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Bohr’s new theory is “Quite artificial. I would rather be a cobbler or
a casino worker than a physicist if this 1s where physics 1s headed.
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Prince Louie Victor de Broglie {&4f 48 =

Louis-Victor-Pierre-Raymond, 7th duc de Broglie (1892-1987)

House of Broglie
since 1600’s
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Standing Waves

(®) Both ends fixed () Both ends free () One end free

Frequency (Hz):
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Villa Herwig, Arosa Switzerland 1925
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Schrodinger spent the Christmas break of 1925-1926 at the Villa Herwig at Arosa where
he intended to relax and enjoy the skiing. His mind was, however, consumed by his recent
researches at the expense of what should have been a period of relaxation. As he noted in
a letter to Willy Wien of 27 December 1925,

‘At the moment I am plagued by a new atomic theory...I believe I can write down a
vibrating system — constructed in a comparatively natural manner and not by ad hoc
assumptions — which has as its eigenfrequencies the term frequencies of the hydrogen

atom.’
— s >
S 5 /
B, o i e K ) L e
AT AR 2 i
: i e 7 7
@ apies iy o e v ;/
e b sy e P e S O s
e 2l L %/L.‘Lﬂcwf e OZ%/% %—ﬁ/«“m/%
rp G Rl e o by ol Gy (L
Z'f‘//‘;[ il fik A /*:;é %_A el MJ/’%WM s e By X &%«/M %’7‘:-«?
= 274 £ b @ ik, My fb o adp S '“’/3’?‘/\/94 W e 5""%“’/‘/?’ G
PR e il
| 3 = H 5020 g L S i 29 iy L i S ﬁ% 8 e }Zv&::é
i Gaeatay, Soises e s Sl SEY Ut ot DBl BP | B Pra ke
e e o M’W‘”’ Sy el o R fall giadigd Vecsfu. e Aa % Qg
i s B, e ey W Py, S Mol fp Ll by Fa s
Iy A s o ey Bl iy gl e g /dwjmr;w e SR Ju' L
L 2 wiiff L fo. Sothh o fl et L gl ol e il mmgppia. Lldis —

TS A N L e A o oy gt Bte Bh ol gl

Screenshot 5~ LTRSS A ﬁf'/c £ 1) é*/‘»—« | screenshot 4 o fo Y e jé‘,: 4



Fig. 7.1 The page from Schrédinger’s notebook containing the first appearance of the wave
equation for the hydrogen atom. The wave equation is just visible under the expression for
u. The loop diagrams with intricate loops around two points refer to the path for a contour
integration used to solve second-order differential equations by a method not in general use
today. The lower doodle seems to be concerned with jumps between Bohr orbits. (Used by
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Abbildung 9. Double page from Schriodinger’s notebook that very probably served as the
basis for his first communication on wave mechanics (Schrédinger, 1926b) and can thus

be dated to late 1925 or early 1926. On an earlier page of this notebook, Schrédinger had



A total of four papers in 1926

1926. M 6.

ANNALEN DER PHYSIK

VIERTE FOLGE. BAND 79.

1. Quantisierung als Eigenwertproblem;
von B, Schrédinger,
(Zweite Mitteilang.)?)

§ 1. Die Hamiltonsche Analogie zwischen Mechanik und Optik.

Bevor wir daran gehen, das Eigenwertproblem der Quanten-
theorie fiir weitere spezielle Systeme zu behandeln, wollen wir
den allgemeinen Zusammenhang niher beleuchten, welcher
zwischen der Hamiltonschen partiellen Differentialgleichung
(H.P.) eines mechanischen Problems und der ,zugehdrigen®
Wellengleichung, d. i. im Falle des Keplerproblems der Glei-
chung (5) der ersten Mitteilung, besteht. Wir hatten diesen
Zusammernhang vorliufig nur kurz seiner #uBeren analytischen
Struktar nach beschrieben durch die an sich unverstindliche
Transformation (2) und den ebenso unverstéindlichen Ubergang
von der Nullsetzung eines Ausdrucks zu der Forderung, daB
das Raumintegral des niimlichen Ausdruckes stationdr sein soll.?)

Der innere Zusammenhang der Hamiltonschen Theorie
mit dem Vorgang der Wellenausbreitung ist nichts weniger
als neu. Er war Hamilton selbst nicht nur wohlbekannt,
sondern bildete fir ihn den Ausgangspunkt seiner Theorie der
Mechanik, die aus seiner Optik inhomogener Medien hervor-
gewachsen ist.®) Das Hamiltonsche Variationsprinzip kann

1) Siehe diese Annalen 79. S. 861, 1926. Es ist zum Verstiindnis
nicht urbedingt nitig, die erste Mitteilung vor der zweiten zu lesen.
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Quantization as an Eigenvalue Problem 1926
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3. Quantisierung als Eigenwertproblem;
von E. Schrodinger.

(Erste Mitteilung.)

§ 1. In dieser Mitteilung md«
fachsten Fall des (nichtrelativistise
stoffatoms zeigen, daf die iibliche
durch eine andere Forderung ers
von ,ganzen Zahlen® mehr vork
die Ganzzahligkeit auf dieselbe
Ganzzahligkeit der Knotenzahl el
neue Auffassung ist verallgemeine
glaube, sehr tief an das wahre W

Die iibliche Form der letzi
tonsche partielle Differentialgleit

a8
(1) H (9, W)
Es wird von dieser Gleichung
gich darstellt als Summe von Fur
unabhéingigen Variablen g.

Wir fithren nun fiir § eine :
daB 4 als ein Produké von eingrifl
Koordinaten erscheinen wiirde.
@) §=KJ
Die Konstante X mub aus dime
werden, sie hat die Dimension ein

’ x|
() H(g, 5,

Wir suchen nun nickté eine Lisu

3. Quantisation as an eigenvalue problem;
by E. Schrodinger*

(first communication.)

B bRV RS g BB B A BB — R H 23R |

§ 1. In this communication I would like first to show, in the simplest case of the
(non-relativistic and unperturbed) hydrogen atom, that the usual prescription for
quantisation can be substituted by another requirement in which no word about

“integer numbers” occurs anymore. Rather, the integerness! emerges in the same
natural way as, for example, the integerness of the number of knots of a vibrating
string. The new interpretation is generalisable and touches, as I believe, very
deeply the true essence of the quantisation prescription.

‘1T'he usual form of the latter 1s tied to the Hamiltonian partial differential equa-
tion:

(1) H(qg—‘:’I):E




Wir werden fiir # zuniichst die Hamiltonsche Funktion
der Keplerbewegung nehmen und zeigen, daB die aufgestellte
Forderung fiir alle positiven, aber nur fiir eine diskrete Schar
von megativen E-Werten. erfiillbar ist. D. h, das genannte
Variationsproblem hat ein diskretes und ein kontinuierliches
Eigenwertspektrum. Das diskrete Spektrum enfspricht den
Balmerschen Termen, das kontinuierliche den Energien der
Hyperbelbahnen, Damit numerische Ubereinstimmung hestehe,
muB X den Wert 2/2% erhalten.

Da fir die Aufstellung der Variationsgleic d? l/JE 2m
Koordinatenwahl belanglos ist, wihlen wir rechtwis dx2 _ R2 V(x) — E]-Yg
tesische. Dann lautet (1°) in unserem Fall (¢, m Siuu ssauuug
und Masse des Elektrons): '

) [ G2+ B+ BT —F e H)wmo.
r=Va4y2422.
Und unser Variationsproblem lautet

y | o= f e (2T + 32 + 32
o |l

das Integral erstreckt iiber den gamzen Raum. Man findet
daraus in gewohnter Weise -

4 { IJJ"fdfaw fffdzdydzé‘w[dqp-[-
| | "'F(E_Jr?)"!’] =0.

Es mu8 also erstens 5

(5)- - A¢+%(E+7)1/I=O

Schrodinger Equation
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Quantisierung als Bigenwertproblem. 371

§ 2. Die Bedin )

T

1000
met 4th excited

(19) i T .

Es ergeben sich also die wohlbekannten Bohrschen Energie- 800 -
niveaus, die den Balmertermen entsprechen, wenn man der i
Konstante X, die wir in (2) aus dimensionellen Griinden ein-
fithren muBten, den Wert crteilt

(20) K="
Dann wird ja. 972 4 el 2nd excited

, 72 m A
(19) — El = —z‘kﬂ—l"e- . | E
Unser [ ist die Hauptquantenzahl. =+ 1 hat Analogie mit 200 14 excited
der Azimutalquantenzahl, die weitere Aufspaltung dieser Zahl g

600 I rd excited K,

Energy (eV)

Ground

bei der niheren Bestimmung der Kugelfiichenfunktionen kann " 2

TREME

mit der Aufspaltung des Azimutalquants in ein siquatoriales”
und ein ,polares® Quant in Anslogie gesetzt werden. Diese =
Zahlen bestimmen hier das System der Knotenlinien auf der
Kugel. Auch die ,radiale Quantenzahl,“ l—n — 1 bestimm®b
genau die Zahl der ,,Knotenkugeln“, denn man kann sich leicht
iiberzeugen, daB die Funktion f(z) in (18) gemau l—n—1
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A total of four papers in 1926

3. Uber das Verhiiltnis der Heisenberg-Born-
Jordanschen Quantenmechanik zu der meinen;

von Erwin Schridinger.

§ 1. Einleitung und Inhaltsiibergicht.

Bei der auBerordentlichen Verschiedenheit der Ausgangs-
punkte und Vorstellungskreise der Heisenbergschen Quanten-
mechanik?) einerseits und der neulich hier in ihren Grund-
ziigen dargelegten und als ,undulatorische® oder ,,physikalische*
Mechanik bezeichneten Theorie®) anderseits, ist es recht
seltsam, daf diese beiden neuen Quantentheorien hinsichtlich
der bisher bekannt gewordenen speziellen Ergebnisse mifeinander
auch dort iitbereinstimmen, wo sie von der alten Quantentheorie
abweichen. Ich nenne vor allem die eigentiimliche ,,Halb-
zahligkeit“ beim Oszillator und beim Rotator. Das ist wirklich
sehr merkwiirdig, denn Ausgangspunkt, Vorstellungen, Methode,
der ganze mathematische Apparat scheinen in der Tat grund-
verschieden. Vor allem aber scheint das Abgehen von der
klassischen Mechanik in den beiden Theorien geradezu in
diametral entgegengesetzter Richtung zu erfolgen. Bei Heisen-
berg werden die klassischen kontinuierlichen Variablen durch
Systeme diskreter Zahlengrofien (Matrizen) ersetat, die, von
einem ganzzahligen Indexpaar abhiingig, durch algebraische
Gleichungen bestimmt werden. Die Autoren selbst bezeichnen

1) W. Heisenberg, Zischr, f. Phys. 33. 8. 879, 1925; M. Born
und P. Jordan, ebendort 84. S. 858, 1925 u. 85. 8. 557, 1926 (letateres
mit Heisenberg). Ich erlaube mir im folgenden der Kiirze halber die
drei Autornamen im allgemeinen durch den Heisenbergs zu ersetzen
und zitiere die zwei letztgenannten Abhandlungen mit ,,Quantenmechanik
I u. II% Intercssante Beitriige zu der Theorie auch von P. Dirae,
Proec. Roy. Soe. London 109. S. 642, 1925 u. ebendort 110. S. 561. 1926.

2) E. Schridinger, Ann. d. Phys. 79, S, 861 (1. Mitteilung); 79.
8. 480. 1926 (2. Mitteilung). Diese Mitteilungsreihe wird, ganz unabhingig
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.~ The disturbance is the rippling
S of the water’s surface.
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Figure 1-9 Double slit diffraction pattern for neutrons with wavelength A = 18.5 A.

(From A. Zeilinger, R. Gahler, C. G. Shull, W. Treimer, and W. Mampe, Rev. Mod. Phys. 60:1067 (1988), by
permission.)
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Davidson and Germer in US, G.Thomson in UK 1927
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(a) Basic setup for x-ray diffraction
Some x rays are scattered as they pass
through the crystal, forming an interference
pattern on the film. (Most of the x rays pass

straight through the crystal.) |
%
3 I
Thin !
Lead crystal i
screen Gi :
X-ray
tube
X-ray beam

A Y

© 2012 Pearson Education, Inc
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(b) Laue diffraction pattern for a thin section of quartz crystal
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holder
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Figure 5.2 The crystal structure of NaCl (rock salt) showing two of the possible sets of lattice
planes (Bragg planes).
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(a) Schematic apparatus for x-ray crystallography (b) X-ray diffraction pattern of diamond lattice

sample
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from H. S. Lipson, Crystals and X-Rays, London: Wykeham (1970).

Figure 5.7 (a) Diagram showing the experimental arrangement for producing powder photo-



7. [10 points] X-ray crystallography is an important tool for determining the atomic and molec-

ular structure of a crystal.

(a) {3] W. L. Bragg presented a simple explanation of the diffracted beams from a crystal.
What is Bragg’s law?

(b) [3] Figure 1 shows X-ray diffraction pattern of MgO. MgO is the simple cubic structure
and lattice constant is 4.211A. Please calculate the parallé! lattice plane space, djyi .
when hkl = 422.

(c) [4] Please find the cross angle of two planes between (222) and (420).

W 57 BrdMA® 111 S45EH L3R4S KRR
#8: HRHELA) w57
S #3 A2E 3 A

12000 g
10000-
8000-
6000-

4000

2000- = _§ g §
- A% & 5

)
20 40 60 80
20 [deg)

T
100 120 140

. 1: X-ray diffraction of powder MgO (G. Dercz et al.. Materials Science-Poland. 27. 1. 2009)
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Courtesy of Dawvid Follstaedt, Sandia National Laboratory

(a) (b)

Figure 5.12 Examples of transmission electron diffraction photographs. (a) Produced by scatter-
ing 120-keV electrons on the quasicrystal AlggMng. (b) Electron diffraction pattern on beryllium.
Notice that the dots in (a) indicate that the sample was a crystal, whereas the rings in (b) indicate
that a randomly oriented sample (or powder) was used.

OMIKRON/Science Source

Emilio Segré Visual Archives, American Institute of Physics/Scier

Clinton J. Davisson (1881-1958)
is shown here in New York City
in 1927 (left) holding an elec-
tronic diffraction tube with
Lester H. Germer (1896-1971,
right). Davisson received his
undergraduate degree at the
University of Chicago and his
doctorate at Princeton. They per-
formed their work at Bell Tele-
phone Laboratory located in New
York City. Davisson received the
Nobel Prize in Physics in 1937.




Figure 5.9 Schematic
diagram of Davisson—-Germer

LL&AJ Filament

experiment. Electrons are pro- E — Viovable
duced by the hot filament, ,'l celleetfetcrgt
accelerated, and focused onto —

the target. Electrons are scat- Flectron /'

tered at an angle ¢ into a
detector, which is movable.
The distribution of electrons
is measured as a function of ¢.
The entire apparatus is
located in a vacuum.

beam

Intensity = radial distance along dashed
line to data at angle ¢

.e~"
-
- Scattered electrons

Figure 5.10 Davisson and
Germer data for scattering of

Peak electrons from Ni. The peak
/
/) Data ¢ = 50° builds dramatically as
& ( " the energy of the electron
,// 50° " nears 54 eV. From C. J.
/ \/,” Dauvisson, Franklin Institute
/ 2 Journal 205, 597-623 (1928).
0
44 eV 48 eV 54 eV 64 eV 68 eV

HENCEE - ETEE - NIILE TN

Figure 5.11 The scattering
of electrons by lattice planes
in a crystal. This figure is use-

Incident beam

ful to compare the scattering
relations nA = 2d sin 6 and
nA = Dsin ¢ where 6 and ¢
are the angles shown, D =
interatomic spacing, and

d = lattice plane spacing.
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1926. M 6.

ANNALEN DER PHYSIK

VIERTE FOLGE. BAND 79.

1. Quantisierung als Eigenwertproblem;
von B, Schrédinger,

(Zweite Mitteilung.)®)

§ 1. Die Hamiltonsche Analogie zwischen Mechanik und Optik.

Bevor wir daran gehen, das Eigenwertproblem der Quanten-
theorie fiir weitere spezielle Systeme zu behandeln, wollen wir
den allgemeinen Zusammenhang niher beleuchten, welcher
zwischen der Hamiltonschen partiellen Differentialgleichung
(H.P.) eines mechanischen Problems und der ,zugehdrigen®
Wellengleichung, d. i. im Falle des Keplerproblems der Glei-
chung (5) der ersten Mitteilung, besteht. Wir hatten diesen
Zusammernhang vorliufig nur kurz seiner #uBeren analytischen
Struktar nach beschrieben durch die an sich unverstindliche
Transformation (2) und den ebenso unverstiindlichen Ubergang
von der Nullsetzung eines Ausdrucks zu der Fordemng, daB
das Raumintegral des niimlichen Ausdruckes stationdr sein soll?)

Der innere Zusammenhang der Hamiltonschen Theorie
mit dem Vorgang der Wellenaushreitung ist nichts weniger
als neu. Er war Hamilton selbst nicht nur wohlbekannf,
sondern bildete fir ihn den Ausgangspunkt seiner Theorie der
Mechanik, die aus seiner Optik inhomogener Medien hervor-
gewachsen ist.®) Das Hamiltonsche Variationsprinzip kann

1) Siehe diese Annalen 79. S. 361, 1926. Es ist zum Verstindnis rerican Ins Scanned at the American
nicht urbedmgt nlihg, die erste M;ttexlung vor. det zwelten - lucn Institute of Physics
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Photograph of the first conference in 1911 at the Hotel Metropole. Seated (L—R): W. Nernst, M. Brillouin, E. Solvay, H. Lorentz, E. Warburg, J. Perrin,
W. Wien, M. Curie, and H. Poincaré. Standing (L-R): R. Goldschmidt, M. Planck, H. Rubens, A. Sommerfeld, F. Lindemann, M. de Broglie, M. Knudsen,
F. Hasendhrl, G. Hostelet, E. Herzen, J. H. Jeans, E. Rutherford, H. Kamerlingh Onnes, A. Einstein and P. Langevin.
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I read your paper the way a curious child listens in
suspense to the solution of a puzzle that he has been
bothered about for a long time. M. Planck

B —(EFE LB EF ar Y% (R Em 5L
LEHIFERPBIRE R EIRRE ARVRENE 2 -

I am convinced that you have made a decisive advance with
your formulation of quantum theory, just as I am equally
convinced that the Heisenberg-Born route is off the track.

A. Einstein
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Schrodinger’s approach was based on the familiar apparatus
of differential equations, like the classical mechanics of
fluids of an easily visualisable representation.

It 1s an analytical approach which, proceeding from a
generalization of the law of motion, stresses continuity and, as
its name indicate, is a theory whose basic concept is wave.
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I knew of Heisenberg’s theory, but I felt discouraged, not to say repelled, by the
methods of transcendental algebra, which appeared difficult to me, and lacked of

visualizability. Schrodinger 1926

PR EHY S S A Bt RV B R BB ST
o HEE | BRI GR > ERAVE S visualizability

B | MBS EHCHVE TN » REFLE visualizability
BRENEEHK  IREZEE |

The more I think about the physical portion of Schrodinger’s theory, the more
horrible I find 1t. What Schrodinger writes about visualizability of his theory is
probably not quite right. In other words, it’s crap.

Heinsenberg 1926
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Young man, I understand your regret that quantum mechanics 1s now
finished and with it all the non-sense as quantum jumps etc. Prof.

Schrodinger will certainly take care of all these problem you mentioned in
due time.

Wien at Munich to Heisenberg 1926
He was in Heisenberg PhD defense committee
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Second Series December, 1926 Vol. 28, No. 6

THE

PHYSICAL REVIEW

e
\;\!EE/EZ ﬁﬁﬁ/\m/ﬁ '
AN UNDULATORY THEORY OF THE MECHANICS

1. The theory which is reported in the following pages is based on
the very interesting and fundamental researches of L. de Broglie! on
what he called “phase-waves” (“ondes de phase’””) and thought to be
associated with the motion of material points, especially with the motion
of an electron or proton. The point of view taken here, which was first

published in a series of German papers,? is rather that material points
consist of, or are nothing but, wave-systems. This extreme conception

may be wrong, indeed it does not offer as yet the slightest explanation
of why only such wave-systems seem to be realized in nature as corre-
spond to mass-points of definite mass and charge. On the other hand

the opposite point of view, which neglects altogether the waves dis-
covered by I.. de Broglie and treats only the.motion of material

Qomts has led to such grave dxfﬁcultles in the theory of atomic mechanics

LCHNS. A 310 CALTCInGe Luncepavn

m’ay.be wrong, x.ndeed it dqes not oﬂ'ef as yet t.l.we s:h.ghtca‘t e?pAlem_'Etulf)_n ?EIJ % EE\Z gt EE?EQ_.{



ELECTRON

Circa 1900
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Wave 1:

Superposition:

Waves to be added span the frequency

X N W The waves are all in phase
range from f, — 5 Afto f + 5Af.

| oat this instant of time.
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Increasing frequency
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| f=H- iif

The superposition of the

many waves spanning a "~

range of frequencies is

a wave packet.
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We can foresee that wave groups can be constructed which move
round highly quantized Kepler ellipses and are the representation by
Wave mechanics of the hydrogen electron. 4% Paper of 1926
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“Schrodinger’s interpretation throws overboard everything which is
“Quantum”, Y- ERYE, the Franck collision etc” Heisenberg
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Now Max Born again!

I can not follow Schrodinger on his interpretation using wave packet to replace
particle. Every experiment by my neighbor at Gottingen, Franck, on electron
collision appear to me as a new proof of the corpuscular nature of the electron.

Born 1961
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among the various form of the theory, only Schrodinger’s formalism proved itself
appropriate for this purpose, for this reason I am inclined to regard it as the most
profound formulation of the quantum laws. Born 1926
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Extrapolation of Result:
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Particle Path
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In Quantum Mechanics, there exists no quantity which in an
individual case can determine the result of a collision. I myself
is inclined to give up determinism in atomic world.
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Max Born 1926
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Quantum Mechanics is very imposing. But an inner voice tells me
that it 1s not real thing. The theory delivers a lot but hardly brings us
closer to the secrets of the Old One. I for one am convinced that He
does not throw dice.

Einstein to Born 1926
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Electron: A fundamental Particle behaving as Wave
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Schrodinger, sick, on bed side said to Bohr, 1926

There is no hope. The whole idea of quantum jumps leads to nonsense. If we are

going to have to put up with these damn quantum jumps, I am sorry that I ever
had anything to do with quantum theory.
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The rest of us are very thankful for wave mechanics for its clarity and simplicity.
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Bohr returned, 1926
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The first thing we notice with our electron experiment is that we hear sharp
“clicks” from the detector (that is, from the loudspeaker). And all “clicks” are
the same. There are no “half-clicks.”

We would also notice that the “clicks” come very erratically. Something like:
click ..... click-click ... click ........ click .... click-click ...... click ..., etc.,

Just as you have, no doubt, heard a gelger counter operating. It we count the
clicks which arrive in a sufficiently long time—say for many minutes—and then
count again for another equal period, we find that the two numbers are very
nearly the same. So we can speak of the average rate at which the clicks are
heard (so-and-so-many clicks per minute on the average).

As we move the detector around, the rate at which the clicks appear is faster

or slower, but the size (loudness) of each click is always the same. If we lower
the temperature of the wire in the gun the rate of clicking slows down, but still
each click sounds the same. We would notice also that if we put two separate
detectors at the backstop, one or the other would click, but never both at once.
(Except that once in a while, if there were two clicks very close together in time,
our ear might not sense the separation.) We conclude, therefore, that whatever
arrives at the backstop arrives in “lumps.” All the “lumps” are the same size:
only whole “lumps”™ arrive, and they arrive one at a time at the backstop. We

shall say: “Electrons always arrive in identical lumps.”
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We should say right away that you should not try to set up this experiment (as
you could have done with the two we have already described). This experiment
has never been done in just this way. The trouble is that the apparatus would
have to be made on an impossibly small scale to show the effects we are interested
in. We are doing a “thought experiment,” which we have chosen because it is easy
to think about. We know the results that would be obtained because there are
many experiments that have been done, in which the scale and the proportions
have been chosen to show the effects we shall describe.



NND
NOH1D313
» £
L

7N
,/”“\\
AN

R
""v“'“
|

TNSS SN SN ASSSSSSSS
N =

~

TIVM

da

]
-
NANANNNNNN \\M\\\ N SR &2 Tonomura Akira,
1942 — 2012

401SMDv4d

Demonstration of single-electron buildup of an

interference pattern
source American Journal of Physics 57, 117 (1989); https://doi.org/10.1119/1.16104

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

\ / Electron biprism ez

ABSTRACT

TOPICS

S . The wave-particle duality of electrons was demonstrated in a

« Thought experiments

« Interference kind of two-slit interference experiment using an electron

: 31“““0'1"““:\ . microscope equipped with an electron biprism and a position-

. ave particle duality

Detector HITACHI / sensitive electron-counting system. Such an experiment has been
l regarded as a pure thought experiment that can never be

realized. This article reports an experiment that successfully

recorded the actual buildup process of the interference pattern

with a series of incoming single electrons in the form of a movie.
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Now, we are looking at the detector plane on the
monitor. Bright spots appear here and there. These

spols indicate individual electrons.
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One electron double slit experiment by Akira Tonomura
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We conclude the following: The electrons arrive in lumps, like particles, and
the probability of arrival of these lumps is distributed like the distribution of

intensity of a wave. It is in this sense that an electron behaves “sometimes like a
particle and sometimes like a wave.”
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Electron
>:l_ biprism

T or
// V/a, oy W/

Filament voltage = 0 Filament voltage > 0

Figure 1-7 (a) When the filament is grounded, the electrons passing one by one can be seen on the
monitor, and the path can be identified. The shadow of the filament can be seen after many
electrons have passed. (b) When a positive voltage is applied to the filament, the electrons are bent
toward the center, and there is no way of telling which side of the filament the electron passed by.
An interference pattern results.

(Courtesy of A. Tonomura, Hitachi Advanced Research Laboratory)
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You can look at the world with g-eyes and
you can look at the world with p-eyes. But if
you want to open both eyes at the same time,
you will go crazy!

Pauli

THE DARK KNIGHT
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The more precisely the position 1s
determined, the less precisely the momentum
1s known 1n this instant, and vice versa.
--Heisenberg, uncertainty paper, Mar 1927
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THE COPENHAGEN INTERPRETATION

The act of measurement causes all the possible
positions of the wave function to collapse

into a single point. What happens to the other
positions? According to Hugh Everett, they
split off into other worlds.

A
Before
measurement Wave function
Y
X
Position in space
A
After
measurement Wave function
“collapse”
Ny
X

Position in space
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The Vikings!
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A. PICCARD E. HENRIOT P. EHRENFEST Ed, HERZEN Th.DE DONDER  E SCHRODINGER E.VERSCHAFFELT ~W.PAULl W, HEISENBERG R.H. FOWLER L. BRILLOUIN
P. DEBYE M. KNUDSEN W.L. BRAGG H.A. KRAMERS P.A.M. DIRAC A.H. COMPTON L. de BROGLIE M. BORN N. BOHR
I. LANGMUIR M. PLANCK Mme CURIE H.A. LORENTZ A. EINSTEIN P. LANGEVIN Ch.E. GUYE CT.R. WILSON O W. RICHARDSON

Absents : Sir W.H. BRAGG, H. DESLANDRES et E. VAN AUBEL



A. Piccard, E. Henriot, P. Ehrenfest, E. Herzen, Th. de Donder, E. Schrédinger, J. E. Verschaffelt, W. Pauli, W. Heisenberg, R. H. Fowler, L. Brillouin;
P. Debye, M. Knudsen, W.L. Bragg, H. A. Kramers, P. A. M. Dirac, A. H. Compton, L. de Broglie, M. Born, N. Bohr;
|. Langmuir, M. Planck, M. Curie, H.A . Lorentz, A. Einstein, P. Langevin, Ch.-E. Guye, C. T. R. Wilson, O. W. Richardson

Fifth coms, 1927. Institut International de Physique Solvay in Leopold Park.






ACTORS PLAYING EINSTEIN AND
BOHR ADD A BIT OF DRAMA TO
THE GALA..

GOTT SPIELT NICHT
WURFEL MIT DEM
UNIVERSUM!

EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.

Newspaper headline on 4 May 1935
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But this 1s OK since no information is sent! Bohr
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Scanned at the American
Institute of Physics

Solvay 1930



S ARISFEEE K Uncertainty has won the battle !

Scanned at the American
Institute of Physics

The soothing Heisenberg-Bohr philosophy-or religion?-1s so nicely
made that for now it offers the true believer a soft pillow from which
it’s not easily rousted. So let him lie. Einstein
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Quantum Wonderland
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A total of five papers in 1926

3. Uber das Verhiiltnis der Heisenberg-Born-
Jordanschen Quantenmechanik zu der meinen;

von Erwin Schridinger.

§ 1. Einleitung und Inhaltsiibergicht.

Bei der auBerordentlichen Verschiedenheit der Ausgangs-
punkte und Vorstellungskreise der Heisenbergschen Quanten-
mechanik?) einerseits und der neulich hier in ihren Grund-
ziigen dargelegten und als ,undulatorische® oder ,,physikalische*
Mechanik bezeichneten Theorie®) anderseits, ist es recht
seltsam, daf diese beiden neuen Quantentheorien hinsichtlich
der bisher bekannt gewordenen speziellen Ergebnisse mifeinander
auch dort iitbereinstimmen, wo sie von der alten Quantentheorie
abweichen. Ich nenne vor allem die eigentiimliche ,,Halb-
zahligkeit“ beim Oszillator und beim Rotator. Das ist wirklich
sehr merkwiirdig, denn Ausgangspunkt, Vorstellungen, Methode,
der ganze mathematische Apparat scheinen in der Tat grund-
verschieden. Vor allem aber scheint das Abgehen von der
klassischen Mechanik in den beiden Theorien geradezu in
diametral entgegengesetzter Richtung zu erfolgen. Bei Heisen-
berg werden die klassischen kontinuierlichen Variablen durch
Systeme diskreter Zahlengrofien (Matrizen) ersetat, die, von
einem ganzzahligen Indexpaar abhiingig, durch algebraische
Gleichungen bestimmt werden. Die Autoren selbst bezeichnen

1) W. Heisenberg, Zischr, f. Phys. 33. 8. 879, 1925; M. Born
und P. Jordan, ebendort 84. S. 858, 1925 u. 85. 8. 557, 1926 (letateres
mit Heisenberg). Ich erlaube mir im folgenden der Kiirze halber die
drei Autornamen im allgemeinen durch den Heisenbergs zu ersetzen
und zitiere die zwei letztgenannten Abhandlungen mit ,,Quantenmechanik
I u. II% Intercssante Beitriige zu der Theorie auch von P. Dirae,
Proec. Roy. Soe. London 109. S. 642, 1925 u. ebendort 110. S. 561. 1926.

2) E. Schridinger, Ann. d. Phys. 79, S, 861 (1. Mitteilung); 79.
8. 480. 1926 (2. Mitteilung). Diese Mitteilungsreihe wird, ganz unabhingig
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