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Summary 

•  The most beautiful experiment: Why, Who, When, 
Where, What? 

 
•  The origins (with a brief introduction on waves) 
 
•  The experimental challenge: from the idea to the 

lab 
 
•  The conceptual challenge: from “classic thinking” 

to “quantum thinking” 
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1) Why the “most beautiful”? 

Physics World – May-September 2002 
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2) What is it? 

Dr. Quantum (The infaumous double slit experiment - YouTube)  
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3,4,5) Who dit it first? When? Where? 

Pier Giorgio 
Merli (2) 

Gian Franco 
Missiroli (1) 

Giulio Pozzi (1) 

(1)  Dipartimento di Fisica Università - Bologna  
(2)  CNR LAMEL (oggi IMM) - Bologna 

P.G.Merli, G.F.Missiroli, G.Pozzi On the 
s t a t i s t i c a l a s p e c t s o f e l e c t r o n 
interference phenomena Am. J. Phys. 44, 
306 (1976) 
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1974: Pier Giorgio Merli, Gian Franco Missiroli e Giulio 
Pozzi observed for the first time single electron 
interference using in a creative way an electron 
microscope equipped with a single electron 
detector 
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2002 / 2003 
 
impact on media 
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The origins 
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Waves 
 

A wave is an oscillation accompanied by a transfer of energy 
that travel through a medium or in vacuum space 
 
 
1)  MECHANICAL WAVES: they require a material medium (water, 

air, metal, ...) 
 
2)  ELECTROMAGNETIC (e-m) WAVES: they don’t require a 

medium, they consist of periodic oscillations of electrical and 
magnetic fields originally generated by charged particles, 
and can travel through vacuum space 

3)  GRAVITATIONAL WAVES: analog to e-m waves, their existence 
has been demostrated earlier this year 
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Material waves in water: the ripple tank 

here we don’t have slits, but point sources, the interference 
phenomenon is the same. 



Waves in water: amplitude, wavelenght and frequency 

frequency (ν) = number of oscillation/second 
 
wave propagation velocity =    v = λν   ⇒    λ= v/ν 
 
ν and λ are inversely proportional, higher frequencies 
correspond to smaller wavelengths 

λ 



Material waves in water: the ripple tank 



The double-slit experiment with the ripple tank 

beyond the slits the 
i n t e r f e r e n c e 
pattern is the same 
observed with the 
two point sources 

source of rectilinear 
waves 

slits 



pattern observed in the ripple tank interference experiment 



regions where the liquid oscillates up and down 

level of the 
liquid at 
rest 



points where the liquid remains at rest (nodal 
points) 



red line: separation border 
between wet and dry wall 

level of the 
liquid at rest 

figure representative of the oscillation amplitude (A) of the liquid 



figure representative of the oscillation amplitude (A) of the liquid 

frange di interferenza 



When waves meet in space 
they combine according to 
the superposition principle 

The net amplitude caused 
by two or more waves 
traversing the same space is 
the (algebraic) sum of the 
amplitudes which would 
have been produced by 
t h e i n d i v i d u a l w a v e s 
separately  

This effect may give origin 
t o r e g i o n s w h e r e t h e 
amplitude is enhanced (4A) 
a n d r e g i o n s w h e r e i t 
becomes zero (4B) 

The origin of interference: the superposition principle 



case 3: high intensity light beam (Young’s experiment, 1801) 



T.Young 

1801: Young’s double slit experiment 

interference  light = wave  



Electromagnetic (e-m) waves 
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Electric  and magnetic  fields which propagate in 
vacuum  at the speed of light c 
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Spectrum of e-m waves 
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figure representative of 
the intensity of the light 
wave (related to the 
intensity of the e.m. 
field) I∝A2 

 

figure representative of 
the oscillation amplitude 
(A) of the liquid 



waves : superpos i t ion 
principle ➞ interference 
fringes 
 
spatial extension, continuity, 
concept of field, ... 

result of the classic two-slit experiment 

particles: newtonian 
m e c h a n i c s  ( n o 
superposit ion!)➞two 
bands 
 
s p a t i a l  l o c a l i z a t i o n , 
discreteness, trajectories, ... 



photoelectric effect light = particles 
(light quanta or photons)  

A.Einstein 
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1905: Einstein, the photoelectric effect and light quanta 
"On a Heuristic Viewpoint Concerning the Production and Transformation of Light" 

E = h𝜈 = ℏω 

h = Planck’s constant = 6.63x10-27 cm2gs-1 

ℏ = h/2π 
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1905: Einstein, the photoelectric effect and light quanta 
"On a Heuristic Viewpoint Concerning the Production and Transformation of Light" 

According to the classical electromagnetic theory, electron 
emission should increase with increasing the intensity 
(∝amplitude2) of the incident e-m wave. 

Actually the features of electron emission depend mainly on the 
frequency (= c/λ):  
 
•  below some threshold value of frequency, which depends on 

the material, there is no emission, independently on the 
intensity of the e-m radiation 

 
•  above the threshold the kinetic energy of emitted electrons 

increases with increasing the frequency of e-m radiation 
(energy of light quanta), their number increasies with 
increasing the radiation intensity (number of light quanta) 
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1905: Einstein, the photoelectric effect and light quanta 
"On a Heuristic Viewpoint Concerning the Production and Transformation of Light" 

thresholds for photoelectric emission in various metals 



L. De Broglie 

λ = h/mv 
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J.J.Thomson 

1897: corpuscles 1923: waves! 

Electrons? 



C. Davisson, D. Germer 

4 years later: experimental demonstration of the wave behavior of 
electrons ⇒ diffraction from a crystal (Ni): results confirm the De 
Broglie hypothesis. 

1927: an experiment on electron diffraction 
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•  5th Solvay Conference “Electrons and Photons”: Einstein 
invents the most beautiful experiment as a conceptual 
(gedanken) experiment in an attempt (failed) to find a 
violation of the  Bohr’s complementarity principle.  

1927: a conceptual experiment 
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1963: the only mistery... 

Richard Feynman – La fisica di Feynman, vol. 3 Meccanica Quantistica (1963)  

“ W e c h o o s e t o e x a m i n e a 
phenomenon [n.d.r. the single electron 
interference] which is impossible, 
absolutely impossible to explain in any 
classical way, e which has in it the 
heart of quantum mechanics. In reality, 
it contains the only mistery.”  
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“impossibly small scale..” 



The experimental challenge: from 
the concept to the lab 
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eV =
m0v2

2

� =
h

(2m0eV )1/2

� =
h

[2m0eV (1 + eV
2m0c2

)]1/2

V (volt) → λ (nm)  

acceleration potential (volt) wavelength 

1000 0.04   nm             4×10-11  m 

100000 0.004 nm             4×10-12 m 

(relativistic correction) 

h: Planck’s constant � =
h

m0v m0v = (2m0eV )1/2

Electron wavelength  

� =
1.266

(1 + 0.9788⇥ 10�6V )V 1/2



electrons    λel∼10-4 – 10-5 λlight 100-1 keV 

Electron wavelength  
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D 

d 

Fringes visibility 

 x ≃ λD/d           (d<<D) 

 x (eye’s resol.) ≈ 0.1 mm  
λel (100keV)    =  0.004 nm 
 
to see fringes at a distance 
of D = 30 cm   
must be  d∼1 nm 
 
   ... actually too small! 

Fringe’s spacing 

a more realistic possibility allowed by today’s technology: 
d ∼ 100 nm  ⇒  D ∼ 30 m  (much longer than an electron 
microscope...)    
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To summarize 

Fringe’s visibility criterion (and  coherence limits) call for a 
geometry  where:  

•  size of the primary source, slits apertures and distances 
between slits are similar to the wavelength; 

(very difficult to obtain, especially for electrons, due to their small 
wavelength) or, in alternative, 

•  slits-source and slits-detector distances are sufficiently  
large (a few tens of meters).  

Also this alternative is not easy to be implemented in a lab, 
however there is a “trick” which allows to fullfill these 
conditions within the length (1-1.5 mt) of an electron 
microscope ... 



C. Jönsson (Univ. Tubinga) 1961 

electron “lenses” 



electromagnetic lens for electrons 

the device in the heart of the electron 
microscope (here we speak of the  
Transmission Electron Microscope - TEM) 
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The magnifying effect of a lens 

geometrical projection from a point source 
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image of the same size than the previous one, but much 
closer to the object (and reversed) 
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The magnifying effect of a lens 



Electron biprism: an alternative to the double slit 

G.Lulli et al. from the documentary “L’esperimento più bello” 2011 
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wire thickness  ≈  0.5 - 1μm 
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biprisma 

electron interference inside a TEM 
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K.H. Hermann (Siemens) image intensifier (1971) 

the last step: 
the single electron 
detector 
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Merli Missiroli Pozzi experiment (1974-1976) 

TEM + biprism + single electron detector 
 
 

the first interference experiment where single electrons are 
visualized : the most beautiful experiment! (Physics World 2002) 
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Gold medal for physics at the International 
Scientific Film Festival - Brussels 1976 

1976:  The movie“Electron Interference” 

Giorgio Lulli – CNR-IMM 



dal 2009 

2010 

2013 
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more info on the most beautiful experiment and its story  
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Materials related to this presentation (pdf slides and 
embedded movies):  

http://l-esperimento-piu-bello-della-fisica.bo.imm.cnr.it/
didattica/materialeldr.html 



The conceptual challenge: from 
classical to “quantum thinking” 
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case 4: high intensity  electron beam on a photographic plate 

apparently  wave behavior ... are electrons waves? 

(*) esperiments 1959-61 



case 5: very weak electron beam (one electron at a time) 

rivelatore di elettroni singoli 

we observe a single point impact, not a weak interference pattern 

? 



wavefunction 
“collapse” 

E. Schrödinger: electron = wave 

Ψ = wavefunction 

The hypothesis of an extended electron-wave spanning both slits, requires 
that such a wave collapses instantaneously into a single point when 
reaching the detector ... 



particle like impacts.. but distributed as in wave interference 
an effect which can’t be due to the interaction among different electrons 

spots: particles 

interference fringes: waves .. one electron at a time 

Giorgio Lulli – CNR-IMM 



a very weak light beam (one photon at a time):  
same result! 
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V. Jacques et al. Single 
photon wavefront splitting 
interference Eur. Phys. J. D 
35, 561–565 (2005)  
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Single photon intererence (Jacques et al. 2005) 



Thermal neutron interference (Zeilinger et al. 1988) 

mass     = 1 AMU 
v            = 200 ms-1 
λneutroni = 2 nm 
 
 
slit spacing d = 104 μm 
(slit aperture 22 μm) 
 
fringe’s visibility criterion: 
λD/d = 0.1 mm  

slits-detector distance D = 5 m 
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λ = h/mv 



C60 single molecule interference (Arntd et al. 1999) 

mass = 720 AMU 
v  ⋍   200 ms-1 

λ=   0.0028 nm 

d =   100 nm (slit aperture 50nm) 

slits-detector distance = 1.25 m  



Single (C32H18N8 and C48H26F24N8O8)  molecule 
interference (Juffmann et al. 2012)  

masses  
514 AMU, 1298 AMU 

v  ⋍   150 ms-1 

λ=   0.0052 nm 
d =   100 nm (slit aperture 50nm) 

slits-detector distance ∼ 0.5 m  



1.  e v e r y s i n g l e e l e c t r o n /
phonon ... is always detected 
as a particle  

2.  its arrival point at the screen is 
unpredictable – i.e. the single 
electron behavior is not 
deterministic 

3.  f r i n g e s a r e  c l e a r l y 
recognizable only after many 
(>1000) single impact events: 
t h e y a p p e a r t o b e a 
stat ist ical effect of the 
behavior of many electrons 

4.  the probability of an electron 
to hit a particular point of the 
screen is predictable and has 
the mathematical form of the 
fringe’s intensity observed in a 
classical wave interference 
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Some remarks on the MMP experiment 

Here we don’t have a classical wave 
(material or electromagnetic) but a 
“probability wave”  
 



”every photon [or electron] 
interferes with itself”  
 
 
 
Paul A. M. Dirac The principles of 
Quantum Mechanics (Boringhieri, 1959) 
p.13  

•  classically, to interfere we need at least two wave 
sources/wavefronts 

 
•  here we shoot a single electron/photon at a time 
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Single electron: what interferes with what? 



Dr. Quantum (The infaumous double slit experiment - YouTube)  

A“naive” way to visualize this effect... 
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Dr. Quantum (The infaumous double slit experiment - YouTube)  

Which path? (or which way?) 
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the figure is the sum of 
the intensity patterns 
of the two slits, treated 
individually ... 

1 2
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no which path information  
⇒ interference 
 
 
 
 
 
 
which path information  
⇒ no interference 

Summarizing: 
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Important! 

if we use an apparatus which measures the passage 
through both slits we always observe the electron 
going through one slit or the other:  
 
we never observe something like an electron which 
splits to go through both slits! 
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Schematic of a conceptual atom interference experiment of 
Scully et al. (1991) in which the determination of which way 
information induces a negligible momentum variation of the 
measured atom. 
A real experiment inspired to this one was made in 1998 (Durr 
et al. Nature, 395, 33, 1998) 

the effect is NOT DUE to the experimental “disturbance”  



Important: it is wrong to say that in this 
case electrons behave as classical 
particles. We still observe intensity 
oscillations due to the diffraction of 
electrons from each single slit. 

NO dualism classical-particle/quantum-wave 



What interferes with what?  
  
 
Not classical objects – such as matter or e.m. waves - but 
rather abstract entities, such as “potential” paths (or 
alternatives). Are these entities which superimpose, giving 
origin to quantum interference (the meaning we can 
attribute to the Dirac statement).  

An apparatus capable of measuring which-way 
information prevents interference, because now, for 
each electron, only one possible path is actually 
observed, only one alternative occurs. 

The disappearance of interference is not due to the 
disturbance induced by the measuring apparatus!! 
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The interference of alternatives is characteristic of 
quantum systems; classical alternatives do not 
interfere. (B-G. Englert “Remarks of some basic issues 
in quantum mechanics” ) 

[...] regardeless of the quantum 
system, any information – recorded 
or not – about the alternative taken 
by a quantum process capable of 
following more than one alternative, 
destroys the interference between 
alternatives. (R. Feynman, A. R. 
Hibbs “Quantum mechanics and 
path integrals” ) 
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Interference of “alternatives” 



Single electron interference may be considered as 
a prototype of a two-state quantum system 
 
state 1 : electon going through slit 1 
state 2 : electon going through slit 2 
 
the state of the (unobserved) electron is the 
superposition of state 1 and state 2, i.e. 1 and 2 
 
if the electron is observed, the superposition 
collapses into one of the two states, i.e.1 or 2 
 
The validity of the superposition principle in 
quantum physics is due to the linearity of quantum 
physics equation (Schrödinger eqn.). 



Summarizing 
 
•  In a system offering more than one alternatives, the state of 

the single electron/photon is undefined, and described by 
the superposition of all possible alternatives (states). 
Quantum interference is the consequence of superposition 
of  alternatives (states).  

•  What is defined is the probability of each alternative (state). 
This can be calculated exactly with quantum equations. 

 
•  The measurement “chooses” – in an undeterministic way! – 

one among the possible states, preventing superposition 
and, as a consequence, interference (collapse).  

 
•  The measurement process, even when not disturbing in 

appreciable way the quantum object, has a key role in 
collapsing all the possibilities into the one  which is actually 
observed. 
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Some physicists, among them myself, cannot believe 
that we must abandon, actually and forever, the idea 
of direct representation of physical reality in space and 
time; or that we must accept the view that events in 
nature are analogous to a game of chance. Probably 
never before has a theory been evolved which has 
given a key to the interpretation and calculation of 
such a heterogeneous group of phenomena of 
experience as has quantum theory. In spite of this, 
however, I believe that the theory is apt to beguile us 
into error in our search for a uniform basis for physics, 
because, in my bel ief , i t is an incomplete 
representation of real things, although it is the only one 
which can be built out of the fundamental concepts of 
force and material points (quantum corrections to 
classical mechanics). The incompleteness of the 
representation leads necessarily to the statistical nature 
(incompleteness) of the laws. (Albert Einstein, on Quantum 
Physics, 1954) 

If all these quantum “oddities” puzzle you, you are in good 
good company ... 
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Onda? Particella? ... No: “quantone” ! 

Jean-Marc Lévy Leblond, Francoise Balibar: Quantique : Rudiments 
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thanks for your attention! 

lo sciatore quantistico 

To be quantum-like.... 

Y. Aharonov e D. Rohrlich "Quantum Paradoxes” (2005) 
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Per	gli	studen;  Per	gli	insegnan;	

Dopo	la	lezione:	Feed-back	On	line	
		

www.bo.cnr.it/linguaggiodellaricerca/	
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classe 4a Liceo Oriani – Ravenna (2013) 

a nice example of creative elaboration of the subject 


