounding medium
¢ Thesoundwave then travels with a series of compressions andrarefactions

[E COMPRESSION | (@AREFACTION |

HIGH DENSITY A LOW DENSITY AR
OF PARTICLES OF PARTICLES PARTICLE

Asoundwave travelling through air

¢ Soundwaves form a continuous spectrum based on their frequency

[Ef<20Hz| | 20Hz | 20 kHz | ’f>20kHz%\

V' INFRASOUND AUDIBLE RANGE ULTRASOUND V

The spectrum of sound waves

¢ Humans can only hear sounds with frequencies in therange 20 Hz - 20 kHz, known as the
audiblerange
¢ Sounds with frequencies below and above this range cannot be detected by the human ear

Pitch and Volume

e Thefrequency of asoundwaveisrelated toits pitch
o Sounds with a high pitch have a high frequency (or short wavelength)
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o Sounds with alow pitch have alow frequency (orlong wavelength)

e Theamplitude of a soundwaveis related toits volume
o Sounds with alarge amplitude have a highvolume
o Sounds with a small amplitude have alow volume

[ SMALL AMPLITUDE | [LARGE AMPLITUDE |

¢ | T =D
Y

LOW FREQUENCY HIGH FREQUENCY
l/

vod R S
&l KRR

Pitch and amplitude of sound

Speed of Sound

» Soundwaves travel ata speed of about 340 ms~'in airat room temperature
o Thehigherthe airtemperature, the greaterthe speed of sound
o Theis becausethe averagekinetic energy of the particles is higher
e Soundtravels the fastest through solids, since solid particles are closely packed and can

pass the oscillations onto their neighbours much faster
e Soundtravels the slowest in gases, since gas particles are spread out andless efficientin

transferring the oscillations to their neighbours

Echo
¢ Soundwavesreflect off hard surfaces
¢ This phenomenonis known as echo

¢ Echocanbeusedtoobtain an experimentalvalue of the speed of sound. Thisis calculated

using the equation

¢ Where:
o v=speed of soundin metres persecond(ms-)

o d=distance between the sound source andthe hard surface (m)
o t=timetakentotravel fromthesourcetothehardsurfaceandback(s)

Measuring the Speed of Sound Experimentally - Fast Timer
e Thespeedof soundcanbe measuredusing a fast timer(one which can measure to the

nearest millisecond or even microsecond)
¢ Two microphones separated 1m apart are connected to a fast timer

o The first microphone triggers the timerto start
o The second microphone triggers the timerto stop
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2nd MICROPHONE ©

YOURNOTES
i

FAST TIMERe

¢ Ahammeris madeto strike a plate
¢ Thesoundwaves from the plate travel to the two microphones triggering the first and then
the second
o Thetimedelay willbe around 3.2 ms

¢ Thespeedofthewaves canbe calculated by rearranging the equation: distance = speed x
time

Measuring the Speed of Sound Experimentally - Double Beam
Oscilloscope

e Twomicrophones are connectedto the input of a double beam oscilloscope
¢ Asignalgeneratoris connected to aloudspeakerandset to a frequency between 500 Hz
and 2.0 kHz
o One of the microphonesis close to theloud speaker
o The othermicrophoneis Tmaway

>OSCILLOSCOPE

UPPER TRACE
SHIFTED

°HORIZONTALLY
TO ALIGN WITH
LOWER TRACE

LOUDSPEAKER® > MICROPHONES

There will be two traces that appear on the screen
e Thetraces are compared as the second microphoneis moved back and forthinline with the
first microphone and the speaker
¢ Usearulertomeasure the distance thatthe second microphone needs to move forthe
traces tobein phasethen outandphase andbackin phaseagain
o This distanceis equalto the wavelength of the wave

The speed of the waves are therefore calculated usingc =f4

) Worked Example

®
Aperson stands 50 mfrom awall. The person claps theirhands repeatedly, and

changes the clapping frequency until the echoes are synchronised with the claps. A
mobile phone application measures the time between the claps, whichis t=0.30 s.
Determine the speed of sound.
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Step 1: Write down the known quantities YOURNOTES

o Distance between the personandthewall,d=50m i
o Timebetweentheclaps,t=0.30s

Step 2: Writedown the "echo equation”
v=2X %

Step 3: Substitute the numbers into the above equation and calculate the speed of
soundv
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Wavefronts

¢ Waves can berepresented graphically in two different ways:

o Wavefronts - lines joining all the points that oscillate in phase and are perpendicular to
the direction of motion (and energy transfer)

o Rays - lines showing the direction of motion (and energy transfer) of the wave that are
perpendicularto the wavefront

WAVEFRONT

° RAY

Wavefronts andrays for transverse waves travelling in a horizontal plane

e Thedistance between successive wavefronts is equal to the wavelength of the waves

¢ Rippletanks are used a common experiment to demonstrate diffraction of waterwaves
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LIGHT SOUR@\ .

SUPPORT —

i
WOODEN BAR / \

SUPPORTED BY
ELASTIC BANDS WATER

/A

I/ / SCREEN

WAVEFRONTS

Wave effects may all be demonstrated using aripple tank

e Thediagram below shows how the wavelengths differ with frequency in a ripple tank
o Thehigher the frequency, the shorter the wavelength
o Thelower the frequency, thelonger the wavelength
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LOW FREQUENCY HIGH FREQUENCY

VIBRATING
WOODEN
BAR

(EJ\/%BRATING MOTOR

WAVELENGTH WAVELENGTH

Ripple tank patterns forlow and high frequency vibration
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Amplitude & Intensity

Intensity
¢ Theintensity of awaveis defined as follows:

Power perunit area

* Intensity is measuredin Wm™2

¢ Poweris definedas:
Therate of energy transfer

e Therefore, intensity can also be defined as:
Therate of energy transfer perunit area

e Forsphericalwaves being emitted by a point source equally in all directions, the intensity
follows aninverse square law with distance from the point source

1
IOC?

¢ Where:
o |=intensity of the wave in watts per metre squared (W m~2)
o r=distance from the point sourcein metres (m)

e Forsphericalwaves being emitted by a point source equally in all directions, the intensity at
the surface of a sphereis calculated using:

| P
TA4m P

¢ Where:
o P=powerinwatts (W)
o r=radius of spherein metres (m)
e Forsphericalwaves being emitted by a point source equally in all directions, the poweris a
constant, therefore therelationship can be expressed as:

’o( PR
P2
¢ Thisis anexample of aninverse square law relationship

|« x2
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INTENSITY AT
SURFACE OF SPHERE

P

| =
472

SOURCE POWER

SPHERE AREA
ATTr2

THE ENERGY TWICE AS FAR FROM THE
SOURCE IS SPREAD OVER FOUR TIMES THE
AREA, HENCE ONE-FOURTH THE INTENSITY.

Intensity decreases by theinverse square law

Intensity Variation with Amplitude

¢ By definition, theintensity of a wave (its power perunit area) is proportional to the energy
transferred by the wave

e Theintensity of awave ata particularpointis related to the amplitude of the wave at that
point

e Theenergy transferred by a wave s proportional to the square of the amplitude

¢ Therefore, theintensity of a wave s proportional to the square of the amplitude

Tx A2

¢ Where:
o |=intensity of the wavein Wm™2
o A=amplitude of the wavein metres (m)

> Worked Example

[
Aperson stands 10 m away from a loudspeaker. The sound produced by the

loudspeakeris very loud, so the person moves 20 m away fromiit.

State the effect of this change on the intensity and the amplitude of the sound
waves heard by the person.

Step 1: Write down the known quantities

o Originaldistance,r;=10 m
o Newdistance,rp,=20m
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Step 2: Write down therelationship between the intensity of a wave and the distance
from the point source producing the wave

1

|x =
2

Step 2: State the newintensity

o Sincethedistancedoubles (r; = 2r;), theintensity is reduced by a factor four

Step 3: Write down the relationship between the intensity of awave and its amplitude
| oc A2
Step 4: State the new amplitude
o Sincetheintensityisreduced by a factor four, the amplitude decreases by half
1

Ao = 7A1
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YOURNOTES

l
Superposition

¢ Theprinciple of superposition states that:

When two or more waves meet, theresultant displacementis the vector sum of the
displacements of theindividual waves

The principle of superposition applies to both transverse andlongitudinal waves
* Interference occurs whenevertwo ormore waves superpose
o Foraclearstationaryinterference pattern, the waves must be of the same:
o Type
o Amplitude
o Frequency
e Theymustalsohave aconstant phase difference

Constructive & Destructive Interference

¢ Constructiveinterference occurs when the waves superpose and have displacements in
the samedirection (both positive orboth negative)
+ Destructiveinterference occurs when the waves superimpose and have displacements
in opposite directions (one positive and one negative)
¢ Whentwo waves with the same amplitude meet at a point, they can:
o Beinphaseandinterfere constructively, so that the displacement of the resultant
waveis double the displacement of each individual wave
o Beinanti-phase andinterfere destructively, so that the displacement of the resultant
waveis equaltozero
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Waves in superposition canundergo constructive or destructive interference

e Superposition occurs forany two waves or pulses that overlap, and canresultin a mix of

constructive and destructiveinterference
o Forexample, the peak of one wave superposes with the peak of anotherwave with a

smallerdisplacement
o Theresultant peak willhave a displacement thatis in the middle of the displacement of

bothwaves

e Superposition can also be demonstrated with two pulses
o Whenthe pulses meet, theresultant displacementis the algebraic sum of the

displacement of the individual pulses
o Afterthe pulses haveinteracted, they then carry onas normal
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*> Worked Example
[

Two overlappingwaves of the same types travel in the same direction. The variation
with xandy displacement of the waveis shown in the figure below.

Y
A

/3 ) ‘9\00

14

300/ 4(

)0 X

Use the principle of superposition to sketch theresultant wave.
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THE GRAPH OF THE SUPERPOSITION OF BOTH WAVES 1l
IS SHOWN IN BLACK BELOW:

A (RESULTANT) =1.4

y' —
J__
Ve
N\
00 x

TO PLOT THE CORRECT AMPLITUDE AT EACH POINT,
SUM THE AMPLITUDE OF BOTH GRAPHS AT THAT POINT.

e.g. AT POINT A - EACH GRAPH HAS A VALUE OF 0.7.
THEREFORE THE SAME POINT WITH THE RESULTANT
SUPERPOSITION IS 0.7x2=1.4
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l
Polarisation

e Transversewaves can oscillatein any plane perpendicular to the direction of motion (and
energy transfer) of the wave
e Suchwaves are saidto beunpolarised
e Whenatransverse waveis polarised, its electric field is only allowed to oscillate in one
fixed plane perpendicularto the direction of motion of the wave
o Atransversewave can be vertically polarised, horizontally polarised, or polarisedin any
direction in between

UNPOLARISED WAVE

DIRECTION OF
_ =7 PROPAGATION

VERTICALLY POLARISED

DIRECTION OF

DIRECTION OF . —7 PROPAGATION
DISPLACEMENT -

—

—
—
—_—
-—

HORIZONTALLY POLARISED

DIRECTION OF
_ —7 PROPAGATION

—
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Diagram showing the displacement of unpolarised and polarised transverse waves

¢ Sincelongitudinalwaves oscillatein the same direction as the direction of motion of the
wave, polarisation of longitudinal waves cannot occur

e Methods of polarisationinclude polarising filters and reflection from a non-metallic plane
surface

Polarising Filters
e Lightwaves canbe polarised by making them pass through a polarising filter called a
polariser
e Thefilterimposesits plane of polarisation on theincident light wave
e Apolariserwith a vertical transmission axis only allows vertical oscillations to be

transmitted through the filter (A)
« Ifvertically polarised lightis incident on a filter with a horizontal transmission axis, no
transmission occurs (B), and the wave is blocked completely

POLARISER

POLARISED LIGHT

V

UNPOLARISED LIGHT

POLARISER ROTATED 80’

NO LIGHT TRANSMITTED

TRANSMISSION AXIS

POLARISED LIGHT
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Diagram showing an unpolarised and polarised wave travelling through polarisers

Polarisation via Reflection

¢ Whenunpolarisedlight reflects from a smooth non-metallic surface, partial plane
polarisation always occurs
o Reflectedlightis polarisedin a plane parallel to the reflecting surface
o This means if the surfaceis horizontal, a proportion of the reflected light will oscillate
morein the horizontal plane than the vertical plane

¢ Polarising sunglasses use this property of reflection in order to reduce the glare coming
from areflective surface (e.g. water)

HORIZONTALLY POLARISED
LIGHT IS BLOCKED

VERTICALLY POLARISED
POLAROID SUNGLASSES ONLY LIGHT PASSES THROUGH

TRANSMIT VERTICALLY
POLARISED LIGHT

Polaroid sunglasses contain vertically oriented polarising filters which block out any
horizontally polarisedlight

UNPOLARISED
v/ LIGHT

GLARE
GREATLY
REDUCED

LIGHT DIRECTLY FROM
LIGHT REFLECTED FROM WATER  |oUN REDUCED SLIGHTLY

BECOMES PARTIALLY POLARISED  |gUT NOT AS MUCH AS
GLARE FROM WATER

WATER

Copyright © Save My Exams. All Rights Reserved
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When sunlight reflects off a horizontal reflective surface (e.g. water) the light becomes YOURNOTES
horizontally polarised. This is where polaroid sunglasses come in useful with their vertically 1
aligned filter

e Asaresult, objects underthe surface of the water can be viewed more clearly
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Polarised, Reflected & Transmitted Beams YOURNOTES
Beams can be polarised, reflected or transmitted {
When beams are polarised, the oscillations of the waves are made to oscillate only in one

plane

o This affects theintensity of the waves
Diagrams demonstrating polarisation willinclude a double-headed arrow showing the
plane of polarisation of the wave

/N N

N
V

V V

|POLARISED LIGHT| UNPOLARISED LIGHT

When beams arereflected, they bounce backin the direction that they have comein by the
sameangle
When beams are transmitted, they travel straight through the medium

o Inboththesecases, thelight can stillbe polarised
Plane polarisation is when the direction of the vibrations stays constant overtime, and the
vibrations are 100 % restricted in that direction
Partial polarisation is when thereis somerestriction to the direction of the vibrations but
not100 %
This can be seen when an unpolarised light beam travels from airto glass

o Thelightis initially unpolarised whenincident on the glass

o Some of thebeamis reflected, partially polarising it

o Some of thebeamis transmitted andrefracted, also partially polarising it
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UNPOLARISED LIGHT | | PARTIALLY POLARISED LIGHT YOURNOTES

i
MPERPENDKZULAR TO
AR PLANE OF PAPER

GLASS

PARTIALLY POLARISED LIGHT

Page 56 of 111

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

YOURNOTES
l
Malus's Law

Intensity of Polarised Light

¢ Theintensity of unpolarisedlightis reduced as aresult of polarisation
« |funpolarisedlight of intensity I passes through a polariser, the intensity of the
transmitted polarised light falls by a half

UNPOLARISED
LIGHT

INTENSITY =1,

_TRANSMISSION
AXIS

VERTICALLY

POLARISER®

Theintensity of polarisedlight transmitted by a polariser is half the intensity of the
unpolarisedlightincident onit

Intensity of Analysed Light
e Thefirstfilterthat the unpolarisedlight goes throughis the polariser
¢ Asecond polarisingfilter placed after the first oneis known as an analyser
o Iftheanalyserhas the same orientation as the polariser, the light transmitted by the
analyserhas the sameintensity as thelightincidentonit
o Ifthey have a different orientation, we mustuse Malus's Law to determine the intensity
of the transmitted light
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[ UNPOLARISED YOURNOTES
LIGHT l
I
INTENSITY =1,
XQENSMISS'ON VERTICALLY
N POLARISED
o LIGHT
/ I
= S ] INTENSITY = 3"
T~ N
\\ i y
| & 17 A\
POLARISER® = v Frel i\
A4 T

ey — [V

When the polariser and the analyser have the same orientation (i.e. parallel transmission
axes), theintensity of analysedlight is the same as the intensity of polarised light

e Malus's Law states thatif the analyseris rotated by an angle dwithrespect to the
polariser, the intensity of thelight transmitted by the analyseris

LIGHT (Wm=2)

INTENSITY OF TRANSMITTED%

| =1,cos?(O)

MAXIMUM INTENSITY (Wm™2)

ANGLE BETWEEN POLARISED
LIGHT AND TRANSMISSION
AXIS (DEGREES OR RADIANS)

o |fthe polariserandthe analyserhave the same orientation, light transmitted by the
analyserhas the sameintensity as light thatis incidentuponit, since cos(0) =1
Io
o Ifvertically polarisedlight with intensity 5 isincidenton an analyserwith a vertical

transmission axis, all of the light will be transmitted through the analyser
o Theintensity willnot decrease between the polariserand the analyser

e |ftheanalyserisrotated by 90° with respect to the polariser (6= 90°), theintensity of the
light transmitted by the analyserwillbe zero, since cos(90°) =0
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o Ifvertically polarisedlightis incident on an analyserwith a horizontal transmission axis, YOURNOTES
none of the light will be transmitted through the analyser

l
o Inthisinstance, allthe light will be absorbed

Table of transmitted intensity when vertically polarised light is incident upon an analyser

Angle of
transmission axis 6

Direction of
transmission
axis

Transmitted
intensity |
cos?8 /Wm-2

Max or min light
intensity
transmitted

/ degrees

o]
4l lo Max
180
90
< 0] 0 Min
270
opsmight © Save My Exams. AllRights Reserved

e Iftheanalyserhas any other orientation with respect to the polarisedlightincidentuponit,
then Malus's Law is used to determine theintensity of the analysed light

1
0
o Thepolarisedlightincident on the analyserwillhave anintensity >

I
0
o Theanalysedlightwillhave anintensity — cos?0
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|, UNPOLARISED YOURNOTES

LIGHT l
I
INTENSITY =1,

VERTICALLY
POLARISED
LIGHT

INTENSITY =

N Ky

POLARISER o "

TRANSMISSION
AXIS

ANALYSER -

TRANSMISSION AXIS
ROTATED BY ©

POLARISED
LIGHT (AT
AN ANGLE)

INTENSITY = %cos’a

When the analyseris rotated withrespect to the polariser by an angle, the intensity of
analysed light variates with cos?6

¢ Theresulting graph of the lightintensity with angle, as the analyseris rotated through 360°,
looks as follows:
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LIGHT YOURNOTES
INTENSITY /N | | !
MAXIMUM —he — — — — — L e = R - -

Ot = = = o o — o — — — —)— —

0] 360
ANGLE /°

Graph showing how the intensity of the analysedlight beam varies with the angle between
the transmission axes of the polariser and analyser

e Themaximumlightintensity | of the graph s still half of the intensity from the unpolarised
light (Io)

1

|polarised = E |unpolarised

¢ Thetwo extremes of maximum light intensity and minimum light intensity depend on the
orientations of just one of the polarisers
e |fanunpolarisedlightsourceis placedin front of two identical polarising filters, Aand B,
with theirtransmission axes parallel:
o Filter Awill polarise the lightin a certain axis
o Allof the polarisedlight will pass through filter B unaffected
o Inthis case, the maximum intensity of lightis transmitted
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TRANSMISSION AXIS W

POLARISED
LIGHT

_\\_

UNPOLARISED

I
I
LIGHT SOURCE /:/ - I
| & ' ~

-

_ Y

When both polarisers have the same transmission axis, the intensity of the transmittedlight
is atits maximum

¢ AsthepolarisingfilterBis rotated anticlockwise, the intensity of the light observed
changes periodically depending on the angle Bis rotated through
¢ When AandB have theirtransmission axes perpendicular to each other:
o Filter Awill polarise the lightin a certain axis
o This timenone of the polarised light will pass through filter B
o Inthis case, the minimumintensity of lightis transmitted

OSCILLATIONS IN ONE
DIRECTION ONLY

NO LIGHT TRANSMITTED
WHEN POLARISERS AT

90" TO EACH OTHER

OSCILLATIONS IN
ALL DIRECTIONS

POLARISERS ¢

When one of the polarisers is rotated through 90°, the intensity of the transmittedlight
drops tozero

*> Worked Example

Unpolarisedlight of intensity I is incident on a polariser. The transmitted polarised
lightis thenincident on an analyser. The transmission axis of the analyser makes an
angle of 45° with the transmission axis of the polariser.

Determine the intensity of light transmitted by the analyser.
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Step 1: Write down the known quantities

o Intensity of unpolarisedlight =1,
o Angle of rotation of analyserwith respect to polariser, 6 =45°

Step 2: Write down Malus's law

0

_20 2
I—2c056

Step 3: Substitute the value of theangle 6 =45°

o Theintensity of light transmitted by the analyseris a quarter the intensity of

unpolarisedlight
o (andonehalf theintensity of light transmitted by the polariser)

O Exam Tip

¥ Rememberthatthe unpolarised light coming through will always halve in intensity
when it becomes polarised through an polariser. Only then should you use Malus'

law to find the intensity of the light afterit has passed through the analyser.
Therefore, thelandlpin Malus' law are the intensities of light that are already

polarised.
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Reflection, Refraction & Transmission

 Whenwaves arrive at a boundary between two materials, they can be:
o Reflected

Refracted

Transmitted

Absorbed

e}

o

o

Reflection
e Reflection occurs when:

Awave hits aboundary between two media and does not pass through, but
instead bounces back to the original medium

e Thelaw of reflection states:

The angle of incidence, i = The angle of reflection, r

- BOUNDARY

_ANGLE OF
REFLECTION

ANGLE OF
INCIDENCE

INCIDENT
RAY

REFLECTED
RAY

Reflection of a wave at aboundary

 When awaveisreflected, some of it may also be absorbed by the medium, transmitted
through the medium, or polarised

e Ataboundary between two media, theincidentray is theray that travels towards the
boundary

Refraction

e Refraction occurs when:

Awave changes speed and direction at the boundary between two media
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This is due to the density of the media
o Ifthemediumis more dense, the wave slows down
o |fthemediumisless dense, the wave speeds up
When awaverefracts, its speed and wavelength change, butits frequency remains the
same
o Thisis noticeable by the fact that the colour of the wave does not change
Both transverse and longitudinal waves canrefract
An example of water waves refractingis when they travel from deeper to shallowerwater
o Thewavelength of the waves decrease in the shallowerwater

N

DEEP WATER SHALLOW WATER

Water waves being refracted at the boundary between deep and shallow water

Transmission

¢ Transmission occurs when:
Awave passes through a substance

¢ Refractionis a type of transmission
o Transmissionis the more general term of a wave appearing on the opposite side of a
boundary (the opposite of reflection)
o Refractionis specifically the changein direction of a wave whenit crosses a boundary
between two materials that have a different density
¢ When passing through a material, waves are usually partially absorbed
¢ Thetransmitted wave willhave a loweramplitude if some absorption has occurred
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ABSORPTION

TRANSMISSION

AANANNA AE- ~
VAVAVAVAVAVZIVAYA YA

P Y . VR . U .
/NS NSNS N\

When a wave passes through a boundary it may be
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l
Reflection

When light hits a smooth plane surface, most of it gets reflected
* Very smoothreflective surfaces (e.g. mirrors) are known as specular planereflectors
e Forthesesurfaces, the law of reflection applies:

The angle of reflectionis equal to the angle of incidence
i=r

¢ Where:
o Theangle of incidence (i) is the angle between theincident ray and the normal
o Theangle of reflection (r) is the angle between thereflected ray and the normal

|

C 4 D
INCIDENT REFLECTED
RAY RAY

Alightray being reflected by a mirror

¢ Thewavelength of thereflectedrayis the same as that of theincident ray
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*> Worked Example !

Alightray is reflected by a mirroras shown in the diagram below.
a) State the angle of reflection

b) Addtheincidentandreflected wavefronts to the diagram

MIRROR

30°

INCIDENT RAY REFLECTED RAY

a) State the angle of reflection
Step 1: Recall the definition of the angle of incidence (i)

o Theangle ofincidenceis the angle between theincidentray and the normal
o Thisisnotthe 30° angle markedin the diagram

i=90°-30°

i=60°

MIRROR

30° i
60°

INCIDENT RAY REFLECTED RAY
Step 2: Recall thelaw of reflection
The angle of reflection is equal to the angle of incidence
Step 3: State theangle of reflection (r)
r=60°
b) Add theincident and reflected wavefronts to the diagram
Step 1: Recall that wavefronts and rays are perpendicular to each other

o Addatleast three equally spaced wavefronts all perpendicularto theincidentray
o Addatleast three equally spaced wavefronts all perpendicularto thereflectedray
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MIRROR
i

INCIDENT RAY e °REFLECTED RAY
INCIDENT REFLECTED
WAVEFRONTS WAVEFRONTS

(') ExamTip

When asked to complete or construct reflection ray diagrams, remember to add:

e arrows onrays to distinguish between incident andreflectedrays
e |abels to distinguish between incident and reflected wavefronts

In most cases, when dealing with light, you will just need to draw rays. However, you
might still be required to draw wavefronts sometimes. Always use a ruler or a straight
edge and a shape pencil fortheray diagrams.

Rememberthat the distance between each wavefront represents the wavelength of
thewave. If youintend on theray not changing wavelength (like in reflection) then
make sure theincident and reflected wavefronts are all equally spaced by the same
amount.

Page 69 of 111

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

YOURNOTES

l
Refraction

* Whenlight crosses the boundary between two media with different optical densities, it
refracts
¢ Attheboundary, thelightundergoes a changeindirection
¢ Thechangein direction depends on which media the lightrays pass between:
o Fromairto glass (less dense to more dense): light bends towards the normal
= Theangle of refraction < theangle of incidence
o Fromglass to air(more densetoless dense): light bends away from the normal
= Theangle of refraction > the angle of incidence
o When passing alongthe normal (perpendicular) the light does not bend at all
= This would be described as transmission

LIGHT BENDS TOWARDS

THE NORMAL
NORMAL
AR NORI\I/IAL
LOW REFRACTIVE | v
INDEX | AIR
GLASS ; GLASS
HIGH REFRACTIVE [
INDEX \/
:
)
1
1 A4
1
1
NORMAL RN
LIGHT BENDS AWAY FROM LIGHT DOES NOT BEND
THE NORMAL AT ALL

Refraction of light through a glass block

¢ Whenlight passes fromaless dense medium to a more dense medium, such as fromairto
glass, therefractedlight has alower speed and a shorter wavelength than the incident
light

¢ Whenlight passes from amore dense medium to aless dense medium, such as from glass
to air, therefractedlight has a higher speed and a longer wavelength than theincidentlight

¢ When more than one boundaryis shown in arefractionray diagram, such as light passing
through a glass block, theincidentray at the second boundary is the refracted ray from the
firstboundary
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GLASS

Alightray beingrefracted at the air-glass boundary

e Togetherwithrefraction, reflection might also occur
o Whenlight travels from aless optically dense mediuminto an optically denser medium,
bothreflection and refraction always occur
o Lighthas to bereflected from the object to the eye in order for objects to be visible
o Some of the energy in theincident lightis reflected back, while someis transmitted

Absolute Refractive Index

¢ Transparent media have different optical densities

¢ Lightis transmitted through these media at different speeds

¢ Theabsoluterefractiveindex, n, of a transparent medium s a measure of its optical
density, and can be calculated as follows:

n=—
14
e Where:

o n=absoluterefractiveindex of the medium

o c=speedoflightinvacuumin metres persecond(ms™)

o v=speedoflightinthe mediumin metres persecond (ms™)

 Thevalue of the speed of lightinavacuumis c=3.00 x 108 ms™' as givenin the data
booklet
¢ Notethat, beingaratio, the absolute refractive indexis a dimensionless quantity
o This means thatithas nounits
e Therefractiveindexof aircanbeassumedtoben=1
e Becausethe speedoflight willalways be faster than the speed of lightin a medium, the
refractive index of any other transparent mediumisn>1

Snell's Law

e Snell'sLawis:

n sin92 \%
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o Where: YOURNOTES

o n=absoluterefractiveindex 1
o @=angles ofincidence andrefraction
o v=speedoflightinmedium

e Snell's Law describes the angle at which light meets the boundary, and the angle at which
lightleaves the boundary, so that the light travels through the media in theleast amount of
time

e Lightcantravelthrough medium1ata speed of v; due to the optical density n; of that
medium
o Lightwillapproach the boundary atangle ¢,
o Thisistheangle ofincidence
¢ Lightcantravelthrough medium 2 at a speed of v, due to the optical density n, of that
medium
o Lightwillleave the boundary atangle 6,
o Thisis theangle of refraction

Snell's Law

¢ Toillustrate this, thereis a classic thought experiment that uses Fermat's Principle of Light
o Fermat's Principle of Light states thatlight will travel between two points along the
path that will take the least amount of time

« Alife guard onabeach sees a swimmerin need of rescue. They canrunat5ms~'onthe
sandandthey can swimat2ms~'inthe water. What s the fastest path to take?

o Thelife guard couldrun onthe sand straight to the water and then swim to the person

o Thelife guard couldrun onthe sand untilthey are parallel to the person, and then swim
directly out tothem

o Thelife guard couldrun andthen swim diagonally in a path thatis a straightline from his
positionin the sand to the position of the swimmerin the water

o Or, thelife guard couldrun diagonally, but so that more of the distance coveredis in the
sandthaninthewater

= Some permutation of this answeris where the fastest path will be found
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Thought Experiment: A life guard needs to find the fastest path toa swimmerin trouble

¢ Usingthis thought experiment, it can be seen that Snell's Law emerges

Snell's Lawin the context of the thought experiment
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e Snell'sLaw canalsobe given as:
nsin G =nysin 6,
e This form of Snell's Law can often be more convenient touse

¢ Whentheincidentrayis perpendicularto the surface of the boundary, its speed changes,
butits direction does not
o Using Snell's Law to explain this
= Theangle ofincidenceis zero, & =0, therefore, nysinO =n, sin 6,
Sin0=0
Anything multiplied by zero is zero, therefore, O =n; sin 6,
Hence, therefracted angle 6, mustalso be zero
So, thereis transmission without refraction

LIGHT RAYs

\%
BOUNDARY _|90° MATERIAL 4
MATERIAL 2

\\

Light travelling along the normal to the boundary between material 1and material 2

Critical Angle and Total Internal Reflection

e Accordingto Snell's law, when light travels from an optically densermediuminto aless
optically dense medium, its speedincreases andit bends away from the normal
o Theangle of refractionis greaterthan the angle of incidence
o Asmallamount of lightis also reflected backinto the optically denser medium

e Astheangle of incidenceincreases, the angle of refraction eventually reaches 90°
e Thisis known as the critical angle 6.:
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The angle of incidence whichresults in an angle of refraction of 90°, after which
point, total internal reflection occurs

e Thecriticalangleisimportantbecause this is the point at which no light enters the new
medium

e Forlight travelling from an optically denser material Tinto a less optically dense material 2

o Iftheangle ofincidenceis smallerthan the criticalangle (6, < 6.), the refractedray
bends away fromthe normal, and the angle of refraction is greater than the angle of
incidence (6,> 6)

o Iftheangle ofincidenceis equalto thecritical angle (6, = 6;), the refractedray lies along
the boundary between the two materials, and the angle of refraction is equalto 90° (6,
=90°)

o Iftheangle ofincidenceis greaterthan the criticalangle (6,> 6.), thereis norefracted
ray, andalllightis reflected backinto material 1(6, = 6)

= Thisis known as total internal reflection

REFRACTED RAY REFRACTED RAY NO REFRACTED RAY.
BENDS AWAY FROM LIES ALONG THE ALL LIGHT IS
THE NORMAL. BOUNDARY. REFLECTED BACK
SOME REFLECTION SOME REFLECTION (TOTAL INTERNAL
OCCURS OCCURS REFLECTION)
| | |
| | |
| | |
| | |
| | |
g I I n,>n,
y L 90° '
BOUNDARY | = | MATERIAL 1
| > ]
N )t |"x_ MATERIAL 2

0, ‘4\

|
|
| ~
|
|
|

£
¥
@

-
7’

91 < ec 91 = ec 91 2 ec

8, > 6, 8, = 90° 9,= 6,

Light travelling from the optically denser material 1into the less optically dense material 2 at
different angles of incidence

¢ Thecriticalangle of material 1can be calculated as follows:
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n, YOURNOTES
sinf =—
) !

¢ Where:
o @ =criticalangle of material 1(°)
o nj=absoluterefractiveindex of material 1
o ny=absoluterefractive index of material 2

*> Worked Example
[

Wavefronts travel from air to water as shown. Add the refracted wavefronts to the
diagram.

AR
WATER

Step 1: Add theincident ray to mark the direction of the incident waves

o Theincidentray must be perpendicularto allwavefronts
o Rememberto addan arrow pointing towards the air-water boundary

INCIDENT
WAVEFRONTS

INCIDENT RAY e

AR
WATER

Step 2: Add the normal at the point of incidence

o Marktheangle of incidence (i) between the normal and the incident ray
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INCIDENT
INCIDENT RAY WAVEFRONTS

AR
WATER

Step 3: Draw therefracted ray into the water

o

Wateris optically denserthan air

Therefractedray mustbend towards the normal

Mark the angle of refraction (r) between the normal and therefractedray
r<i,byeye

o

o

o]

INCIDENT
INCIDENT RAY WAVEFRONTS

AlR
WATER

/ °REFRACTED RAY

Step 4: Add three equally spaced wavefronts, all perpendicular to therefracted ray

o Therefracted wavefronts must be closerto each otherthan theincident wavefronts,
since:

= Thespeedvofthewaves decreasesinwater

= Thefrequency f of the waves stays the same

= Thewavelength 1of the waves in wateris shorterthan the wavelength of the
waves in air iy < Aa, sincev =f1
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INCIDENT
INCIDENT RAY Aa WAVEFRONTS

=]

AR
WATER

Aw

2
—d
REFRACTED WAVEFRONTSLB’—&/
,—°REFRACTED RAY

) Worked Example

Light travels from a material with refractive index 1.2 into air. Determine the critical
angle of the material.

Step 1: Write down the known quantities

o n1=1.2
o n2=1.O

Step 2: Write down the equation for the critical angle 6,

. n;
sinf = n—
1

Step 3: Substitute the numbers into the above equation

sinf. = ﬁ

sinf.=0.83
Step 4: Calculate 6. by taking sin~' of the above equation
0. =sin"10.83

9c = 560

> Worked Example

Lighttravels fromairinto glass. Determine the speed of lightin glass.

e Refractiveindexofair,n;=1.00
e Refractiveindexofglass,no=1.50

Step 1: Write down the known quantities
o n=1 .00
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° nz=150 YOURNOTES
o Fromthe databooklet,c =3 x 108 ms~'(speed of lightin air) 1

Step 2: Write down the relationship between the refractiveindices of airand glass and
the speeds of light in air (vq) and glass (v5)

n_w2

n; vi

Step 3: Rearrange the above equation to calculate v,

ni
V2 =—V1
n2

Step 4: Substitute the numbers into the above equation

012 (1)

vy=2x108ms™!

O Exam Tip
* Always double-checkif your calculations for the refractive index are greaterthan 1.

Otherwise, something has definitely gone wrongin your calculation! The refractive
index of airmight not be given in the question. Always assume that ngjr =1
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Determining Refractive Index

Aim of the Experiment

e Toinvestigate therefraction of light by a perspexblock

Equipment
¢ RayBox-to provide a narrow beam of light to refract through the perspex box
e Protractor-tomeasurethelightbeamangles
e Sheet of paper-tomarkwith lines forangle measurement
¢ Pencil - to make perpendicularline and anglelines on paper
e Ruler-todraw straightlines on the paper
e Perspexblock - torefract thelightbbeam

¢ Resolution of measuring equipment:
o Protractor=1°
o Ruler=Tmm

Variables

¢ Dependentvariable =angle of refraction, r
e Controlvariables:
o Useofthesame perspexblock
o Width of thelight beam
o Same frequency /wavelength of the light

Method
SHEET OF . RAY LEAVING
PAPER PERSPEX BLOCK
GLASS j y
DRAWN PENCIL
- LINES
] y
IE}S;IT \ERAY ENTERING PERSPEX BLOCK]

Apparatus toinvestigate refraction

1. Place the glass block on a sheet of paper, and carefully draw around the block using a
pencil

2. Switch on theray boxanddirect abeam of light at the side face of the block

3.Markon the paper:
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o

Apointontheray close to theray box

The pointwhere theray enters the block

The pointwhere theray exits the block

o Apointontheexitlightray whichis a distance of about 5 cm away from the block

o]

o

4.Draw a dashed line normal (atright angles) to the outline of the block where the points are
5.Remove the block andjoin the points marked with three straightlines
6.Replace the block withinits outline andrepeat the above process foraray striking the block

atadifferentangle

An example of the data collection table is shown below:

Angle of incidence,| Angle of refraction,r

Analysis of Results

jandrare always measured from the normal
Forlightrays entering perspex block, the light ray refracts towards the centralline:

i>r
Forlightrays exiting the perspex block, the light ray refracts away from the centralline:
i<r

When the angle of incidenceis 90° to the perspex block, the light ray does not refract, it
passes straight through the block:

i=r

If the experiment was carried out correctly, the angles should follow the pattern, as shown
below:
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ANGLE OF
INCIDENCE, i

ANGLE OF
REFRACTION, r

How to measure the angle of incidence and angle of refraction

Evaluating the Experiment

Systematic Errors:

e Anerrorcouldoccurif the 90° lines are drawn incorrectly
o Useasetsquaretodraw perpendicularlines

¢ Ifthemirroris distorted, this could affect the reflection angle, so make sure there are little to
no blemishes onit

Random Errors:

¢ Thepoints fortheincoming andreflected beam may beinaccurately marked
o Useasharpenedpenciland markin the middle of the beam

¢ Theprotractorresolution may make it difficult toread the angles accurately
o Usea protractorwith a higherresolution

Safety Considerations

e Therayboxlight could cause burnsif touched
o Runburns undercoldrunning water for atleast five minute

¢ Lookingdirectlyinto thelight may damage the eyes
o Avoidlooking directly at the light
o Standbehindtheray box during the experiment

o Keepallliquids away from the electrical equipment and paper
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Single-Slit Diffraction

» Diffractionis the spreading out of waves when they pass an obstruction
o This obstructionis typically a narrow slitknown as an aperture

APERTURE s
WAVEFRONT e ; DIFFRACTED

' % Z WAVE
\
/

As waves pass through the aperture, they spread out

e Thefrequency of the diffracted waves isless than that of theincident waves, since energy
is distributed over alarger area

¢ Theextent of diffraction depends on the width of the gap compared to the wavelength of
thewave
o Diffractionis the most prominent when the width of the slitis approximately equal to
or smaller than the wavelength
o Asthegapsizeincreases, the effect gradually gets less pronounceduntil, in the case
that the gapis muchlargerthan the wavelength, the waves are no longer spread out
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e ~
- -
WAVELENGTH > GAP SIZE WAVELENGTH << GAP SIZE

The size of the gap (compared to the wavelength) affects how much the waves spread out

¢ Anytype of wave canbe diffractedi.e. sound, light, water
e Theonly property of awave that changes whenits diffracted s its amplitude
o Thisis because some energy is dissipated when a wave s diffracted through a gap

» Diffraction canalsooccurwhen waves curve around an edge:

Vv
\'%

When a wave goes past the edge of a barrier, the waves can curve aroundit
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YOURNOTES
*> Worked Example !
[

An electric guitar studentis practisingin hisroom. He has not completely shut the
door of hisroom, and thereis a gap of about 10 cm between the doorand the door
frame.

Determine the frequencies of sound that are best diffracted through the gap.

The speed of sound can be takentobe 340 ms™!

Step 1: Optimal diffraction happens when the wavelength of the waves is comparable
to (orlarger than) the size of the gap

A=10cm=0.Tm
Step 2: Write down the wave equation
c=f
o wherec=340ms""

Step 3: Rearrange the above equation for the frequency f

f=3400Hz
The frequencies of soundthat are best diffracted through the gap are:

f=<3400Hz

*> Worked Example
[

When awaveis travelling through the air, which scenario best demonstrates
diffraction?

A. UVradiation through a gate post
B. Soundwaves passing a diffraction grating
C. Radiowaves passing between human hair

D. X-rays passing through atoms in a crystalline solid

ANSWER: D
e Diffractionis most prominent when the wavelength is close to the aperture size

ConsideroptionA:
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» UVwaves have awavelength between (4 x10~7) and (1 x 10-8) m so would not be diffracted YOURNOTES
by a gate post 1
o Radiowaves, microwaves orsound waves would be more likely to be diffracted at this
scale

ConsideroptionB:

» Soundwaves have a wavelength of (1.72 x 1072) to 17 m so would not be diffracted by the
diffraction grating
o Infrared, lightandultraviolet waves would be more likely to be diffracted at this scale

Consideroption C:

 Radiowaves have a wavelength of 0.1t010®m so would not be diffracted by human hair
o Infrared, lightandultraviolet waves would be more likely to be diffracted at this scale

ConsideroptionD:

 X-rays haveawavelengthof (1x1078)to (4 x1071%) m
o Thisis a suitable estimate forthe size of the gap between atoms in a crystalline solid
o Hence X-rays could be diffracted by a crystalline solid

¢ Therefore, the correctansweris D

(’) ExamTip
¥ When drawing diffracted waves, take care to keep the wavelength (the distance
between each wavefront) constant.
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Double-SlitInterference

* Interference occurs whenevertwo ormore waves combine to produce a resultant wave
with a new resultant displacement
¢ Thewaves combine according to the principle of superposition
o Constructiveinterference happens when theresultant wave has alarger
displacement than any of theindividual displacements
o Destructiveinterference happens when the positive displacement of onewave and
the negative displacement of anotherwave exactly cancel out giving aresultant
displacement of zero

Coherence

¢ Interferenceis only observable if produced by a coherent source
¢ Waves are saidto be coherentif they have:

o Aconstant phasedifference

o The same frequency

7\ N

AWSNEANANARR
- O U \

vV

U/

N, Na s
(U U

C
r
Vv

CHANGE IN PHASE WITH
ABOVE WAVE

COHERENT v/ NOT COHERENT X

Coherent waves (on the left) and non-coherent waves (on theright). The abrupt changein
phase creates aninconsistent phase difference

e Acoherentbeam of light contains light waves that are monochromatic andhave a
constant phase difference
o Monochromatic light consists of light waves of a single frequency
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e Laserlightis an example of a coherentlight source
e Filamentlamps produceincoherentlight waves

Double-SlitInterference of Light

¢ When a coherent beam of light is incident on two narrow slits very close together,
diffraction occurs ateach slit (i.e. the waves spread out)
¢ Asthediffractedwaves cross, they interfere with each other
o |fascreenis placed somedistance away from the slits, a pattern of equally spaced bright
anddark fringes is observed on the screen
o Thebright fringes form where the waves interfere constructively (i.e. a crestmeets a
crest oratrough meets a trough)
o Thedarkfringes formwhere the waves interfere destructively (i.e. a crestmeets a

trough)
KEY:
@ - CONSTRUCTIVE _ cpesT 4 CREST OR TROUGH + TROUGH
INTERFERENCE
_ DESTRUCTIVE
B S ERE S GEH
5 DARK
COHERENT LIGHT i o 4| BRIGHT
% o|| DARK
5 ¢4¢| BRIGHT
! DARK
5 BRIGHT
|WAVEFRONTS §
5 : DARK
i
i TROUGH:
i | SLITS| [SCREEN4—>

Coherent light waves interfere after passing through two narrow slits. Alternating bright and

dark fringes are observed on the screen
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Path Difference

e Thetype of interference occurring ata given point (i.e. constructive or destructive)
depends on the path difference of the overlapping waves
o Path differenceis definedas:

The differenceindistance travelled by two waves from their sources to the point
where they meet

o Path differenceis generally expressedin multiples of wavelength

PATH DIFFERENCE = A
CONSTRUCTIVE
INTERFERENCE

PATH DIFFERENCE = %
DESTRUCTIVE

INTERFERENCE

At point P, the waves have a path difference of a whole number of wavelengths resulting in
constructiveinterference. At point P;the waves have a path difference of an odd number of
half wavelengths resulting in destructive interference

¢ Inthediagram above, the number of wavelengths between:
o S1=»P1=6Lr

So=»P1=6.5\

Si=Py=7)1

So=»Pyr=6)

[e]

o

o]

¢ The path differenceis:
o (6.5L-61)=A/2atpointP;
o (7r-62) =AatpointP;

¢ Hence:
o Destructiveinterference occurs at point P,
o Constructiveinterference occurs at point P2

Conditions for Constructive and Destructive Interference
¢ Ingeneral, forwaves emitted by two coherent sources very close together:
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o The condition for constructiveinterferenceis:
path difference =ni
o The condition fordestructiveinterferenceis:
path difference =(n+%2)4

o Where:
= ) =wavelength of the wavesin metres (m)
= n=0,1,2,3...(any otherinteger)

¢ The same conditions apply to waves emitted by a single coherent source and diffracted by
two narrow slits very close together

Path Difference and Wavefronts

KEY:
— = CRESTS
— = TROUGHS

POINT P
61
4R
Sy S;

At point P the waves have a path difference of a whole number of wavelengths resultingin
constructiveinterference

¢ Anotherway torepresentwaves spreading out from two sources is shown in the diagram
above
e AtpointP, the number of crests from:
o Source Sy=4)
o Source S; =6\

e Thepath differenceatPis (6L - 4\) =2\
¢ Thisis awhole number of wavelengths (n = 2), hence constructive interference occurs at
pointP
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*> Worked Example
The diagram below is a snapshot of overlapping wavefronts resulting from the
interference of coherent waves diffracted by two narrow slits S;and S,.

| KEY: —— =CRESTS ----=TROUGHS ‘

Foreach of the points shown, determine:

¢ Thepath difference from the sources

¢ Thevalue of ninthe path difference formula
¢ Whetherthey arelocations of constructive ordestructive interference

Step 1: Count the number of wavelengths between each source and the desired point

o E.g.Numberof wavelengths between:

u S] =>A=5)\
m S,=>A=6.5)
Step 2: Determine the path difference by subtracting the distances of the point from

the two sources
o E.g.PathdifferenceatA=(6.51-52) =154
Step 3: Compare the path difference calculated in Step 2 with the conditionfor

constructive or destructive interference and give the valueof n

o E.g.PathdifferenceatA=15A=(n+2)A=n=1
Step 4: Decide whether the pointis alocation of constructive or destructive

interference
o E.g.Aisalocation of destructiveinterference

e PointA:
o Path difference =(6.51-5)1)=1.51

o n:]
o Destructiveinterference

e PointB:
o Path difference =(51-4)) =
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°on=l YOURNOTES

o Constructiveinterference 1

e PointC:
o Path difference=(21-22)=0
o n=0
o Constructiveinterference

e PointD:
o Pathdifference =(5A-4.51) =0.51
o n=0
o Destructiveinterference

e PointE:
o Pathdifference =(4A-3)) =\
o n=1
o Constructiveinterference

(’) Exam Tip

- . . . . .
You are not required to memorise the conditions for constructive and destructive

interference, as these are given in the data booklet.You must be able to determine
the path difference of waves from two sources (or two narrow slits) at a given point.
You can then compare this with the given conditions for constructive and
destructive interference, in order to decide which type of interference occurs at the
point you are considering.
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Double-Slit Equation

Interference Patterns

¢ Interference patterns dependon:
o The coherentlightincident on theslits
o Thedistance between theslits and the screen where theinterference patternis
observed
o Theseparationbetween the slits

e |Inparticular:
o Successive bright fringes are furtherapart from each otherif the wavelength 1 of the
incidentlightis longer

h .
INTERFERENCE
FRINGES SEEN

ON SCREEN WHEN
USING BLUE LIGHT
A =450 nm

Differencein theinterference pattern of red andblue light. Red light has alonger wavelength
thanblue light, so the fringes are more spaced out

INTERFERENCE
FRINGES SEEN

ON SCREEN WHEN
USING RED LIGHT
A =700 nm

o Similarly, bright fringes are more spaced out if the screenis placed furtheraway from
theslits

o Ifthe separation between theslitsis increased, instead successive bright fringes are
closertoeach other

Explaining the Interference Pattern
e Twoslits are separated by alength d,and a screenis placed a distance D away
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[PATH DIFFERENCE = &
| PATH DIFFERENCE = 0 %\

NEXT BRIGHT
FRINGE ABOVE

s (CENTRAL
L BRIGHT FRINGE
T s
SZ
_[[NEXT BRIGHT
|PATH DIFFERENCE = FRINGE BELOW
SUITS

D

Light rays of wavelength Aincident on two slits a distance s apart interferes and form bright
fringes on a screenplacedadistance D away from the slits

¢ Whenlightrays of wavelength 1areincident on the two slits:
o Acentral bright fringe where the two waves have travelled the same distance to the
screen and theirpath differenceis zero
o Anotherbright fringeis formed either side of the central one where the path difference
between the waves is exactly one wavelength
= Thisis constructiveinterference
o Dark fringes (an absence of light) are formed where the path difference between the
waves is some number of wavelengths plus half a wavelength
= Thisis destructiveinterference

e Furtherbright fringes willbe located at each position on the screen where the path
differenceis exactly equal to n number of wavelengths ni

e Forexample:24,34,42...

o Darkfringes arelocatedin between the bright ones, where the path differenceis exactly (n

1
+E)/l
. 1 1 1
o Forexample.lzl, 25/1, 35/1...

Double-Slit Equation
e Theseparation s of successive fringes is given by:
B AD
T d
¢ Where:

o s=separation between successive fringes on the screen (m)
o A=wavelength of the waves incident on the slits (m)
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o D=distance between the screen andtheslits (m)
o d=separation between the slits (m)

* Notethatsis the separation between two successive bright fringes or two successive dark
ones
* Theabove equation shows that the separation between the fringes willincreaseiif:
o Thewavelength of theincidentlightincreases
o Thedistance betweenthe screen andtheslitsincreases
o The separation between the slits decreases

\

BRIGHT FRINGES }BRIGHT FRINGES

QRE FURTHER ARE CLOSER
PART TOGETHER

77
SMALLER SLIT GREATER SLIT
SEPARATION SEPARATION

Dependence of theinterference pattern on the separation between the slits. The further
apart theslits, the closer together the bright fringes

*> Worked Example

In a double-slit experiment, two slits are placed a distance of 0.40 mm apartanda
screenislocated 0.50 maway from the slits.

Coherent electromagnetic waves incident on the slits produce aninterference
pattern onthe screen. The separation between dark fringesis 0.50 cm.

Determine the wavelength and state the type of electromagnetic waves usedin the
experiment.

Step 1: Write down the known quantities

o d=0.40mm=4.0x10"%m
o D=0.50m
o §=0.50cm=5.0x10"3m

Note that you must convert alllengths into metres (m)
Step 2: Write down the double-slit equation

AD
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Step 4: Substitute the numbers into the above equation YOURNOTES
l

(5.0x107) x (4.0 x 107
0.50

A=4.0x10"°m=4.0um

This corresponds to theinfrared area of the electromagnetic spectrum

(') ExamTip

¥ Rememberthatthe separation between dark fringes is exactly the same as the
separation between bright fringes. Whether a question gives you orasks about the
separation between dark fringes instead of bright ones it makes no difference.

Some tricky questions might give you the separation between a bright and a dark
fringe. This is equal to half the value of s!
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The Nature of Standing Waves

¢ Standing waves are produced by the amplitude travellingin opposite directions
e Thisis usually achievedwhen a travelling wave superimposes its reflection
o The superposition produces a wave pattern where the crests and troughs do not move

OUTWARD i
= PULSE

<;j REFLECTED
PLASE =

Formation of a stationary wave on a stretched spring fixed at one end

Formation of Standing Waves
¢ Standingwaves are formed from the principle of superposition. This is when:

Two waves travellingin opposite directions along the sameline with the same
frequency superpose

¢ Theprinciple of superposition applies to alltypes of wavesi.e. transverse andlongitudinal,
progressive and stationary
¢ Thewaves musthave:
o The samewavelength
o Asimilaramplitude

¢ As aresult of superposition, aresultant waveis produced
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M A AR TR A A g |FNE ARLTLE
SAME WAVELENGTH
V VvV V \/ V' V V V7 |same speed

WAVES IN ANTI-PHASE
DESTRUCTIVE INTERFERENCE
OCCURS

DECREASING PHASE
DIFFERENCE

WAVE IN PHASE
CONSTRUCTIVE INTERFERENCE
OCCURS

Agraphical representation of how stationary waves are formed - the black line represents
theresulting wave

Comparing Progressive and Standing Waves

¢ Standingwaves (or stationary waves) store energy
¢ Progressive waves (or travelling waves) transfer energy
* Thetable below outlines the main differences between progressive and stationary waves

Table of Differences Between Progressive and Stationary Waves

Progressive Waves Stationary Waves

All points have the same amplitude Each point has a different amplitude depending

(in turn) on the amount of superposition
Points exactly a wavelength apart Points between nodes are in phase. Points on
are in phase. The phase of points either side of d node are out of phase

within one wavelength can be
between O to 360°

Energy is transferred along the wave | Energy is stored, not transferred

Does not have nodes or antinodes Has nodes and antinodes

The wave speed is the speed at which | Each point on the wave oscillates at adifferent
the wave moves through a medium speed. The overall wave does not move
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YOURNOTES

*> Worked Example !

Atravellingwaveis incident on a barrier. The wave profile is shown below.

The travelling wave reflects off the barrier. The reflected and incident waves
superimpose.

Statewhetherornot a standingwaveis formed.

Forstandingwaves to be formed, the half-cycles of the wave profile must be symmetrical
(i.e.the samebutinverted)

e Forthiswave, the half-cycles are not symmetrical

o Theleadingedgeis straight

o Thetrailingedgeis sinusoidal

¢ Whentheincident andreflected waves superimpose, they willnot cancelout atany point
e Therefore a standingwaveis not formed
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Nodes & Antinodes

e Astandingwaveis madeupnodes andantinodes
o Nodes arelocations of zero amplitude and they are separated by half a wavelength

(A/2)
o Antinodes are locations of maximum amplitude

e Thenodes and antinodes do not move alongthewave
o Nodes are fixed and antinodes only oscillate in the vertical direction

L S~
-
ANTINODE ANTINODE ANTINODE
NODE NODE . NODE NODE

-
e

WAVELENGTH A
~
—

-
T~

Nodes and antinodes of a stationary wave of wavelength Aon a string of length L at a pointin
time

The Formation of Nodes and Antinodes
¢ Nodes are formed as aresult of destructive interference

o The amplitude of both waves cancel out
e Antinodes are formed as a result of constructive interference

o The amplitude of both waves add together
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NODE
(DESTRUCTIVE INTERFERENCE)

ANTINODE
(CONSTRUCTIVE INTERFERENCE)

£

Nodes and antinodes are a result of destructive and constructive interferencerespectively

¢ Atthenodes:
o Thewaves arein anti-phase meaning destructive interference occurs
o This causes the two waves to cancel each otherout

¢ Attheantinodes:
o Thewaves arein phase meaning constructive interference occurs
o This causes thewaves to addtogether

Phase on a Standing Wave

¢ Two points on a standingwave are eitherIn Phase
o Points thathave an odd number of nodes between them arein anti-phase
o Points thathave an evennumber of nodes between them arein phase
o Allpoints withina "loop" arein phase

SEPARATED
BY 2 NODES

IN ANTI-PHASE IN ANTI-PHASE

| SEPARATED BY 1 NODE |

Points A, Band D are all in phase. While points AandD are in antiphase withpoint C
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Which row in the table correctly describes the length of Land thename of Xand Y?

ANSWER: C

STER 4

STEP 2

STER” 3

STEP 4

1, SaveMyExams
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Length L Point X Point Y
5 wavelengths Node Antinode
2;— wavelengths | Antinode Node
2% wavelengths | Node Antinode
5 wavelengths Antinode Node

CALCULATE HOW MANY WAVELENGTHS IN THE
LENGTH OF THE STRING

THIS RULES OUT A AND D

= 2% WAVELENGTHS

X

IS A POINT OF 0O DISPLACEMENT — A NODE

b

IS A POINT OF MAXIMUM DISPLACEMENT — AN ANTINODE

THE CORRECT ROW IS C
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Boundary Conditions

e Stationary waves canform on strings orin pipes
¢ Inboth cases, progressive waves travelin a medium (i.e. the string or air) and superimpose

with theirreflections
¢ Thenumberof nodes and antinodes that fit within the available length of medium depends
on:
o Thefrequency of the progressive waves
o The boundary conditions (i.e. whetherthe progressive waves travel between two
fixed ends, two free ends or a fixed and a free end)

Standing Waves on Stretched Strings
e When guitar strings are plucked, they can vibrate with different frequencies
¢ Thefrequency with which a string vibrates depends on:
o Thetension, whichis adjusted usingrotating 'tuning pegs'
o Themass perunitlength, whichis thereason why a guitar has strings of different
thicknesses

FIXED ENDS|—{NoTES]

Standing wave on a guitar string

e Forastring, the boundary condition can be
o Fixedatbothends
o Freeatbothends
o Oneendfixed, the otherfree

e Atspecific frequencies, known as natural frequencies, an integer number of half

wavelengths will fit on the length of the string
o As progressive waves of different natural frequencies are sent along the string,
standing waves with different numbers of nodes and antinodes form

Standing Waves in Pipes

¢ When the airwithin a pipe vibrates, longitudinal waves travel along the pipe

¢ Simply blowing across the open end of a pipe can produce a standingwavein the pipe

e Forapipe, thereis more than one possible boundary condition, theses are pipes that are:
o Closedatbothends
o Openatbothends
o Closedatoneendandopenontheother

Nodes & Antinodes
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¢ When a progressive wave travels towards a free end for a string, or open end for a pipe:
o Thereflected waveis in phase with theincidentwave
o The amplitudes of theincident and reflected waves addup

o Afreeend

BLAST [ ></ 1
S oF AR[ n

is alocation of maximum displacement - i.e. an antinode

OPEN ENDS F ANTINODES

N
/

™ /// H\\ P
! /’ \ / &

L

Standing waveinside a pipe open at both ends

¢ When a progressive wave travels towards a fixed end for a string, or closed end for a pipe:

(e}

[e]

o

o

The open

Thereflected waveis in anti-phase with the incident wave
The two waves cancel out
Afixedendis alocation of zero displacement - i.e. anode

endis therefore a location of maximum displacement -i.e. an antinode

ANTINODE # FREE END

BLAST
OF AR

; = FIXED
END

|
NODE

Standing waveinside a pipe open at both ends

Page 105 of 111

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

YOURNOTES

l
Harmonics

e Stationary waves can have differentwave patterns, known as harmonics
o These dependon the frequency of the vibration and the boundary conditions (i.e.
fixed and/or free ends)

e Theharmonics are the only frequencies and wavelengths that will form standing waves on
strings orin pipes

Harmonics on Strings

e Theboundary conditionis thatboth ends are fixed
e Thesimplestwave patternis a singleloop made up of two nodes (i.e. the two fixed ends)
andan antinode
o Thisis called the first harmonic
o Thewavelength of this harmonicis 4; = 2L
o Usingthewave equation, the frequencyis f; = v/2L, where vis the wave speed of the
travellingwaves on the string (i.e. theincident wave and the reflected wave)

¢ Asthevibrating frequencyincreases, more complex patterns arise
o The second harmonic has three nodes and two antinodes
o Thethird harmonic has fournodes and three antinodes
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L=A/2

SECOND HARMONIC

T L
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N
\\l

A

L

L=A

THIRD HARMONIC
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W VL VY

L=3A/2
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WAVELENGTH A

NODE

A=2L
A=L

2L
=73

Y
FREQUENCY = -
__V
f= 2L
-V
f= L

3v
f==Y
2L

Diagram showing the first three harmonics on a stretched string fixed at both ends

e Thenth harmonic willhave (n +1) nodes and n antinodes

e The general expression for the wavelength of the nth harmonic on a string that is fixed at

bothendsis:

e Where:

o )\,=wavelengthin metres (m)

o L =length of the stringin metres (m)
o n=integernumbergreaterthanzero-i.e.1,2,3...

¢ Knowingthewavelength ), of the standingwave and the speed v of the travellingwaves

(i.e.incident andreflected), the natural frequency f,, of any harmonic can be calculated
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usingthe wave equationv =f1,, sothat:

Harmonicsin Pipes

* Theboundary conditions vary, since pipes can have:
o twoopenends
o onlyoneopenend

e Forapipethatis openatbothends:
o Thesimplest wave patternis one centralnode andtwo antinodes
o Thesecondharmonic consists of two nodes and three antinodes
The nth harmonic willhave (n +1) antinodes and nnodes
The expression for the wavelength of the nth harmonic in a pipe of length L is the same
as that given above for nth harmonic on a string

(e}

[e]

Diagram showing the first five harmonics in a pipe open at both ends

e Forapipethatis openatoneend:
o Thelowestharmonicis a "half-loop" with one node and one antinode
o Thenext possible harmonic willhave two nodes and two antinodes
= Thisis the thirdharmonic, not the secondone
= Since only odd harmonics can exist under this boundary condition

—_—
K X O [ard]

Diagram showing the first three possible harmonics in a pipe open at one end. Only the odd
harmonics can formin this case
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o The expression forthe wavelength of the nth harmonic in a pipe of length Lis: YOURNOTES
aL i

o Wherethis time, nisanoddnumber-i.e.1,3,5...

¢ Underboth boundary conditions, the natural frequencies are once again calculated from
the wavelength of the standingwave and the speed v of the travellingwaves using the
wave equation

*> Worked Example

[ .
Transverse waves travel along a stretched wire 100 cm long. The speed of the

wavesis 250 ms™.

Determine the maximum harmonic detectable by a personwho canhearup to15
kHz.

Step 1: Write down the known quantities

o L=100cm=1.00m
o v=250ms"!
o fp=15kHz=15000 Hz

Note the conversions:

o Thelength mustbe converted from centimetres (cm) into metres (m)
o Thefrequency must be converted from kilohertz (kHz) into hertz(Hz)

Step 2: Write down the equation for the frequency of the nth harmonic

nv
fn=z

Step 3: Rearrange the above equation to calculate the number n of the maximum
harmonic detectable by the person

2Lf,
\

n=

Step 4: Substitute the numbers into the above equation

_ 2x1.00 x 15000
- 250

n=120

The person can hearup tothe 120th harmonic
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¢) ExamTip YOUR ll\lOTES
* Before carrying out any calculation on standing waves, you should look carefully at

the boundary conditions, since these will determine the wavelengths and natural

frequencies of the harmonics.

The expressions for the wavelength of the nth harmonic on strings fixed at both ends
(orin pipes open at both ends) andin pipes open at one end are not givenin the data
booklet andyou must be able torecall them.

Rememberthat n can take any integervalue greater than zero in the case of standing
waves on strings andin pipes open at both ends. For pipes open at one end, instead,
ncanonly be an oddinteger.
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