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Properties of Waves

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

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

Wave Features

* Inorderto describe the properties of travellingwaves, the following keywords need to be
defined:

o Wavelength A(m) is the distance between a point on a wave and the same point on the
next cycle of thewave, e.g. two crests, ortwo troughs

o Amplitude A (m) is the magnitude of the maximum displacementreachedby an
oscillationinthe wave

o Period T(s)is the time taken forone complete oscillation at one point on the wave

o Frequency f(Hz) is the number of complete wave cycles persecond

o Wavespeedc(m s is therate of movement of the wave
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Diagram showing the amplitude and wavelength of a transverse wave



The Wave Equation
The Wave Equation

e This equation links wave speed, frequency and wavelength
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¢ Where:
o v=velocity of thewave (ms™)
o f=frequency of the wave (Hz)
o A=wavelength(m)

¢ Thewave equation tells us that fora wave of constant speed:
o Asthewavelengthincreases, the frequency decreases
o Asthewavelength decreases, the frequencyincreases



Longitudinal Waves
Longitudinal Waves

¢ Alongitudinalwaveis one where the particles oscillate parallel to the;
o Propagation of thewave
o Direction of energy transfer
¢ Longitudinalwaves show areas of
o Highpressure, called compressions
o Low pressure, calledrarefactions

Expansion
Amplitude | = 1

-
Direction

L1
Wavelength Compression

-~
L

Diagram of alongitudinal wave

e Examples of longitudinalwaves are:
o Soundwaves
o Ultrasoundwaves
o P-waves caused by earthquakes

¢ Longitudinalwaves cannot be polarised

Labelling Longitudinal Waves

¢ Youlearned how to describe the properties of awave, such as amplitude and wavelength
atthe start of this topic
o Thediagram shows a wavelength on alongitudinal wave
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(’) ExamTip

“ Questions about longitudinal waves typically start by asking for a definition, so be
ready with a statement about areas of high andlow pressure and the keywords
compression andrarefaction.

Be careful with graphs of waves and don't assume a sinusoidal-shaped graph
represents a transverse wave. Longitudinal waves can also look sinusoidal when
plotted on a graph - make sure you read the question andlook forwhetherthe wave
travels parallel (longitudinal) or perpendicular (transverse) to the direction of travel
to confirm which type of waveitis.



Transverse Waves
Transverse Waves

e Atransversewaveis one where the particles oscillate perpendicular to the direction of the
o Propagation of thewave
o Direction of energy transfer

¢ Transverse waves show areas of crests (peaks) and troughs
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Diagram of a transverse wave

e Examples of transverse waves are:
o Electromagnetic waves e.g.radio, visible light, UV
o Vibrations on a guitarstring
o Waves on arope orslinky

* Transversewaves can be polarised



¢) ExamTip
¥ Questions about transverse waves typically start by asking for a definition, so be
ready with a statement about vibrations or oscillations being perpendicular to the

travel of the wave.



Graphs of Transverse & Longitudinal Waves
Graphs of Transverse Waves

e There aretwo common graphs transverse waves;
o Displacement againstdistance
o Displacementagainsttime
e Theseare:
o Similarbecause they produce a sinusoidal shaped curve
o Different becausedisplacementagainstdistanceis showing displacement of a point
onthewave, butdisplacement against timeis showing the waveitself movingalong a
line

¢ Onthedisplacement-distance graph:
o Movementupwards from the centrelineis given a positive sign and movement
downwards a negative
o The amplitude andwavelength can be found as shown below
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¢ Onthedisplacement-timegraph:
o Thetime period can be taken directly as shown
o This means that frequency can be foundindirectly as f=1/T

¢ Todetermine the next position of a point on the wave
o Sketchthefullwave aftertime has passedby looking at the direction of travel
o Each point oscillates perpendicularto the wave, soremains on the normalline
whereverthe waveintersects, this is shownin red below
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» Plottingdisplacementagainst distance also produces a sinusoidal shaped graph
o This canbe usedto show where the compressions andrarefactions will be found
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Core Practical 6: Investigating the Speed of Sound
Aim of the Experiment

e Tomeasure the speed of soundin airusing an oscilloscope and a signal generator
Variables

¢ Independentvariable = Distance
e Dependentvariable = Phase of received signals
e Controlvariables:
o Samelocationto carry out the experiment
o Foreachsetof readings, the same frequency of sound

Equipment
¢ Signal generatorwith loudspeaker
¢ Oscilloscope with 2-beam facility
¢ Microphone
e 2metrerulers orlmeasuringtape of atleast2mlength
e Connectingleads

Method

1. Connectthe microphone and signal generatorto an oscilloscope, and set up the signal
generatorabout 50 cm from the microphone

2.Setthesignalto about 4 kHz

3.The oscilloscope should trigger when the microphone detects a sound, adjust the time
base sothatthe signal from the generatorand the microphone can be on the screen with
about three cycles visible

4. Adjust the separation so a trough on the uppertrace coincides with a peak on the lower
trace (this makes judging the point where the waves coincide easier)

5.Recordthe distance between the microphone and signal generator (call this distance1,d)

6. Move the microphone furtheraway, watch the traces on the screen 7

7.When the next trough and peak coincide record the new distance (call this distance 2,d )

8.Repeat steps 6 and7 as many times as possiblein the available space (numbering the ,
distances as required)

9. Calculate the mean wavelength of the sound

10.Using the oscilloscope trace find the frequency of the sound
11.Reduce the frequency to around 2 kHz (or half of the original value) and repeat steps 4-10.
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Table of Results:

TIME PERIOD | FREQUENCY
/us /kHz d,/m d,/m dy/m

Analysis of Results
e Thespeedof soundcanbe calculated using the equation:

v=1fA

e Frequencyis foundfrom the time base of the oscilloscope by using

e 1
"
Evaluating the Experiment

Systematic Errors:

¢ Ensurethescale of thetime baseis accounted for correctly
o Thescaleis likely tobe small(e.g. milliseconds) so ensure this is taken into account

when calculating frequency
» Usetheoscilloscope signaltrace to find frequency to avoidrelying on the dial of the signal

generator

Random errors:
e Random errors in taking measurements can be reduced by doing repeat readings and

takingan average
e Thetimeintervalis small so make the distance between the microphone and signal

generatoras large asis practical

Safety Considerations
e Thevoltage andcurrent are low, so normal care with electrical equipment s sufficient

(including checking the leads for any signs of damage)
e Keepsoundatanormallisteningvolume to avoid damage to hearing
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¢) ExamTip

- : . .
When you are answering questions about methods to measure waves, the question
could askyou tocomment on the accuracy of the measurements

When measuring the speed of sound, this experimentis very accurate because the
timingis done automatically so reaction timeis not a factor



Interference & Superposition of Waves
Interference occurs whenever two ormore waves combine to produce aresultant wave
with a new amplitude
Superposition literally means to be positioned over something

o Whenwaves interfere and combine, they do so according to the principle of
superposition

If two wavefronts are travelling towards each other they will combine by superposition and
then pass through

The wavefronts willemerge unchanged on the other side
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¢ Interference due to superposition can be constructive ordestructive
o Constructiveinterference happens when theresultant wave has a largeramplitude
than any of theindividual waves

o Destructiveinterference happens when theresultant wave has a smalleramplitude
than theindividual waves

Coherence

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

o Aconstant phasedifference

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

e Forexample,inlight, a coherentbeam of light contains light waves thatare
monochromatic and have a constant phase difference
o Monochromatic light consists of light waves of a single frequency
o Laserlightis an example of a coherent light source
o Filamentlamps produceincoherentlight waves

(’) Exam Tip

It can sometimes be tricky to identify whether constructive ordestructive
interferenceis taking place. If two waves meet at the same point on each wave e.g.
two crests then the interference will be constructive, if not it will be destructive.



Phase & Path Difference

¢ Waves are saidto be coherent if they have:
o The same frequency
o Aconstant phasedifference

Phase Difference

e Two points on awave, oron different waves, arein phase when they are the same pointin
theirwave cycle
e Theangle between theirwave cyclesis the phase difference
Phase Difference Which angle we start at is arbitrary. We could start the zero
point at any angle around the circle.
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180°
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In radians

Path Difference

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

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

e Path differenceis generally expressedin multiples of wavelength
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At point P, the waves have a path difference of a whole number of wavelengths resultingin
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=»Py=6Lr
o Sy=»Py=6.5L
o S1=Pyr=7
o Sy=»Pr=6)

The path difference at point P1is 6.5 - 6L =LA/ 2

The path difference at point Pyis 7h - 61 =A

¢ Ingeneral:

o Thecondition forconstructiveinterferenceis a path difference of nA

o Thecondition fordestructive interferenceis a path difference of (n +2)A
o Inthiscase, nisanintegeri.e.0,1,2,3...

e Hence:
o Destructiveinterference occurs at point Py
o Constructiveinterference occurs at point P2
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At point P the waves have a path difference of a whole number of wavelengths resultingin
constructiveinterference

¢ Anotherway torepresent waves spreading out from two sources is shown in the diagram
above
At point P, the number of crests from:

o Source Sy=4\

o Source Sy =6\

The path difference atPis 61 - 41=2\
This is a whole number of wavelengths, hence constructive interference occurs at point P



Stationary Waves

e Stationary waves, orstandingwaves, are produced by the superposition of two waves of
the same frequency and amplitude travelling in opposite directions

¢ Thisisusually achieved by a travellingwave andits reflection. The superposition produces
awave pattern where the peaks and troughs do not move
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Formation of a stationary wave on a stretched spring fixed at one end

¢ Inthis section, we willlook at a few experiments that demonstrate stationary waves in
everyday life

Stretched Strings
» Vibrations causedby stationary waves on a stretched string produce sound
o Thisis how stringedinstruments, such as guitars orviolins, work

¢ This canbe demonstrated by an oscillatorvibrating alength of string under tension fixed at
oneend:
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Stationary wave on a stretchedstring

¢ Asthefrequency of the oscillator changes, standing waves with different numbers of
minima (nodes) and maxima (antinodes) form

Microwaves

¢ Amicrowave sourceis placedin line with a reflecting plate and a small detector between
thetwo

e Thereflectorcanbe movedtoandfromthesourcetovary the stationary wave pattern
formed

e Bymovingthedetector, it can pick up the minima (nodes) and maxima (antinodes) of the
stationary wave pattern
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Using microwaves to demonstrate stationary waves

Air Columns

¢ Theformation of stationary waves inside an air column can be produced by sound waves
o Thisis how musicalinstruments, such as clarinets and organs, work

e This canbe demonstrated by placing a fine powderinside the air column and a loudspeaker
attheopenend

* Atcertainfrequencies, the powderforms evenly spaced heaps along the tube, showing
where thereis zero disturbance as a result of the nodes of the stationary wave

Individual Sound Waves or Wave Combinations: As Chosen with the Checkboxes Below.
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e Inorderto produce a stationary wave, there must be a minima (node) atoneendanda
maxima (antinode) at the end with the loudspeaker

Nodes and Antinodes

e Astationary waveis madeupnodes andantinodes
o Nodes are where thereis novibration
o Antinodes are where the vibrations are at theirmaximum amplitude

e Thenodes andantinodes do not move along the string. Nodes are fixed and antinodes only
move in the vertical direction
o Betweennodes, all points along the stationary wave arein phase
o Theimage below shows the nodes and antinodes on a snapshot of a stationary wave
atapointintime
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¢ Listhelength of thestring
¢ Twavelength 1is only a portion of the length of the string



Wave Speed ona Stretched String

The speed of awave travelling along a string with two fixed ends is given by:

Where:
o T=tensioninthestring(N)
o p=mass perunitlength of the string (kgm™")

Atthe fundamental frequency, fo of a stationary wave of length L, the wavelength, 1= 2L
Therefore, according to the wave equation, the speed of the stationary waveis:

v=fl=fx2L

Combining these two equations leads to the equation for the fundamental frequency
(sometimes referred to as the first harmonic):

1 T

Where:
o f=frequency (Hz)
L =thelength of the string(m)
o T=thetensioninthestring(N)
o u=mass perunitlength (kg m

(e}

Mass perunitlength, u can be calculated by dividing the mass of the string by the length of
the string



Core Practical 7: Investigating Stationary Waves

Aims of the Experiment

e Theoverallaim of the experiment is to measure how the frequency of the firstharmonic is
affected by changing one of the following variables:
o Thelength of the string
o Thetensioninthestring
o Strings with different values of mass perunitlength

Variables

¢ Independentvariable = eitherlength, tension, ormass perunit length
¢ Dependentvariable = frequency of the firstharmonic
e Controlvariables
o Iflengthis varied = same masses attached (tension), same string (mass perunit
length)
o Iftensionis varied = samelength of the string, same string (mass perunit length)
o If mass perunitlengthis varied = same masses attached (tension), same length of the
string

Equipment List

Apparatus Purpose

Used to operate the vibration generator and measure the
frequency of the first harmonic
Connected to the signal generator to product the stationary

Signal Generator

Vibration Generator

wave

Retort Stand To provide a stable fixed end on the table

G Clamp or 2 kg To place on the retort, stand to stabilize apparatus

mass

2.0m of string Used to observe the stationary wave

Pulle To allow the masses to hang vertically and introduces less
Y friction than the edge of the table

Wooden Bridge To provide the other fixed end which can vary the length of

the string

Mass hanger + 100g To hang from the pulley to vary the tension in the string

masses
Meter ruler To measure the length of the string
Top-pan balance To measure the mass of the string

¢ Resolution of measuring equipment:
o Metreruler=1mm



o Signalgenerator~10 nHz
o Top-panbalance=0.005¢g

Method
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The setup of apparatus required to measure the frequency of the first harmonic at different
values of length, tension, or mass per unitlength

This methodis an example of the procedure forvarying the length of the string with the
frequency - thisis just one possible relationship that can be tested

1. Setup the apparatus by attaching one end of the string to the vibration generator and
pass the otherend overthe bench pulley and secure to the mass hanger

2. Adjust the position of the bridge so that thelength L is measured from the vibration
generatorto the bridge using a metre ruler

3.Turn on the signal generator to set the string oscillating

4.Increase the frequency of the vibration generator until the first harmonic (nodes at both
ends and an antinode in the middle) is observed andread the frequency that this occurs at

5.Repeat the procedure with differentlengths of L

6.Repeatthe frequencyreadings atleast two more times and take the average of these
measurements

7.Measure the tensionin the stringusing T=mg

o Wheremis the mass attachedto the stringand gis the gravitational field strength on
Earth (9.81N kg™

8.Measure the mass perunitlength of the string, u=mass of string + length of string
o Simply take a known length of the string (Tmis ideal) and measure its mass on a
balance



Evaluating the Experiment

Systematic errors:

¢ Anoscilloscope canbeusedto verify the signal generator’s readings
¢ Thesignal generatorshould be left forabout 20 minutes to stabilise
¢ Themeasurements would have a greater resolutionif the length usedis as large as
possible, oras many half-wavelengths as possible
o This means measurements should span a suitable range, forexample, 20 cmintervals
overatleast1.0m

Randomerrors:

e Thesharpness of resonanceleads to the biggest problemin deciding when the first
harmonicis achieved
o This canberesolved by adjusting the frequency while looking closely at a node. This is
atechniqueto gainthelargestresponse

o Looking atthe amplitudeis likely to be less reliable since the wave will be moving very
fast

¢ When takingrepeat measurements of the frequency, the best procedureis as follows:
o Determinethe frequency of the first harmonic when the largest vibrationis observed
andnote down the frequency at this point
o Increase the frequency andthen gradually reduceituntil the first harmonic is
observedagain and note down this frequency
o Iftakingthreerepeatreadings, repeat this procedure again
o Averagethethreereadings and move on to the next measurement

Safety Considerations

e Usearubberstringinstead of a metal wire, in caseit snaps undertension
¢ |fusingametalwire, wear goggles to protect the eyes

¢ Stand well away from the masses in case they fallonto the floor

¢ Placeacrashmat orasoft surface underthe masses to break their fall
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Equationfor the Intensity of Radiation

e Progressive waves transfer energy
¢ Theamount of energy passing through a unitarea perunit timeis the intensity of the wave
¢ Therefore, theintensity is defined as power perunit area

=%

INTENSITY (Wm-2) ¢
o AREA (m2)

Intensity is equal to the power per unit area

e Theareathewave passes throughis perpendicular to the direction of its velocity
e Theintensity of a progressive waveis also proportional to its amplitude squared and

frequency squared
/E" "PROPORTIONAL TO"

| K Azé{AMPUTUDE (m) |
| X fze’EFREQUENCY (Hz)|

INTENSITY (Wm~2)

Intensity is proportional to the amplitude? and frequency?

e This means, if the frequency orthe amplitudeis doubled, the intensity increases by a factor
of 4(2?)

Spherical Waves

¢ Aspherical waveis a wave from a point source that spreads out equally in all directions

« Theareathewave passes throughis the surface area of a sphere: 412

* Asthewavetravels furtherfrom the source, the energy it carries passes through
increasingly largerareas as shown in the diagram below:
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THE ENERGY TWICE AS FAR FROM THE
SOURCE IS SPREAD OVER FOUR TIMES THE
AREA, HENCE ONE-FOURTH THE INTENSITY.

Intensity is proportional to the amplitude squared

¢ Assumingthere’s no absorption of the wave energy, theintensity | decreases with
increasing distance from the source

 Notetheintensity is proportional to 1/r2
o This means when the sourceis twice as faraway, theintensity is 4 times less

e Thel/r?relationshipis known in physics as the inverse square law



Refraction & Refractive Index

¢ Refraction occurs when light passes a boundary between two different transparent media
¢ Attheboundary, therays of light undergo a change in direction and a change in speed
¢ Thechangeindirectionis causedby the changein speed
o Entering a more dense medium slows the light down andit bends towards the normal
= |nthedensermedium there are more particles closertogether providing more
friction to the passing of the light through the material
o Enteringaless dense medium speeds the light up and it bends away from the normal
o When passing along the normal (perpendicular) the light does not change speed or
direction

LIGHT BENDS TOWARDS

THE NORMAL
NORMAL
AR NORI\I/IAL
LOW REFRACTIVE | v
INDEX | AIR
GLASS ; GLASS
HIGH REFRACTIVE [!
INDEX \/
l
I
1
| A2
1
1
NORMAL AESENAL
LIGHT BENDS AWAY FROM LIGHT DOES NOT BEND
THE NORMAL AT ALL

Refraction of light through a glass block

Calculating Refractive Index

e Therefractiveindex, n, is a property of a material which measures how much light slows
down when passing throughiit

e Where:
o c=thespeedof|ightinavacuum(ms‘1)
o v=thespeedoflightinasubstance(ms™)



e Lighttravels at different speeds within different substances depending on theirrefractive
index
o Amaterial with a high refractiveindexis called optically dense, such material causes
light to travel slower

e Sincethespeedoflightinasubstance willalways beless than the speed of lightina
vacuum, thevalue of the nis always greaterthan1
¢ Incalculations, therefractive index of aircan be taken to be approximately 1
o Thisis becauselight does not slow down significantly when travelling through air(as
opposedto travelling through a vacuum)

Snell's Law

¢ Snell’'slawrelates the angle of incidence to the angle of refraction, itis given by:
n;sin G =n,sin 6,

¢ Where:
o nj=therefractiveindex of material 1
n, =therefractive index of material 2
o @=theangleofincidence of therayin material 1(°)
0, =the angle of refraction of theray in material 2 (°)

o]

]

NORMAL
:
i n, sinB,
8, 1 N - enB
1 sinQ,
1
1
1
: n,
BOUNDARY ' MATERIAL 1
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n2

Snell's Lawis used to find the refractive indices or the angles to the normal at a boundary

e ¢;and 6, are always taken from the normal
o Materiallis always the materialin which the ray goes through first
e Material 2is always the materialin which the ray goes through second



Critical Angle

As the angle of incidenceis increased, the angle of refraction alsoincreases untilit gets to
90°
When the angle of refractionis exactly 90° the lightis refracted along the boundary

o Atthis point, the angle of incidence is known as the critical angle C

This angle can be found using the formula:

, 1
sin(C) = =
n
This can easily be derived from Snell’s law where:
o §=C
o 0,=90°
o N=n

o

no =1(air)



Total Internal Reflection
e Totalinternalreflection (TIR) occurs when:

The angle of incidence is greater than the critical angle and theincident refractive
index n;is greater than the refractiveindex of the material at the boundary n,

e Therefore, the two conditions fortotalinternal reflection are:
o Theangleofincidence, 6;> thecriticalangle, C
o Refractiveindexn;> refractiveindexn, (air)

D

1,

1 I
Refraction Critical angle (c) Total internal Reflection

Diagram showing refraction, the critical angle and total internal reflection

e Two conditions are necessary fortotalinternal reflection to occur:
o Thelight mustbe going from a more dense mediuminto aless dense one
o Theangle of incidence must be greater than the critical angle

Refraction Critical Total Internal
Angle Reflection
Air AT '
Water N Weak
ik -
%
L‘H_,,Reﬂectmn

}_' i ﬂn



O Exam Tip

¥ Ifaskedtonamethe phenomena make sure you give the whole name - Total
Internal Reflection. Remember: Total Internal Reflection occurs when going from a
more dense to aless dense material and ALL of the light is reflected. If asked to
explain whatis meant by the critical angle, you can draw the diagram above
(showing the three semi-circular blocks).



Measuring Refractive Index
Aim of the Experiment

* Toinvestigate therefraction of light through a perspexblock

Equipment
¢ RayBox-to provide a narrow beam of light to refract through the perspex box
Protractor - to measure thelight beam angles
Sheet of paper - to mark with lines forangle measurement
Pencil - to make perpendicularline and angle lines on paper
Ruler - to draw straight lines on the paper
Perspexblock - torefract thelight beam

Variables

e Dependentvariable =angle of refraction, r
e Controlvariables:
o Use of the same perspex block
o Width of thelight beam
o Same frequency/wavelength of thelight

Method

Apparatus toinvestigaterefraction

1.Placethe perspexblock on a sheet of paper, and draw aroundit using a pencil
2.Switch ontheray boxanddirect a beam of light at the side face of the block
3.Mark on the paperwith a small 'x":
o Apointontheray closetotheraybox
The pointwhere theray enters the block
The pointwhere theray exits the block
Apointontheexitlightray whichis a distance of about 5 cm away from the block

o

(e}

(e}



4.Draw a dashedline normal (at right angles) to the outline of the block

5.Remove the block andjoin the points marked 'x' with three straight lines

6. Replace the block withinits outline andrepeat the above process for a ray striking the block
atdifferent angles of incidence

¢ Anexample of the data collection tableis shown below:

Angle of incidence, |  Angle of refraction, r

30°
45°
60°
90°

Analysis of Results

e jandrarealways measuredfrom the normal
e Forlightrays entering perspexblock, the lightray refracts towards the centralline:

i>r
e Forlightrays exiting the perspexblock, the light ray refracts away from the central line:
i<r

* Whentheangle ofincidenceis 90° to the perspex block, the lightray does not refract, it
passes straight through the block:

i=r

» |fthe experiment was carried out correctly, the angles should follow the pattern, as shown
below:



Incident Ray Reflected Ray

Mirror

How to measure the angle of incidence and angle of refraction

Safety Considerations

e Therayboxlight gets hot and could burnif touched
o Runburnsundercoldrunning water for atleast five minutes

e |ookingdirectlyintothelight 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
e Takecareusingthe perspex
o Damagetothe perspexblock can affect the outcome of the experiment

O ExamTip

¥ I your examination you could be asked about the method for this experiment or
given a set of results and asked how accurate they are orhow they can be
improved.



Converging & Diverging Lenses

e Alensis apiece of equipment that forms animage by refracting light
e Therearetwo types of lens:

o Convex

o Concave

Convex Lenses

¢ Inaconvexlens, parallelrays of light are brought to a focus by refraction
o This pointis called the principal focus

e Thislensis sometimes referredto as a converginglens

¢ Thedistance fromthelens to the principal focus is called the focal length
o This depends onhow curved thelensis
o Themore curvedthelens, the shorter the focallength

FOCAL LENGTH
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The focallengthis the distance from the lens to the principal focus

Concave Lenses

e Inaconcavelens, parallelrays of light are made to diverge (spread out) from a point
o Thislensis sometimes referredto as a diverginglens

¢ Theprincipal focus is now the point from which the rays appear to diverge from
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Parallel rays froma concavelens appear to come from the principal focus

(’) Exam Tip

®  Torememberwhichlensis converging ordiverging, think of the following: Convex
lens = Converging

Torememberwhich lens is which, a concavelens goes in at the middle, like a cave.
Okay, not a very exciting cave, but allthe same...



Using Ray Diagrams
Describingimages formed by lenses

e Images are describedusing three concepts
e Theyareeither:
o Real orvirtual
o Biggerthan, the samessize as orsmaller than the object
o Inverted orthe same way up as the object
* Arealimageis one formed by the convergence of rays of light (the rays meet)
o Arealimage canbe projected onto a screen
e Avirtualimageis seenbutnotformedonascreen
o Therays of lighthave not met, they have been perceived by the eye
o Animage viewed through a magnifying glassis a virtualimage
¢ Lensescanbeusedtoformimages of objects placedin front of them
Thelocation (and nature) of theimage can be found by drawing a ray diagram:

Object /

Diagram showing the formation of arealimage by alens

Drawing a Ray Diagram
1. Start by drawing a ray going from the top of the object through the centre of the lens. This
ray willcontinue to travelin a straight line
2. Next draw aray going from the top of the object, travelling parallel to the axis to the lens.
When this ray emerges from the lens it will travel directly towards the principal focus
3.Theimageis found at the point where the two rays meet

e Theabovediagram shows theimage thatis formed when the objectis placed at a distance
between onefocallength (f) and two focal lengths (2f) from the lens
¢ Inthis case,theimageis:
o Real
o Enlarged
o Inverted



¢ Thefollowing diagram shows what happens when the objectis more distanced - further
than twice the focallength (2f) from thelens:
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Diagram showing the formation of a realimage by a lens with the object at distance

¢ Inthis casetheimageis:
o Real
o Diminished (smaller)
o Inverted

o |Ifthe objectis placed at exactly twice the focallength (2f) from the lens:
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Diagram showing the formation of a realimage with the object at 2f

¢ Inthis casetheimageis:
o Real
o Same size as the object
o Inverted

Magnifying glasses

e |fthe objectis placed closertothelens thanthe focal length, the emergingrays diverge

andavirtualimageis formed



¢ Whenviewed from theright-hand side of the lens, the emerging rays appearto come from
apointon theleft. This point can be found by extending the rays backwards (creating virtual
rays)

¢ Avirtualimage willbe seen at the point where these virtualrays cross

Object

Virtual Image

Convex
Mirror

Avirtualimageis formedby the divergence of rays from a point

¢ Inthis casetheimageis:
o Virtual
o Enlarged
o Upright

e Usingalensinthis way allows it to be used as a magnifying glass
¢ Whenusing a magnifying glass, the lens should always be held close to the object

O ExamTip

¥ tis important tounderstand how theimages are formedin both examples, as well as
the type of image formed. You should practice drawing accurate lens diagrams.
They are harder than they look!



Powerofalens

e The power of alensis a measure of its ability to refract light
o Themorerefraction alens causes, the higherits power

¢ The power of alens measures how strongly it focuses the light
o Themore curvedthelens, the shorter the focallength
o Theshorter the focallength, the greater the power of the lens

¢ Thepowerof alensisrelatedto:
o Thefocallength of thelens
o Theshape of thelens

In real spherical lenses
these outer rays do not
focus at exactly the same
point because of spherical
aberration.

For single lenses, the focal |
""""""""" \ length for blue light will be
slightly shorter than that

f = focal length -
1 o \ f for red light. This is called
P= T = lens power Principal facal chromatic aberration.
length

The power of alens depends onits focal length
Calculate the power of alens

e Thepowerofalens, Pis calculated using the following equation:
5 1
o f

e Where:
o P=power(dioptres, D)
o f=focallength of thelens (m)

e Powerisinversely proportional to focal length
e Foraconcavemirror, where the focallength is negative, powerhas a negative value



Thin Lensesin Combination

¢ When multiplelenses are usedin series (one after the other) this is called a compound lens
* Tofindthe total power of a compound lens, find the sum of the powers of the individual
lenses

PTOtaI=P'I+P2+ Pn

e Where:
o Prote=Total power of allthe lenses (dioptre, D)
o P;=poweroflens 1(dioptre, D)
o P, =poweroflens 2 (dioptre, D)

¢ Inthis casetheimageis:
o Virtual
o Diminished
o Upright

¢ Thelenses shouldbe:
o Arrangedso that theirprinciple axes lineup
o Touchingorveryclose



Real & VirtualImages
Real Images

¢ Areformedwhenlightrays from a point on an object pass through another pointin space
o Thelightrays arereally there

¢ Canbeformedonascreen

¢ Areseeninraydiagrams atthe point whererays cross

e Examplesinclude:
o Pictures projected onto awall orscreen
o Theimage formedon theretina

Arealimage canbeprojectedontoascreen

Virtual Images

e Virtualimages are formedwhen lightrays from a point on an object appear to have come
from anotherpointin
space
¢ Thelightrays are notreally where theimage appears to be
¢ Theimage cannot be formed onascreen
¢ Examplesinclude:
o Images seen through a magnifying glass
o Allimages formed by a diverging (concave) lens
o Reflections in a mirror



Virtual ) Real
Mirror

Areflectionina mirroris an example of a virtualimage

Ray diagrams
¢ Raydiagrams can beusedto show whetheranimage will be real orvirtual
« |ftherays from the object naturally cross theimage will bereal
» |ftherays havetobe extended backwards to make them cross, theimageis virtual
o Tosignalvirtualrays they are drawn as dashedlines ratherthan solid ones

Ray diagram for arealimage in a converging lens
1. Start by drawing aray going from the top of the object through the centre of the lens. This

ray willcontinue to travelin a straightline
2.Next draw aray going from the top of the object, travelling parallel to the axis to the lens.
When this ray emerges from the lens it will travel directly towards the principal focus

3.Theimageis found at the point where the above two rays meet

P =1/f Ifin meters}

'l Image
size:

Commaon Gaussian form
of lens equation:

1,1 _1 , -
— o= Linear magnification:
0 | f -i h'

0 h



Diagram showing the formation of arealimage by a lens

¢ Theabovediagram shows theimage thatis formed when the objectis placed at a distance
between onefocallength (f) and two focal lengths (2f) from the lens
e Inthis case, theimageis:
o Real
o Enlarged
o Inverted

Ray diagram for avirtual image in aconverginglens

¢ |fthe objectis placed closertothelens than thefocallength, the emergingrays diverge and
arealimageis nolongerformed

¢ Whenviewed from theright-hand side of thelens, the emergingrays appearto come from
a pointon theleft. This point can be found by extending the rays backwards (creating virtual
rays)

e Avirtualimage willbe seen at the point where these virtualrays cross

Object

Virtual Image

Avirtualimageis formedby the divergence of rays from a point

¢ Inthiscasetheimageis:
o Virtual
o Enlarged
o Upright

¢ Usingalensinthis way allows itto be usedas a magnifying glass
¢ Whenusingamagnifying glass, thelens should always be held close to the object

Ray diagram for avirtualimage in adiverginglens



¢ Theimage formed by a diverginglens is always virtual

¢ Todraw this diagram draw two rays from the top of the object

Oneray passes through the centre of the lens with no refraction

The secondis drawn parallel to the principal axis until it meets the centre of thelens
Theray refracts through the principal focus

Tomake therays cross theline willneed to be extended, forming a virtual meeting point

o

(e}

(e}

o

Object
(upright)

Image
(upright)

Concavelenses only produce virtualimages

e Inthis casetheimageis:
o Virtual
o Diminished
o Upright



The Lens Equation

¢ This equation can be appliedto all thin converging and diverging lenses
¢ Theequationrelates the focal length of the lens to the distances from thelens to the

image andthe object

I 1 1
u v

~

e Where;
o f=focallength(m)
o v=imagedistancefromlens(m)
o u=objectdistance fromlens(m)

A
F 3 A »- P
. o
h, 7 —
2Fy B 2R “F
u : ' f
p u
Convex Lens
Concave Lens
1 1 1
Lens Formula: g —— ==
v u f
. Height of image
Magnification m = - -
Height of Object
v
m =—
u

e This equation only works for thin converging or diverging lenses
o Thevalues are positiveif theimageisreal



Magnification
Magnification as a Ratio of Heights

e Magnification means how much largertheimageis than the object
o Thisis theratio of theimage/object height

h.

m=-=

o

¢ Where:
o m=magnification
o hj=imageheight(m)
o ho=object height(m)

Magnification as a Ratio of Distances

¢ Adiagram of an object andits realimage will produce similar triangles
o Therefore, theratio of magnificationis also represented by comparing distance from
thelens tothe objectandtheimage

M v
y : S — —Pp
[1F)
. g { | N
2F " ;" 9 F oF o
¢ u 3
M1
o Where:

= m=magnification

= v=distance fromlens to object(m)

= y=distancefromlenstoimage(m)
* Since magnificationis aratio, ithas nounits
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Plane Polarisation

Transverse waves can oscillatein any plane perpendicular to the direction of motion (and
energy transfer) of the wave

Such waves are said to be unpolarised

Polarisation occurs when

Particles are only allowed to oscillate in one of the directions perpendicular to the
direction of wave propagation

When a transverse wave s polarised, its electric field is only allowed to oscillate in one
fixed plane perpendicularto the direction of motion of the wave
o ForEMwavesitis the plane of the electric fields oscillation that defines its plane of
polarisation
Atransverse wave can be vertically polarised, horizontally polarised, or polarisedin any
direction in between
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YOURNOTES
UNPOLARISED WAVE !
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HORIZONTALLY POLARISED
DIRECTION OF
_ — =7 PROPAGATION
e

Diagram showing the displacement of unpolarised and polarised transverse waves

¢ Sincelongitudinalwaves oscillate in 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 (also known

as a polariser)
e Thefilterimposesits plane of polarisation on theincidentlight wave
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e Apolariserwith a vertical transmission axis only allows vertical oscillations to be
transmitted through the filter (A)

¢ Ifvertically polarisedlightis incident on a filter with a horizontal transmission axis, no
transmission occurs (B), and the waveis blocked completely

Unpolarized Molecule

sunlight Unpolarized
light

K =
Partially

polarized
light

Polarized light
/

F

Diagram showing an unpolarised and polarised wave travelling through polarisers



Diffraction

Diffractionis the spreading out of waves when they pass an obstruction

Diffraction through agap
e This obstructionis typically a narrow gap (a slit, oraperture)

Y

Y

4

as the wave goes through
the gap it spreads out

« Diffractionis usually represented by a wavefront as shown by the verticalllines in the
diagrams above
¢ Theonly property of a wave that changes whenits diffractedis its amplitude
o Thisis because some energyis dissipated when a wave s diffracted through a gap

Diffraction around an obstacle

e Thediffraction pattern foralarge slitcan be thought of as a wave passing two completely
separate obstacles
o This shows that when a wave meets an obstacle a diffraction pattern forms around the
edges.
o Behindthe obstacle a ‘shadow’ forms where no part of the wavereaches

Factors that affect diffraction

e The effects of diffraction are most prominent when the gap size orobstacleis
approximately the same or smaller than the wavelength of the wave
o Asthesize of the gap orobstacleincreases, the effect gradually gets less pronounced
o Whenthe gapis muchlargerthan the wavelength, the waves are no longer spread out



as the wave goes through the same thing happens if
the gap it spreads out it goes around an obstacle

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

Explaining diffraction
* Huygens developed a model forwave propagation which suggested that every pointon a
wavefront can be considered to be a point source of secondary waves (which he called
wavelets)
o Thisleads to adiagram, called Huygens’ construction, which shows that new
wavefronts are tangential to the secondary wavelets
o Thetangents create the curve of the new wavefront emerging either through the gap
oraroundthe obstacle

Huygens' Construction for Diffraction Through a Gap

incident plane wavefronts

v

crests of smaller amplitude + crests of smaller amplitudea

ariginal crest amplitude



Those point sources which pass through the gap create new wavelets on the other side,
leading to the characteristic curved shape of the diffracted wave

Huygens' Construction for Diffraction Around an Obstacle

(a) | (b) |

Those point sources which pass around the obstacle create new wavelets on the other side,
leaving empty space where the 'shadow' is seen



The Diffraction Grating Equation
» Adiffractiongratingis a plate on which thereis a very large number of parallel, identical,
close-spacedslits

¢ When monochromatic lightisincident on a grating, a pattern of narrow bright fringes is
produced on a screen

2nd orde

Light beam
orger

2nd orde
Diffraction grating plate

screen

Diagram of diffraction grating used to obtain a fringe pattern

¢ Theangles at which the maxima of intensity (constructive interference) are produced can
be deduced by the diffraction grating equation

Diffraction Grating Equation
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Diffraction grating equation for the angle of bright fringes

e Exam questions sometime state the lines perm (or permm, pernm etc.) on the grating
whichis represented by the symbol N

¢ dcan be calculated from N using the equation

1
d=—



Angular Separation

¢ Theangularseparation of each maxima is calculated by rearranging the grating equation to
make 0 the subject
¢ Theanglefis taken fromthe centre meaning the higherorders are at greaterangles

Angular size o

. Distance d |

Angular separation

¢ Theangularseparation between two angles is found by subtracting the smallerangle from
thelargerone
e Theangularseparation between the first and second maxima nyandnyis 6, - 6

Orders of Maxima

¢ Themaximum angle to see orders of maxima is when the beam s atright angles to the
diffraction grating
o Thismeans §=90°andsin =1

e Thehighest order of maxima visible is therefore calculated by the equation:

=)
Il
>|a

* Notethatsincenmustbeaninteger,if thevalueis a decimalit mustbe rounded down
o E.glfniscalculatedas 2.7 thenn =2is the highest ordervisible
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Core Practical 8: Investigating Diffraction Gratings
Aim of the Experiment
¢ Tofindthewavelength of light using a diffraction grating

Variables

¢ Independentvariable = Distance between maxima, h
e Dependentvariable =The angle between the normalandeach order, 6, (wheren =1, 2, 3etc)
e Controlvariables

o Distance between theslitsandthe screen, D

o Laserwavelength A

o Slitseparation, d

Equipment List

Apparatus Purpose

Laser To use as a source of monochromatic light

Single Slit To focus the laser beam onto the double slit (optional)
Double 5lit To diffract the beam into two sources of coherent light
Diffraction Grating To diffract the beam into multiple sources of coherent light
Meter Ruler To measure the distance between the slits and the screen (D)

To measure the fringe width (w) and slit separation (if not

Vernier Calipers quoted on double slit)

Retort Stand To support the laser and slits at the same height
White Screen To project the interference patter on to
Set Square To ensure all components are aligned to the normal perfectly

¢ Resolution of measuring equipment:
o Metreruler=Tmm
o Vernier Callipers =0.0Tmm



Method

1.Placethelaseronaretort stand and the diffraction gratingin front of it

2.Useasetsquaretoensurethe beam passes through the grating at normalincidence and
meets the screen perpendicularly

3.Setthedistance D between the gratingand the screen tobe 1.0 musing a metre ruler

4.Darkentheroomandturnonthelaser

5.ldentify the zero-order maximum (the central beam)

6.Measure the distance hto the nearest two first-order maxima (i.e.n=1,n = 2) using a vernier
calliper

7.Calculatethe mean of these twovalues

8.Measure distance h forincreasing orders

9. Repeat with a diffraction grating with a different number of slits permm

¢ Anexample table mightlook like this:

DISTANCE
BETWEEN MAXIMA

ANGLE
BETWEEN MAXIMA

DIFFRACTION
ORDER
h/m h/m h/m

n 1st READING | 2nd READING | MEAN 8/°

a A~ W N




Analysing the Results
The diffraction grating equationis given by:

nA=dsin0

¢ Where:
o n=theorderof the diffraction pattern
o A=thewavelength of thelaserlight (m)
o d=thedistance between theslits (m)
o f=theanglebetweenthenormalandthe maxima

¢ Thedistance between theslits is equal to:

o =

Z|r

e Where
o N =thenumber of slits per metre (m™)

e Sincetheangleis notsmall, it must be calculated using trigonometry with the
measurements for the distance between maxima, h, and the distance between the slits and
the screen, D

h h
tan 6 = — — O=tanl|—
D D

¢ Calculateamean 6value foreach order
e Calculateameanvalue forthe wavelength of the laserlight and compare the value with the
acceptedwavelength
o Thisisusually 635 nm fora standard schoolredlaser



Evaluating the Experiments
Systematic errors:

Ensure the use of the set square to avoid parallax errorin the measurement of the fringe
width

Using a grating with more lines per mm will result in greatervalues of h. This lowers its
percentage uncertainty

Randomerrors:

The fringe spacing can be subjective depending onits intensity on the screen, therefore,
take multiple measurements of wand h (between 3-8) and find the average

Usea Vernierscaletorecord distances w and h toreduce percentage uncertainty
Reducetheuncertainty inwand h by measuring across all visible fringes and dividing by the
number of fringes

Increase the gratingto screen distance D toincrease the fringe separation (although this
may decrease the intensity of light reaching the screen)

Conduct the experimentin a darkenedroom, so the fringes are clear

Safety Considerations

Lasers shouldbe Class 2 and have a maximum output of no more than 1TmwW
Donotallowlaserbeams to shineinto anyone’s eyes

Removereflective surfaces from theroom to ensure nolaserlightis reflectedinto anyone’s
eyes
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The Wave Nature of Electrons

¢ Electron diffraction was the first clear evidence that matter can behavelike lightand has
wave properties
o Thisis demonstrated using the electron diffraction tube
e Theelectrons are acceleratedin an electron gun to a high potential, suchas 5000V, and
are then directed through a thin film of graphite
o Thelattice structure of the graphite acts like the slits in a diffraction grating
e Theelectrons diffract from the gaps between carbon atoms and produce a circular pattern
on a fluorescent screen made from phosphor

(a)
Forbidden orbit,
_ destructive
Allowed orbit, interference
constructive
interference
2xr’ # ni’,
2nr = nA n = integer
n = integer
‘IWave representing / < Wave representing
electron electron
(b) (©)

Electrons accelerated through a high potential difference demonstrate wave-particle
duality

In orderto observe the diffraction of electrons, they must be focused through a gap similar
totheirsize, such as an atomic lattice
Graphite filmis ideal for this purpose because of its crystalline structure
o The gaps between neighbouring planes of the atoms in the crystals act as slits,
allowing the electron waves to spread out and create a diffraction pattern

The diffraction patternis observed on the screen as a series of concentric rings
o This phenomenonis similarto the diffraction pattern produced when light passes
through a diffraction grating
o Iftheelectrons actedas particles, a pattern would not be observed, instead, the
particles would be distributed uniformly across the screen

e |tis observedthatalargeraccelerating voltage reduces the diameter of a givenring, while a
loweracceleratingvoltage increases the diameter of therings



The de Broglie Equation

¢ Usingideas basedupon the quantumtheory and Einstein’s theory of relativity, de Broglie
theorised that not only do EM waves sometimes behave as particles, but thatvery small,
fast moving particles like electrons could also behave as waves
o Hecalledthese matter waves
* TheBroglie equation relates the wavelength of some particles to theirmass and velocity,
which combine to give theirmomentum
o Hence:

e o A=thedeBrogliewavelength(m)
h =Planck's Constant(Js)

m =mass (kg)

v=velocity (ms™)

o p=momentum (kgms™)

(e}

o

(e}

> Worked Example
[

Determine the de Broglie wavelength of a person of mass 70 kgmoving at2ms™"
and comment onyouranswer.

Step 1: Write the known values

o Mass,m=70kg
o Velocity,v=2ms"!
o Planck's constant,h=6.63x10734Js

Step 2: Write the equation and substitute the values

p= L (6B 107 74 x 10736
T mv 70 %2 e

Step 4: Write the answer to the correct number of significant figures and include units
o deBroglie wavelength of amoving person, 1=4.7 x 1073¢m
Step 5: think about the magnitude of theresult and comment onit

o Theperson does have a de Broglie wavelength but sinceit is about 102° times smaller
than anucleus,itcanbeignored
o People behavelike particles, not waves
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¢) ExamTip
- , . . . .
If you've notbeen given the mass of a particle in a question, make sure to look at
your data sheet which includes the rest mass of various particles



Transmission & Reflection of Waves

¢« Whenwaves areincident on the interface between two different media, they are either
transmitted orreflected
o 'Incidenton'simply means 'to meet'
o Theinterfaceis also called the boundary between media
o Transmitted means to pass through

o (p1,T1) ,« (p2,T2)

tr

¢ When the media have similar densities the energy of the wave is mostly transmitted
¢ When the media have different densities most of the energy is reflected

Reflected wavesin use

* Uses of reflectedwavesinclude:
o Medicalx-rays
o Sonar
o Ultrasoundscans

Transmitted wavesin use

¢ Intheabove examples the waves have to be transmitted through one medium first, before
they arereflected
o X-rays are transmitted through soft tissue
o Sonaris transmitted through airorwater
o Ultrasoundis transmitted through a gel of similar density to the skin so thatitreaches
thetissuesinside the body



Reflection
e Reflection occurs when:

Awave hits aboundary between two media and does not pass through, but
instead stays in the original medium

e Thelaw of reflection states:

The angle of incidence = The angle of reflection

— 7 =5
Before
reflection =
Fixed
@) == poundary
condition
After
reflection =
GR i —
—l ﬁ! : |
Before p .l
reflection
Free
(b) . boundary
Vp condition
After
reflection

Reflection of a wave at aboundary

e Some of the wave may also be absorbed or transmitted
o Echos are examples of soundwaves beingreflected off a surface

¢ Flat surfaces are the most reflective
o Thesmootherthesurface, the strongerthereflectedwaveis

* Roughsurfaces are theleast reflective



o Thisis becausethelight scattersin all directions

e Opaque surfaces willreflectlight whichis not absorbed by the material
o Theelectrons willabsorb thelight energy, then reemitit as areflectedwave

Transmission

¢ Transmission occurs when:
Awave passes through a substance

e Forlightwaves, the more transparent the material, the more light will pass through
o Transmission caninvolve refractionbutitis not exactly the same
o Fortheprocess tocountas transmission, the wave must pass through the material
and emerge from the other side

¢ When passing through a material, waves are usually partially absorbed
o Thetransmitted wave may have aloweramplitude because of some absorption
= Forexample, soundwaves are quieter after they pass through a wall

[ TRANSMISSION
ANANNNANAAA ~
VAVAVAVAVAY4LY,

P, e U . S . U . ¥
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When a wave passes through a boundary it may be absorbed and transmitted



Pulse-Echo Technique
Foetal Scanning

¢ Inmedicine, ultrasound can be usedto constructimages of a foetus in the womb
o Anultrasound detectoris made up of a transducer that produces and detects abeam
of ultrasound waves into the body
o Theultrasoundwaves arereflected backto the transducer by different boundaries
between tissues in the path of the bbeam
o Forexample, the boundary between fluid and soft tissue ortissue and bone

¢ Usingthe speedof soundandthe time of each echo’s return, the detector calculates the
distance fromthe transducerto the tissue boundary

e Gelis putontothe scannersothatthe boundary between theinstrumentandthe skinis of
the same density as the skin, this allows the signal to be easily transmitted

e Bytakinga series of ultrasound measurements, sweeping across an area, the time
measurements may be usedto buildup animage

o Unlike many othermedicalimaging techniques, ultrasound is non-invasive and
harmless

- i A Z

Ultrasound canbeusedto construct animage of a foetus in the womb

Sonar

e Sonaruses ultrasound to detect objects underwater
¢ Thesoundwaveis reflected off the object being tracked
e Examplesinclude;

o Findingfish by fishing fleets

o Military uses looking forunderwatervessels

o Mappingthe ocean bottom



* Thetimeittakes forthe soundwavetoreturnis usedto calculate the depth of the water
¢ Thedistancethewave travelsis twice the depth of the ocean
o Thisis thedistancetothe ocean floorplus the distance forthe wave toreturn

Pulse Duration and Wavelength

¢ Theamount of detail which can be captured (the resolution) of pulse-echo techniques
depends on the wavelength
o Shorter wavelengths have smaller (better) resolution
o More detail can be seen since they diffract (spread out) less
o More energyis needed as short wavelength waves have higher frequency
¢ Wavelengthis chosento be similarin size to the object thatis beingresolved
o This makes best use of diffraction effects

e Pulsedurationis a consideration because ultrasound transducers cannot transmit and
receive pulses at the same time.
o Ifincoming andoutgoing pulses overlap the informationis lostand image quality
suffers
o This affects therange since alongerwait time for pulses to return reduces the amount
of information which can be collected

Dead time ('Listening")
| Pulse Width

1T 1 I
—

PRI,

PRI, PRI, = PRI, = PRI,

=
>

time
e Ultrasoundpulses are very short, only a few microseconds, to reduce reflections from
nearby interfaces
e The gap between pulsesis relatively long, measuredin milliseconds, to prevent overlapping
signals
o This combination of short pulses with relatively large spaces between them produces
the clearestimages



*> Worked Example

Asonarsystemuses ultrasound with frequency of 3.2 kHzto map the ocean floor.

The speed of soundin wateris 1500 ms™.
Anechois detected 3.6 s afterthe pulseis transmitted.
a) Determine the depth of the sea at this point.

b) Suggest aresolution for this ultrasound survey of the seafloor

Part(a)
Step 1: Write the known values from the question

o Frequency, f=3.2kHz=3200 Hz
o Speedofsound,v=1500ms"!
o Time, t=3.6s

Step 2: Write the correct equation and substitute the values
o Distance;
d=vt=1500x3.6=5400m
Step 3: Account for the received signal being an echo

o Totaldistancetravelledbythesignal=5400m
o Depthoftheseafloor=1/2x5400=2700m

Part (b)
Step 1: Write the wave equation and rearrange to make wavelength the subject

v=1fA

Step 2: Calculate to find wavelength

Step 3: Write the final answer to correct significant figures and give units

Theresolution of the signalis similarto the wavelength, andi=0.47m



Wave-Particle Duality

Lightcan behave as a particle (i.e. photons) and a wave
e This phenomenonis called the wave-particle nature of light or wave-particle duality
Lightinteracts with matter, such as electrons, as a particle

o Theevidence forthisis provided by the photoelectric effect

e Lightpropagates through spaceas awave
o Theevidence for this comes from the diffraction andinterference of lightin Young’s
Double Slit experiment

Light as a Particle

¢ Einstein proposedthatlight can be described as a quanta of energy thatbehave as
particles, called photons
¢ Thephoton model of light explains that:
o Electromagnetic waves carry energy in discrete packets called photons
o Theenergy of the photons are quantised according to the equation E = hf
o Inthe photoelectric effect, each electron can absorb only a single photon - this means
only the frequencies of light above the threshold frequency willemit a photoelectron

¢ Thewave theory of light does not support the idea of a threshold frequency

o Thewave theory suggests any frequency of light can giverise to photoelectric
emissionif the exposure timeis long enough

o Thisis because the wave theory suggests the energy absorbed by each electron will
increase gradually with each wave

o Furthermore, the kinetic energy of the emitted electrons shouldincrease with radiation
intensity

o However, in the photoelectric effect, this is not whatis observed

» |fthe frequency of theincidentlightis above the threshold and the intensity of thelightis
increased, more photoelectrons are emitted per second

¢ Although the wave theory provides good explanations forphenomena such as interference
anddiffraction, it fails to explain the photoelectric effect

Compare wave theory and particulate nature of light



The wave theory of light suggests...

This is wrong because...

Any frequency of light can give rise to
photoelectric emission if the
exposure time is long enough

Photoelectrons will be released immediately
if the frequency is above the threshold for
that metal

The energy absorbed by each
electron will increase gradually with
each wave

Energy is absorbed instantaneously -
photoelectrons are either emitted or not
emitted after exposure to light

The kinetic energy of the emitted
electrons should increase with
radiation intensity

If the intensity of the light is increased, more
photoelectrons are emitted per second

Development of the Theory of Wave-Particle Duality

¢ |deas aboutthe nature of light were contested by modern science foraround 300 years
¢ Theevidenceto prove both theories was available

o Some prominent scientists argued light was a wave

o Others contestedthatlightwas a particle
¢ Itwas notuntilthe early 20th century that scientists settled on a theory of duality
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Energy of aPhoton

e Photons are fundamental particles which make up all forms of electromagnetic radiation
e Aphotonis amassless “packet” ora “quantum” of electromagnetic energy
¢ Whatthis meansis that the energy is not transferred continuously, but as discrete packets

of energy
¢ Inotherwords, each photon carries a specific amount of energy, and transfers this energy
allinone go, ratherthan supplying a consistent amount of energy

Calculating Photon Energy
The Relationship between Energy
(E), Frequency (v), Wavelength
(1), and Planck’s Constant (/)

iE:ht) |E=E‘

h=6.626x 103%J.s
c=3.0x10%m/s

e Where;:

o E=energy of the photon (J)
h =Planck's constant(Js)
c =thespeedoflight(ms™)
o f=frequency (Hz)
o A=wavelength(m)

o

(e}

e Thisequationtells us:
o Thehigherthe frequency of EM radiation, the higher the energy of the photon
o Theenergy of a photonisinversely proportional to the wavelength
o Along-wavelength photon of light has alower energy than a shorter-wavelength
photon
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The Photoelectric Effect

¢ The photoelectric effectis the phenomena in which electrons are emitted from the surface
of ametalupon the absorption of electromagnetic radiation
¢ Electrons removed from a metalin this mannerare known as photoelectrons
¢ Thephotoelectric effect provides important evidence that light is quantised, or carriedin
discrete packets
o Thisis shown by the fact each electron can absorb only a single photon
o This means only the frequencies of light above a threshold frequency will emit a

photoelectron
Incident Light Emitted electrons

Metal Surface

Photoelectrons are emitted from the surface of metal when light shines onto it

¢ Thephotoelectric effect can be observed on a gold leaf electroscope
» Aplate of metal, usually zinc, is attached to a gold leaf, which initially has a negative charge,
causingitto berepelled by a central negatively chargedrod
o This causes negative charge, orelectrons, to build up on the zinc plate

¢ UVlightis shone onto the metal plate, leading to the emission of photoelectrons
¢ This causes the extra electrons on the centralrod and gold leaf to be removed, so, the gold
leaf begins to fall back towards the central rod
o Thisis because they becomeless negatively charged, and hencerepelless
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YOURNOTES
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The Photoelectric Equation

e Sinceenergyis always conserved, the energy of anincident photonis equal to:
The work function + the maximum kinetic energy of the photoelectron

e Theenergy within a photonis equalto hf

e This energyis transferred to the electron toreleaseit from a material (the work function) and
theremaining amountis given as kinetic energy to the emitted photoelectron

* This equationis known as the photoelectric equation:

E=hf=0®+V2mv?,.,

e Where:
o h=Planck's constant(Js)
f=the frequency of theincidentradiation (Hz)
o ®=thework function of the material (J)
o Vamv2max= KEmax = the maximum kinetic energy of the photoelectrons (J)

]

e This equation demonstrates:
o Iftheincident photons do not have a high enough frequency and energy to overcome
the work function (@), then no electrons will be emitted
o hfy=®,where fy=threshold frequency, photoelectric emission only just occurs
o KE,,.xdepends only on the frequency of the incident photon, and not the intensity of
theradiation
o The majority of photoelectrons will have kinetic energies less than KE,, 5«

Work Function

e Theworkfunction @, orthreshold energy, of a material, is defined as:

The minimum energy required to release a photoelectron fromthe surface of a
metal

e Considertheelectronsin a metalas trappedinside an ‘energy well’ where the energy
between the surface and the top of the wellis equal to the work function ®

¢ Asingle electron absorbs one photon

e Therefore, an electron can only escape from the surface of the metalif it absorbs a photon
which has an energy equal to ® orhigher
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Graphical Representation of Work Function
¢ Thephotoelectric equation can berearrangedinto the straightline equation:

y=mx+c
e Comparingthis to the photoelectric equation:
KEax=hf-@

¢ Agraph of maximum kinetic energy KE,,,, against frequency f can be obtained

Ekmnx /J /\
GRADIENT =h
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¢ Thekey elements of the graph:
o Thework function @ is the y-intercept
The threshold frequency fpis the x-intercept
The gradientis equaltoPlanck's constanth
o Thereareno electrons emitted below the threshold frequency fo

(e}

o

Threshold Frequency
e Thethresholdfrequencyis defined as:

The minimum frequency of incident electromagnetic radiationrequired toremove a
photoelectron fromthe surface of a metal



The Electronvolt

e Theelectronvoltis a unit whichis commonly used to express very small energies
e Thisis because quantum energies tend to be much smallerthan1Joule
¢ Theelectronvoltis derived from the definition of potential difference:

v-E

* When an electron travels through a potential difference, energy is transferred between two
points in a circuit, orelectric field

« Ifanelectron, with acharge of 1.6 x 1071 C, travels through a potential difference of 1V, the
energy transferredis equalto:

E=QV=1.6x10""Cx1V=1.6x10"7J
e Therefore, an electronvoltis defined as:
The energy gained by an electron travelling through a potential difference of one volt
1eV=1.6x10""7)

Relation to kinetic energy

¢ When a charged particle is accelerated through a potential difference, it gains kinetic
energy
e |fanelectron accelerates fromrest, an electronvolt is equal to the kinetic energy gained:

eV =mv?

¢ Rearrangingthe equation gives the speed of the electron:

> Worked Example
Show that the photon energy of light with wavelength 700nmiis about 1.8 eV.

Step 1: Write the equations for wave speed and photon energy

wave speed: c=fA — f= ;‘;
_he
photon energy: E=hf — E= w

Step 2: Calculate the photon energy in Joules

o he _ (6.63 x 107>%) x (3.0 x 10%)
AT 700 x 107

=284 x10"J



Step 3: Convert the photon energy into electronvolts

1eV=1.6x10"17) J>eV:divideby1.6 x1071?

_IRAx 10T

_ ) _178ev
B %10 .

(') Exam Tip

-
e ToconvertbetweeneVand):

o eV~ J:multiplyby1.6 x10°1?
e J>eV:divideby1.6x101?



The Particle Nature of EM Radiation
The Particle Nature of Light

¢ Inclassicalwave theory, electromagnetic (EM) radiationis assumed to behave as awave

e Thisis demonstrated by the fact EM radiation exhibits phenomena such as diffractionand
interference

e However, experiments from thelast century, such as the photoelectric effect and atomic
line spectra, can only be explainedif EM radiation is assumed to behave as particles

Evidence for the Particle Nature of Light

¢ Thebestevidence forthe particle nature of light comes from the photoelectric effect
e Thisis demonstrated usingthe Gold-leaf Electroscope

Observations of the Gold Leaf Experiment

e Theexplanation forthese observations supports the theory of light as a particle,
specifically a discrete packet (or photon) of energy
o Placingthe UV light source closer to the metal plate causes the gold leaf to fall more
quickly
o Usinga higherfrequency light source does not change how quickly the gold leaf falls
o Usinga filamentlight source causes no changein the goldleaf’s position
o Usinga positively charged plate causes no change in the goldleaf’s position
o Emission of photoelectrons happens as soon as the radiationis incident on the
surface of the metal
e Each of the observationsis explained below



Metal disc
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Typical set-up of the goldleaf electroscope experiment

Placing the UV light source closer to the metal plate causes the gold leaf to
fall more quickly

e Placingthe UV source closertothe plateincreases theintensity incident on the surface of
the metal
o Increasingtheintensity, orbrightness, of theincident radiation increases the number
of photoelectrons emitted persecond
o Therefore, the goldleafloses negative charge more rapidly

Using a higher frequency light source does not change how quickly the
gold leaf falls

¢ The maximum kinetic energy of the emitted electrons increases with the frequency of the
incidentradiation
o Inthecase of the photoelectric effect, energy and frequency areindependent of the
intensity of theradiation
o So,theintensity of theincident radiation affects how quickly the goldleaf falls, not the
frequency

Using a filament light source causes no changein the gold leaf’s position
¢ |ftheincident frequencyis below a certain threshold frequency, no electrons are emitted,
no matterthe intensity of the radiation
o Afilamentlight source has a frequency below the threshold frequency of the metal, so,
no photoelectrons arereleased



Using a positively charged plate causes no change in the gold leaf’s
position
o Iftheplateis positively charged, that means thereis an excess of positive charge on the
surface of the metal plate
o Electrons are negatively charged, so they willnot be emitted unless they are on the
surface of the metal
o Any electrons emitted will be attracted back by positive charges on the surface of the
metal

Emission of photoelectrons happens as soon as theradiationisincidenton
the surface of the metal

¢ Asinglephotoninteracts with a single electron
o Iftheenergy of the photonis equalto the work function of the metal, photoelectrons
willbereleasedinstantaneously



Atomic Line Spectra

¢ Anemissionline spectrumis produced when:

An excited electronin an atom moves from a higher to alower energy level and
emits a photonwith an energy corresponding to the difference between these
energy levels

e Eachelementproduces a unique emissionline spectrum due toits unique set of energy
levels
o Hotgases produce emissionline spectra, such as stars
* Whenthe atoms of a gas are excited, electrons gain energy and move to higherenergy
levels

e Electrons cannotstayin a continuous state of excitation, so they willmove back to lower
energy levels through de-excitation

o During de-excitation, energy must be conserved, so transitions resultin an emission
of photons with discrete frequencies (or wavelengths) specific to that element

o Sincethere are many possible electron transitions foreach atom, there are many
differentradiated wavelengths

o This creates aline spectrum consisting of a series of bright lines againsta dark
background

o Anemissionline spectrum acts as a fingerprint of the element
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An example of the emission line spectrum of hydrogen

e Eachline of the emission spectrum corresponds to a different energy level transition within
theatom
o Electrons can transition between energy levels absorbing or emitting a discrete
amount of energy
o Anexcited electron can transition down to the next energy level ormove to a further
level closerto the groundstate
¢ Forexample, if an atomhas six energy levels:
o Atlowtemperatures, mostelectrons willoccupy the groundstaten =1
o Athightemperatures, electrons may be excited to the most excited staten=6

e Theenergy of aphotonis given by the equation:

E=hf
e Usingenergy can be written as:

\ hc

2

¢ Where:

o E=energy of the photon (J)
h =Planck's constant(Js)
c=speedoflight(ms™)
o f=frequency (Hz)
o A=wavelength(m)

o

o

¢ Theenergy required to move from one energy level to anotheris given by the difference of
energy between the two energy levels:

AE=E-E,

e Where:
o E;=energy associatedwith thelevel that the electron has left (eV)
o E,=energy associated with thelevel that the electron moves to (eV)

¢ Thedifference of energy corresponds to the energy of the absorbed (or emitted) photon:

AE=E;-Eo=hf he
=Ei-Ea=hf=—>

¢ Foreach transition, a photon willbe emitted with a specific wavelength
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¢ Inthecaseof hydrogen, allwavelengths arein thevisiblerange:
o Fromn=6ton=2-violet

Fromn=5ton=2-blue

Fromn=4ton=2-lightblue

Fromn=3ton=2-red

o

o

o

If the emitted photons arein the visible range, wavelengths can be representedas lines of
therespective colouragainst ablack background

« Emittedphotons can have arange of wavelengths spanning the whole electromagnetic
spectrum
o Thewavelengthis inversely proportional to the energy level transition associated with
the emitted photon
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