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Matter, energy and interactionsMatter, energy and interactions

•• One can think that our universe is like a stage existing One can think that our universe is like a stage existing 
in the form of spacein the form of space--time as a backgroundtime as a background

•• All existence in our universe is in the form of either All existence in our universe is in the form of either 
matter or energy (Recall that matter and energy are matter or energy (Recall that matter and energy are 
`equivalent`equivalent’’ as per the equation as per the equation EE = = mmcc22))

matter energy
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InteractionsInteractions
• Matter and energy exist in various forms, but they 

constantly transform from one to another according to the 
law of physics

• we call the process of transformation from one form of 
energy/matter to another energy/matter as ‘interactions’

• Physics attempts to elucidate the interactions between 
them 

• But before we can study the basic physics of the matter-
energy interactions, we must first have some general idea 
to differentiate between the two different modes of 
physical existence: 

• matter and wave 
• This is the main purpose of this lecture
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Matter (particles)Matter (particles)

• you should know the following facts since kindergarten:
• A particle is discrete, or in another words, corpuscular, in 

nature. 
• a particle can be localized completely, has mass and    

electric charge that can be determined with infinite 
precision (at least in principle)

• So is its momentum 
• These are all implicitly assumed in Newtonian mechanics 
• This is to be contrasted with energy exists in the forms of 

wave which is not corpuscular in nature (discuss later)

•• Consider a particles with mass:Consider a particles with mass: m0
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Energy in particle is corpuscular Energy in particle is corpuscular 
(discrete) i.e. not spread out all over (discrete) i.e. not spread out all over 

the place like a continuumthe place like a continuum
• The energy carried by a particle is 

given by

• The energy of a particles is 
concentrated within the boundary of 
a particle (e,g. in the bullet)

• Hence we say “energy of a particle is 
corpuscular”

• This is in contrast to the energy 
carried by the water from the host, in 
which the energy is distributed 
spread all over the space in a 
continuous manner
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•• Example of `particlesExample of `particles’’: bullet, billiard : bullet, billiard 
ball, you and me, stars, sands, etcball, you and me, stars, sands, etc……

•• Atoms, electrons, molecules (or are Atoms, electrons, molecules (or are 
they?)they?)

Example of particlesExample of particles
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What is not a `particleWhat is not a `particle’’? ? 

•• Waves  Waves  -- electromagnetic radiation electromagnetic radiation 
(light is a form of electromagnetic (light is a form of electromagnetic 
radiation), mechanical waves and radiation), mechanical waves and 
matter waves is classically thought to matter waves is classically thought to 
not have attributes of particles as not have attributes of particles as 
mentionedmentioned
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AnalogyAnalogy
•• Imagine energy is like waterImagine energy is like water
•• A cup containing water is like a particle that carries some A cup containing water is like a particle that carries some 

energy within itenergy within it
•• Water is contained within the cup as in energy is contained Water is contained within the cup as in energy is contained 

in a particle. in a particle. 
•• The water is not to be found outside the cup because they The water is not to be found outside the cup because they 

are all retained inside it. Energy of a particle is corpuscular are all retained inside it. Energy of a particle is corpuscular 
in the similar  sense that they are all inside the carrier whichin the similar  sense that they are all inside the carrier which
size is a finite volume.size is a finite volume.

•• In contrast, water that is not contained by any container will In contrast, water that is not contained by any container will 
spill all over the place (such as water in the great ocean). spill all over the place (such as water in the great ocean). 
This is the case of the energy carried by wave where energy This is the case of the energy carried by wave where energy 
is not concentrated within a finite volume but is spread is not concentrated within a finite volume but is spread 
throughout the spacethroughout the space
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WaveWave
•• Three kinds of wave in Nature: mechanical, Three kinds of wave in Nature: mechanical, 

electromagnetical and matter waveselectromagnetical and matter waves
•• The simplest type of wave is strictly sinusoidal The simplest type of wave is strictly sinusoidal 

and is characterised by a `sharpand is characterised by a `sharp’’ frequency frequency ν (ν (= = 
1/1/TT, , TT = the period of the wave= the period of the wave)), wavelength , wavelength λλ
and its travelling speed and its travelling speed cc

λ

C = λν;  A `pure’ (or ‘plain’) wave which has 
`sharp’ wavelength and frequency

( )cosy A kx tω= −

2k π
λ
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Quantities that Quantities that haracteriseharacterise a pure a pure 
wavewave

•• The quantities that quantify a pure (or called a plane) wave:The quantities that quantify a pure (or called a plane) wave:
λλ, wave length, equivalent to , wave length, equivalent to k = k = 22π π / / λλ, the wave number, the wave number
ν ν =1/=1/ΤΤ, frequency, equivalent angular frequency, , frequency, equivalent angular frequency, 
ωω = = 22πνπν

•• cc speed of wave, related to the above quantities via speed of wave, related to the above quantities via 
•• cc ==λνλν == ω ω //kk

( )cosy A kx tω= −
λ

C = λν;  
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Where is the wave?Where is the wave?
•• For the case of a particle we can locate its location and For the case of a particle we can locate its location and 

momentum preciselymomentum precisely
•• But how do we But how do we ‘‘locatelocate’’ a wave? a wave? 
•• Wave spreads out in a region of space and is not located in Wave spreads out in a region of space and is not located in 

any specific point in space like the case of a particleany specific point in space like the case of a particle
•• To be more precise we says that a  plain wave exists within To be more precise we says that a  plain wave exists within 

some region in space, some region in space, ∆∆xx
•• For a particle,  For a particle,  ∆∆xx is just the is just the ‘‘sizesize’’ of its dimension, e.g. of its dimension, e.g. ∆∆xx

for an apple is 5 cm, located exactly in the middle of a for an apple is 5 cm, located exactly in the middle of a 
square table, x = 0.5 m from the edges. In principle, we can square table, x = 0.5 m from the edges. In principle, we can 
determine the position of x to infinitydetermine the position of x to infinity

•• But for a wave, But for a wave, ∆∆xx could be infinitycould be infinity
In fact, for the `pure’ (or ‘plain’) wave which has 
`sharp’ wavelength and frequency mentioned in 
previous slide, the ∆x is infinity
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For example, a rippleFor example, a ripple

the ripple exists within the region 
∆x

∆x
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A pure wave has A pure wave has ∆∆xx infinityinfinity
•• If we know the wavelength and frequency of a If we know the wavelength and frequency of a 

pure wave with infinite precision (= the statement pure wave with infinite precision (= the statement 
that the wave number and frequency are that the wave number and frequency are ‘‘sharpsharp’’), ), 
one can shows that :one can shows that :

•• The wave cannot be confined to any restricted The wave cannot be confined to any restricted 
region of space but must have an infinite extension region of space but must have an infinite extension 
along the direction in which it is propagates along the direction in which it is propagates 

•• In other words, the wave is In other words, the wave is ‘‘everywhereeverywhere’’ when its when its 
wavelength is wavelength is ‘‘sharpsharp’’

•• This is what it means by the mathematical This is what it means by the mathematical 
statement that statement that ““∆∆xx is infinityis infinity””
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More quantitatively,More quantitatively,
2λλ ≥∆∆x

•• This is the uncertainty relationships for This is the uncertainty relationships for 
classical wavesclassical waves
∆λ∆λ is the uncertainty in the wavelength. is the uncertainty in the wavelength. 

•• When the wavelength `sharpWhen the wavelength `sharp’’ (that we (that we 
knows its value precisely), this would knows its value precisely), this would 
mean mean ∆λ∆λ = 0.  = 0.  

•• In other words, In other words, ∆λ∆λ infinity means we infinity means we 
are totally ignorant of what the value of are totally ignorant of what the value of 
the wavelength of the wave is.the wavelength of the wave is.
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∆∆xx is the uncertainty in the location of the is the uncertainty in the location of the 
wave (or equivalently, the region where the wave (or equivalently, the region where the 
wave exists)wave exists)

•• ∆∆xx = 0 means that we know exactly where the = 0 means that we know exactly where the 
wave is located, whereas wave is located, whereas ∆∆xx infinity means infinity means 
the wave is spread to all the region and we the wave is spread to all the region and we 
cannot tell where is itcannot tell where is it’’s `locations `location’’
∆∆λλ ∆∆xx ≥≥λλ2 2 means the more we knows about x, means the more we knows about x, 
the less we knows about the less we knows about λ λ as as ∆∆xx is inversely is inversely 
proportional to proportional to ∆∆λλ
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1≥∆∆ νt

Other equivalent formOther equivalent form
•• can also be expressed in an equivalence formcan also be expressed in an equivalence form

via the relationship via the relationship c c = = νλνλ and and ∆∆xx = = cc∆∆tt
•• Where Where ∆∆tt is the time required to measure the frequency of the is the time required to measure the frequency of the 

wavewave
•• The more we know about the value of the frequency of the The more we know about the value of the frequency of the 

wave, the longer the time taken to measure itwave, the longer the time taken to measure it
•• If u want to know exactly the precise value of the frequency, thIf u want to know exactly the precise value of the frequency, the e 

required time is required time is ∆∆tt = infinity= infinity
•• We will encounter more of this when we study the Heisenberg We will encounter more of this when we study the Heisenberg 

uncertainty relation in quantum physicsuncertainty relation in quantum physics

2λλ ≥∆∆x
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•• can also be expressed in an equivalence formcan also be expressed in an equivalence form

via the relationship via the relationship c c = = νλνλ and and ∆∆xx = = cc∆∆tt
•• Where Where ∆∆tt is the time required to measure the frequency is the time required to measure the frequency 

of the waveof the wave
•• The more we know about the value of the frequency of The more we know about the value of the frequency of 

the wave, the longer the time taken to measure itthe wave, the longer the time taken to measure it
•• If u want to know exactly the precise value of the If u want to know exactly the precise value of the 

frequency, the required time is frequency, the required time is ∆∆tt = infinity= infinity
•• We will encounter more of this when we study the We will encounter more of this when we study the 

Heisenberg uncertainty relation in quantum physicsHeisenberg uncertainty relation in quantum physics

2λλ ≥∆∆x

1≥∆∆ νt

•• The classical wave uncertain relationshipThe classical wave uncertain relationship
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Wave can be made more Wave can be made more 
````localisedlocalised’’’’

•• We have already shown that the 1We have already shown that the 1--D plain D plain 
wave is infinite in extent and canwave is infinite in extent and can’’t be properly t be properly 
localisedlocalised (because for this wave, (because for this wave, ∆∆xx infinity)infinity)

•• However, we can construct a relatively However, we can construct a relatively 
localisedlocalised wave (i.e., with smaller wave (i.e., with smaller ∆∆xx)) by :by :

•• adding up two plain waves of slightly different adding up two plain waves of slightly different 
wavelengths (or equivalently, frequencies)wavelengths (or equivalently, frequencies)

•• Consider the `beat phenomenaConsider the `beat phenomena’’
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Constructing wave groupsConstructing wave groups

• Two pure waves with slight difference in 
frequency and wave number ∆ω = ω1 - ω2, 
∆k= k1 - k2, are superimposed

, 

);cos( 111 txkAy ω−= )cos( 222 txkAy ω−=
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Envelop wave and phase waveEnvelop wave and phase wave
The resultant wave is a ‘wave group’ comprise of an 

`envelop’ (or the group wave) and a phase waves
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•• As a comparison to a plain waves, a group wave is more As a comparison to a plain waves, a group wave is more 
‘‘localisedlocalised’’ (due to the existence of the wave envelop. In (due to the existence of the wave envelop. In 
comparison, a plain wave has no `envelopcomparison, a plain wave has no `envelop’’ but only but only ‘‘phase phase 
wavewave’’))

•• It comprises of the slow envelop waveIt comprises of the slow envelop wave

that moves at group velocity vthat moves at group velocity vgg = = ∆ω∆ω//∆∆kk
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and the phase waves (individual waves oscillating inside the 
envelop)

moving at phase velocity vp = ωp/kp

In general, vg = ∆ω/∆k << vp = (ω1+ω2)/(k1 + k2) because ω2 
≈ ω1, k1≈ k2
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`envelop’ (group waves). 
Sometimes it’s called 
‘modulation’
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Energy is carried at the speed of the Energy is carried at the speed of the 
group wavegroup wave

• The energy carried by the group wave is 
concentrated in regions in which the amplitude 
of the envelope is large

• The speed with which the waves' energy is 
transported through the medium is the speed 
with which the envelope advances, not the 
phase wave

• In this sense, the envelop wave is of more 
‘physical’ relevance in comparison to the 
individual phase waves (as far as energy 
transportation is concerned)
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Wave pulse Wave pulse –– an even more an even more 
`̀localisedlocalised’’ wave wave 

• In the previous example, we add up only two slightly 
different wave to form a train of wave group

• An even more `localised’ group wave – what we call 
a  “wavepulse” can be constructed by adding more 
sine waves of different numbers ki and possibly 
different amplitudes so that they interfere 
constructively over a small region ∆x and outside this 
region they interfere destructively so that the resultant 
field approach zero

• Mathematically, 

( )w a v e  p u ls e c o si i i
i

y A k x tω
∞

= −∑
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A wavepulse – the wave is well localised within ∆x. This is done by 
adding a lot of waves with with their wave parameters {Ai, ki, ωi} 
slightly differ from each other (i = 1, 2, 3….as many as it can)

such a wavepulse will move with a velocity 

0k
g dk

dv ⎥⎦
⎤= ω (c.f the group velocity considered 

earlier vg = ∆ω/∆k)
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Comparing the three kinds of waveComparing the three kinds of wave
∆x ∞

∆x ∆x

∆xWhich wave is the 
most localised?
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Why are waves and particles so Why are waves and particles so 
important in physics?important in physics?

• Waves and particles are important in physics 
because they represent the only modes of 
energy transport (interaction) between two 
points. 

• E.g we signal another person with a thrown 
rock (a particle), a shout (sound waves), a 
gesture (light waves), a telephone call (electric 
waves in conductors), or a radio message 
(electromagnetic waves in space).
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Interactions take place between
(i)(i) particles and particles (e.g. in particles and particles (e.g. in 

particleparticle--particle collisionparticle collision, a girl bangs, a girl bangs
into a guyinto a guy) or ) or 
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(ii)waves and particle, in which a particle gives 
up all or part of its energy to generate a wave, 
or when all or part of the energy carried by a 
wave is absorbed/dissipated by a nearby 
particle (e.g. a wood chip dropped into water, or an 
electric charge under acceleration, generates EM 
wave)

Oscillating 
electron gives 
off energy

This is an example where 
particle is interacting with 
wave; energy transform 
from the electron’s K.E. 
to the energy 
propagating in the form 
of EM wave wave
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• In contrast, two waves do not interact in the 
manner as particle-particle or particle-wave do

• Wave and wave simply “superimpose”: they pass 
through each other essentially unchanged, and 
their respective effects at every point in space 
simply add together according to the principle of 
superposition to form a resultant at that point -- a 
sharp contrast with that of two small, impenetrable 
particles

Waves superimpose, not collideWaves superimpose, not collide
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Superposition of wavesSuperposition of waves

31

A pure EM wave
• According to Maxwell theory, light is a form of 

energy that propagates in the form of electromagnetic 
wave

• In Maxwell theory tight is synonym to 
electromagnetic radiation is synonym to 
electromagnetic wave

• Other forms of EM radiation include heat in the form 
of infra red radiation, visible light, gamma rays, radio 
waves, microwaves, x-rays 

32
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A pure EM waveA pure EM wave
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Heinrich Hertz (1857Heinrich Hertz (1857--1894), German, 1894), German, 
Established experimentally that light is Established experimentally that light is 

EM waveEM wave
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Interference experiment with water Interference experiment with water 
waveswaves

•• If hole 1 (2) is block, intensity If hole 1 (2) is block, intensity 
distribution of (distribution of (II11) ) II2 2 is is 
observedobserved

•• However, if both holes are However, if both holes are 
opened, the intensity of opened, the intensity of II1212 is is 
such that such that II1212≠≠ II1  1  + + II22

•• Due to the wave nature, the Due to the wave nature, the 
intensities do not simply addintensities do not simply add

•• In addition, and interference In addition, and interference 
term exist, term exist, 

II1212= = II1  1  + + II22 +2cos +2cos δ δ ((II1  1  + + II22))
•• “waves interfere”“waves interfere”
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Pictures of interference and Pictures of interference and 
diffraction pattern in wavesdiffraction pattern in waves

•• Interference Interference •• diffractiondiffraction
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Since light display interference and Since light display interference and 
diffraction pattern, it is wave diffraction pattern, it is wave 

•• Furthermore, Maxwell theory tell us what Furthermore, Maxwell theory tell us what 
kind of wave light iskind of wave light is

•• It is electromagnetic waveIt is electromagnetic wave
•• (In other words it is not mechanical wave)(In other words it is not mechanical wave)
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Interference experiment with bullets Interference experiment with bullets 
(particles)(particles)

•• II22, , II11 are distribution of intensity of bullet detected with either onare distribution of intensity of bullet detected with either one hole covered. e hole covered. II1212
the distribution of bullets detected when both holes openedthe distribution of bullets detected when both holes opened

•• Experimentally, Experimentally, II1212 =  =  II11 + + II22 (the individual intensity simply adds when both holes (the individual intensity simply adds when both holes 
opened)opened)

•• Bullets always arrive in identical lump (corpuscular) and displaBullets always arrive in identical lump (corpuscular) and display no interferencey no interference

I2

I1

I12 = I1+I2

I12
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EM radiation transports energy in EM radiation transports energy in 
flux, not in bundles of particlesflux, not in bundles of particles

• The way how wave 
carries energy is 
described in terms of 
‘energy flux’, in unit of 
energy per unit area per 
unit time

• Think of the continuous 
energy transported by a 
stream of water in a hose
This is in contrast to a stream 
of ‘bullet’ from a machine gun 
where the energy transported 
by such a steam is discrete in 
nature
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Essentially, Essentially, 
• Particles and wave are disparately 

distinct phenomena and are 
fundamentally different in their 
physical behaviour

• Free particles only travel in 
straight line and they don’t bend 
when passing by a corner

•• However, for light, it doesHowever, for light, it does
•• Light, according to MaxwellLight, according to Maxwell’’s s 

EM theory, is EM waveEM theory, is EM wave
• It display wave phenomena such 

as diffraction and interference 
that is not possible for particles

• Energy of the EM wave is 
transported in terms of energy 
flux
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BLACK BODY RATDIATIONBLACK BODY RATDIATION

•• Object that is HOT Object that is HOT 
(anything > 0 K is (anything > 0 K is 
considered considered ““hothot””) emit ) emit 
EM radiationEM radiation

•• For example, an For example, an 
incandescent lamp is incandescent lamp is 
red HOT because it red HOT because it 
emits a lot of IR emits a lot of IR 
radiationradiation
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Attempt to understand the origin of Attempt to understand the origin of 
radiation from hot bodies from radiation from hot bodies from 

classical theoriesclassical theories
•• In the early years, around 1888 In the early years, around 1888 –– 1900, light is 1900, light is 

understood to be EM radiationunderstood to be EM radiation
•• Since hot body radiate EM radiation, hence Since hot body radiate EM radiation, hence 

physicists at that time naturally attempted to physicists at that time naturally attempted to 
understand the origin of hot body in terms of understand the origin of hot body in terms of 
classical EM theory and thermodynamics classical EM theory and thermodynamics 
(which has been well established at that time)(which has been well established at that time)
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•• All hot object radiate EM wave of all All hot object radiate EM wave of all 
wavelengths wavelengths 

•• However, the energy intensities of the However, the energy intensities of the 
wavelengths differ continuously from wavelengths differ continuously from 
wavelength to wavelength (or equivalently, wavelength to wavelength (or equivalently, 
frequency)frequency)

•• Hence the term: the spectral distribution of Hence the term: the spectral distribution of 
energy as a function of wavelengthenergy as a function of wavelength
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Spectral distribution of energy in Spectral distribution of energy in 
radiation depends only on radiation depends only on 

temperaturetemperature
•• The distribution of intensity of the emitted radiation The distribution of intensity of the emitted radiation 

from a hot body at a given wavelength depends on from a hot body at a given wavelength depends on 
the temperaturethe temperature
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Introducing Introducing idealisedidealised black bodyblack body
•• In reality the spectral distribution of intensity of radiation oIn reality the spectral distribution of intensity of radiation of f 

a given body could depend on the a given body could depend on the thethe type of the surface type of the surface 
which may differ in absorption and radiation efficiency (i.e. which may differ in absorption and radiation efficiency (i.e. 
frequencyfrequency--dependent)dependent)

•• This renders the study of the origin of radiation by hot This renders the study of the origin of radiation by hot 
bodies casebodies case--dependent (which means no good because the dependent (which means no good because the 
conclusions made based on one body cannot be applicable conclusions made based on one body cannot be applicable 
to other bodies that have different surface absorption to other bodies that have different surface absorption 
characteristics) characteristics) 

•• E.g. At the same temperature, the spectral distribution by E.g. At the same temperature, the spectral distribution by 
the exhaust pipe from a Proton GEN2 and a Toyota the exhaust pipe from a Proton GEN2 and a Toyota AltisAltis is is 
differentdifferent
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Black body Black body –– a means of a means of ““strategystrategy””

•• As a strategy to overcome this nonAs a strategy to overcome this non--generality, we generality, we 
introduce an introduce an idealisedidealised black body which, by black body which, by 
definition, absorbs all radiation incident upon it, definition, absorbs all radiation incident upon it, 
regardless of frequencyregardless of frequency

•• Such Such idealisedidealised body is universal and allows one to body is universal and allows one to 
disregard the precise nature of whatever is disregard the precise nature of whatever is 
radiating, since all BB behave identicallyradiating, since all BB behave identically

•• All real surfaces could be approximate to the All real surfaces could be approximate to the 
behavior of a black body via a parameter behavior of a black body via a parameter 
EMMISSIVITY EMMISSIVITY ee ((ee=1 means ideally =1 means ideally 
approximated, approximated, ee << 1 means poorly approximated)<< 1 means poorly approximated)
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Blackbody ApproximationBlackbody Approximation

•• A good approximation of a A good approximation of a 
black body is a small hole black body is a small hole 
leading to the inside of a leading to the inside of a 
hollow objecthollow object

•• The HOLE acts as a perfect The HOLE acts as a perfect 
absorberabsorber

•• The Black Body is the The Black Body is the 
HOLEHOLE
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•• Any radiation striking the HOLE Any radiation striking the HOLE 
enters the cavity, trapped by enters the cavity, trapped by 
reflection until is absorbed by the reflection until is absorbed by the 
inner wallsinner walls

•• The walls are constantly absorbing The walls are constantly absorbing 
and emitting energy at thermal EB and emitting energy at thermal EB 

•• The nature of the radiation leaving The nature of the radiation leaving 
the cavity through the hole the cavity through the hole 
depends only on the temperature depends only on the temperature 
of the cavity and not the detail of of the cavity and not the detail of 
the surfaces nor frequency of the the surfaces nor frequency of the 
radiationradiation
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EssentiallyEssentially

•• A black body in thermal EB absorbs and emits A black body in thermal EB absorbs and emits 
radiation at the same rateradiation at the same rate

•• The HOLE effectively behave like a Black Body The HOLE effectively behave like a Black Body 
because it effectively absorbs all radiation fall because it effectively absorbs all radiation fall 
upon itupon it

•• And at the same time, it also emits all the absorbed And at the same time, it also emits all the absorbed 
radiations at the same rate as the radiations are radiations at the same rate as the radiations are 
absorbedabsorbed

•• MOST IMPORATANTLY: THE SPECTRAL MOST IMPORATANTLY: THE SPECTRAL 
DISTRIBUTION OF EMISSION DEPENDS DISTRIBUTION OF EMISSION DEPENDS 
SOLELY ON THE TEMPERATURE AND NOT SOLELY ON THE TEMPERATURE AND NOT 
OTHER DETAILSOTHER DETAILS
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Experimentally, the measured spectral Experimentally, the measured spectral 
distribution of black bodies is universal distribution of black bodies is universal 

and depends only on temperatureand depends only on temperature
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Why does the spectral distribution ofWhy does the spectral distribution of
black bodies have the shape as black bodies have the shape as 

measured?measured?
•• Lord Lord RayleighRayleigh and James and James 

Jeans at 1890Jeans at 1890’’s try to s try to 
theoretically derive the theoretically derive the 
distribution based on distribution based on 
statistical mechanics statistical mechanics 
(some kind of (some kind of generalisedgeneralised
thermodynamics) and thermodynamics) and 
classical Maxwell theory classical Maxwell theory 

•• (Details omitted, u will (Details omitted, u will 
learn this when u study learn this when u study 
statistical mechanics later) statistical mechanics later) 
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For EM standing wave modes in the For EM standing wave modes in the 
cavity, cavity, <ε> = <ε> = kTkT

•• In RJ formula, the BB is modeled as the hole In RJ formula, the BB is modeled as the hole 
leading into a cavity supporting many modes of leading into a cavity supporting many modes of 
oscillation of the EM field caused by accelerated oscillation of the EM field caused by accelerated 
charges in the cavity walls, resulting in the charges in the cavity walls, resulting in the 
emission of EM waves at all wavelengthemission of EM waves at all wavelength

•• In the statistical mechanics used to derive the RJ In the statistical mechanics used to derive the RJ 
formula, the average energy of each wavelength of formula, the average energy of each wavelength of 
the standing wave modes, the standing wave modes, <ε> <ε> , is assumed to be , is assumed to be 
proportional to proportional to kTkT, based on the theorem of , based on the theorem of 
equipartitionequipartition of energyof energy
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Details not requiredDetails not required

•• What is essential here is that: in deriving the What is essential here is that: in deriving the 
RJ formula the radiation in the cavity is RJ formula the radiation in the cavity is 
treated as standing EM wave having treated as standing EM wave having 
classical average energy per standing wave classical average energy per standing wave 
as per as per 

<<εε>> = = kTkT
•• <<εε>> can take any value can take any value CONTINOUSLYCONTINOUSLY

and is NOT restricted to only discrete and is NOT restricted to only discrete 
valuesvalues
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RayleighRayleigh--Jeans LawJeans Law
•• RayleighRayleigh--Jeans law (based on classical Jeans law (based on classical 

physics):physics):

•• At long wavelengths, the law matched At long wavelengths, the law matched 
experimental results fairly wellexperimental results fairly well

( ) 4
2I , Bπck Tλ T

λ
= 231.38 10 J/K, Boltzmann constantk −= ×
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RayleighRayleigh--Jeans Law, cont.Jeans Law, cont.
•• At short wavelengths, there At short wavelengths, there 

was a major disagreement was a major disagreement 
between the between the RayleighRayleigh--Jeans Jeans 
law and experimentlaw and experiment

•• This mismatch became This mismatch became 
known as the known as the ultraviolet ultraviolet 
catastrophecatastrophe
•• You would have infinite You would have infinite 

energy as the wavelength energy as the wavelength 
approaches zeroapproaches zero
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Max PlanckMax Planck

•• Introduced the Introduced the 
concept of concept of ““quantum quantum 
of actionof action””

•• In 1918 he was In 1918 he was 
awarded the Nobel awarded the Nobel 
Prize for the Prize for the 
discovery of the discovery of the 
quantized nature of quantized nature of 
energyenergy
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PlanckPlanck’’s Theory of Blackbody s Theory of Blackbody 
RadiationRadiation

•• In 1900 Planck developed a theory of blackbody In 1900 Planck developed a theory of blackbody 
radiation that leads to an equation for the radiation that leads to an equation for the 
intensity of the radiationintensity of the radiation

•• This equation is in complete agreement with This equation is in complete agreement with 
experimental observationsexperimental observations
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PlanckPlanck’’s Wavelength s Wavelength 
Distribution FunctionDistribution Function

•• Planck generated a theoretical expression Planck generated a theoretical expression 
for the wavelength distributionfor the wavelength distribution

•• hh = 6.626 x 10= 6.626 x 10--3434 JJ..ss
•• hh is a fundamental constant of natureis a fundamental constant of nature

( ) ( )
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Bhc λk T
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−
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PlanckPlanck’’s Wavelength s Wavelength 
Distribution Function, cont.Distribution Function, cont.

•• At long wavelengths, PlanckAt long wavelengths, Planck’’s equation reduces to s equation reduces to 
the the RayleighRayleigh--Jeans expressionJeans expression

•• This can be shown by expanding the exponential This can be shown by expanding the exponential 
termterm

•• At short wavelengths, it predicts an exponential At short wavelengths, it predicts an exponential 
decrease in intensity with decreasing wavelengthdecrease in intensity with decreasing wavelength
•• This is in agreement with experimental resultsThis is in agreement with experimental results
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How Planck How Planck modelledmodelled the BBthe BB

•• He assumed the cavity radiation came from He assumed the cavity radiation came from 
atomic oscillations in the cavity wallsatomic oscillations in the cavity walls

•• Planck made two assumptions about the Planck made two assumptions about the 
nature of the oscillators in the cavity wallsnature of the oscillators in the cavity walls
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PlanckPlanck’’s Assumption, 1s Assumption, 1
•• The energy of an oscillator can have only certain The energy of an oscillator can have only certain 

discretediscrete values values EEnn
•• EEnn = = nhnhƒƒ

•• nn is a positive integer called the quantum numberis a positive integer called the quantum number
•• hh is Planckis Planck’’s constant = 6.63 x 10s constant = 6.63 x 10--3434 JsJs
•• ƒƒ is the frequency of oscillationis the frequency of oscillation

•• This says the energy is This says the energy is quantizedquantized
•• Each discrete energy value corresponds to a different Each discrete energy value corresponds to a different 

quantum statequantum state
•• This is in stark contrast to the case of RJ derivation This is in stark contrast to the case of RJ derivation 

according to classical theories, in which the energies of according to classical theories, in which the energies of 
oscillators in the cavityoscillators in the cavity must assume a continuous must assume a continuous 
distributiondistribution
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EnergyEnergy--Level DiagramLevel Diagram
•• An An energyenergy--level diagramlevel diagram

shows the quantized energy shows the quantized energy 
levels and allowed levels and allowed 
transitionstransitions

•• Energy is on the vertical Energy is on the vertical 
axisaxis

•• Horizontal lines represent Horizontal lines represent 
the allowed energy levelsthe allowed energy levels

•• The doubleThe double--headed arrows headed arrows 
indicate allowed transitionsindicate allowed transitions
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Oscillator in PlanckOscillator in Planck’’s theory iss theory is
quantisedquantised in energies (taking only in energies (taking only 

discrete values)discrete values)
•• The energy of an oscillator can have only The energy of an oscillator can have only 

certain certain discretediscrete values values EEn n = = nhnhƒƒ
•• The average energy per standing wave  in The average energy per standing wave  in 

the Planck oscillator is the Planck oscillator is 
=

−
 (instead of =  in classical theories)

1hf kT

hfε ε kT
e
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PlanckPlanck’’s Assumption, 2s Assumption, 2

•• The oscillators emit or absorb energy when The oscillators emit or absorb energy when 
making a transition from one quantum state making a transition from one quantum state 
to anotherto another
•• The entire energy difference between the The entire energy difference between the 

initial and final states in the transition is initial and final states in the transition is 
emitted or absorbed as a single quantum of emitted or absorbed as a single quantum of 
radiationradiation

•• An oscillator emits or absorbs energy only An oscillator emits or absorbs energy only 
when it changes quantum stateswhen it changes quantum states
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Example: Example: quantisedquantised oscillator oscillator vsvs
classical oscillatorclassical oscillator

•• A 2.0 kg block is attached to a A 2.0 kg block is attached to a masslessmassless
spring that has a force constant spring that has a force constant kk=25 N/m. =25 N/m. 
The spring is stretched 0.40 m from its EB The spring is stretched 0.40 m from its EB 
position and released. position and released. 

•• (A) Find the total energy of the system and (A) Find the total energy of the system and 
the frequency of oscillation according to the frequency of oscillation according to 
classical mechanics.  classical mechanics.  
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SolutionSolution

•• In classical mechanics, In classical mechanics, EE= = ½½kAkA22 = = …… 2.0 J2.0 J
•• The frequency of oscillation is The frequency of oscillation is 

1 ... 0.56 Hz
2

kf
mπ

= = =
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(B)(B)

•• (B) Assuming that the energy is (B) Assuming that the energy is quantisedquantised, find , find 
the quantum number the quantum number n n for the system oscillating for the system oscillating 
with this amplitudewith this amplitude

•• Solution: This is a quantum analysis of the Solution: This is a quantum analysis of the 
oscillatoroscillator

•• EEn n = = nhnhƒƒ = n (= n (6.63 x 106.63 x 10--3434 Js)(0.56 Hz) = 2.0 JJs)(0.56 Hz) = 2.0 J
•• ⇒⇒ n n = 5= 5.4 x 10.4 x 103333 !!! !!! A very large quantum A very large quantum 

number, typical for number, typical for macroscopinmacroscopin systemsystem
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To To summarisesummarise
•• Classical BB presents a Classical BB presents a ““ultraviolet catastropheultraviolet catastrophe””
•• The spectral energy distribution of electromagnetic radiation The spectral energy distribution of electromagnetic radiation 

in a black body CANNOT be explained in terms of classical in a black body CANNOT be explained in terms of classical 
Maxwell EM theory, in which the average energy in the cavity Maxwell EM theory, in which the average energy in the cavity 
assumes continuous values of assumes continuous values of <<εε>> = = kTkT (this is the result of (this is the result of 
the wave nature of radiation)the wave nature of radiation)

•• To solve the BB catastrophe one has to assume that the energy To solve the BB catastrophe one has to assume that the energy 
of individual radiation oscillator in the cavity of a BB is of individual radiation oscillator in the cavity of a BB is 
quantisedquantised as  per as  per EEn n = = nhnhƒƒ

•• This picture is in conflict with classical physics because in This picture is in conflict with classical physics because in 
classical physics energy is in principle a continuous variable classical physics energy is in principle a continuous variable 
that can take any value between 0 that can take any value between 0 ∞∞

•• One is then lead to the revolutionary concept that One is then lead to the revolutionary concept that 

ENERGY OF AN OSCILLATOR IS QUANTISEDENERGY OF AN OSCILLATOR IS QUANTISED


