Matter, energy and interactions

e One can think that our universeis like a stage existing
in the form of space-time as a background

e All existencein our universeisin the form of either
matter or energy (Recall that matter and energy are
“equivalent’ as per the equation E = mc?)

@ L.

matter energy

| nteractions

e 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

e Thisisthe main purpose of thislecture

Matter (particles)

e Consider a particleswith mass:
my,@

« you should know the following facts since kindergartefy,” ~ 7~

» A particleisdiscrete, or in another words, corpuscular, in
nature.

» aparticle can be localized completely, has mass and
electric charge that can be determined with infinite
precision (at least in principle)

* Soisits momentum

» Theseareall implicitly assumed in Newtonian mechanics

» Thisisto be contrasted with energy exists in the forms of
wave which is not corpuscular in nature (discuss later)

Energy in particleis corpuscular
(discrete) i.e. not spread out all over
the place like a continuum

The energy carried by aparticleis

given by “pullads are disarefe.
E? = mic* + pc® F"{D o e
. . & F“ Es S
The energy of aparticlesis ZE: et

. f

concentrated within the boundary of
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aparticle (e,g. in the bullet) T il
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Hence we say “energy of aparticleis a hose i5 *? 5
corpuscular” i f.{ iscrede
Thisisin contrast tothe energy Concogons o ZEtEsn.
carried by the water from the host, ir ik ) * fpengod
which the energy is distributed T

spread all over the spaceina
continuous manner




Example of particles

e Example of “particles”: bullet, hilliard
ball, you and me, stars, sands, etc...

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

What is not a "particle’?

e \Waves - electromagnetic radiation
(light isaform of electromagnetic
radiation), mechanical waves and
matter waves is classically thought to
not have attributes of particles as
mentioned

Analogy

Imagine energy is like water

A cup containing water is like a particle that carries some
energy within it

Water is contained within the cup asin energy is contained
in aparticle.

The water is not to be found outside the cup because they
are al retained inside it. Energy of a particle is corpuscul ar

inthe similar sense that they are all inside the carrier which
sizeisafinite volume.

In contrast, water that is not contained by any container will
spill all over the place (such as water in the great ocean).
Thisis the case of the energy carried by wave where energy
is not concentrated within afinite volume but is spread
throughout the space
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Wave
e Three kinds of wave in Nature: mechanical,
electromagnetical and matter waves

e The simplest type of wave is strictly sinusoidal
and is characterised by a “sharp’ frequency v (=
UT, T = the period of the wave), wavelength A
and itstravelling speed ¢

A y=Acos(kx—at)

/\/\//
//\/\/

c=Avik= 2% .

- »h == A pure’ (or ‘plain’) wave which has

“sharp’ wavelength and frequency .




Quantitiesthat haracterise a pure
wave

e The quantities that quantify a pure (or called a plane) wave:

A, wave length, equivalent to k = 2z/ A, the wave number
v=1/T, frequency, equivaent angular frequency,
w=2nv

e C speed of wave, related to the above quantities via

e c=Av=wlk

y = Acos(kx—at)
N\ S NS

C=Av;
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Whereisthewave?
For the case of aparticle we can locateits location and

momentum precisely
But how do we‘locate’ awave?

Wave spreads out in aregion of space and is not located in
any specific point in space like the case of a particle

To be more precise we says that a plain wave exists within
some region in space, AX

For aparticle, Axisjust the'size’ of itsdimension, e.g. Ax
for an appleis5 cm, located exactly in the middie of a
square table, x = 0.5 m from the edges. In principle, we can
determine the position of x to infinity

But for awave, Ax could beinfinity
In fact, for the “pure’ (or ‘plain’) wave which has

“sharp’ wavelength and frequency mentioned in

previous slide, the Ax isinfinity "

For example, aripple

AX

< >

< >

the ripple exists within the region
AX 11

A pure wave has Ax =2 infinity

e |f we know the wavelength and frequency of a
pure wave with infinite precision (= the statement
that the wave number and frequency are ‘sharp’),
one can shows that :

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

e In other words, the wave is‘everywhere’ when its
wavelength is'sharp’

e Thisiswhat it means by the mathematical
statement that “Ax isinfinity”

12




More quantitatively,
AXAL = 1

e Thisisthe uncertainty relationships for
classical waves

AA is the uncertainty in the wavelength.

» \When the wavelength “sharp’ (that we
knows its value precisely), this would
mean A\ = 0.

e |n other words, AL-> infinity means we
are totally ignorant of what the value of
the wavelength of the waveis.
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AXx is the uncertainty in the location of the
wave (or equivaently, the region where the
wave exists)

e Ax =0 means that we know exactly where the
wave is located, whereas Ax 2infinity means
the wave is spread to all the region and we
cannot tell whereisit's “location’

AA AX = A% means the more we knows about X,
the less we knows about A as Ax isinversely
proportional to A4
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Other equivalent form

AXA A > Acan also be expressed in an equivalence form
AtAv 21
viatherelationship ¢ = vA4 and 4x = cat

Where At isthe time required to measure the frequency of the
wave

The more we know about the value of the frequency of the
wave, the longer the time taken to measure it

If uwant to know exactly the precise value of the frequency, the
required timeis At =infinity

We will encounter more of this when we study the Heisenberg
uncertainty relation in quantum physics
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e The classical wave uncertain relationship

AXAL > A
can also be expressed in an equivalence form
AtAv =21
viatherelationship c = v4 and 4x = c4t
e Where At is the time required to measure the frequency
of the wave
e The more we know about the value of the frequency of
the wave, the longer the time taken to measure it
o |f uwant to know exactly the precise value of the
frequency, the required time is At = infinity
e We will encounter more of this when we study the
Helsenberg uncertainty relation in quantum physics .




Wave can be made more
“localised”

e We have aready shown that the 1-D plain
waveisinfinite in extent and can't be properly
localised (because for this wave, Ax 2infinity)

e However, we can construct arelatively
localised wave (i.e., with smaller AX) by :

e adding up two plain waves of dightly different
wavelengths (or equivaently, frequencies)

¢ Consider the "beat phenomena’
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Constructing wave groups

» Two pure waves with dlight differencein
frequency and wave number Ao = o, - ®,,
Ak= k; - k,, are superimposed

y, = Acos(k,x— a;t); Yz = ACOS(KX—a,t)

180° out
of phase

Envelop wave and phase wave

The resultant wave is a‘wave group’ comprise of an
“envelop’ (or the group wave) and a phase waves

Y=%tY,
:2Acos%({k2—k1}x—{a)2_a)l}t),cos{(kz‘;ﬁjx_(wz;‘wl
M,) " ey
A \ p
M\ [ TSN
U V2R UU vl
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e Asacomparison to aplain waves, agroup wave is more
‘localised’ (due to the existence of the wave envelop. In
comparison, aplain wave has no “envelop’ but only ‘phase
wave')

e |t comprises of the slow envelop wave
2Acos% (K, —k}x~{@, - w}t)= 2Acos% (Akx—Aat)

that moves at group velocity v, = Aw/Ak
@ and the phase waves (individual waves oscillating inside the

envelop)
cos{( , J2r kijx—(wz er wljt} = cos{kpx— a)pt}

moving at phase velocity v, = 0./,

In general, v, = Ao/Ak << v, = (0,+0,)/(k + k) because o,
~ o, Kk~ K 20




Y=Yy, +Y,= {ZACOS% (Akx—Aa)t)}

R Phase waves
envelop’ (group waves).

Sometimesit’'s called
‘modulation’

|

|

|

|

|
N
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: cos{kpx— ot

Energy is carried at the speed of the
group wave

» The energy carried by the group waveis
concentrated in regions in which the amplitude
of the envelopeislarge

» The speed with which the waves energy is
transported through the medium is the speed
with which the envel ope advances, not the
phase wave

* |n this sense, the envelop waveis of more
‘physical’ relevance in comparison to the
individual phase waves (as far as energy
transportation is concerned)
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Wave pulse — an even more
“localised’ wave

e |n the previous example, we add up only two dlightly
different wave to form atrain of wave group

e Aneven more “localised’ group wave— what we call
a “wavepul se “can be constructed by adding more
sine waves of different numbersk and possibly
different amplitudes so that they interfere
constructively over asmall region Ax and outside this
region they interfere destructively so that the resultant
field approach zero

e Mathematically,

=

=> Acos(kx-at)

ywave pulse
| 23

I Ax ]
A wavepulse —the wave is well localised within Ax. Thisis done by
adding alot of waves with with their wave parameters{ A;, ki, o}
dlightly differ from each other (i =1, 2, 3....asmany asit can)

such awavepulse will move with avelocity

dw ] (cf the group velocity considered
V. =
-]

earlier vy, = Aw/ak)

ko 24




Comparing the three kinds of wave
AX >

I . I

Which wave isthe
most |ocalised?
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Why are waves and particles so
Important in physics?

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

e E.gwesigna another person with athrown
rock (aparticle), a shout (sound waves), a
gesture (light waves), atelephone call (electric
waves in conductors), or a radio message
(electromagnetic waves in space).

26

| nter actionstake place between

(i) particlesand particles(e.g. in
particle-particle collision, agirl bangs
into aguy) or

o v
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(ilwaves 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)

This is an example where

Oscillating A ) -
electron gives particle is interacting with
off energy wave; energy transform
‘ rom the electron’s K.E.
o the energy
propagating in the form
of EM wave wave




Waves superimpose, not collide

* In contrast, two waves do not interact in the
manner as particle-particle or particle-wave do

* Wave and wave smply “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

Superposition of waves

™

— V. den
rs

A pure EM wave

» According to Maxwell theory, light is aform of
energy that propagatesin 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 infrared radiation, visible light, gammarays, radio
waves, microwaves, X-rays
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A pure EM wave

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

| nterference experiment with water

waVves
« If hole 1 (2) isblock, intensity
distribution of (I,) I,is
observed
* However, if both holes are
opened, theintensity of I, is
suchthat 1,,=1; +1,
* Dueto the wave nature, the
intensities do not simply add
* Inaddition, and interference
term exist,
l,= 1 +1,+2c0sd (1, +1,)
* “wavesinterfere”

* Interference « diffraction

Pictures of interference and
diffraction pattern in waves

YYYYY
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Sincelight display interference and
diffraction pattern, it iswave

 Furthermore, Maxwell theory tell us what

kind of wavelight is

* |tiselectromagnetic wave
 (In other wordsit is not mechanical wave)
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I nterference experiment with bullets
(particles)

|, aredistribution of intensity of bullet detected with either one hole covered. |,

tﬁe distribution of bullets detected when both holes opened

Experimentally, 1,,= 1, + |, (theindividua intensity simply adds when both holes

opened)
Bullets aways arrive in identical lump (corpuscular) and display no interference
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EM radiation transports energy in
flux, not in bundles of particles

* Theway how wave
carriesenergy 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

Thisisin contrast to a stream
of ‘bullet’ from a machine gun
where the energy transported
by such asteam is discretein
nature
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Essentially,

Particles and wave are disparately

distinct phenomena and are Diffraction of Particles and Waves

fundamentally different in their

physical behaviour E] Sodres Q
Free particles only travel in e -~
straight line and they don’t bend ..,':-.'b":.'f-::._ Bga}:ﬁo =
when passing by a corner oeataientle, e
However, for light, it does Wl —
Light, according to Maxwell’s ~ Particles » ¢ % <, =, > =
EM theory, is EM wave Swaight o » L % % —

. . : . . -
It Spl ay wave phenomena such Particles Figure1  Waves

as diffraction and interference
that is not possible for particles
Energy of the EM waveis
transported in terms of energy
flux

&




BLACK BODY RATDIATION

=

* Object that iISHOT
(anything> 0K is
considered “hot”) emit
EM radiation

» For example, an
incandescent lamp is
red HOT because it
emitsalot of IR
radiation

41

Attempt to understand the origin of
radiation from hot bodies from
classical theories

* Inthe early years, around 1888 — 1900, light is
understood to be EM radiation

 Since hot body radiate EM radiation, hence
physicists at that time naturally attempted to
understand the origin of hot body in terms of
classical EM theory and thermodynamics
(which has been well established at that time)

42

« All hot object radiate EM wave of all
wavel engths

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

» Hence the term: the spectral distribution of
energy as afunction of wavelength

Spectral distribution of energy in
radiation depends only on

temper ature
» Thedistribution of intensity of the emitted radiation
from a hot body at a given wavelength depends on
the temperature




Introducing idealised black body

In reality the spectral distribution of intensity of radiation of
a given body could depend on the the type of the surface
which may differ in absorption and radiation efficiency (i.e.
frequency-dependent)

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

E.g. At the same temperature, the spectral distribution by
the exhaust pipe from a Proton GEN2 and a Toyota Altisis
different

Black body — a means of “strategy”

» Asastrategy to overcome this non-generality, we
introduce an idealised black body which, by
definition, absorbs all radiation incident upon it,
regardless of frequency

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

» All real surfaces could be approximate to the
behavior of ablack body via a parameter
EMMISSIVITY e (e=1 meansideally
approximated, e << 1 means poorly approximated)

46

Blackbody Approximation

* A good approximation of a
black body isasmall hole
leading to the inside of a
hollow object

e TheHOLE acts as a perfect
absorber

e TheBlack Body isthe
HOLE

47

Any radiation striking the HOLE
enters the cavity, trapped by
reflection until is absorbed by the
inner walls

The walls are constantly absorbin
and emitting energy at thermal EE

The nature of the radiation leavin
the cavity through the hole
depends only on the temperature
of the cavity and not the detail of
the surfaces nor frequency of the




Essentially

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

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

And at the same time, it aso emits all the absorbed
radiations at the same rate as the radiations are
absorbed

MOST IMPORATANTLY: THE SPECTRAL
DISTRIBUTION OF EMISSION DEPENDS
SOLELY ON THE TEMPERATURE AND NOT
OTHER DETAILS

49

Experimentally, the measured spectral
distribution of black bodiesis universal
and depends only on temperature
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Why does the spectral distribution of

» Lord Rayleigh and James

e (Details omitted, u will

black bodies have the shape as
measured?

Jeans at 1890'stry to
theoretically derivethe
distribution based on
statistical mechanics
(some kind of generalised
thermodynamics) and
classical Maxwell theory

Intensity —s

4000 K
3000 K

2000 K

learn thiswhen u study
statistical mechanics|ater)

Wavelength (um)
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For EM standing wave modesin the
cavity, <e> =KT

* In RJformula, the BB is modeled as the hole
leading into a cavity supporting many modes of
oscillation of the EM field caused by accelerated
chargesin the cavity walls, resulting in the
emission of EM waves at all wavelength

 |n the statistical mechanics used to derive the RJ
formula, the average energy of each wavelength of
the standing wave modes, <e> , is assumed to be
proportional to KT, based on the theorem of
equipartition of energy
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Details not required

* What isessential hereisthat: in deriving the
RJ formulathe radiation in the cavity is
treated as standing EM wave having
classical average energy per standing wave
as per

< =kT

» <g> cantakeany value CONTINOUSLY
and isNOT restricted to only discrete
values

Rayleigh-Jeans Law

» Rayleigh-Jeans law (based on classical
physics):

1 (AT) = 2mekT k =1.38x102JK, Boltzmann constant
J 4

» Atlong wavelengths, the law matched
experimental resultsfairly well

Rayleigh-Jeans Law, cont.

At short wavelengths, there
was a mgjor disagreement
between the Rayleigh-Jeans
law and experiment

This mismatch became
known as the ultraviol et
catastrophe

Y ou would have infinite
energy as the wavelength
approaches zero

Experimental
data

Intensity

Wavelength

£2004 Thomson - Brooks/Cole

Rayleigh—Jeans law

Max Planck

* Introduced the
concept of “quantum
of action”

* In1918 hewas
awarded the Nobel
Prizefor the
discovery of the
guantized nature of
energy

56




Planck’s Theory of Blackbody
Radiation

In 1900 Planck developed atheory of blackbody
radiation that leads to an equation for the
intensity of the radiation

This equation isin complete agreement with
experimental observations

57

Planck’s Wavelength
Distribution Function

» Planck generated atheoretical expression
for the wavelength distri k;uti on
2mrhe
I (A,T) = m
e h=6.626x 1034 Js
* hisafundamental constant of nature

Planck’s Wavelength

Distribution Function, cont.

At long wavelengths, Planck’ s equation reduces to
the Rayleigh-Jeans expression
This can be shown by expanding the exponential

e greitsT — 1, NC +1( he ]2 L
Ak T 2V AkgT Ak T
in the long wavelength limit hc << AkgT
At short wavelengths, it predicts an exponential
decrease in intensity with decreasing wavelength
» Thisisin agreement with experimental results
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How Planck modelled the BB

» He assumed the cavity radiation came from
atomic oscillations in the cavity walls

» Planck made two assumptions about the
nature of the oscillatorsin the cavity walls




Planck’s Assumption, 1

» Theenergy of an oscillator can have only certain

discrete values E,
* E,=nhf
* nisapositiveinteger called the quantum number
e hisPlanck’sconstant = 6.63 x 1034 Js
» fisthefrequency of oscillation
» Thissaysthe energy is quantized
» Each discrete energy value corresponds to a different
quantum state

* Thisisin stark contrast to the case of RJ derivation
according to classical theories, in which the energies of
oscillatorsin the cavity must assume acontinuous
distribution

» Horizontal lines represent

e Thedouble-headed arrows

Energy-Level Diagram

« Anenergy-level diagram

shows the quantized energy (o = o
levels and allowed [
transitions P

« Energy isonthe vertica hf T

axis

the allowed energy levels A\ 21

indicate allowed transitions

ENERGY
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Oscillator in Planck’stheory is
guantised in energies (taking only
discrete values)

» The energy of an oscillator can have only
certain discrete values E, = nhf

» The average energy per standing wave in

the Planck oscillator is

(€) Z% (instead of (€)=KkT in classical theories)

Planck’s Assumption, 2

» The oscillators emit or absorb energy when
making atransition from one quantum state
to another
» The entire energy difference between the
initial and final statesin the transition is
emitted or absorbed as a single quantum of
radiation

* An oscillator emits or absorbs energy only
when it changes quantum states




Example: quantised oscillator vs :

. : Solution

classical oscillator
A 2.0 kg block is attached to a massless e Inclassical mechanics, E= ¥kA2= ... 2.0J
spring that has a force constant k=25 N/m. » The frequency of oscillation is
The spring is stretched 0.40 m from its EB
position and rel eased. i
(A) Find the total energy of the system and = rm == 0%0Hz
the frequency of oscillation according to
classical mechanics.
(B) _ To summarise
» Classical BB presents a“ ultraviol et catastrophe’

» The spectral energy distribution of electromagnetic radiation
in ablack body CANNOT be explained in terms of classical

(B) Assuming that the energy is quantised, find Maxwell EM theory, in which the average energy in the cavity
the quantum number n for the system oscillating assumes continuous values of <&> = KT (thisisthe result of
with this amplitude the wave nature of radiation)

To solve the BB catastrophe one has to assume that the energy
of individual radiation oscillator in the cavity of aBB is

Solution: Thisis a quantum analysis of the quantised as per E, = nhf
oscillator  Thispictureisin conflict with classical physics becausein

_ _ . _ classical physicsenergy isin principle a continuous variable
E,=nhf = n (6.63 x 10-3* Js)(0.56 Hz) =2.0J that can take any value between 0 oo

= n=5.4x 103!l A very large quantum
number, typical for macroscopin system

Oneisthen lead to the revolutionary concept that

ENERGY OF AN OSCILLATOR ISQUANTISED
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