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Fisica classica
Meccanica:

Keplero (1608-1619)
Galilei (1630)
Newton (1687)

Termodinamica:
Kelvin (1848)
Joule (1850)

Elettro-Magnetismo:
Talete (-600)
Maxwell (1864)

“Questa velocità è così vicina a quella della luce che ho ragione di supporre 
che la luce stessa sia un'onda elettromagnetica”    (Maxwell)



Oltre la fisica classica

1887
Michelson e Morley

Azoto
Idrogeno

Rutherford, 1909



Domini della fisica

Relatività generale

Teoria delle stringhe?



Le due fenditure

http://en.wikipedia.org/wiki/Double-slit_experiment

http://en.wikipedia.org/wiki/Double-slit_experiment
http://en.wikipedia.org/wiki/Double-slit_experiment


Proiettili



Onde



Onde
Sulla parete si sovrappongono 2 onde:

A1(t) = A cos(ωt)
A2(t) = A cos(ωt + δ)

(lo sfasamento δ dipende dalla posizione lungo x)
Usando le formule di prostaferesi

A1(t) + A2(t) = 2 A cos(δ/2) cos(ωt + δ/2)
che è un segnale di ampiezza  2 A cos(δ/2).
L’intensità è

[2 A cos(δ/2)]2 = A2 + A2 + 2A A cos(δ)



Onde
Sulla parete si sovrappongono 2 onde:

A1(t) = A1 cos(ωt)
A2(t) = A2 cos(ωt + δ)

(lo sfasamento δ dipende dalla posizione lungo x)
Usando le formule di prostaferesi

A1(t) + A2(t) = 2 A cos(δ/2) cos(ωt + δ/2)
che è un segnale di ampiezza  2 A cos(δ/2).
L’intensità è

[2 A cos(δ/2)]2 = A12 + A22 + 2A1 A2 cos(δ)



Onde



Onde



Riassumendo

• Proiettili:  si sommano le distribuzioni

P12 = P1 + P2

• Onde:  si sommano le ampiezze

P12 = |A1 + A2|2 = |A1|2  + |A2|2  + 2|A1||A2|cosδ

δ = sfasamento tra le onde
Interferenza



Elettroni



Elettroni



Elettroni



Elettroni
Tonomura utilizzò un 
apparato con un filo elettrico 
carico positivamente che 
deviava gli elettroni 
simulando le due fenditure.

1000 elettroni /s
v ~ 108 m/s

⇒ 100 km di distanza tra due
elettroni !

Gli elettroni arrivano uno a 
uno sulla parete.





Particella o Onda?
L’elettrone è una particella, ma si comporta come 
un’onda.

De Broglie:  associare un’onda all’elettrone

lunghezza d’onda:   λ = h/mv

h = 6.6 10-34 Js = costante di Planck
m = 0.9 10-31 kg = massa elettrone
v = velocità elettrone

Se  v ~ 108 m/s  allora   λ ~ 0.1 nm



Funzione d’onda
Schrödinger:  funzione d’onda  ψ(x,t)

ψ deve essere una funzione in campo complesso

|ψ(x,t)|2  =  densità di probabilità

|ψ(x,t)|2 Δx = probabilità di trovare l’elettrone

                      tra x - Δx/2 e x + Δx/2  al tempo t

Interpretazione probabilistica



Neutroni

I neutroni hanno massa 2000 volte più grande 
degli elettroni

⇒  lunghezza d’onda di De Broglie più piccola

È più difficile vedere fenomeni di interferenza.



Neutroni



Atomi
Un esperimento con il Fullerene  C60

improvement of the spectral purity using a velocity filter !see
Figs. 3 and 5", thereby also improving the wavelength distri-
bution.
Figure 6 shows a typical fullerene diffraction pattern with

a thermal beam. We can clearly discern the first interference
orders on both sides of the central peak. But the limited
coherence is reflected by the fact that we cannot see any
second or higher order peaks in the interferogram of Fig. 6.
To see more fringes we have to increase the coherence

length and therefore decrease the velocity spread. For this
purpose we have employed a mechanical velocity selector, as
shown after the oven in Fig. 3. It consists of four slotted
disks that rotate around a common axis. The first disk chops
the fullerene beam and only those molecules are transmitted
that traverse the distance from one disk to the next in the
same time that the disks rotate from one open slot to the
next. Although two disks would suffice for this purpose, the
additional disks decrease the velocity spread even further and
help eliminate velocity sidebands. By varying the rotation
frequency of the selector, the desired velocity class of the
transmitted molecules can be adjusted. To measure the time
of flight distribution we chopped the fullerene beam with the

chopper right behind the source !see Fig. 3". The selection is
of course accompanied by a significant loss in count rate, but
we can still retain about 7% of the unselected molecules.
In Fig. 5 both the thermal and the selected velocity distri-

butions are shown. In contrast to the width of the thermal

spectrum, amounting to #v/v!60%, we are able to reduce
this number to only 17% with the selector. The increase in
longitudinal coherence by a factor of more than 3 allows for
the observation of diffraction peaks up to at least the second
and possibly the third order, as can be seen in Fig. 7.
It should also be pointed out that by using the velocity

selector, we can now choose a slow mean velocity centered
about 120 m/s, which corresponds to a de Broglie wave-
length of 4.6 pm. It is obvious that this increase in wave-
length results in a wider separation of the diffraction peaks,
which can be seen by comparing Figs. 6 and 7.
In principle, the diffraction patterns can be understood

quantitatively within the Fraunhofer approximation of Kirch-
hoff’s diffraction theory as it can be found in any optics
textbook.38 However, Fraunhofer’s diffraction theory in the
context of optics misses an important point that becomes
evident in our experiments with matter waves and material
gratings: the attractive interaction between molecule and
wall results in an additional phase of the molecular wave
function after the passage of the molecule through the slits.39

Although the details of the calculations are somewhat
involved,40 it suffices here to say that the qualitative effect of
this attractive force can be understood as a narrowing of the
real slit width toward an effective slit width. For our fullerene
molecules the reduction can be as big as 20 nm for the un-
selected molecular beam and almost 30 nm for the velocity
selected beam. The stronger effect on slower molecules can
be understood by the longer and therefore more influential
interaction between the molecules and the wall. However, a
complete description would need to take into account the
correct shape of the complex !imaginary and real" transmis-
sion function, which implies the position-dependent modula-
tion of both the molecular amplitude and phase.
The full lines in Figs. 6 and 7 are fits of our data to this

modified Kirchhoff–Fresnel theory. To obtain such a good fit
we also have to take into account an enhanced contribution
in the zeroth order which we attribute to mechanical defects
!holes" of the grating which are significantly larger than the
grating period.

III. CONCLUDING REMARKS

A. Single particle interferometry

It is important to note that the interference pattern is built
up from single, separate particles. There is no interference
between two or more particles during their evolution in the
apparatus. Single particle interference is evidenced in our
case by two independent arguments.
The first argument is based on the spatial separation be-

tween the molecules. The molecular flux at an average speed

of 200 m/s is $3"109 cm#2 s#1 at the plane of the detec-

tor. This flux corresponds to an average molecular density of

1.7"1011 m#3 or an average molecular distance of 200 %m.
This is three orders of magnitude wider than any realistic
range of molecular !van der Waals" forces, which are typi-
cally confined to several 100 nm.
The second argument is based on the fact that interference

occurs only between indistinguishable states. However, all
molecules may be regarded as being in different states. There

Fig. 6. Far-field diffraction of C60 using a thermal beam of v̄!200 m/s with
a velocity spread of #v/v$60%. The absence of higher order interference
fringes is due to the poor spectral coherence.

Fig. 7. Far-field diffraction of C60 using the slotted disk velocity selector.

The mean velocity was v̄!117 m/s, and the width was #v/v$17%. Full
circles represent the experimental data. The full line is a numerical model

based on Kirchhoff–Fresnel diffraction theory. The van der Waals interac-

tion between the molecule and the grating wall is taken into account in form

of a reduced slit width. Grating defects !holes" additionally contribute to the
zeroth order.
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I Fotoni
Si può fare l’esperimento mandando un 
fotone alla volta (come con gli elettroni)

light !waves and particles" are mutually exclusive because
they appear independently in different experiments. To elimi-
nate this conceptual difficulty we have designed an apparatus
in which the particle and wave aspects can first be demon-
strated individually. Then the same apparatus is used to vi-
sualize the real-time evolution of individual quantum events
to a classical wave pattern. The use of the same light source
and the same interferometer is important to convince stu-
dents that we can investigate the two aspects of light with the
same apparatus.

Two-beam interference phenomena are often explained on
the basis of Young’s double slit experiment by displaying the
well known interference pattern on a distant screen. Al-
though this example is well suited for a theoretical discus-
sion and most easily realized using a laser pointer and a
double slit, it is not practical for advanced demonstration
experiments because it does not allow the variation of system
parameters in a simple way. In the present experiment we
have chosen a Mach-Zehnder interferometer in which a large
spatial separation of the two interfering beams can be easily
realized, permitting several manipulations, such as the ad-
justment of the path length difference and the relative angle
of the interfering beams, and, most importantly, the easy
blocking of one of the two beams. The macroscopic dimen-
sions of the Mach-Zehnder interferometer allow the observer
to see all components from the light source via the genera-
tion and recombination of the interfering beams up to their
detection.

A green laser pointer was chosen as the light source be-
cause it has a sufficiently long coherence length for the easy
alignment of the interferometer. The intensity of the green
beam and its wavelength near the vicinity of the eye’s maxi-
mum sensitivity ensure that even expanded interference pat-
terns are easily visible in a large auditorium.

Our main design criterion was to have the apparatus as
simple and pedagogical as possible while also offering the
flexibility to vary certain parameters to illustrate several as-

pects of the phenomena. The equipment is designed for dem-
onstrations in a large auditorium. The interferometer is
mounted on an aluminum plate tilted by 45°, so that all com-
ponents can be easily seen. If necessary, a webcam can be
used to project a close-up of the interferometer table. As
mentioned, the expanded fringe pattern using the full laser
intensity can easily be seen from a distance without addi-
tional tools. Individual photon events can be seen as pulses
on an oscilloscope, or heard as clicks using audio equipment.
All relevant electronic signals !photomultiplier pulses and
photodiode signals" can easily be projected using equipment
such as a digital oscilloscope equipped with a video port or a
USB-based oscilloscope. Attention was paid to obtain stable
pictures and good visibility of all the components and pro-
jected signals. Last but not least, we have made an effort to
reduce component cost as much as possible, and to give the
apparatus a pleasant look.

III. EXPERIMENTAL SETUP

The scheme of the experimental apparatus is shown in Fig.
2 and a photo of its main components in Fig. 3. The light
source is a 5 mW green !!=537 nm" laser pointer. The bat-
teries in the laser pointer were replaced by electrical contacts
so that the laser could be driven by an external power supply.
We found that the spectral width of the laser radiation and
hence its coherence length depends on the operating voltage
and a randomly chosen pointer has its own optimal voltage
for the highest fringe contrast. Once set correctly and after a
warm-up time of several minutes this voltage gives repro-
ducible results on daily basis.

The standard Mach-Zehnder interferometer has two beam
splitters and two mirrors !all 1 in. optics" arranged in a 18
"18 cm2 square !see Figs. 2 and 3". One of the mirrors is
mounted on a low-voltage piezotransducer that allows the
voltage-controlled variation of the path length difference
!#5 V per fringe".

Fig. 1. !Color online" From particles to waves: Detection of light diffracted from a double slit on a photon by photon basis using a single-photon imaging CCD
camera. Although single frames show an apparently random distribution of photon impact points, their integration reveals the classical fringe pattern.
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Un altro esperimento
Ipotizziamo che valga l’affermazione:

“L’elettrone passa per una fenditura o per l’altra”

Se fosse vera, si otterrebbe inevitabilmente che le 
probabilità si sommano:

P12 = P1 + P2

Se proviamo a guardare dove passano gli elettroni?
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Guardare gli elettroni

Se so da che fenditura passa l’elettrone sparisce 
l’interferenza!
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Principio 
d’indeterminazione

Particella di quantità di moto p=mv e 
posizione x ha un’indeterminazione  Δx  e  Δp

Δx Δp ≥ ħ/2

ħ = h/2π  = costante di Planck ridotta

Le traiettorie non esistono



La diffrazione
Si può spiegare la diffrazione col principio di 
indeterminazione:

Δx = B          Δp = p Δθ = Δθ h/λ  (De Broglie)

Δx Δp ~ h

⇒  Δθ ~ λ / B

legge della diffrazione
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Le ampiezze
Nell’esperimento delle fenditure l’ampiezza è

A =〈 part. arriva in x | part. parte da s 〉=〈x|s〉

L’ampiezza  A  sarà composta di due ampiezze

A1 =〈x|s〉tramite 1 =〈x|1〉〈1|s〉
A2 =〈x|s〉tramite 2 =〈x|2〉〈2|s〉

         A = A1 + A2

probabilità = |A|2



Il collasso
Se si osserva dove passa l’elettrone

〈x|s〉=〈x|1〉〈1|s〉

oppure

〈x|s〉=〈x|2〉〈2|s〉

Si dice che la funzione d’onda 〈x|s〉 è collassata in 
uno dei due percorsi possibili.



Gli stati
I simboli 〈...|  e  |...〉 rappresentano STATI del 
sistema quantistico.

Il sistema può trovarsi in uno stato che è 
sovrapposizione di altri stati più elementari.

L’ampiezza di probabilità si scrive come

〈 stato finale | stato iniziale 〉
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Il gatto di Schrödinger
• Se l’elettrone passa per la fenditura 2

| morto 〉

• Se l’elettrone passa per la fenditura 1

| vivo 〉

Visto che l’elettrone passa con eguale probabilità 
dalle due fenditure

| gatto 〉=       ( | vivo 〉+ | morto 〉)




