HL IB Physics

Wave Phenomena

Contents

Wavefronts & Rays

Reflection, Refraction & Transmission
Diffraction of Waves

Refraction of Waves

Superposition of Waves

Interference of Waves

Young’s Double-Slit Experiment

3 Single-Slit Diffraction (HL)

3 Diffraction Gratings (HL)

K % K % K K%k


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

Wavefronts & Rays

Wavefronts & Rays

= \Waves cantravelin both two and three-dimensions:
= Asurface wave propagatesin two dimensions and has circular wavefronts (like a circle) such as
the surface of water
= Aspherical wave propagatesin three dimensions and has spherical wavefronts (like a sphere)
such as sound orlight

= Waves canberepresented graphically in two different ways:
= Wavefronts - linesjoining all the points that oscillate in phase and are perpendicular to the
direction of motion (and energy transfer)
= Rays - lines showing the direction of motion (and energy transfer) of the wave perpendicular to the
wavefront

= Wavefronts are viewed from above and look like a series of parallel vertical lines
= Peaks are oftenrepresented with a darkerline
= Troughs are represented with a fainterline
= Some diagrams use only peak wavefronts

= Thedistance between successive peak wavefronts or (trough wavefronts) is equal to the wavelength
of the waves
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Reflection, Refraction & Transmission

Reflection, Refraction & Transmission

= Whenwaves arrive at a boundary between two materials, they can be:
= Reflected
= Refracted
= Transmitted
= Absorbed

= |noptics, atransparent materialis called a medium
= Whenreferring to more than one medium these are called media

Reflection

= Reflection occurs when:

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

The law of reflection states:
The angle of incidence, i = The angle of reflection, r

= Whenawaveisreflected, some of it may also be absorbed or transmitted through the medium

At aboundary between two media, the incident ray is the ray that travels towards the boundary
= Duringreflection, the frequency, wavelength and speed of the wave does not change
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Refraction

= Refractionis:

The change in direction of a wave when it passes through a boundary between mediums of different
density

= This change of directionis caused by a change in the speed of different parts of the wavefront as they
hit the boundary
= |noptics, the word mediumis used to describe a transparent material

Conditions forrefraction

= Whenawave travels from aless dense mediuminto a denser medium:
= The more optically dense the medium
= The slower the waves travel
= The smaller the angle of refraction
= Thelightbends towards the normal

= When awave travels from a denser mediuminto aless dense medium:
= Theless optically dense the medium
= Thefaster the waves travel
= The greater the angle of refraction
= Thelight bends away from the normal
= The amount of refraction that takes place is determined by the difference between the angles of
incidence (i) andrefraction (r) of the waves at the boundary
= The angles of incidence andrefraction are measured from the normal line
= Thisisdrawnat 90° to the boundary between the two media

= The amount of change in direction that takes place depends on the differencein
optical density between the two media

= Whenlight passes from aless dense medium to a more dense medium, (e.g. air — glass):
= Therefractedlighthas alower speed and a shorter wavelength than the incident light

= Whenlight passes from a more dense medium to aless dense medium (e.g. glass — air):
= Therefractedlight has a higher speed and alonger wavelength than the incident light

= \Whenawaverefracts, its speed and wavelength change, but its frequency remains the same
= Thisisnoticeable by the fact that the colour of the wave does not change
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= Whenthelightrayisincident onthe boundary at 90°:
= The wave passes straight through without a change in direction
= Thisisbecause the whole wavefront enters the boundary at the same time at the same speed

Refraction of Water Waves

= Refraction canalso occurbetween materials of different depths

= Youmay be asked to explain the behaviour of water waves when they refract between deep and
shallow areas
= \Whenwaves pass from deep to shallow water there is more friction between the seabed and the
wave and less space for the wave to oscillate so the waves:
= Slowdown
= The wavelength of the wave decreases
= Sothedistance between wave peaksisreduced
= Angle of refractionisless thanangle of incidence, r<i
= |fthe waves hit the boundary between the change in depth at an angle then they refract towards the
normal
= Sotheangle of refraction <angle of incidence

Transmission

= Transmission occurs when:
A wave passes through a substance

= Refractionis a type of transmission

= Transmissionis the more general term for a wave appearing on the opposite side of aboundary
(the opposite of reflection)
= Refractionis specifically the change in direction of a wave when it crosses a boundary between
two materials that have a different density
= When passing through a material, waves can be partially absorbed
= The transmitted wave will have alower amplitude if some absorption has occurred

= During transmission, the frequency or speed of the wave does not change

= Reflection, refraction and transmission occur for all types of waves, both transverse and longitudinal
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Diffraction of Waves

Diffraction of Waves

= Diffractionis defined as:
The spreading out of waves after they pass through a narrow gap or around an obstruction

= Diffraction can occurwhenwaves:
= passthrough anaperture
= passaround abarrier

Diffraction through an aperture

= Whenawave passes through a gap oraperture;
= The waves spread out so they have curvature
= The amplitude of the wave is less because the barrier on either side of the gap absorbs wave
energy

= Whenthe wavelength of the wave and the width of the gap is similar then diffraction occurs:
= Whenthe wavelengthis bigger than the gap then more diffraction occurs, so the wave spreads
out more after passing through
= Whenthe wavelengthis smaller than the gap thenless diffraction occurs, so the wave spreads out
less after passing through
= When the wavelength of the wave and the width of the gap are not similar then diffraction does not
occur:
= Forgapsthat are much smaller than the wavelength of the wave, the wave passes over the gap
easily so no diffraction occurs
= Forgaps that are much bigger than the wavelength of the wave, the majority of the wave passes
straight through the gap so no diffraction occurs
= Asthe gap size increases, compared to the wavelength, the amount of curvature on the waves gets
less pronounced
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Diffraction around a barrier

= Diffraction canalso occur when waves curve around an edge or barrier
= The waves spread out to fill the gap behind the object

= The extent of this diffraction also depends upon the wavelength of the waves
= The greater the wavelength then the greater the diffraction

When the barrieris larger than the wavelength:

= Thereis some diffraction around the barrier

= Alotofincidentwaves are reflected back towards the source

= Thereis a"shadow" region behind the barrier where no wavefronts are present
When the barrieris the same size as the wavelength:

= Thereis more diffraction around the barrier

= Thereis asmaller "shadow" region behind the barrier where no wavefronts are present
When the barrier is smaller than the wavelength:

= Nodiffraction occurs around the barrier

= The "shadow" region behind the barrieris very small
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@ Worked example
When awave is travelling through the air, which scenario best demonstrates diffraction?
A. UVradiation through a gate post
B. Soundwaves passing a diffraction grating
C. Radio waves passing between human hair
D. X-rays passing through atoms in a crystalline solid
Answer: D

= Diffractionis most prominent when the wavelengthis close to the aperture size
ConsideroptionA:

= UV waves have awavelength between (4 x 10~7) and (1 x 10-8) m so would not be diffracted by a
gate post
= Radio waves, microwaves or sound waves would be more likely to be diffracted at this scale
Consider option B:

= Soundwaves have awavelength of (1.72 x 10-2) to 17 m so would not be diffracted by the
diffraction grating
= |nfrared, light and ultraviolet waves would be more likely to be diffracted at this scale
Consider optionC:

= Radio waves have a wavelength of 0.1to 10¢ m so would not be diffracted by human hair
= |nfrared, light and ultraviolet waves would be more likely to be diffracted at this scale
Consider optionD:

= X-rayshave awavelengthof (1x1078)to (4 x10¥)m
= Thisis a suitable estimate for the size of the gap between atoms in a crystalline solid
= Hence X-rays could be diffracted by a crystalline solid

= Therefore, the correctanswerisD
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@ Worked example

An electric guitar studentis practising in hisroom. He has not completely shut the door of his room,
andthereis a gap of about 10 cm between the door and the door frame.

Determine the frequencies of sound that are best diffracted through the gap.
The speed of sound can be takento be 340 ms™!
Answer:

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

A=10cm=0.Tm
Step 2: Write down the wave equation
v =1fA

= Where speed of sound,v=340ms"!
Step 3: Rearrange the above equation for the frequency f

f=7

Step 4: Substitute the numbers into the above equation

f= = 3400 Hz

0.1

= The frequencies of sound that are best diffracted through the gap are:
f <3400 Hz
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Refraction of Waves

Snell's Law

= Snell’slaw relates the angle of incidence to the angle of refraction at a boundary between two media
Refractive Index

= Therefractive index, n of a material tells us how optically dense it is
= Therefractiveindex of airisn=1

= Mediathat are more optically dense than air will have arefractive indexofn > 1

= Mediathat areless optically dense than air willhave arefractive indexofn<'1
= The higher therefractive index of a material then the more optically dense and hence the slower light

will travel throughiit
= Therefractive index of a material is calculated using the equation:
c

n=—
1%

= Where:
= n=absoluterefractive index of the medium
= c=speedoflightinavacuuminmetres persecond (ms™),3.00 x 108 ms-!, as giveninthe data
booklet
= v=speed of lightinthe mediumin metres persecond (ms)

= Notethat, beingaratio, the absolute refractive index is a dimensionless quantity
= Thismeansthatithasnounits

Snell's Law

= Snell’slawis given by:

n, _ sin 92 B v,
n, sin 91 v,

= Where:
= n;=therefractive index of material 1
= n,=therefractive indexof material 2
= 0,=the angle of incidence of the ray in material 1
= 0,=theangle of refraction of the ray in material 2
= v;=the speed of the wave in material 1
= v, =the speed of the wave in material 2
= Snell'sLaw describes the angle at which light meets the boundary and the angle at which light leaves
the boundary, so that the light travels through the media in the least amount of time

= Light cantravel through medium1at a speed of v;due to the optical density n, of that medium
= Lightwillapproach the boundary at angle 6,
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= Thisis the angle of incidence

= Lightcantravel throughmedium 2 ataspeedof v due to the optical densityn of that medium
= Light willleave the boundary atangle 6
= Thisisthe angle of refraction

= Snell'sLaw canalso be giveninamore convenient form:

n, sin 01 = n, sin 02
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@ Worked example
Light travels from airinto glass. Determine the speed of lightin glass.

= Refractive index of air,n;=1.00
= Refractive index of glass, no =1.50

Answer:
Step 1: Write down the known quantities

u n7=1.OO
= ny,=150
= Fromthe databooklet,c =3 x108m s~ (speed of lightin air)

Step 2: Write down the relationship between the refractive indices of air and glass and the speeds
of lightin air (v7) and glass (v2)

np vz
ny v

Step 3: Rearrange the above equation to calculate v,

nji
V2 =—V1
nz

Step 4: Substitute the numbers into the above equation

a=30 (310

vp=2x108ms™!
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Critical Angle & Total Internal Reflection (TIR)

= Astheangle of incidence (i) isincreased, the angle of refraction (r) also increases until it gets closer to
90°
= Whenthe angle of refractionis exactly 90° the lightis refracted along the boundary between the two
material
= At this point, the angle of incidence is known as the critical angle 6.

Critical Angle
= Thelargertherefractive index of a material, the smaller the critical angle

= Whenlightis shone at aboundary between two materials, different angles of incidence resultin
different angles of refraction

= Astheangle ofincidenceisincreased, the angle of refraction also increases
= Untilthe angle of incidence reaches the critical angle
= Whenthe angle of incidence = critical angle then:
= Angle of refraction =90°
= Therefractedrayisrefracted along the boundary between the two materials
= Whenthe angle of incidence < critical angle then:
= therayisrefracted and exits the material
= Whenthe angle of incidence > critical angle then:

= therayundergoes total internal reflection
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Critical Angle Equation
= Thecritical angle of material 1is found using the equation:
sinf = —
c Hl

= Where:
= G, =critical angle of material 1(°)
= nj=absolute refractive index of material 1
= ny=absoluterefractive index of material 2

= Thetwo conditions for total internal reflection to occurare:
= Therefractive index of the second medium must be less than the refractive index of the first, no <
= The angle of incidence must be greater than the critical angle, 6;> 6.
Total Internal Reflection

= Totalinternalreflectionis a special case of refraction that occurs when:
= The angle of incidence within the denser medium is greater than the critical angle (/> 8,.)

= Theincidentrefractive index n,is greater than the refractive index of the material at the boundary
n,(n;>ny)
= Totalinternal reflection follows the law of reflection

angle of incidence = angle of reflection
= Adensermedium has a higher refractive index
= Forexample, therefractive index of glass, ng> the refractive indexof air, n,

= Lightraysinside a material with a higher refractive index are more likely to be totally internally
reflected
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@ Worked example

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

Answer:

Step 1: Write down the known quantities

= Refractive index of material1,n;=1.2
= Refractive index of air,n,=1.0
Step 2: Write down the equation for the critical angle 6,

: n
sin@, = —a

nj

Step 3: Substitute the numbers into the above equation

, 1.0
sin@. = 13
sin6.=0.83

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

0c=56°
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Superposition of Waves

Superposition of Waves

= \When two ormore waves arrive at the same point and overlap, theiramplitudes combine
= Thisis called superposition
= The principle of superposition states that:
When two or more waves overlap at a point, the displacement at that point is equal to the sum of the
displacements of the individual waves

= The superposition of surface water waves shows the effect of this overlap
= There are areas of zero displacement, where the wateris flat
= There are areas of increased displacement, where the water waves are higher

= |tispossible to analyse superposition clearly when the waves are drawn on a vertical displacement
(amplitude)-displacement graph

= Interference s the effect of this overlap
= Thisis explainedinthe next Interference of Waves
= |ndividual wave displacements may be positive or negative and are combined in the same way as
othervector quantities
= |tispossible to analyse superposition clearly when the waves are drawn on a displacement-time graph

= Superposition can also be demonstrated with two pulses
= Whenthe pulses meet, the resultant displacement s also the algebraic sum of the displacement
of the individual pulses
= Afterthe pulses haveinteracted, they then carry on as normal
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Interference of Waves

Double Source Interference

= Double-sourceinterference involves producing a diffraction and an interference pattern using either:
= Theinterference of two coherent wave sources
= Asingle wave source passing through a double slit
= Examples of double-sourceinterference include:
= Alaserbeamthat creates bright and dark fringes on a screen
= Two speakers emitting a coherent sound
= Microwaves diffracted through two slits
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Interference

= [nterferenceis the effect observed due to the superposition of two or more waves
= |tcanbe seenclearly whenwaves overlap completely in phase or antiphase
= The maximum amount of superposition occurs when two waves are in phase
= They meet either peak-to-peak or trough-to-trough
= Thisresultsin the two waves adding together
= Thisis called constructive interference
= The minimum amount of superposition occurs when two waves are in antiphase
= They meet peak-to-trough
= Thisresultsinthe two waves cancelling each other out and having zero effect (there is an effect -
that they cancel out)
= Thisis called destructive interference
= Constructive and destructive interference occurs when waves are coherent

Coherence

= Forwaves to be coherent they must have:
= The same frequency
= Aconstant phase difference

= Atpoints where two waves are neitherin phase norin antiphase, the resultant amplitude is somewhere
in between the two extremes
= Examples of interference from coherent light sources are:
= Monochromaticlaserlight
= Soundwaves from two nearby speakers emitting sound of the same frequency
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Constructive & Destructive Interference

= Whetherwaves are in phase orantiphase is determined by their path difference
Path Difference

= Path differenceis defined as:

The difference in distance travelled by two waves from their sources to the point where
they meet

= Pathdifference vs phase difference
= Phase difference compares the distance between the phases (peaks and troughs) of waves that
are normally travelling parallel to each other at a point
= Path difference compares the amount of progress made by waves along a path, so the difference
in the distance travelled by the two waves

Conditions for Constructive and Destructive Interference

= |ngeneral, for waves emitted by two coherent sources very close together:
= The condition for constructive interferenceis:

path difference = nA

= The condition for destructive interferenceis:

| —

)
)

path difference = (11 +

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

Path Difference and Wavefront Diagrams

= Wavefront diagrams show the interference between waves more clearly
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Young’s Double-Slit Experiment

Young's Double Slit Experiment

= Young's double-slit experiment produces a diffraction and aninterference patternusing either:
= Theinterference of two coherent wave sources
= Asingle wave source passing through a double slit
= Lasersare the most common sources used in Young's double slit experiment because the waves must
be:
= Coherent (have a constant phase difference and frequency)
= Monochromatic (have the same wavelength)
= |nthistypical set up for Young's double slit experiment:
= Thelight sourceis placed behind the single slit
= Thelightis then diffracted to produce two sourcesinthe double slitat Aand B
= Thelight from the double slitsis then diffracted, producing a diffraction pattern made up of bright
and dark fringes on ascreen

Diffraction Pattern

= Thediffraction pattern from the interference of the two sources can be seen on the screenwhenitis
placed faraway
= Constructive interference between light rays forms bright strips, also called fringes, interference
fringes ormaxima, on the screen
= Destructive interference forms dark strips, also called dark fringes or minima, on the screen

Interference Pattern

= The Young's double slitinterference pattern shows the regions of constructive and destructive
interference:
= Eachbright fringe is a peak of equal maximum intensity
= Eachdarkfringeis aa trough or minimum of zero intensity
= The maxima are formed by the constructive interference of light
= The minima are formed by the destructive interference of light
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Remember the conditions forinterference as explained in the previous revision note on double source
interference
= Forconstructive interference (or maxima):

path difference = niA

= Fordestructive interference (or minima):

)
)

| —

path difference = (11 +

For the maxima in the interference pattern:
= Thereisusually more than one produced
= nisthe order of the maxima or minima; which represents the position of the maxima away from the
central maximum
= n=0isthe central maximum
= n=1lrepresentsthe first maximum on either side of the central, n = 2 the next one along....

Double Slit Equation

The spacing between the bright or dark fringes in the diffraction pattern formed on the screen canbe
calculated using the double-slit equation:

Where:

= s=separation between successive fringes on the screen(m)
= ) =wavelength of the wavesincident on the slits (m)

= D =distance betweenthe screen and the slits (m)

= d=separationbetween the slits (m)
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Single-Slit Diffraction (HL)

Single Slit Intensity Pattern
Single Slit Diffraction Pattern

= Thediffraction pattern of monochromatic light passing through a single rectangular slit, is a series of
lightand dark fringes on a faraway screen
= Thisis similar to a double slit diffraction pattern:
= The bright fringes are also areas of maximum intensity, produced by the constructive
interference of each part of the wavefront as it passes through the slit
= Thedark fringes are also areas of zero or minimum intensity, produced by the destructive
interference of each part of the wavefront as it passes through the slit

= However, the single and double-slit diffraction patterns are different
= The central maximum of the diffraction patternis:

= Much wider and brighter than the other bright fringes
= Much widerthan that of the double-slit diffraction pattern
= Oneitherside of the wide central maxima for the single slit diffraction pattern are much narrower and
less bright maxima
= These getdimmer as the orderincreases
Single Slit Intensity Pattern

= |falaseremitting blue lightis directed at a single slit, where the slit width is similar in size to the
wavelength of the light, its intensity pattern will be as follows:

= The features of the single slitintensity pattern are:
= The central bright fringe has the greatest intensity of any fringe and is called the central
maximum
= The dark fringes are regions with zero intensity
= Moving away from the central maxima either side, the intensity of each bright fringe getsless

Changes in Wavelength

= Whenthe wavelength passing through the gap isincreased then the wave diffracts more
= Thisincreases the angle of diffraction of the waves as they pass through the slit
= So the width of the bright maxima is also increased
= Redlight
= Which has the longest wavelength of visible light
= Willproduce a diffraction pattern with wide fringes
= Because the angle of diffractionis wider
= Bluelight
= Whichhas a much shorter wavelength
= Willproduce a diffraction pattern with narrow fringes
= Because the angle of diffractionis narrower
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Double Slit Modulation

= Whenlight passes through a double slit two types of interference occur:
= Thediffractedrays passing through one slit interfere with the rays passing through the other
= Rays passing through the same slitinterfere with each other
= This produces a double-slitintensity pattern where the single-slit intensity pattern
modulates (adjusts) the intensity of the light on the screen
= |tlookslike a double-slitinterference patterninscribed in the single-slitintensity pattern

= The single-slitintensity pattern has a distinctive central maximum and subsequent maxima at lower
intensity
= The double-slitinterference pattern has equally spaced intensity peaks with maxima of equal intensity

= Together, the combined double slitintensity pattern has equally spaced bright fringes but now within a
single slit 'envelope’
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Diffraction Gratings (HL)

The Diffraction Grating

= Adiffraction gratingis a piece of optical equipment that also creates a diffraction pattern when light
is passed throughit
= Diffraction gratings diffract::
= Monochromatic lightinto bright and dark fringes
= White lightintoits different wavelength components

= Adiffraction grating consists of a large number of very thin, equally spaced parallel slits carved into a
glassplate

The Diffraction Grating Equation
= Diffraction gratings are useful because they create a sharper pattern than a double slit

= This means their bright fringes are narrower and brighter while their dark regions are wider and
darker

= Justlike for single and double-slit diffraction the regions where constructive interference occurs are
also the regions of maximum intensity
= Theirlocation can be calculated using the diffraction grating equation

= Where:
= nisthe order of the maxima, the number of the maxima away from the central (n = 0)
= disthedistance between the slits on the grating (m)
= fisthe angle of diffraction of the light of order n from the normal as it leaves the diffraction grating
)

= Jisthe wavelength of the light from the source (m)
Number of Slits

= Increasing the number of slits increases the number and intensity of the maxima in the intensity
pattern
= Thisis because more slits means more diffraction and more constructive interference
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Slit Spacing

= Diffraction gratings come in different sizes
= Thesizes are determined by the number of lines per millimetre (lines /mm) orlines perm
= Thisisrepresented by the symbol N
= dcanbe calculated from N using the equation
= |f Nisgiveninterms of lines permm then d willbe in mm
= [fNisgiveninterms oflines permthendwillbeinm

1
d=ﬁ

Angular Separation

= The angular separation of each maximais calculated by rearranging the grating equation to make 6 the
subject
= Theangle 8is taken from the centre meaning the higher orders of n are at greater angles of diffraction

= The angular separation between two angles is found by subtracting the smaller angle from the larger
one
= The angular separation between the first and second maxima at njand nyis 62 - 6;

Orders of Maxima

= The maximum angle of diffraction with which maxima can be seenis when the beamis atright angles to
the diffraction grating
= Thismeans8=90°andsinf=1

= The highest order of maxima visible is therefore calculated by the equation:

>|a

= Sincenisanintegernumber of maxima, if the value obtained is a decimal it must be rounded down to
determine the highest-ordervisible
= E.glfniscalculatedas?2.7 thenn=2is the highest-ordervisible
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The Diffraction of White Light

= Asource of white light diffracted through a diffraction grating will produce the following diffraction
pattern:
= |tis different to that produced by a double orsingle slit
= The first-orderspectrumn =Tis used for analysis
= The centralmaximumis a very thin bright strip because each wavelengthinterferes here constructively
= |tissurrounded by wide dark destructive interference fringes
= Allothermaxima are composed of a spectrum
= Separate diffraction patterns can be observed for each wavelength of light
= The shortest wavelength (violet / blue) would appear nearest to the central maximum because it is
diffracted the least
= Thelongest wavelength (red) would appear furthest from the central maximum becauseiitis
diffracted the most
= The colours look blurry and further away from the central maximum, the fringe spacing gets so small
that the spectra eventually merge without any space between them
= Asthe maxima move further away from the central maximum, the wavelengths
of blue observed decrease and the wavelengths of red observedincrease
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