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Electrons in single-slit experiments [Mullenstedt and Jonsson, Z. P

hysik 155 (1959) 472]

Experimental results (1959)

Intensity pattern
generated by passing
through many electrons
is exactly what is
expected of waves

Electron Gurits
o= alib widfh
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Fig. 7. Elektronenbeugungsaufnahme an einem
Spalt (Fraunhofer-Ebene)
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Electrons in two-slit and multiple slits experiments [Jonsson, Z. Physik 161 (1961) 452]

[English translation: American Journal of Physics 42 (1974) 4]

. . . . CLAUS JONSSON
Electron Diffraction at Multiple Slits | “* fiir Angewandte Physik der Universitit Tabingen

A glass plate covered with an evaporated silver layer of ~— Federal Republic of Germany
aboul 200 A thickness is irradiated by a line-shaped

electron probe in a vacuum of 1074 Torr. A layer of
polymerized hydrocarbon of very low eleetrical con-
ductivity iz formed at places subjected (o high electron
current densily. An electrolytically deposited copper layer
leaves these places free from copper. When the copper
loyer 18 peeled away a grating with ghis free of any
maderial is obiained. Slits 50 p long and 0.3 g wide with
a grating spocing of 1 p are oblained. The mazimum
number of slits 15 five, The electron diffraction pattern
oblained using these slits in an arrangement analogous

io Young's light interference experiment in the Fraun-
Fic. 5. Electron micrograph of the slits free of material.

hofer region shows effects corresponding to the well-knoum
inderference phenomena in light optics.

Link to Jonsson’s paper: http://aapt.scitation.org/doi/abs/10.1119/1.1987592



http://aapt.scitation.org/doi/abs/10.1119/1.1987592
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Fic. 7. Electron-difiraction photograph from a single slit Fi6. 8. Electron-difiraction photograph from two slits

FfG' 9. Elec'tron'-diffra_ct‘ion photograph from three slits, ¥Fi6. 10. Electron-diffraction photograph from four slits,
with theoretical intensity curve. with theoretical intensity curve.

* Electrons exhibit wave properties
and | )\ = _h _ o1k
T T

Fic. 11. Electron-diffraction photograph from five slits, 5
with theoretical intensity curve,




More on two-slit experiments with electrons
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Picture taken from
IOPScience, Institute of
Physics, UK
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(b) When only slit 1 (c) When two slits are open,
is open, observed P1. observed Pi..

When only slit 2 is
open, observed P2.

When you know which slit the electron goes
through (e.g. by closing one slit), the interference
pattern Pi2is destroyed.

P, #P; + P,

Analogous to light
(interference in action
and something is waving)

Need to use waves to describe an electron and a wave theory
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Two-slit experiments with electrons (dim source) [one electron at a time]

Schematic: Sending one electron into the apparatus at a time until it is detected on
the screen

Double siit Observing screen over time

\ \ \ e Electron is detected as a
iy : particle

. L) | e Can’t predict where one

' 3 d ! electron lands

\ \ \ * Interference pattern shows

0 ndvidua () Accumuitod (i) Emergng up after repeating the one-
e i electron-in-apparatus

experiment for many times

=D -

Electron Gun Electron

Double-slit apparatus showing the pattern of electron hits on the observing screen building up over time.

[Analogous to photons]

Are these real?



On the statistical aspect of electron interference phenomena

P. G. Merli Am. J. Phys. 44 (1976) 306

CNR-LAMEL, Bologna, Ialy

G. F. Missiroli and G. Pozzi
CNR-GNSM, Istituto di Fisica, Laboratorio Microscopio Elettronice, Bologna, Ttaly
(Received 29 May 1974; revised 17 October 1974)

e Electron is detected as a

" particle
e Can’t predict where one
electron lands
; * Interference pattern shows

up after repeating the one-
electron-in-apparatus
experiment for many times

It is real stuff!

(a) To (f): more electrons hit screen

Link to paper: http://aapt.scitation.org/doi/abs/10.1119/1.10184
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Demonstration of single-electron buildup of an interference pattern

A. Tonomura, J. Endo, T. Matsuda, and T. Kawasaki
Advanced Research Laboratory, Hitachi, Lrd., Kokubunji, Tokyo 185, Japan

H. Ezawa

Department of Physics, Gakushuin University, Mejiro, Tokpo 171, Japan

(Received 17 December 1987; accepted for publication 22 March 1988)
[Use a design of transmission electron microscope to do the job]
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Fig. 3. Electron-optical diagram of the interference experiment.

Am. J. Phys. 57 (1989) 117

Link: http://aapt.scitation.org/doi/abs/10.1119/1.16104
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10 electrons

100 electrons

3000 electrons (started to see some pattern)

20000 electrons

70000 electrons

Fig. 5. Buildup of the electron interference pattern. The central fiekd of

view, | width and § length, of the whole ek of the detector plane is shown

here. The picture extends similurly 1o the whole Sebd: (43 Number of

elevtrons = 10; (b) Numbur of ehctrons = 100: (<) Number of elec- 11
trons < JOO0; (d) Number of ekectrons = 2000 and (¢) Number of

cheetrons = N 000,



Electron is detected at a location on the screen one at a time

Cannot predict where an electron lands

Two open slits required for seeing interference pattern (even
one electron in apparatus at a time)

Electrons are no ordinary particles (they show wave nature)



Implications for Quantum Theory
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Probabilistic role of Wave Theory

Question: What are the units of @&;’L’) and @(ﬁ‘ﬁ)?
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Quantum States are unusual (in classical thinking)
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Measurements play a special role
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This completes the discussion on how experiments using

electrons reveal the wave nature of particle, and how the

experimental facts had led us to

 The need of using a wave description for particles

* Introduce wavefunction as the quantity that describes a
state of a system

* An interpretation of the wavefunction as a probability
amplitude (wavefunction squared as probability density)

e Unusual meaning (c.f. classical physics) embedded in
wavefunction

e Special role of measurement

This is a large part of Quantum Mechanics. Take this with you as we move on.

But something is missing?

What is the underlying wave theory? What is the wave equation in quantum mechanics?
Only when we have the wave equation, we can calculate the wavefunction and then
make use of the interpretation! That’s the rest of the course!




Extension: More on 2-slit and multiple-slit experiments
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Later developments in experiments: Throwing bigger “particles” in 2-slit experiments

Wave-particle duality

of G, molecules

Nature 401 (1999) 680

Markus Arndt, 0laf Nairz, Julian Vos-Andreae, Claudia Keller,
Gerbrand van der Zouw & Anton Zeilinger

Institut fiir Experimentalphysik, Universitdt Wien, Boltzmanngasse 5,

A-1090 Wien *

Courts in 50 5

Throw this at double-slit apparatus

Position on detector

Still see 2-slit pattern
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In search of multipath interference using
large molecules Science Advances 3 (11 Aug 2017) e1602478

Joseph P. Cotter,”" Christian Brand," Christian Knobloch,” Yigal Lilach,?
Ori Cheshnovsky,*® Markus Arndt’

The superposition principle i fundamental to the quantum description of both light and matter. Recently, a number of
experiments have soughtto directly test this principle using coherent light, single photons, and nudear s pin states. We
extend these experiments to massive partides for the first time. We compare the interference patterns arising froma
beam of large dye molecules diffracting at single, double, and triple slit material masks to place limits on any high-
order, or multipath, contributions. We observe an upper bound of less than one partide in a hundred deviating from
the expectations of quantum mechanics over a broad range of transverse momenta and de Broglie wavelength.

—

Use phthalocyanine (PcH2) B va ¥s v o N
molecules of mass 515 atomic I I I
mass unit (b|g Object) = ~a | Results are all

consistent with
what we found
in past 100
years!

R

Laser \§
desorption

Fig. 1. Experimental setup. (A) Focused laser source produces a thermal beam
of PcH,; molecules, which diffracts at a vertical array of single, double, and triple
slits, which are aligned to the local gravitation field g, before landing on a thin
quartz detection screen. The deposited molecules are observed using high-
resolution fluorescence imaging. (B) Schematic of the triple slit. The openings
(black) have atransverse width a = 80 nm, and their centers are separated by a
distance d = 100 nm.
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Wave nature of particles is real and useful

Wave nature of electrons has led to the development of useful tools in research

Example TEM
elecr:on tglurn. schematic
accelerator One of many types of TEMs

Filament

/-"
Wehnelt
"Gun” —/ L Anode

Condensor aperture 1 ——_\ w'm Gundeflectors

condenser lens IE i ] E

CGI‘IdET‘I s5er |EI‘IS .2 ::I {may be sdustable by user P
depending on TEM type)
sample - FrennE e I J Condensor lens 1
objective lens E 5 | H‘E . , —'— ' Condensor stigmator
J ' diffraction planes Fixed aperture — = = Condensor Ier?s 2
image planes } I ]

B Beam deflectors

# Objective stigmator

~ 3 Objective lens upper

1 Objective lens lower
Image deflectors

Condensor aperture 2 ==
Sample holder

projective lens E fdiﬁrapti_nr_l imag

e
=

(real SEacelim;e
CCD sensor

Objective aperture ™= "¢ &

HE
Selected area aperture #&=———— =~
(orimmeadiate apertura)

fluorescense screen

I 1 Intermediate lens
- Diffraction stigmator
I : Projector lens 1

I 1 Projector lens 2

An example is TEM
(Transmission electron
microscope) — can’t do sample
characterization without it!

CCD camera @

Beam axis

T, \iewing screen
L, —
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