E. AQMhySK:S A Turning points in Physics

Chapter 2 Wavel particle duality
2.1 Early theories of light

Learning objectives:

What was Newtonés corpuscular theory of [|ight?-
What did corpuscular theory predict should be
observed in Youngdéds double slits experiment?

What does Young@aimehtoallbl e sl its ex
us about the nature of light?

Newt onds corpuscular theory of 11

Newton i magined a |ight ray as a stream of tiny
developed his ideas to explain reflection and refraction.

A When a light rays reflected by a plane mirror, Newton said the corpuscles bounce off the
mirror without loss of speed. To explain the law of reflection, he said that the normal
component of velocityy, of eachcorpusclds reversed and the component of velocity
paralld to the mirror v_. is unchangedrigure 1 shows the ideSince the magnitude of
normal and parallel components of velocity are unchanged on reflection, it can be shown that
the angle of reflectigrr, is equalto the angle of incidence,

normal

plane mirror
reflected

corpuscle

incident
corpuscle

Figure 1 Reflection of light according to Newton

A When a light ray isefracted on passing from air into a transparent substance, Newton said
the corpuscles are attracted ithe substance so they travel faster in the substance than in air
To explain the law of refiction, he said that the component of velocity perpendicular to the
boundary of each corpuscle is increased as the corpuscle crosses the boundary into the
substance and the component of velocity parallel to the boundary is uncHaiggesl 2
shows the ida.
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Figure 2 Refraction of light according to Newton

Refraction was looked at in Topic 13.1A4% Physics A

The wave theory of light put forward by Huygens at roughly the same time also explained

reflection and refraction of lighH u y g e n s Gion efxefldctimmaad refrdion assumed light

waves traveslowerin a transparent substance than inHie wave theory of light was rejected

by most scientists in favour of Newtonbdés corpusc

A It was not possible to measure the spafijht in air or in a transparent substance at that

time so there was no experimental evidence showing whether light travels faster or slower in
a transparent substance than in air.

Newton had a much stronger scientific reputation than Huygens so nardisss thought

Ne wt d¢haodywas correct

The wave theory dfght was considered in terms of longitudimevesso could not explain
polarisation of light.

)

)
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The significance of Youngod6s doubl

experiment

Newt onds cor pus c uptaltheotylofdightrfor over 459 years wntil Bhontag

Young in 1803 showed that light passed through double slits produces an interference pattern

Since interference is a wave property, Youngbs e
light consistof corpusclesFigure 3 represents light waves from a single slit S passing through

double slits where the waves spread out because they undergo diffraction as they pass through the

slits. The double slits act as coherent sources of waves so thérerasdrom each of the slits

produce an interference pattern where they ovepagucingparallel equally spaced bright and

dark fringes.

screen
lamp
-l |
_l\ )
single slit
interference fringes
observed in the ‘ I)
overlap region
Figure3Youngds double slits

A Each bright fringe is formed where light waves from each slit arrive in phase so they
reinforce one another

A Each dark fringe is formed where light waves from eactasiite 180 out of phaseand
therefore cancel each other out.

The number of fringes observed depends on the slit spacing and the width of eabke $litther
the slits ae from each other.&. the larger the slit spacinghe smaller the fringe spacing is. The
narrower the slits, the greater the amount of diffraction so the overlap region is.Jreetefore,
more fringes are observed using widely spaced slits compkrsely spaced slits of the same
width.

Newtonébés corpuscular theory of | ight predicted t
two bright fringes would be seen corresponding to light passing through each slit. Figure 4 shows

the idea. Clearly, #hcorpuscular theory could not explain the observed interference patterns

whereas wave theory could.

Interference was looked at in Topic 13.4A8 Physics A
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Youngb6s doubl e s lthatlight uadergoes iritenferemde wrdch is avpgogerty of
waves. However, the wave theory of light was not accepted even after Yeomogstrated
interference of light for the reasons stated earlier. This was until it was sxperimentallythat

light in watertravels slower than light in air. With this experimental evidence, scientists realised
that light is a waveform and it must be transverse rather than longitudinal in order to explain
polarisation

Figure 4 The corpuscular theory prediction

Summary questions
1 State two dif f er etheereofligh and that of Huyges.wt on 6 s

2 Explain with the aid of a diagram how Newton explained the refraction of a light ray when the light ray
passes from air into glass.

3 a Describe the fringe pattern obserlanedyitconld Youngés do
not be explained using Newtonds theory of 1ight.

b Use the wavéheory oflight to explainthe formationof the interference fringes.
4 a State one reason why Newt opreferencetleggegned Lt hebt ywas

b Give one reason why the wave theory of light wasacceptedmmediately after Youngrst
demonstratethat interference is a property of light.
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2.2 The discovery of electromagnetic waves

Learning objectives:

What are electromagnetic waves?

What did Maxwell prove about the speed of
electromagnetic waves?

How were radio waves first produced and
detected?

Maxwel |l 6s theory of electromagnet

The wave theory of light developed into the theory of electromagnetic wiviesvas as a result

of theoreical work by James Clark Maxwell who showed mathematically in 1865 that a changing
current in a wire creates waves of changing electric and magnetic fields that radiate from the
wire. Maxwell showed that the waves are transverse in nature and thatdine @laves are in

phase with and perpendicular to the magnetic waves as shown in Figure 1.

View along direction
of wave

__ Electricfield ”""‘+
My

Direction
of wave

Magnetic field
Figure 1 Electromagnetic waves

In effect, an alternating current in a wire creates an alternating magnetic field which generates an
alternating electric field wibh generates an alternating magnetic field further from the wire

which generates an alternating electric field which generates an alternating magnetic field further
yet further from the wire and so dviaxwell knewthatthe strengttof the electridield depends

on the permittivity of free spaceg, and he knew that the magnetic field strength depends on the
equivalent magnetic constattie permeability of free spaceg. He showed mathematically that

the speedf electromagnetic waves in free spages given by

1
VM€

The speed of light in free space can therefore be calculated using the vadimsdof;
determined from separate electric field and magnetic field measureGergs

@ =8.85x 10 ®Fm'tandm = 4p x 10 ' TmA'"?, prove foryourselfusingthegiven valueof g
and g that the above formulgives3.0x 10°ms * for the speed of light in free space

c=

Maxwel |l 6s mat hematical theory shoesanditalshat | i ght
predicted the existence of electromagnetic waves outside the boundaries of the then known

spectrum which was from infrared to ultraviolet radiation. Many years later, the separate

discoverieof X-rays andof radio waves confirmed the cortem e ss of Maxwel | 6s pr ec
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If you are asked to describe an electromagnetic wave, a
diagram is helpful as well as a written description.
Remember that the electric and magnetic waves are in
phase, perpendicular to each other and perpendicular to
the direction in which the wave is travelling.

Notes

The information in these notes is background information atgpthis background information
is not part of the specification for this optioRor information aboug, seeA2 Physics A
Topic5.2

1 The magnetic flux density inside a long currenatarrying solenoid is uniform and is
proportionalto thecurrentl and to the number of turns per unit lengtbf the solenoid. The
permeability of free spaceg, may be defined as the magnetic flux denpéyunit current-
the number of turnperunit length of the solenoidin other words/n is the constant of
proportionalityin theequationB = mnl.

2 From the above definition afg, it can then be showthatthe magnetic flux density at
distanced from along straight wire carrying currehis givenby

g=/0l
2'd
For two such parallel wires X anflat distancel apartcarryingcurrentsy andly, using
F = BIL givesthe force per unit length on each wire due to their magimdéicaction

F (=BI) = _”3|,X|Y

L 2°d
The wires attract if the currents are in the same direction and repel if the currents are in
opposite directions, as shown in Figure 2.

end-on view of X end-on view of Y
carrying current carrying current
into the diagram into the diagram

FH=>

magnetic
field of Y

magnetic
field of X

a) The magnetic field lines round a b) The force between two
wire carrying current downwards current-carrying wires
Figure 2 The magnetic force between two current carrying wires

The ampere is defined as that current in two parallel wores metreapart which gives a
force perunit length on each wiref 2 x 10 "N m'*. Substitutingthis valueof F/L into the
above equation with, =1, = 1A andd = 1 m thereforegives

m=2px2x10"=4px 10" TmA™
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Hert z~6s di s cadioveavegy o f

Heinrich Hertz was the first person to discover how to produce and ozderwaves. More than
twenty years after Maxwell predicted the existence of radio waves, Hertz showed that such waves
are produced when high voltage sparks jump across an air gap and he showed they could be
detected using a wire loop with a small gag .iiThis is shown in Figure.3

0.3m Copper loop 7.5cm
brass rod in diameter

Leads to

voltage ‘ Spark
induction gap
Detector
ey gap

Radio waves
(a) Transmitter (b) Detector loop

Figure3Hert z6s discovery of radio waves

A The radio waves produced by the spark gap transmitter spread out from thgegsantt
pass through the detector loop.

A The waves passing through the detector loop cause a vtthgenduced in the detector
loop which makes sparks jump across the detector gap.

Hertz showed that the detector sparks stopped when a metal sheet was placed between the
transmitter and the detector thus showing that radio waves do not pass throughlenfeiznd

that the radio waves are reflected by a metal sheet and discovered that a concave metal sheet
placed behind the transmitter made the detector sparks stronger because it reflected radio waves
travelling away from the detector back towards thecter He also discovered that insulators do

not stop radio waves and he showed that the radio waves he produced are polarised.

Note

The induced voltage in the detector loop is thuthe oscillating magnetic field of the radio
waves. As the waves travatross the loop, the oscillating magnetic field causes oscillating
changes in the magnetic flux passing through the loop which causes an alternating pd to be
induced in thdoop.

Measuring the wavelength of the radio waves

Hertz produced stationary radiaves by using a flat metal sheet to reflect the waves back
towards the transmitter, as shown in Figurévthen he moved the detector along the line

between the transmitter and the flat metal sheet, he found that the sparks were not produced at
certain déector positions which hesalisedwere the nodes of the stationary wave pattden

obtained a measuremenit33cm for the distance between adjacent nodes and so calculated the
wavelength of the radio waves asoBb(= 2 x the distance between adjacentlas)
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Figure 4 Measuring the wavelength of radio waves

Demonstrating the transverse nature of radio waves

Hertz devel oped a 6dipoled detector consisting c
centre of curvature of a concave reflector, asahin Figure 5The reflector focuses the radio

waves onto the rods such that the oscillating electric field of the radio waves creates an

alternating pd between the two rods (as they are parallel to the electriccilsing sparks at

the spark gap.

Concave
_\/ reflector
D

Radio \* .\ Spark
waves ' r E plug

Dipole detector

aerial at focus

%
Figure 5 A dipole detector i construction

Hertz discovered that when the reflector and the dipole were parallel to the transmitter spark gap,
a strong signal was obtainatfhen the dipole and reflector were rotated gradually from this
position, the detdor signal decreased and became zero at an angle of rotationfafra@he

initial position Hertz concluded that the radio waves from the transmitter were polarised and the
zero signal was because the dipole had been turned until it was perpendithegplane of
polarisation of the oscillating electric field which therefore could not produce a pd between the
rods.
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maximum signal

transmitter electric wave dipole detector

i) Maximum signal: detector dipole parallel to the transmitter rods

orientation of the
dipole detector in (i)
1

:: zero signal
A

transmitter electric wave dipole detector

ii) Zero signal: detector dipole perpendicular to the transmitter rods

Figure 6 A dipole detector i polarisation demonstration

AQA  Examiner’s tip

The radio waves from the transmitter are polarised when
they are created. The dipole detector needs to be parallel
to the electric field oscillations for maximum signal
strength. The plane of a loop detector needs to be
perpendicular to the magnetic field oscillations (which
would mean it too is parallel to the electric field oscillations)
for maximum signal strength.

Links
Polarisation was looked at in Topic 12.1A8 Physics A

Stationary waves were looked at in Topic 12.3\8fPhysics A

Summary questions
1 With the aid of a diagram, state what is meant by an electronmagvaate.

2 Explain the significancef theequationc =

derived by Maxwell for the speed of
M€
electromagnetic waves in free space.

3 Describehow Hertzset up a stationary wave pattern of radio waves and expiaiime measured the
wavelength of the radio waves from the stationary wave pattern.

4 Hertz discovered that the strengththeradiosignalfrom a radiowave transmittevariesaccordingto
the orientation of the detectdExplainthis effect and state the conclusion drawrHertz about the
radio waves from the transmitter
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2.3 The development of the photon theory
of light

Learning objectives:

Why is wave theory unable to explain

photoelectricity?

What is meant by the stopping potential in the

photoelectric effect?

Whatwasthesi gni fi cance of Einsteinods
explanation of photoelectricity?

The discovery of photoelectricity

Metals emit electrons when supplied with sufficient engfgpermionic emission involves

supplying the required energy by heating the métadbther way of suplying the energy is by
means of photoelectric emission which involves illuminating the metal with light above a certain
frequency. Figure 1 shows a simple demonstration of photoelectric emission from a metal plate
The electroscope is given an initial aéige charge which causes the gold leaf to rise. When
ultraviolet radiation is directed at the zinc plate, the leaf gradually falls as electrons are emitted
from the zinc plate. These emitted electrons are referragipiootoelectrons. The leaf stops

falling if the ultraviolet lamp is switcheaff andresumes its fall when the lamp is switched on
again.

Ultra—violet
radiation

.

Zinc plate

__— Gold leaf
electroscope

Figure 1 Demonstrating photoelectricity

Photoelectriemission wadirst discoveredy Hertzwhen he was investigating radio waves
using aspark gap detctor.He observedhat the sparks were mustronger whemltraviolet
radiation was directed at the spark gap contacts. Further investigations sheviatbwing,for
any given metal

A No photoelectrons are emitted if the frequency of the incidentikigh¢low a certain value
known as theéhreshold frequency. This is the minimum frequency of light that can cause
photoelectric emission from the met&br some metals, the threshold frequeisan the
frequency range forisible light whereas for other atals itis in the ultraviolet range.

(Note:references below to light in this context cover visible and ultraviolet light.)

A Photoelectrie@mission ocurs at the instant that lighf a suitably high frequency is incident
on the metal surface

A Thephotoeectrons have a range of kinetic energies from zero up to a maximum value that
depends on the type of metal and the frequency of the incident light

A Thenumber of photoelectrons emitted from the metal surface per second is proportional to
the intensity oflte incidentadiation(i.e.the light energy per second incident on the surface)
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The morédntensethe radiation is, the greater the number of photoelectrons leaving the metal
each second

The wave theory dight failedto explain the above observatioAscording to wave theory

light of any frequency should cause photoelectric emis¥uave theory predicted that the lower
the frequency of the light, the longer the time taken by electrons in the metal to gain sufficient
kinetic energy to escape from threetal So the wave theory could not account for the existence of
the threshold frequency aitccould not explain the instant emissionpiotoelectrons dheir
maximum kinetic energy

Einsteinds explanation of photoel

The photoelectric &ct could not be explainddr morethan ten years until Einsteiim 1905

publishedthe photon theory of light and used it to explain photoelectriciBefore Einstein
developed the theorthei dea of energy o6quant ad kyPlapkaae ket s of
explain the continuous spectrumtbérmal radiatioremitted by an object at a constant
temperatureWavetheory predicténcorrectlythat the intensity of the spectrum should become

infinite at sm#er andsmallerwavelengths. Planck solvelde problem byntroducing the idea

that he energy of aibratingatomcan only be in multiplesf a basiamountor 6 quant umé of
energy To explain photoelectricityeinsteina p pl i ed t hi s elécamagmdtit mé i dea t c
radiation which he said consigibwavepacketof electromagnetienergywhich he referred to

asphotons each carrying energy givéday E = hf, wheref is the frequency of theadiationandh

is the Planck constant introduced earlier by Planck

Einstein knew that aonduction electrom a metalneeds tdhave a minimum amount of energy,
referred to as thevork function 7 of the metalto escapdrom the surface of the metdlo
explain photoelectricity, he assumed that in order for a conduction elecesoapeit needgo:

A absorb asingle photon and therefore gainergyhf
A use energy equal to the work functibof themetalto escape

Since the mean kinetic energy of a conduction electron in a metal at room temperature is
negligible compared with the work function of the mgtafollows that the electron can only
escapéf the energy itgains from a photon is greater than or equal to the work function of the
metal In other wordshf 2 7. The frequency of the incideradiationf 2 f/h for photoelectric
emission to occuiSo,the threshold frequen®f the incident radiatiarfo = 7/h.

Notes

1 Einstein assumed a conductionotten absorbs a single photandthat theenergy of a
photon can only be transferred to one ele¢tnomn be greadbetweerseveral electrons

2 P a nthebrgwadased on the idea that the quanturertdrgy ofa vibrating atom is
proportional tathe frequencyand he introducel as the constant of proportionalitythe
equationE = hf for the quantum of energyf an atom vibrating at frequen&yNotethat
knowledgeof the thermal radiation spectruf | a nexpadagiorand the origin oh are not
part of thisspecificationand is introduced here to explain wis referred to as the Planck
constant not the Bstein constant.

3 The threshold frequency is th@nimumfrequency of incident radiation on the metal surface
that will cause photoelectric emissidrhe correspondingiavelengththe threshold
wavelength/ , = c/fy, is therefore the maximum wavelength thait cause photoelectric
emission from the metal surface.
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Remember that photoelectric emission is a one-to-one
process in which one electron absorbs one photon.

Stopping potential

Einstein used the photon theory to explain why, when a metal susfdlceninated by
monochromatic radiation of frequency greater than the threshold freqtiem@hotoelectrons
emitted have a maximum amount of kinegieergy thatlepends on the met&le assumed that
eachphotoelectron must have absorbed one and onlpbomnso that its kinetic energy after
escapings equal to the energy it gaindtf), less the energy it used to escafe thework
function of the metal is the minimum energy an electron neeelscpethe maximum kinetic
energyExmax Of @ photoeletron from the metal is given by

EKmax =hf1 f
In practice, the maximum kinetenergy of the emitteghotoelectrons can be measubgd
makingt he met al pl ate or O6cathoded increasingly po:

collect the photoelectronghe photoelectrons need to do extrerkvo move away from the
cathode if it is positively charged. As a result, the maximum kieetcgy ofthe photoelectrons
is reduced by an amount eqtmkVwhereV is the potential of the cathode relative to the metal
anode In other wordsExmax = hfT 1 eVfor a cathode at potential+

The number of photoelectrons emitted peconddecreases as the cathode potential is made
increasingly positiveAt a certain potential referred to as gtepping potential, Vs,
photoelectric emission is stoppegldause the maximum kinetic energy has been reduced to zero
As the work done by a photoelectron in moving through a potetitiaienceVs is equalto eVs
EKmax: hf1 71 eVS: 0
The stopping potential is therefore given by
eVs=hfT f

The stopping p@ntial for different frequencies of incident light can be measured and plotted as a
graphof stoppingpotentialagainst frequencyl he result for anynetal isa straight line graph in

agreement with thequationabove rearranged 84 = L
e e

Comparison with the general equation for a straightdia@hy = mx+ c thereforegives

A h/efor thegradientm,
A 1 flefor they-intercept,
A fy= flhfor thex-intercept.

For different metals

A the gradient is always the sailmeh/e)
A the greater the work function, the further the intercepts are from the origin.
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Figure 2 (a) Stopping potential Figure 2(b) Investigating photoelectricity

Figure Za) shows how the stopping potential can be measured for different frequeniaigs of
usinga vacuunphotocell Light of different frequencies can be obtained by passing white light
from a filament lamphrough different monochromatic filtefd/ith one of the filters in the path

of the incident radiatiorthepotential dividelis adjusted initially so the pd across the photocell is
zera Themicroammeter cahe used taneasure theurrent through the phatell due to
photoelectric emissiondm metal plate P (the cathodé)hen the potential divider edjustedo
makeP increasingly positive relate to the collecting terminal Q (the anddhe microammeter
reading decreases and becomes wdrenthe potatial of plate P is equal to the stopping
potential for that frequency of light. The procedure is then repeated for other valigbs of
frequency A graphof stoppingpotential against frequency can then be plotted, as shown in
Figure2(b). The first meaurements obtained in thigy gaveresults and a graph as above that
confirmed the correctnes s onff iBHinmesdphdtoinrth@sty ee xnpdlsa n at
of light.

Einstein was awarded the 1921 NoBeakefor physicsfor the photon theory ofight which he
put forwardin 1905althoughit was not confirmed experimentally until ten years later

The vacuum photocellas looked at in Topic 3.2 of
ASPhysicsA.

Worked example
e=1.6x10 '€ h=6.63x 10%*Js,¢=3.00x 1*ms*

Monochromatic light ofvavelengttb60nm incident on a metal surface in a vacyuimotocellcauses a
currentthrough the cell due to photoelectric emission from the metal catbdeemission is stopped
by applying a positive potential of30V to the cathode relative to the ano@alculate

a the work function of the metalthoddan electron volts

b the maximum kinetic energy of the emitted photoelectrons when the cathode is at zero potential.

Solution
a The frequency of the incidefight f = ¢/l = 3.00x 10°/560x 10 °=5.36x 10**Hz

Rearrangin@Vs = hfT f gives
f=hfl eVs=(6.63x 10 x5.36x 10") T (1.6x 10 x 1.30 = 1.47x 10'°J=092eV

b At zero potential, the maximum kinetic energif1 7 = eVs=2.08x 10*°J
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Remember that the work function is the minimum energy
an electron needs to escape from the metal.

The significanceo f E i n ploeon theosy

Einstein showed that light consistsphotons whiclarewave packetsof electromagnetic

radiation, each carrying enerbf; wheref is the fequency of the radiatiomhe photon is the

least quantity 06 g u a n telectrémagnéticadiationand may be considered as a massless
particle. | ip ahratsi cal edbu anl a t Owikeenagirenis obsereet inthe s par t i cl
photoelectric effeicand its wavdike nature is observed in diffraction and interference

experimentssucassY oungés doubl e slits experiment

Summary questions
e=1.6x10%C, h=6.63x 103%Js,¢c=3.00x 10°ms'?

1 Light of wavelengthb35nm is directed at a metalirface that has a work functionl85eV.
Calculate
a the energy of a photon of wavelen&B5nm
b the maximum kinetic energy of the emitted photoelectrons.
2 Whenametal surface is illuminated with lighf wavelengt10nm, photoelectrons aemitted witha
maximumkinetic energy of2.10x 10 *J,
Calculate
a the energy of a photon of this wavelength
b the work function of the metal surface
c the stoppingotentialfor this surface illuminated by light of wavelengthOnm.
3 A certain metal at zero potential emits photoelectrons whierilliiminatedby blue light but not when

it is illuminated with red lightExplain why photoelectric emission from this metal takes place with
blue light but not with red light.

4 a State one experimental observation in the photoelectric effect thaitdamexplainedisingthe
wavetheoryof light.

b Describe how the observationaris explained using the phatéheory of light.
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