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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 

 

Democritus  

460 BC – 370BC 

*and Leucippus 



Isaac Newton 

1642-1726 

Archimedes 

287BC - 212BC  

Michael Faraday 

1791-1867 

Galileo Galilei 

1564-1642 

Johannes Kepler 

1571-1630 

Christiaan Huygens 

1629 - 1695 

Joseph Fourier  

1768-1830 

Rudolf Clausius 

1822-1888 

James Clerk 

Maxwell 

1831-1879 

Pioneers of Classical Physics 

Waves Orbits Mechanics 

Everything! Waves, heat Electromagnetism Entropy Electromagnetism 

Mechanics 

A small selection of the 



Albert Einstein 

1879-1955 

Niels Bohr 

1885-1962 

Max Planck 

1858 – 1947 
Ernest Rutherford 

1871-1937 

Heinrich Hertz 

1857-1894 

Marie Curie 

1867-1934 

Antoine Henri 

Becquerel 

1852-1908 
Wilhelm Röntgen 

1845-1923 

J.J.Thompson 

1856-1940 
Ludwig Boltzmann 

1844-1906 

 

Pioneers of Atomic & Quantum Physics 

Thermodynamics X-Rays Radioactivity Electron Radio waves 

Quanta Radioactivity Atomic nucleus 
Quantum Theory 

Relativity 

Quantum  

atom 

A small selection of the 



Murray  

Gell-Mann 

1929- 

Erwin Schrödinger 

1887 –1961 

Wolfgang Pauli 

1900 –1958 

Werner  

Heisenberg 

1901 – 1976 

Max Born 

1882 –1970 

Richard  

Feynman 

1918-1988 

Paul  

Dirac 

1902-1984 

Louis de Broglie 

1892 –1987 

George  

Gamow 

1904-1968 

Enrico Fermi 

1901-1954 

Peter Higgs  

1929- 

Pioneers of modern Quantum Physics A small selection of the 



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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Number of atoms in a marble 
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atoms in a marble as an 

Earth made of marbles! 
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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 



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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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 
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The measured solar irradiance (i.e. power received 

on Earth per square metre within a wavelength interval 
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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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Ludwig 

Boltzmann 

1844-1906 
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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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Albert Einstein 

1879-1955 

Einstein applied the analysis of Black Body 

radiation to the vibrations of a solid lattice of  

atoms.  

 

Although the theory is approximate, 

at low temperatures, it does predict the general 

shape of heat capacity vs temperature for a solid 

In the Einstein model, all 

vibrations have the same 

frequency. 

Peter Debye 

1884-1966 

 

Proposed an 

improved model 

for the heat 

capacity of solids 



PHOTO 

ELECTRIC 

EFFECT 



E hf W Kinetic energy of  

emitted electrons 

Photon 

energy 

‘Work function’ or 

‘binding energy’ of 

electron in the surface 
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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! 



Cut-off frequency 

Visible light 

frequencies 

Therefore UV light 

is needed to stimulate 

the photoelectric effect 

in most metals 
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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 

1

2 2

1 1
91.13nm

n
m n





 
  

 
3, 2n m 



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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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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small correction 
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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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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’ ? 
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EQUATION & 

UNCERTAINTY 
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Combine: 

 

 

 

The wave equation 

 

 

 

 

Conservation of energy 

 

 

 

 

de-Broglie relation 

2 2

2 2 2

1

x c t

  


 

2

2

p
E V

m
 

h

p
 

Erwin Schrödinger 

1887 – 1961 

Wave amplitude 



Erwin Schrödinger 

1887 – 1961 
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1882 – 1970 



Particle in a box 
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Potential step 
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Potential barrier 

“Tunnelling”  
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Potential well  
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Harmonic oscillator 
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Gamow model 

of alpha decay 
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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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Orbital transition rules 

 

It turns out that only certain transitions between ‘hydrogenic’ orbitals are allowed 

in Quantum Mechanics 



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! 



Electron orbital angular momentum and Spin 

 J L s
Goudsmit & Uhlenbeck proposed in 1925  

that the electron has ‘intrinsic angular 

momentum’ or spin. This is to account for 

the anomalous Zeeman effect, i.e. the 

extra splitting of spectral lines not predicted 

by previous quantum theories. 
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The magnetic moment of an electron therefore has orbital and spin components 

It turns out you get 

twice as much for spin! 

If a magnetic field is applied 

the electron changes in energy by 
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Since k = +1/2 or -1/2 for an electron 

there will be at least two energy shifts 

due to magnetic effects. An electron 

with l > 0 will have more spectral lines 

associated with different shifts 

E h f  
Emmission spectrum 

frequency shift resulting from 

electron energy change 

Quantized orbital angular 

momentum and spin 

i.e. assume 

our measurement 

direction is the z axis 



In 1922, Stern & Gerlach used a beam of silver atoms to investigate spin. There is 

only once ‘valence’ electron, which is in the 5s orbital. This has no orbital angular 

momentum i.e. l =0. Deflection of the beam via an inhomogeneous magnetic field is 

therefore only due to spin. 

Silver atoms travel through an 

inhomogeneous magnetic field and are 

deflected up or down depending on their 

spin 
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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


John Bell 

1928-1990 

David Bohm 

1917-1992 

Many Worlds 

hypothesis 

Hugh Everett 

1930-1982 

Erwin Schrödinger 

1887-1961 

‘Pilot waves’ 

Hidden variables 

All possible outcomes are realized in  

parallel universes 

Poor 

puss! 



EXPLAINING 

CHEMISTRY 
Wolfgang Pauli 

1900 – 1958 

Dmitri Mendeleev 

1834-1907 





Pauli Exclusion principle 

 

Two identical fermions (i.e. particle with half integer spin 

such as electrons, protons, neutrons and neutrinos) 

cannot exist in the same quantum state simultaneously. 

 

For each n,l,m orbital of a Hydrogenic atom 

we can have two possible electrons, since the spin quantum 

number of an electron is +1/2 or -1/2 

Wolfgang Pauli 

1900 – 1958 
This helps to explain the structure of the periodic table. 

i.e. we fill up quantum orbitals using the electrons contained 

within a particular element. 

 

‘Unfilled’ orbitals give rise to chemical activity of an element. 

i.e. Hydrogen will preferentially ‘lose’ its single electron to 

Oxygen. Oxygen can ‘accept’ two electrons, which is why 

water H2O is a stable molecule. 

Aufbau (“atomic building up”) or 

Madelung principle 



http://hyperphysics.phy-astr.gsu.edu/hbase/chemical/eleorb.html 
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i.e. three possible 2P orbitals 

due to three possible m values 
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APPLYING 

RELATIVITY 

TO QUANTUM 

THEORY 



Paul Dirac 

1902 – 1984 

Nobel Prize 1933 

Arnold Sommerfeld 

1868-1951 
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Non-relativistic 

orbital energies 

of electrons in a 

Hydrogenic atom 

Electron energies predicted using the Dirac Equation 
Sommerfeld derived 

a very similar formula 

by considering the 

relativistic form of 

kinetic energy 
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But even the Dirac equation could not predict the Lamb Shift 

 

This required Quantum Electrodyamics (QED) 

Willis Lamb 

1913-2008 
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TOWARDS THE  

STANDARD  

MODEL 



Hans Bethe  

1906 – 2005 

Nobel Prize 1967 

 

Sin-Itiro Tomonaga 

1906-1979 

Nobel prize 1965 

Richard Feynman 

1918-1988 

Nobel Prize 1965 

Julian Schwinger 

1918-1994 

Nobel Prize 1965 

Freeman Dyson  

(X, 1936-1941) 

1923- 

Quantum 

Electro-Dynamics 

(QED) 



Yuval Ne'eman 

1925-2006 

George Zweig 

1937- 

Murray Gell-Mann 

1929- 

Quantum Chromodynamics (QCD) 
The Quark model of hadrons 

“Three quarks for Muster 

Mark! 

Sure he has not got much 

of a bark 

And sure any he has it's 

all beside the mark.” 

James Joyce,  

Finnegans Wake 





Higgs boson discovered 

at CERN in July 2012 

 

All particles are within 

the Higgs field. 

Interactions with it confer 

mass to certain particles. 
Peter Higgs  

1929- 



At CERN, particles (such as 

protons) are collided at very high 

energies. The high energies are 

achieved via acceleration using 

electric fields. Enormous* 

voltages are used! 

 

Magnetic fields are used to 

steer the particle beams in the 

circular beamlines 

When particles such as protons collide, 

a plethora of other particles (i.e. 

hadrons or leptons) are formed. 

 

The trajectories of these particles 

can be used to infer the mass and 

charge of these particles 

* 1012 volts 



Matter 

Leptons 

Spin half Hadrons (made from quarks) 

Baryons  

(three quarks) 

Half-integer spin 

Mesons (quark + 

anti-quark pair) 

Integer spin 

The Standard Model of 

Particle Physics 

Interactions between particles proceed via exchange of Gauge Bosons 

e.g. photon, W+, W- , Zo, gluon, graviton(?) 

proton = uud 

neutron = udd 

Fermions are 

particles with half-

integer spin 

They obey the Pauli 

Exclusion Principle 

Mesons are also 

Bosons as they have integer 

spin. They don’t have to obey the 

Pauli Exclusion Principle 



Standard model 

interaction map 





Boson – integer spin 



Fermion– half integer spin 



Fermion– half integer spin 



Mesons 

(quark + anti-quark pair) 

Boson - integer spin 



Baryons 

(Three quarks) 

Fermion– 

half integer 

spin 



A QUANTUM  

FUTURE... 



https://youtu.be/w_-_H9eBte8
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The Quantum future of cryptography Here you can tell whether Eve has been listening! 

Erwin 
Schrödinger 
(1887-1961) 



91 

(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. 



Further reading 

http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html

