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A Short  History of Quantum

• What is wrong with “classical” physics? 
➙ The dawn of quantum physics

• Quantum nature of light 
➙ particle-like behaviour of waves

• Quantum nature of matter 
➙ wave-like properties of matter

• Does God play dice?
➙ Uncertainty principle, superposition, and entanglement
➙ Schrödinger‘s cat and other paradoxes

} wave-particle
duality



The Dawn of Quantum Physics

Classical Physics ➙ Deterministic
For an intellect which knows all forces that set nature in motion, and all 
positions of all items of which nature is composed, nothing would be 
uncertain and the future just like the past would be present before its eyes 

Laplace‘s demon (Pierre-Simon Laplace, 1814) 

• fails to describe nature correctly
• very intuitive and easy to interpret

The Dawn of Quantum Physics

Quantum Physics ➙ Probabilistic
• quantisation of energy (discrete energy levels)
• wave-particle duality and interference of particles
• uncertainty relation
• Schrödinger‘s cat, superposition, entanglement

• most successful description of nature
• not intuitive and many interpretations



The Dawn of Quantum Physics

Failures of classical physics
... explained by quantum mechanics

photoelectric effect 
(Albert Einstein, 1905, NP 1921)

black-body radiation 
(Max Planck, 1900, NP 1918)

atomic spectra and structure 
(Niels Bohr, 1913, NP 1922)

The Dawn of Quantum Physics

Failures of classical physics
... continued

interference of particles 
(L. de Broglie, 1924, NP 1929)

Creation of quantum mechanics
uncertainty principle 
(W. Heisenberg, 1927, NP 1932)

Schrödinger‘s wave equation 
(E. Schrödinger, 1926, NP 1933)



Newton postulates light “particles”
• reflection and refraction

Interference and diffraction ➙ Waves
• Young‘s double-slit experiment
• Maxwell‘s equations ➙ electromagnetic wave
• diffraction, interference

Quantised radiation ➙ Photons
• Photoelectric effect and black-body radiation
• Compton scattering

Let there be Light

Photoelectric Effect

quantised?

wavelength λ
frequency ν=c/λ
photon energy hν = hc/λ   ⇒  Quantisation of Radiation

Ekin = hν − Ebind
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Photoelectric Effect

Planck‘s constant h = 6.626 ×10-34 Js

• different colours (frequencies)
• threshold gate voltage =
  max. kinetic energy

electron binding energy                                        
⇒ quantised interaction

no delay ⇒ quantised radiation

Photoelectric Effect

time

Intensity I

time

Current I × area × ∆t = Ebind

∆t 

0 ∆t

no delay!

Ekin = hν − Ebind



[ ... ]

So what is a “Photon” ?

smallest amount of light of a given frequency 
➙ a photon was there, when my detector clicks (FAPP)  
➙ energy quantum of a field mode (Planck)

cannot be divided 
➙ effect of half-silvered mirrors?

wave- and particle like behaviour 
➙ (wave amplitude)2 ⇒ probability of photodetections 
➙ interference ... only with itself (Dirac)



Momentum of a Photon

quantisation of energy
for light,
so the photon momentum is

E = hν = hc/λ
E = mc2 = pc

p = h/λ = ℏk

Wave-Particle Duality

Luis de Broglie, 1924: De-Broglie wavelength

Any particle of momentum p and energy E=ħω

with  ħ=h/2π  and  ω=2πν • plane wave
• not localised

λ = h/p or p = ℏk

ψ(x, t) ∝ exp[i(kx − ωt)]



Uncertainty Principle

Solutions in free space ➙ plane waves 

delocalised: P(x)dx = |ψ(x,t)|2 dx = const.
not normalised ∫ P(x)dx = ∫ |ψ(x,t)|2 dx = ∞

Single-slit diffraction in transverse direction 
slit width Δx defines uncertainty in position

first diffraction minimum at  

Fourier transform between x and k space
for a Gaussian of width , this leads to 

∝ exp[i(kx − ωt)]

λ
Δx

= h
pΔx

= Δp
p

Δx ΔxΔk ≥ 1/2

ΔxΔp = h

ΔxΔp ≥ ℏ/2

Δp = 0
Δx = ∞

Wave Equations from E=T+V

note that ψ(x) = ⟨x |Ψ⟩

V(x) time independent
⇒ separation of variables

iℏ ∂
∂t

ψ(x, t) = − ℏ2

2m
∂2

∂x2 ψ(x, t) + V(x)ψ(x, t)

E = ℏω
ψ(x, t) = φ(x)e−iωt

− ℏ2

2m
∂2

∂x2 φ(x) + V(x)φ(x) = Eφ(x)

Time-dependent
Schrödinger Equation (TDSE)

Time-independent
Schrödinger Equation (TISE)



Simple Example: Potential Barrier

x

V(x)

V
1

V
2

E

φ1 = Aeik1x + Be−ik1x φ2 = Ceik2x + De−ik2x

ℏk1 = 2m(E − V1) ℏk2 = 2m(E − V2)

R = ( B
A )

2
= ( k1 − k2

k1 + k2 )
2Reflection 

probability

Potential Barrier



Light & Matter

Compton Scattering

elastic photon-
electron scattering

Arthur Compton, 1922



Photon-Particle Collisions

Modern Atomic Physics ➙Atom Optics
Laser cooling and trapping of Atoms
Bose-Einstein condensation (BEC)

Control and manipulate motional 
degrees of freedom with light pf = pi ± ħk

optical
molasses

Magneto-Optical Trap 

trapping and cooling of Rubidium to T = 30 µK
(movie taken by I. Bloch, University of Mainz) 



Planck

Photons in a Box

standing wave in a
one-dimensional cavity

standing wave on
a violin string

nodes at the end points



Black-Body Radiation

Our “box” represents a black body ... 
in equilibrium it radiates in accordance with its temperature. 

The radiated energy ... 
comes from standing waves in a three-dimensional cavity.

Spectral energy density: 
ρ(ν) dν = g(ν) dν ×〈E (ν)〉= spectral mode density × avg. Energy

Hollow cube of edge length L

resonance
condition (3D)

Spectral density of modes:

Black-Body Radiation

n2
x + n2

y + n2
z = 4L2

λ2

g(ν)dν = 8πν2

c3 dν



 Rayleigh-Jeans law
   ➙ultraviolet catastrophe

 Planck‘s law

Black-Body Radiation

ρ(ν)dν = kBT × 8πν2

c3 dν

ρ(ν)dν = hν
ehν/kBT − 1 × 8πν2

c3 dν

Planck‘s Postulate

Any physical quantity which oscillates in 
time has a total energy E which satisfies

ν is the frequency and
h is Planck‘s constant

E=0

E=hν

E=5hν
E=4hν
E=3hν
E=2hν

E=0

classical Planckh=6.626 ×10-34 Js

E = nhν with n = 0,1,2,3,...



Matter Waves

Has been shown with

electrons
neutrons
atoms
molecules  
➙C60, DNA molecules

• Bragg scattering
• double slit
• diffraction grating
• light (standing wave)

Interference of Matter Waves



Davidson-Germer Experiment

Bragg scattering

PHY3063  R. D. Field 
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The Davidson-Germer Experiment 
 

Bragg X-Ray Scattering (photons): 

Consider the scattering (or reflection) of X-

rays from two adjacent planes of atoms (called 

Bragg planes).  To a good approximation the 

path length difference between ray 1 and ray 

2 is, 
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Davidson-Germer (electrons instead of photons): 

The first evidence of De Broglie’s hypothesis came in 1925 when Davidson 

and Germer scattered electrons off a Ni crystal.  The spacing d for Ni was 

known from X-ray scattering to be 0.092 nm.  Davidson and Germer used 

with a kinetic energy of 54 eV.  The De Broglie wavelength of an electron 
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Davidson-Germer Experiment

Bragg scattering with electrons (1925, NP 1937)
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d=0.092 nm (Ni crystal)



More Experiments with Electrons
3. Experiments with Electrons

a. Diffraction from edge 

by using a gold wire 

(Boersch, 1956)

•
b.Two-Slit Diffraction by 

using a charged fibre

c. The electron microscope is used in much of 

materials and biological science and has a resolution 

of 0.1 nm.

Diffraction of Atoms and Molecules

Double Slit (Carnal & Mlynek, 1991) 



λ=0.056 nm

λ=0.103 nm

Interference 
pattern
↕

convolution 
with detector 

resolution
(2µm)

Diffraction of Atoms and Molecules

C60 (Bucky balls) v = 210 m/s; m = 720 amu = 1.2×10-24 kg
λdb = 2.5 pm = 0.0025 nm
M. Arndt, A. Zeilinger, 1999

Diffraction of Atoms and Molecules



C60 (Bucky balls) velocity:

SiN diffraction grating: 
d = 100 nm 
a = 50 nm

Diffraction of Atoms and Molecules

C60 (Bucky balls) velocity:

SiN diffraction grating: 
d = 100 nm 
a = 50 nm

Diffraction of Atoms and Molecules



Diffraction of Atoms from a Light Wave

standing wave

planes of equal intensity

short interaction time:
diffraction grating

long interaction time:
Bragg scattering

Pritchard, 1988 (atomic beam) 
Rempe, 1996 (MOT)
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Fig. 1. – Scheme of the experimental setup used to measure the diffraction of slow atoms from a
near-resonant standing-wave light field.

We now discuss this in more detail. Atomic excitation can be neglected when the atom-field
detuning ∆ is much larger than the peak travelling-wave Rabi frequency R, i.e. ∆ ! R. For
weak coupling, the stationary states of the atom-field system can be described using the concept
of band theory, effectively treating the electromagnetic field as a “light crystal” [7]-[9]. The
state of an incoming atom travelling with transverse momentum pz = −nh̄k (n = 1, 2, ...)
is energetically degenerate with the state of a diffracted atom travelling with transverse
momentum p′

z = −pz = nh̄k. The atom-field interaction lifts this degeneracy by an amount
2h̄Ωn which depends on the diffraction order n. If the interaction is turned on and off slowly
enough for an adiabatic evolution, this two-level model predicts an oscillation between the
populations of the two momentum states [10]. The probability Πn to find an atom in the
scattered state as a function of time t is given by

Πn = sin2(Ωnt). (1)

The Pendellösung frequency Ωn depends on the scattering order n and the two-photon coupling
strength, i.e. the light-shift parameter χ = R2/(4∆). In particular, Ω1 = χ for first-order
Bragg scattering, and Ω2 = χ2/ (4ωrec) for second-order diffraction [8].

Figure 1 shows the experimental setup. The measurements were performed with 85Rb atoms
from a vapour-cell magneto-optical trap [11]. After turning off the magnetic field, atoms loaded
into the trap are further cooled in optical molasses to a temperature of typically 10 mK [12].
The cloud of atoms is then released in zero magnetic field by switching off the molasses beams.
Next a small bias magnetic field of about 100 mT is applied in the vertical x-direction to define

Diffraction of Atoms from a Light Wave

30 mW must be used to achieve a value of c = 2p ´ 50 kHz for the ac-Stark shift
parameter.

The solid lines in ®gures 6 (a), 6 (b) and 6 (c) are ®ts representing the theoretical
prediction, equation (13), with c being the only ®t parameter. The initial
distribution qin( pz ) is a Gaussian whose parameters are measured independently
(see ®gure 4). The best-®t value c = 2p ´ 48 kHz agrees very well with the
expected value of c = 2p ´ 50 kHz.

We now brie¯y comment on a subtle distinction between di!raction experi-
ments employing a tightly focused cw light ®eld on the one hand and a large
diameter pulsed light ®eld on the other hand. Although both experimental
approaches are well described by the one-dimensional theoretical model men-
tioned above, which predicts a change of the transverse kinetic energy of the

Standing wave di!raction with a beam of slow atoms 1877

Figure 6. Momentum distribution of atoms after di!raction from a standing light wave in
the regime of short and intermediate interaction times. In part (a), (b), and (c) the
solid lines represents ®ts based on the Raman±Nath theory. In part (d ), (e) and ( f ) the
Raman±Nath approximation in clearly not valid.

short interaction time

optical grating for atoms

photon exchange with 
both waves

distribution depends on 
intensity, detuning and 
interaction time



Atoms

Quantised Energy Levels

Atomic spectra (from discharge lamps)

hydrogen atoms helium atoms



Quantised Energy Levels

Frank-Hertz Experiment (1914, NP 1925)

electrons accelerated in mercury vapour

Quantised Energy Levels

Frank-Hertz Experiment (1914, NP 1925)

electron current drops 
every 4.9V

⇓

inelastic collisions
occur whenever

Eel = 4.9 eV



Bohr‘s Model

classical electron orbit
circumference = integer multiple of λdB  

quantisation of angular momenta

2πr = nλdB

L = mvr = nℏ

Bohr‘s Model



The Hydrogen Spectrum

En = − Rhc
n2

Rhc = 13.6 eV

Stern-Gerlach: An Atomic Beam Splitter

Dipole in magnetic fields ➙ torque
B field gradient ➙ net force

N

S

µ

F

~F = �rV = r(~µ · ~B) =
X

µirBi �!
✓
µz

d

dz
Bz

◆
ẑ

⃗τ = ⃗μ × ⃗B

V = − ⃗μ ⋅ ⃗B



Stern-Gerlach Experiment

Silver ➙ one valence electron
expectation: random orientation of µ and B

Stern-Gerlach Experiment

Silver ➙ one valence electron
expectation: random orientation of µ and B

two angles found ⇒ only two µz values



The End

 classical description incomplete

 quantum ideas: E = ~!
p = ~k

�p�x � ~/2
� = h/p

 success! Bohr‘s hydrogen atom         Matter waves
        Black-body radiation        Photoelectric effect

 formalism
✓
� ~2
2m
�+ V (~x)

◆
 (~x, t) = i~ @

@t
 (~x, t)

H| i =
E| i

ha|bi = �ab| i = ↵|ai+ �|bi

 quantum engineering Schrödinger‘s cat, EPR, entanglement,
Quantum Cryptography & Computing

➙
➙

➙
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