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Quelques$comportements$
ondulatoires$

Interac*on$d’un$atome$$
avec$la$lumière$

Spectre$d’émission$atomique$:$
un$révélateur$de$la$nature$$
ondulatoire$des$électrons$

Un$gaz$en*er$peut6il$avoir$un$
comportement$ondulatoire$?$

Quelques$réflexions$autour$
de$l’histoire$des$basses$

températures$



Les$ondes$électromagné*ques$

Fréquence!ν!(ne!dépend!pas!du!milieu)!
Longueur!d’onde!λ  (qui!dépend!du!milieu)!



Quelques$comportements$
ondulatoires$



Comportement$diffrac*f$de$la$lumière$



Comportement$diffrac*f$de$la$lumière$



Diffrac*on$par$un$bord$d’écran$

?!



Diffrac*on$par$un$bord$d’écran$



La$fameuse$expérience$des$fentes$d’Young$



La$diffrac*on$de$Bragg$(1913)$

Prix!Nobel!de!physique!1915!

W.!H.!Bragg! W.!L.!Bragg!

Lorsque!la!différence!de!parcours!entre!les!ondes!réfléchies!
par!deux!plans!adjacents!est!un!mul3ple!de!la!longueur!
d’onde!incidente,!il!y!a!un!maximum!de!diffrac3on!!
!
!
Sonder!la!structure!de!la!ma3ère!
grâce!aux!rayons!X!

2d!sin!θ!=!n!λ!

Si!

Rayons!incidents! Rayons!réfléchis!

Rayons!transmis!

Découverte!des!rayons!X!
W.!C.!Röntgen!
Prix!Nobel!de!physique!1901!



Les$modes$longitudinaux$d’une$cavité$

2λ/2!

λ/2!

3λ/2!



Réflexion$totale$

Le!point!de!vue!de!l’op3que!géométrique!
!(descrip3on!en!termes!de!rayons)!



Les$ondes$évanescentes$

Taille!typique!=!d!=!λ/2π!! d!

L’op3que!géométrique!est!une!approxima3on!
de!la!descrip3on!ondulatoire!

!
La!descrip3on!ondulatoire!fait!apparaître!un!nouveau!phénomène!

L’existence!d’une!onde$évanescente$
!



L’effet$tunnel$avec$des$ondes$électromagné*ques$



L’effet$tunnel$avec$des$ondes$électromagné*ques$

L’effet!tunnel!est!un!effet!ondulatoire!
Grande$sensibilité$à$la$distance$de$sépara*on$

!



Interac*on$d’un$atome$$
avec$la$lumière$



L’histoire$de$la$mécanique$quan*que$*re$en$par*e$son$origine$
des$études$spectrales$faites$au$XVIII$et$XIX$ième$siècle$

Spectre!du!soleil!

Sodium!

Mercure!

Lithium!

Hydrogène!

Ex$:$lampes$au$sodium$$
(éclairage$orangé$des$
$lampes$de$ville)$

Les$couleurs$émises$:$une$source$d’informa*on$



Bohr!souligne!le!problème!de!l’instabilité!du!modèle!planétaire!
proposé!par!Rutherford!

Instabilité!dynamique!car!les!électrons!se!repoussent!

La$concep*on$de$l’atome$après$les$expériences$de$Rutherford$



Le$modèle$de$Niels$Bohr$(1913)$

Il!n’existe!que!des!orbites!discrètes!
(no3on!d’état!sta3onnaire)!

Le!passage!d’une!orbite!à!une!autre!se!fait!!
grâce!à!l’émission!ou!l’absorp3on!d’un!grain!de!
lumière,!le!photon!

La!théorie!de!Bohr!propose!une!image!!
simple!et!convaincante!des!données!spectrales!



Inhibi*on$de$l’émission$spontanée$

D.!Kleppner!and!S.!Haroche,!Physics!Today!!42,!(1)24!(1989)!!



Louis$de$Broglie$
Associer$une$onde$à$une$par*cule$



Louis$de$Broglie$

Dualité!
ondedcorpuscule!

Exemple$lumière$:$longueur!d’onde!!λ!(couleur)!!et!corpuscule!=!photons!!

Einstein$:$«$Il$a$soulevé$une$par*e$du$voile$»$

Pour!une!par3cule!matérielle!

Par3cule!matérielle!:!Energie!E!et!impulsion!p!
!

Onde!:!fréquence!ν!et!longueur!d’onde!λ

ν= !E!
h!

λ= !h!
p!

Prix!Nobel!de!physique!1929!



une fente 

Les phénomènes non classiques 
dominent quand 

Ordres$de$grandeur$



L’expérience$de$Davisson$et$Germer$(1927)$

Lorsque!l’énergie!est!fixée!on!observe!un!maximum!de!diffrac3on!à!un!certain!angle!
!
!
Lorsque!l’angle!de!diffrac3on!est!fixé,!on!observe!un!maximum!de!diffrac3on!!
pour!une!certaine!énergie!des!électrons!incidents!!

Ni!

C’est$une$expérience$de$diffrac*on$de$Bragg$avec$des$ondes$électroniques$



Prix!Nobel!de!Physique!1937!

Clint!Davisson!(1881d1958)!
Lester!Germer!(1896d1971)!

George!Paget!Thomson!(1892d1975)!

Diffrac*on$des$électrons$

Prix!Nobel!de!Physique!1986!

Microscopie$à$effet$tunnel$



Diffrac*on$d’un$objet$composite$:$l’hélium$

L’expérience!d’Estermann!et!Stern!1932!

I.!Estermann! O.!Stern!

Les!atomes!d’Hélium!sondent!la!structure!périodique!de!la!surface!



L’expérience$des$fentes$d’Young$avec$des$atomes$de$néon$

1992!:!Expérience 
de démonstration 
atomes de néon 
(Prof. Shimizu, Tokyo) 

Des!atomes!préparés!
dans!les$mêmes$condi,ons$
donnent!des!impacts!en!!
des!posi3ons!différentes!!!

La!répé**on!de!la!mesure!permet!de!recons3tuer!|Ψ(x,t)|2!qui!exhibe!un!caractère!ondulatoire!!

Les!atomes!sont!dans!une!superposi3on!d’états!des!
deux!chemins!possibles!



Diffrac*on$de$grosses$molécules$

Wave Nature of Biomolecules and Fluorofullerenes

Lucia Hackermüller, Stefan Uttenthaler, Klaus Hornberger, Elisabeth Reiger, Björn Brezger,*
Anton Zeilinger, and Markus Arndt

Institut für Experimentalphysik, Universität Wien, Boltzmanngasse 5, A-1090 Wien, Austria†
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We demonstrate quantum interference for tetraphenylporphyrin, the first biomolecule exhibiting
wave nature, and for the fluorofullerene C60F48 using a near-field Talbot-Lau interferometer. For the
porphyrins, which are distinguished by their low symmetry and their abundant occurrence in organic
systems, we find the theoretically expected maximal interference contrast and its expected dependence
on the de Broglie wavelength. For C60F48, the observed fringe visibility is below the expected value, but
the high contrast still provides good evidence for the quantum character of the observed fringe pattern.
The fluorofullerenes therefore set the new mark in complexity and mass (1632 amu) for de Broglie wave
experiments, exceeding the previous mass record by a factor of 2.

DOI: 10.1103/PhysRevLett.91.090408 PACS numbers: 03.65.Ta, 03.75.–b, 39.20.+q

The wave-particle duality of massive objects is one of
the cornerstones of quantum physics. Nonetheless, this
quantum property is never observed in our everyday
world. The current experiments are aiming at exploring
the limits to which one can still observe the quantum
wave nature of massive objects and to understand the role
of the internal molecular structure and symmetry.

Coherent molecule optics was already initiated as
early as 1930 when Estermann and Stern confirmed
de Broglie’s wave hypothesis [1] in a diffraction experi-
ment with He atoms and H2 molecules [2]. In contrast
to the rapidly evolving field of electron and neutron
optics, atom optics became only feasible about 20 years
ago and has led from experiments with thermal atoms to
coherent ensembles of ultracold atoms forming Bose-
Einstein condensates. Molecule interferometry was only
taken up again in 1994 with the first observation of
Ramsey-Bordé interferences for I2 [3] and with the proof
of the existence of the weakly bound He2 in a far-field
diffraction experiment [4]. Experiments with alkali
dimers in the far-field [5] and in near-field [6] interfer-
ometers followed. Recent interest in molecule optics has
been stimulated by the quest for demonstrations of fun-
damental quantum mechanical effects with mesoscopic
objects [7–9].

In the present Letter, we report the first demonstration
of the wave nature of both tetraphenylporphyrin (TPP)
and of fluorinated fullerenes using near-field interference.
The porphyrin structure is at the heart of many complex
biomolecules, serving as a color center, for instance, in
chlorophyll and in hemoglobin. The fluorofullerene
C60F48 is the most massive (1632 amu) and most complex
(composed of 108 atoms) molecule for which the de
Broglie wave nature has been shown thus far (see Fig. 1).

In order to demonstrate the wave property of a massive
object with a short de Broglie wavelength, it is advisable
to use a near-field diffraction scheme. In particular, a
Talbot-Lau interferometer (TLI, for details see [11–14])
is compact and rugged, has favorable scaling properties,

permits one to work with acceptable grating constants
even for large molecules, and allows one to work with an
initially uncollimated and spatially incoherent beam. The
basic structure of our interferometer has been described
elsewhere [13]. The experiment is set up in a vacuum
chamber at a base pressure of 2! 10"8 mbar, which is
sufficient to avoid molecule loss or decoherence by resid-
ual gas scattering in the interferometer [15]. The molecu-
lar beam is created by sublimation in an oven. TPP was
heated to 690 K corresponding to a vapor pressure of 46 Pa
[16]. C60F48 was sublimated at 560 K with a vapor pres-
sure of 2.3 Pa [17].

The initial thermal velocity distribution is rather broad
(full width at half maximum #50%), both for TPP and
for C60F48. We therefore apply a gravitational v-selection
scheme: Three horizontal slits restrict the beam to a well-
defined free-flight parabola. The first slit is given by the
orifice of the oven (200 !m high). The central height
limiter is situated at 138 cm (for TPP) and 126 cm, re-
spectively (for C60F48) behind the oven. Its opening is set
to 150 !m. The third horizontal slit (100 !m) is posi-
tioned 10 cm from the molecule detector. For porphyrin

FIG. 1. 3D structure of tetraphenylporphyrin (TPP)
C44H30N4 (left) and the fluorofullerene C60F48 (right) [10].
TPP (m $ 614 amu) is composed of four tilted phenyl rings
attached to a planar porphyrin structure. The fluorofullerene
(m $ 1632 amu) is a deformed C60 cage surrounded by a shell
of 48 fluorine atoms. Only an isomer with D3 symmetry is
drawn here.
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C44H40N4! C60F48!
M.!Arndt!et'al.'Nature!401,!680!(1999).!
L.!Hackermüller!et'al.'Physical!Review!Leqers!(2003).!

M.!Arndt! A.!Zeilinger!


