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Properties of photons



Properties of photons - angular momentum



Properties of photons - gravitygravitational red shift

Pound & Rebka, Phys. Rev. Lett. 3, 440 (1959).

Fig. 4. Architectural sketch of the Jefferson Physical Laboratory tower showing the placement of the
gravitational red-shift experiment running from the penthouse to the basement. Source : R. V. Pound
and J. L. Snider, ‘‘Effect of Gravity’’ (ref. 23), p. B 792.

test of Einsteins theory of relativity

mc2 = h�

⇒one can assign a mass to the

photon of frequency !

if there is a mass, it should feel gravity

3.1. Experimentelle Hinweise auf den Teilchencharakter elektromagnetischer Strahlung 89

Aus dem relativistischen Energiesatz

E =
√

p2c2 + m2
0c4 (3.45)

(siehe Bd. 1, Abschn. 4.4.3) folgt mit E = h · ν und
p = E/c für die Ruhemasse m0 eines Photons m0 = 0.
Dies hätte man natürlich auch sofort aus Bd. 1, (4.42)
für die relativistische Masse m = m0/

√
1 −β2 se-

hen können, da nur Teilchen mit m0 = 0 sich mit
Lichtgeschwindigkeit (β = 1) bewegen können.

3.1.8 Photonen im Gravitationsfeld

Schreibt man den Photonen eine Masse m = h ·ν/c2 zu,
so muss ein Photon die Arbeit

W = m ·∆φG = hν

c2

(
φG(r2)−φG(r1)

)
(3.46)

verrichten, wenn es im Gravitationsfeld von einem
Ort mit dem Gravitationspotential φG(r1) zum Ort r2
mit φG(r2) gelangt. Aus Gründen der Energieerhaltung
muss daher seine Energie h · ν sich um diesen Betrag
ändern. Die Frequenz des Photons ändert sich dann zu

ν2 = ν1

(
1 − ∆φG

c2

)
⇒ ν1 − ν2

ν1
= ∆ν

ν
= ∆φG

c2
.

(3.47)

BEISPIELE

1. Eine Lichtquelle auf dem Erdboden sendet Licht
vertikal nach oben aus. In der Höhe H wird die
Frequenz

ν2 = ν1

(
1 − g · H

c2

)

gemessen. Mit H = 20 m, g = 9,81 m/s2 erhält
man: ∆ν/ν ≈ 2,5 ·10−15. Diese Rotverschiebung
wurde in der Tat von Pound und Rebka [3.11] mit-
hilfe des Mößbauer-Effektes (siehe Abschn. 12.4)
gemessen (Abb. 3.14).

2. Licht, das von der Oberfläche der Sonne mit der
Frequenz ν1 ausgesandt wird, hat auf der Erde die
kleinere Frequenz

ν2 = ν1

(
1 − G · M$

R$ · c2

)
,

wobei die Frequenzvergrößerung durch das Erdgra-
vitationsfeld vernachlässigt werden kann. Einset-
zen der Zahlenwerte ergibt ∆ν/ν ≈ 5 ·10−7. Diese

Detektor

Quelle

H

ν1

ν2
∆ν
ν

= ⋅H g
c2

Abb. 3.14. Nachweis der
Rotverschiebung von Pho-
tonen im Gravitationsfeld

Verschiebung lässt sich mit modernen Interferome-
tern relativ leicht messen [3.12].

3. Bei einem „schwarzen Loch“ (Endstadium von
Sternen mit sehr großer Masse, siehe Bd. 4) ist
für R ≤ RS der Term (G · M/R · c2) ≥ 1, sodass
ν2 = 0 wird, d. h. Licht kann aus dem Gravita-
tionsfeld eines schwarzen Loches innerhalb des
„Schwarzschildradius“ RS nicht entweichen. Daher
der Name: „Schwarzes Loch“.

Man merke sich also:

Licht erfährt beim Aufsteigen im Gravitations-
feld eine Rotverschiebung, die der Zunahme
∆Wpot an potentieller Energie m ·∆φG einer
Masse m = hν/c2 entspricht.

3.1.9 Wellen- und Teilchenbeschreibung von Licht

Man sieht aus den vorigen Abschnitten, dass die Teil-
cheneigenschaften Masse, Energie und Impuls des
Photons

m = hν

c2
, E = hν,

p = !k mit |k| = 2π

λ

nur über die Welleneigenschaften Frequenz ν bzw.
Wellenlänge λ = c/ν definiert sind.

Dies zeigt bereits eine enge Verknüpfung zwischen
Teilchen- und Wellenmodell für elektromagnetische
Strahlung. Wir wollen als Beispiel den Zusammenhang

�⌫

⌫
= 2.5⇥ 10�15



Wave properties of corpuscles



De Broglie wavelength - diffraction of light and electrons

 von Röntgenstrahlen (links)



Davisson Germer experiment

PHYSICS: DA VISSON AND GERMER

trons of the speeds used in our experiments the index has values which
are quite different from unity.
The present experimental arrangement is indicated in the schematic

diagrams of figure 1. The face-centered cubic array of atoms in the
nickel crystal (1-a) has been cut through at right angles to one of the cube
diagonals to expose a triangular {l}1-face (1-b). The incident beam
of electrons is directed against this face and lies in the quadrant bounded
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FIGURE 1

Schematic diagrams indicating the experimental arrangement for measuring the re-
flection of electrons.

by the normal to the crystal face and a line from the center of the triangle
through one of the apexes (1-c). (In our previous notation the incident
beam lies in one of the I11111-azimuths of the 'crystal.) The angle e1
between the incident beam and the normal to the crystal face is adjustable,
and the collector can be moved about in the plane of incidence. Un-
fortunately, the insulation between the parts of the collector is not so high
as it should be, and we are unable for this reason to use a retarding potential
to stop off the low-speed secondary electrons. We are obliged, for the
present, to accept into the collector electrons of all speeds.
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Davisson Germer experiment

PHYSICS: DA VISSON AND GERMER

The atoms in the crystal lie in lines which cut the plane of incidence
as indicated in (1-d). The crystal may be regarded as made up of plane
gratings lying parallel to the crystal face. The constant of these gratings
is 2.15 A and the separation between adjacent gratings is 2.03 A.
The location of the incident beam in one of the principal azimuths of

the crystal is of no importance, of course, so far as observations on the

I, / I,

120 VOLTS 133 VOLTS 353 VOLTS 83 VOLTS
FIGUR1E 2

Distribution-in-angle of electrons of all speeds issuing from a [111] face of a nickel
crystal for various angles of incidence and ,speeds of bombardment.

regularly reflected beam are concerned. This adjustment was made for
the purpose of bringing some of the strong diffraction beams into the plane
of incidence, and, therefore, into the range of observations. Such beams
are found and have been used to calculate electron- wave-lengths. The
reflection beams cannot be used for this purpose.

In figure 2 we show distribution-in-angle curves for electrons of all
speeds for various combinations of angle of incidence and bombarding
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FIGURE. 3
Variation of the intensity of the regularly reflected electron beam with bombarding

potential, for 10° incidence-Intensity vs. V12.

potential. The first curve is included to show that under certain conditions
the intensity of the regularly reflected beam is immeasurably low. The
sharp spurs which characterize the other curves reveal the reflected beam
at one or another of its intensity maxima. The axes of these spurs appear
to lie accurately in the direction of regular reflection. The angles of
incidence and reflection are in all cases the same to within half a degree
by our scale readings, and this is within the limit of uncertainty of the
measurements.

VOL. 14, 1928 319
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PHYSICS: DA VISSON AND GERMER

REFLECTION OF ELECTRONS BY A CRYSTAL OF NICKEL

By C. J. DAVISSON AND L. H. G(RMum
BELL ToIumoNs LABORATOIS, INC., NOW YoRK CITY

Communicated March 10, 1928

Continuing our investigation of the interaction between a beam of
electrons and a crystal of nickel (Phys. Rev., 30, 705 (1927)) we are now
directing the electron beam against a 1 1-face of the crystal at various
angles of incidence, and are measuring the intensity of scattering in the
incidence plane as a function of bombarding potential and direction.
We find that under certain conditions a sharply defined beam of scattered

electrons issues from the crystal in the direction of regular reflection. This
occurs whenever the speed of the incident electrons is comprised within
any of certain ranges which change in location as the angle of incidence
is varied. Within each of these ranges there is an optimum speed at
which the intensity of the reflected beam attains a maximum.
That regular selective reflection of electrons from a crystal face would

be observed under appropriate conditions was anticipated from our earlier
observations on electron diffraction. The phenomenon is cdearly the
analogue of the regular selective reflection of x-rays on which the Bragg
method of x-ray spectroscopy is based, and is, of course, to be interpreted
in terms of the undulatory theory of mechanics. The incident beam of
electrons of speed v is equivalent to a beam of waves of wave-length
h/mv; a portion of the incident beam is regularly reflected, through the
process of coherent scattering, from each of the layers of atoms lying parallel
to the crystal face, and the intensity of the resultant beam is a maximum
when the elementary beams proceeding from the individual layers emerge
from the crystal in phase. The condition for such a maximum in the case
of x-ray reflection is that the wave-length and angle of the incident beam
be related to the separation between successive atom layers of the crystal
through the Bragg formula nX = 2d cos 0. The condition in the case of
electron reflection is somewhat different. The wave-length )X(=h/mv)
of the reflected beam at maximum intensity is not given by the Bragg
formula.
* These results, including the failure of the data to satisfy the Bragg
formula, are in accord with those previously obtained in our experiments
on electron diffraction. The reflection data fail to satisfy the Bragg
relation for the same reason that the electron diffraction beams fail to
coincide with their Laue beam analogues. These differences between
the electron and x-ray phenomena can perhaps be accounted for by as-
suming, as first suggested by Eckart,' that the crystal is characterized
by an index of refraction for electrons as it is for x-rays, and that for elec-

VOL,. 14, 1928 317



Interference of atoms

3.2. Der Wellencharakter von Teilchen 93

Abb. 3.18a,b. Vergleich (a) der Röntgenbeugung an einer
dünnen Folie und (b) der Elektronenbeugung

Clinton Joseph Davisson (1881–1958) (Nobelpreis
1937) und Lester Halbert Germer (1896–1971) konn-
ten dann in der Tat 1926 demonstrieren, dass beim
Durchgang schneller Elektronen durch eine dünne Fo-
lie aus kristallinem Material auf einer Photoplatte
im Abstand d hinter der Folie Beugungsringe zu
sehen waren, deren Durchmesser mit zunehmender Be-
schleunigungsspannung U der Elektronen abnahmen
(Abb. 3.18b), völlig analog zu den Beugungserschei-
nungen beim Durchstrahlen der Folie mit Röntgen-
strahlen (Abb. 3.18a).

Dies bedeutet: Elektronen, die bisher eindeutig als
Teilchen angesehen worden waren, zeigen in diesem
Experiment Welleneigenschaften, im Einklang mit der
Hypothese von de Broglie [3.1].

In Abb. 3.19 werden die Beugungsstrukturen von
Licht und von Elektronen bei der Beugung an ei-
ner Kante gezeigt. Dies soll illustrieren, dass bei
gleichem Produkt λ · r0 von Wellenlänge λ und Ab-
stand r0 zwischen Kante und Beobachtungsebene
die Beugungsstrukturen und ihr Kontrastverhältnis für
Elektronen und Licht durchaus vergleichbar sind.

3.2.2 Beugung und Interferenz von Atomen

Weitere Experimente zeigten, dass diese Beugungs-
erscheinungen nicht auf Elektronen beschränkt sind,
sondern dass auch mit Strahlen neutraler Atome
Beugungs- und Interferenzphänomene, die typisch sind
für Welleneigenschaften, beobachtet werden [3.17].

Wir wollen dies an zwei Beispielen verdeutli-
chen. In Abb. 3.20 trifft ein Helium-Atomstrahl auf
einen engen Spalt der Breite b = 12 µm. Die am
Spalt Sp gebeugten Atomwellen treffen dann 64 cm
entfernt auf einen Doppelspalt (jeweils 1 µm breit,
8 µm Abstand). In der Beobachtungsebene entsteht

Abb. 3.19a,b. Vergleich (a) der Lichtbeugung und (b) der
Elektronenbeugung (Ekin = 38 keV) an einer Kante eines
MgO-Einkristalls. Dabei wurde in (b) der Abstand r0 der
Photoplatte so eingestellt, dass r0 ·λ genau so groß wie
in (a) war. Aus H. Raether: Elektroneninterferenzen, in:
Handbuch der Physik, Bd. 32, 443 (1957)
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Abb. 3.20a,b. Beugung eines kollimierten Heliumatom-
strahls an einem Spalt und Beobachtung der Doppelspalt-
Interferenz. (a) Beobachtete Interferenzstruktur; (b) experi-
mentelle Anordnung [3.18]
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Molecular interference - C60
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Wave–particle duality
of C60 molecules
Markus Arndt, Olaf Nairz, Julian Vos-Andreae, Claudia Keller,
Gerbrand van der Zouw & Anton Zeilinger

Institut für Experimentalphysik, Universität Wien, Boltzmanngasse 5,
A-1090 Wien, Austria
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Quantum superposition lies at the heart of quantum mechanics
and gives rise to many of its paradoxes. Superposition of de
Broglie matter waves1 has been observed for massive particles
such as electrons2, atoms and dimers3, small van der Waals
clusters4, and neutrons5. But matter wave interferometry with
larger objects has remained experimentally challenging, despite
the development of powerful atom interferometric techniques for
experiments in fundamental quantum mechanics, metrology and
lithography6. Here we report the observation of de Broglie wave
interference of C60 molecules by diffraction at a material absorp-
tion grating. This molecule is the most massive and complex
object in which wave behaviour has been observed. Of particular
interest is the fact that C60 is almost a classical body, because of its
many excited internal degrees of freedom and their possible
couplings to the environment. Such couplings are essential for
the appearance of decoherence7,8, suggesting that interference
experiments with large molecules should facilitate detailed
studies of this process.

When considering de Broglie wave phenomena of larger and
more complex objects than atoms, fullerenes come to mind as
suitable candidates. After their discovery9 and the subsequent
invention of efficient mass-production methods10, they became
easily available. In our experiment (see Fig. 1) we use commercial,
99.5% pure, C60 fullerenes (Dynamic Enterprises Ltd, Twyford, UK)
which were sublimated in an oven at temperatures between 900 and
1,000 K. The emerging molecular beam passed through two
collimation slits, each about 10 !m wide, separated by a distance
of 1.04 m. Then it traversed a free-standing nanofabricated SiNx

grating11 consisting of nominally 50-nm-wide slits with a 100-nm
period.

At a further distance of 1.25 m behind the diffraction grating, the
interference pattern was observed using a spatially resolving detec-
tor. It consisted of a beam from a visible argon-ion laser (24 W all
lines), focused to a gaussian waist of 8 !m width (this is the size
required for the light intensity to drop to 1/e2 of that in the centre of
the beam). The light beam was directed vertically, parallel both to
the lines of the diffraction grating and to the collimation slits. By
using a suitable mirror assembly, the focus could be scanned with
micrometre resolution across the interference pattern. The
absorbed light then ionized the C60 fullerenes via heating and
subsequent thermal emission of electrons12. The detection region

was found to be smaller than 1 mm in height, consistent with a full
Rayleigh length of 800 !m and the strong power dependence of this
ionization process. A significant advantage of the thermionic
mechanism is that it does not detect any of the residual gases
present in the vacuum chamber. We could thus achieve dark count
rates of less than one per second even under moderately high
vacuum conditions (5 " 10 # 7 mbar). The fullerene ions were
then focused by an optimized ion lens system, and accelerated to
a BeCu conversion electrode at −9 kV where they induced the
emission of electrons which were subsequently amplified by a
Channeltron detector.

Alignment is a crucial part of this experiment. In order to be able
to find the beam in the first place, our collimation apertures are
movable piezo slits that can be opened from 0 to 60 !m (in the case
of the first slit) and from 0 to 200 !m (for the second slit). The
vacuum chamber is rigidly mounted on an optical table together
with the ionizing laser, in order to minimize spatial drifts.

The effect of gravity also had to be considered in our set-up. For
the most probable velocity (220 m s−1), the fullerenes fall by 0.7 mm
while traversing the apparatus. This imposes a constraint on the
maximum tilt that the grating may have with respect to gravity. As a
typical diffraction angle into the first-order maximum is 25 !rad,
one can tolerate a tilt angle of (at most) about one mrad before
molecules start falling from one diffraction order into the trajectory
of a neighbouring order of a different velocity class. The
experimental curves start to become asymmetric as soon as the
grating tilt deviates by more than 500 !rad from its optimum
vertical orientation.

The interference pattern of Fig. 2a clearly exhibits the central
maximum and the first-order diffraction peaks. The minima
between zeroth and first orders are well developed, and are due to
destructive interference of C60 de Broglie waves passing through
neighbouring slits of the grating. For comparison, we show in Fig. 2b
the profile of the undiffracted collimated beam. The velocity
distribution has been measured independently by a time-of-flight
method; it can be well fitted by f ðvÞ ¼ v3expð # ðv # v0Þ2=v2

mÞ, with
v0 ¼ 166 m s # 1 and vm ¼ 92 m s # 1 as expected for a transition
between a maxwellian effusive beam and a supersonic beam13. The
most probable velocity was v ¼ 220 m s # 1, corresponding to a de
Broglie wavelength of 2.5 pm. The full-width at half-maximum was
as broad as 60%, resulting in a longitudinal coherence length of
about 5 pm.

The essential features of the interference pattern can be under-
stood using standard Kirchhoff diffraction theory14 for a grating
with a period of 100 nm, by taking into account both the finite
width of the collimation and the experimentally determined veloc-
ity distribution. The parameters in the fit were the width of the
collimation, the gap width s0 of a single slit opening, the effective
beam width of the detection laser and an overall scaling factor. This
model, assuming all grating slits to be perfect and identical,
reproduces very well the central peak of the interference pattern
shown in Fig. 2a, but does not fit the ‘wings’ of this pattern.

Agreement with the experimental data, including the ‘wings’ in

letters to nature

680 NATURE | VOL 401 | 14 OCTOBER 1999 | www.nature.com
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100 nm diffraction
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Figure 1 Diagram of the experimental set-up (not to scale). Hot, neutral C60 molecules
leave the oven through a nozzle of 0:33 mm " 1:3 mm " 0:25 mm
(width " height " depth), pass through two collimating slits of 0:01 mm " 5 mm
(width " height) separated by 1.04 m, traverse a SiNx grating (period 100 nm) 0.1 m after
the second slit, and are detected via thermal ionization by a laser 1.25 m behind the
grating. The ions are then accelerated and directed towards a conversion electrode. The
ejected electrons are subsequently counted by a Channeltron electron multiplier. The
laser focus can be reproducibly scanned transversely to the beam with 1-!m resolution.
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2.1. particle-wave dualism

1.2
”
Modernere“ Experimente 7

Fazit von 1.1.2, 1.1.3: ”Welle-Teilchen-Dualismus“
Je nach Experiment haben Materie oder Licht entweder Teilchen- oder
Wellencharakter.

Nutzen dieser Betrachtungsweise:
Erklärt Experimente, löst Probleme der Atomspektren (siehe Kapitel 2)

Nachteil: Interpretation/Deutung bis heute umstritten.
Man stößt auf Widersprüche, die nur schwer (oder gar nicht) aufgelöst
werden können (siehe z.B. Kapitel 3).

1.2
”
Modernere“ Experimente

Zahlreich, hier nur ausgewählte Beispiele

1.2.1 Zum Wellencharakter der Materie

Interferenz von Fullerenen (Arndt, Nain, ... Zeilinger 1999)

Vorbemerkung: Doppelspaltversuch mit Elektronen

Frage: Könnte man denselben Versuch mit Fußbällen machen?
Fußball � Impuls p = h/� groß � Wellenlänge � klein

Interferenzmuster wird sehr
viel feiner als Fußball sein

� praktisch vermutlich nicht zu sehen

Nun zu Zeilingers Experiment (1999)

nicht gerade Fußbälle, aber C60-Moleküle
- 60 Kohlensto�atome, Durchmesser 1 nm
- 174 interne Schwingungs- und Rotationsmoden
- Masse nicht eindeutig (Kohlensto⇥sotope)

Aufbau:

Entscheidend: Kollimatoren � Strahl hat Divergenz von 10 µrad
Zahlenvergleich: C60(1 nm): Schlitzgröße(50 nm) �= Fußball : Tor.

Auf dieser Skala wäre Abstand Quelle-Detektor �= Abstand
Erde-Mond.

8 1 EXPERIMENTELLE HINWEISE

Ergebnis: Interferenzmuster (a: Mit Gitter, b: Ohne Gitter)

Späteres Experiment (selbe Gruppe, 2001)

Streuung von C60 an stehenden Lichtwellen

� Interferenzbilder

C60 molecule diffraction of C60 molecules on a grating

© 1999 Macmillan Magazines Ltd
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Quantum superposition lies at the heart of quantum mechanics
and gives rise to many of its paradoxes. Superposition of de
Broglie matter waves1 has been observed for massive particles
such as electrons2, atoms and dimers3, small van der Waals
clusters4, and neutrons5. But matter wave interferometry with
larger objects has remained experimentally challenging, despite
the development of powerful atom interferometric techniques for
experiments in fundamental quantum mechanics, metrology and
lithography6. Here we report the observation of de Broglie wave
interference of C60 molecules by diffraction at a material absorp-
tion grating. This molecule is the most massive and complex
object in which wave behaviour has been observed. Of particular
interest is the fact that C60 is almost a classical body, because of its
many excited internal degrees of freedom and their possible
couplings to the environment. Such couplings are essential for
the appearance of decoherence7,8, suggesting that interference
experiments with large molecules should facilitate detailed
studies of this process.

When considering de Broglie wave phenomena of larger and
more complex objects than atoms, fullerenes come to mind as
suitable candidates. After their discovery9 and the subsequent
invention of efficient mass-production methods10, they became
easily available. In our experiment (see Fig. 1) we use commercial,
99.5% pure, C60 fullerenes (Dynamic Enterprises Ltd, Twyford, UK)
which were sublimated in an oven at temperatures between 900 and
1,000 K. The emerging molecular beam passed through two
collimation slits, each about 10 !m wide, separated by a distance
of 1.04 m. Then it traversed a free-standing nanofabricated SiNx

grating11 consisting of nominally 50-nm-wide slits with a 100-nm
period.

At a further distance of 1.25 m behind the diffraction grating, the
interference pattern was observed using a spatially resolving detec-
tor. It consisted of a beam from a visible argon-ion laser (24 W all
lines), focused to a gaussian waist of 8 !m width (this is the size
required for the light intensity to drop to 1/e2 of that in the centre of
the beam). The light beam was directed vertically, parallel both to
the lines of the diffraction grating and to the collimation slits. By
using a suitable mirror assembly, the focus could be scanned with
micrometre resolution across the interference pattern. The
absorbed light then ionized the C60 fullerenes via heating and
subsequent thermal emission of electrons12. The detection region

was found to be smaller than 1 mm in height, consistent with a full
Rayleigh length of 800 !m and the strong power dependence of this
ionization process. A significant advantage of the thermionic
mechanism is that it does not detect any of the residual gases
present in the vacuum chamber. We could thus achieve dark count
rates of less than one per second even under moderately high
vacuum conditions (5 " 10 # 7 mbar). The fullerene ions were
then focused by an optimized ion lens system, and accelerated to
a BeCu conversion electrode at !9 kV where they induced the
emission of electrons which were subsequently amplified by a
Channeltron detector.

Alignment is a crucial part of this experiment. In order to be able
to find the beam in the first place, our collimation apertures are
movable piezo slits that can be opened from 0 to 60 !m (in the case
of the first slit) and from 0 to 200 !m (for the second slit). The
vacuum chamber is rigidly mounted on an optical table together
with the ionizing laser, in order to minimize spatial drifts.

The effect of gravity also had to be considered in our set-up. For
the most probable velocity (220 m s!1), the fullerenes fall by 0.7 mm
while traversing the apparatus. This imposes a constraint on the
maximum tilt that the grating may have with respect to gravity. As a
typical diffraction angle into the first-order maximum is 25 !rad,
one can tolerate a tilt angle of (at most) about one mrad before
molecules start falling from one diffraction order into the trajectory
of a neighbouring order of a different velocity class. The
experimental curves start to become asymmetric as soon as the
grating tilt deviates by more than 500 !rad from its optimum
vertical orientation.

The interference pattern of Fig. 2a clearly exhibits the central
maximum and the first-order diffraction peaks. The minima
between zeroth and first orders are well developed, and are due to
destructive interference of C60 de Broglie waves passing through
neighbouring slits of the grating. For comparison, we show in Fig. 2b
the profile of the undiffracted collimated beam. The velocity
distribution has been measured independently by a time-of-flight
method; it can be well fitted by f ðvÞ ¼ v3expð # ðv # v0Þ2=v2

mÞ, with
v0 ¼ 166 m s # 1 and vm ¼ 92 m s # 1 as expected for a transition
between a maxwellian effusive beam and a supersonic beam13. The
most probable velocity was v ¼ 220 m s # 1, corresponding to a de
Broglie wavelength of 2.5 pm. The full-width at half-maximum was
as broad as 60%, resulting in a longitudinal coherence length of
about 5 pm.

The essential features of the interference pattern can be under-
stood using standard Kirchhoff diffraction theory14 for a grating
with a period of 100 nm, by taking into account both the finite
width of the collimation and the experimentally determined veloc-
ity distribution. The parameters in the fit were the width of the
collimation, the gap width s0 of a single slit opening, the effective
beam width of the detection laser and an overall scaling factor. This
model, assuming all grating slits to be perfect and identical,
reproduces very well the central peak of the interference pattern
shown in Fig. 2a, but does not fit the ‘wings’ of this pattern.

Agreement with the experimental data, including the ‘wings’ in
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Figure 1 Diagram of the experimental set-up (not to scale). Hot, neutral C60 molecules
leave the oven through a nozzle of 0:33 mm " 1:3 mm " 0:25 mm
(width " height " depth), pass through two collimating slits of 0:01 mm " 5 mm
(width " height) separated by 1.04 m, traverse a SiNx grating (period 100 nm) 0.1 m after
the second slit, and are detected via thermal ionization by a laser 1.25 m behind the
grating. The ions are then accelerated and directed towards a conversion electrode. The
ejected electrons are subsequently counted by a Channeltron electron multiplier. The
laser focus can be reproducibly scanned transversely to the beam with 1-!m resolution.

M. Arndt et al. Nature 401, 680 (1999).

• sometimes waves behave like particles (electromagnetic waves)
• sometimes particles behave like waves (electrons, C60)

but how do predict wether the object behaves like a wave or particle?
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Waves of matter



Wave packet with constant amplitude

• Side lobes 
• Negative values of ψ

• The broader the interval ,  
the narrower the central maximum

Δk



Wave packet with Gaussian amplitude

• No side lobes 
• No negative values of ψ

• The broader the interval ,  
the narrower the central maximum

Δk


