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In ancient Greece, Democritus* proposed that matter is 

composed of ‘uncuttable’ atomon components. Today we 

call them atoms.

Unfortunately this idea only became scientific orthodoxy in 

the twentieth century!

In the Standard Model of modern Physics, atoms

are themselves composed of fundamental particles.

Quarks are ‘glued’ together to form the protons and

neutrons which comprise a tiny positively charged

atomic nucleus, with radius 10-15m (1femto-metre, fm).

Around them is a cloud of negatively charged

electrons. So what are these particles, and how do 

they interact?

Four key experiments at the turn of the twentieth century

showed that the laws of Physics at these small scales

are quite different, and much stranger, than the Classical

theories of Newton, Maxwell etc. 

This theory is called Quantum Mechanics
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Albert Einstein

1879-1955

Niels Bohr
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Max Planck
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Murray 

Gell-Mann
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Erwin Schrödinger
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Wolfgang Pauli
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The development of Quantum Mechanics was a truly collaborative effort, and 

unprecedented in terms of the speed at which the theory was assembled.

The 1927 Solvay Conference in Brussels was devoted to Quantum Theory. 

Many of the pioneers of the subject attended. Nine were eventually Nobel laureates.



ATOMS
But first we must start with

and why they exist at all

This model has

a serious flaw!





The size of an atom

Earth diameter 

= 12,756km
Marble diameter = 

3.6cm
Atomic diameter is 

about 1 Ångström
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Volume of Earth in marbles

Number of atoms in a marble
There are as many 

atoms in a marble as an 

Earth made of marbles!
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Atomic mass and densityMostly 

empty 

space!

Anders Ångström

1814-1874

This is one Ångström 



Ernest 

Marsden

Hans 

Geiger

Ernest 

Rutherford

1871-1937

The Rutherford scattering experiment , performed 1908-1913

at the University of Manchester, provided convincing evidence

for the modern nuclear model of atoms

alpha particle

is a helium nucleus



Iron (Fe) is the most 

stable element

as it has the highest 

binding energy

Fission

Fusion
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Liquid Drop Model 

of Binding Energy



RADIOACTIVITY
You are a soviet nuclear physicist sent to help with the Chernobyl disaster in 1986.

You need to determine the presence of an isotope from its half life, but background

levels are huge.... All you have is a text file of count rates. Your military commander

demands results as soon as possible.



PERFORM ANALYSIS IN EXCEL

Note this estimate is slightly different to 

the 100Bq used in the subsequent 

MATLAB analysis 

NOTE IGNORE 

DATA AFTER 28.75 

DAYS FOR BEST 

FIT



radioactive_decay_analysis.m

Data flow

Data processing and 

Information 

Presentation

is often best achieved 

by writing code.

In other words

a text file which

is interpreted

by a programming

language like

MATLAB or Python



make_decay_rate_data.m

iodine-131 activity .xls

radioactive decay curve.png

radioactive_decay_analysis.m

radioactivity analysis graph.png radioactivity analysis log graph.png





So the electrons

orbit the nucleus, just like 

planets orbit a star?
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… Back to the atom!



But there is a major problem here. For electrons to ‘orbit’ a nucleus, they must

be accelerating. Electromagnetism tells us that accelerating charges radiate.

A Classical calculation tells us that electrons should only exist for about 10-10s!
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‘electron 

lifetime’

So how do 

atoms exist?



To answer the question “why do atoms exist?” we will need

models which were developed to explain three perplexing

problems of Classical Physics

1. The spectrum of radiation from a hot body

2. The photoelectric effect

3. The spectral lines of Hydrogen

The implications of these models are profound:

• All particles have an associated wave-like character

• These waves can interfere, diffract, tunnel through barriers 

• The wave-pattern is related to the probability of finding a 

particle

• Uncertainty appears to be built into Physics



BLACK

BODY

RADIATION



4I T=Radiation power 

per square metre

Emmisivity

Absolute 

temperature /K

8 -2 -15.67 10 Wm K −= 

Stefan-Boltzmann 

constant

For a ‘Black Body’ at 

20oC = 293K  

-2418WmI =

It is interesting to compare 

this to the maximum solar 

energy incident upon the 

Earth, which is on average 

about  1,361 Wm-2
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A ‘Black Body’. i.e. all incident

radiation is absorbed and then

re-radiated

The Sun



The measured solar irradiance (i.e. power received

on Earth per square metre within a wavelength interval

d  → +i.e.
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Max Planck

1858 – 1947

Wilhelm Wien

1864-1928

James Jeans

1877-1946

John Strutt 

(Lord Rayleigh)

1842-1919

Predicted

the short wavelength

part well.....

But not the 

spectrum at long 

wavelengths

Considered

waves in a 3D box

and predicted the long 

wavelength spectrum.

But an ‘ultraviolet 

catastrophe’ at short 

wavelengths!

Max Planck

‘guessed’

what the law 

should be. But this 

led to a strange

conclusion .....

ASTM E490 2000 is the 

solar irradiance outside 

the Earth’s atmosphere. 

The Sun’s surface 

temperature is 5778K.
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is the ‘density of states’ i,e. number of 

photons per unit volume that can be 

activated within frequency range

Radiant energy flux upon the walls of a 

black cavity containing energy per unit 

volume u  (from Kinetic theory).

Energy density within frequency range 

f f df→ +

2

3

8 f

c
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1B

hf

k T

hf
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−
is the average energy of a 

photon of frequency f

Energy density (energy per unit volume)

Max Planck

1858 – 1947

Let’s start from the Rayleigh-Jeans analysis

Rayleigh

Jeans

This is the clever bit. Planck had

to quantize radiation energy. h turned 

out to be very small, but not zero
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8 -1
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Red       620-750nm

Yellow   570-590nm

Green   495-570nm

Blue      450-495nm

Boltzmann’s constant

Planck’s constant

Speed of light

Max Planck

1858 – 1947

So radiation is quantized 

into photons of energy

E hf=



PHOTO

ELECTRIC

EFFECT



E hf W= −Kinetic energy of 

emitted electrons

Photon 

energy

‘Work function’ or 

‘binding energy’ of 

electron in the surface

Robert Millikan

1868-1953
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electron charge

Light above a certain ‘cuttoff’ frequency

causes surfaces to emit electrons.

More photons mean more electrons

but the electron energy only depends

of frequency

To stop the electrons 

reaching the cathode

This is not a classical

prediction!

*Maximum*



Cut-off frequency

Visible light 

frequencies

Therefore UV light

is needed to stimulate 

the photoelectric effect 

in most metals

eV E hf W
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W
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Albert Einstein

1879-1955

Yes, me 

again!

Extrapolated

for less than cut-off

frequency



HYDROGEN

SPECTRA



Johann Balmer

1825-1898

Hydrogen only re-radiates absorbed electromagnetic waves at particular frequencies.

Classical Physics had no sensible explanation for this phenomenon. The Swiss Maths 

teacher J. Balmer proposed an empirical formula to predict the lines in the visible

part of the electromagnetic spectrum
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Louis de Broglie

1892 –1987
Niels Bohr

1885-1962

The strange formula can be

explained by combining

quantum ideas from de Broglie

and Bohr, and a bit of classical physics
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Electrons are 

‘standing waves’ 

around the nucleus

2 r n =

de Broglie

relationship

momentum

Angular 

momentum is 

quantized!
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From 

Classical 

Physics Total energy of electron in orbit 

about a nucleus of charge Ze

Photon energy

i.e. photons are 

emitted when 

electron energies 

change from one 

quantum state to 

another

Circular orbits, Coulomb force ...

for Hydrogen

Z = 1



Notice the n-2 dependency of photon

energy, decaying from the maximum

possible of 13.6eV (for Hydrogen)
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So electrons can ‘orbit’ about 1% of the

speed of light. This is large enough

for relativistic effects to be apparent.

Careful inspection of the Hydrogen 

emission spectrum shows indeed a small 

deviation from the Balmer formula

This is called the Fine 

Structure Constant

Note it is dimensionless!
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ELECTRON
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Lester Germer 

(right) with Clinton 

Davisson in 1927
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Louis de Broglie
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momentum

wavelength

Planck’s 
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All particles

have an 

associated

wave

Apply relativity 

and you get a 

small correction

to this formula



Thomas Young

1773-1829

Young’s slits and photons

Young’s double slits

cause incident waves

to diffract, resulting in

an interference pattern
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Equivalent geometry 

is wavelet sources 

are at the same angle 

(i.e. plane waves) but 

separated by Phase difference
1

2
sinkd  = −

Phase difference

1

2
sinkd  =

sind 

This  only 

works because

r d



Amazingly, the same interference pattern is seen if single electrons are fired

through a double slit arrangement. The wavefunction appears to interfere in exactly

the same way as if the electron were an electromagnetic wave.

h

p
 =Electron wavelength

from de-Broglie relation



If one of the slits is blocked off, the interference pattern is broken.

Does the electron go through ‘both slits at the same time’ ?



THE WAVE

EQUATION &

UNCERTAINTY

PRINCIPLE



Combine:

The wave equation

Conservation of energy

de-Broglie relation
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Erwin Schrödinger

1887 – 1961

Wave amplitude



Erwin Schrödinger

1887 – 1961
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( )
2

,x t dx

is the probability of

a particle being at location

between x and x + dx

Schrödinger 

Equation

Born interpretation

Max Born

1882 – 1970



Particle in a box
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Schrödinger Equation
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Harmonic oscillator
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Schrödinger Equation
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Gamow model

of alpha decay

( )0

2 2

2

1

qa

m V E
q

qa

t e−

−
=



( )V x

x

0
V

aa−

( )
1/21/2 2

2

2
2

2

2 22
2

G G

b

R

R m
e R e

v E

Z em
G E dr

r

 −  =

 − 
= −       



Gasiorowicz, Quantum Physics

1510 m−

George 

Gamow

1904-1968
“Lifetime of alpha particle = 

time to traverse nucleus / 

probability of alpha escaping”
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21
2

E mv=

let coulomb barrier

be lots of thin rectangles

Rectangular 

potential

barrier

Tunnelling 

probability



Gasiorowicz, Quantum Physics pp87
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Half life of alpha-emmitter



Hydrogenic atom
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Lageurre polynomial

Radial wavefunction

Woan, The Cambridge Handbook of Physics Formulas

Orbital energy

Angular wavefunction
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Example radial wavefunction

for Carbon-12

2R
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Angular wavefunction

Spherical harmonics
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Legendre Polynomials can be evaluated using the MATLAB

legendre(l,x)function (which gives a vector of outputs for all possible m values).

,...0....m l l= −

Assume quantum

numbers n,l,m are

integers!
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Heisenberg Uncertainty 

Principle

1

2
x p  

In other words, we have a limit 

upon how precisely we can 

measure position and 

momentum of a particle

Werner 

Heisenberg

1901 – 1976
1

2
E t  

A similar relationship exists between 

energy and time

Not this one!



THE 

COPENHAGEN 

INTERPRETATION



“Physical systems generally do not have definite properties 

prior to being measured, and quantum mechanics can only 

predict the probabilities that measurements will produce 

certain results. 

The act of measurement affects the system, causing the set 

of probabilities to reduce to only one of the possible values 

immediately after the measurement. This feature is known 

as wavefunction collapse.”

https://en.wikipedia.org/wiki/Copenhagen_interpretation

The Copenhagen Interpretation of Quantum Mechanics

(Bohr, Heisenberg, Born et al 1925-1927)

An electron therefore has a wavefunction which incorporates both 

spin states, until it is measured.

An electron in a hydrogen atom has wavefunction which is a 

superposition of all possible quantum numbers. Only when you 

measure it, does it collapse to one particular ‘eigenstate.’

2


https://en.wikipedia.org/wiki/Copenhagen_interpretation
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Quantum Cryptography Here you can tell whether Eve has been listening!

Erwin 
Schrödinger 
(1887-1961)
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(Adapted from The 
Code Book by Simon 
Singh pp379)

Alice sends Bob a message based upon photons of different polarizations.
Alice & Bob communicate to agree which photons were intercepted with 
the correct detector, but not what the polarizations were.
This sequence forms the basis of a cipher key.

It is very hard for Eve to intercept this, as if she guesses Alice’s 
polarization wrong she will change what Bob receives. 
This means Alice & Bob can detect whether Eve has been listening! 

If you intercept a photon, you will force its polarization to be that of the detector.
In Quantum Mechanics your act of measurement collapses the wavefunction.
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