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EINSTEIN, HEISENBERG, BOHR,
AND THE STRUGGLE FOR THE
50UL OF SCIENCE

OF MATTER AND FORCES
IN THE PHYSICAL WORLD

Uncertainty: Einstein, Heisenberg, Bohr, Inward Bound: Of Matter and
and the Struggle for the Soul of Science Forces in the Physical World
David Lindley Abraham Pais
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Note: (f) 1s a scanning tunneling
microscope image of atoms on a

crystal surface; (g) is an artist’s
impression.

(@) 10%*m

Limit of the (b) 10" m
observable Distance to '
universe the sun Diameter of (d) 1 m —=
the earth Human (€) 10 m »
dimensions Diameter of a (f1070m
red blood cell Radius of an (@) 1074 m
atom Radius of an

atomic nucleus
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Born 460 BC Abdera, Thrace
Died 370 BC (aged approximately 90)
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Greeks: atoms determine properties

T }:T{i;) oS o i o lT Democritus
(400 B.C.)

Atoms, Democritus believed, are too small to be detected by the senses;

For Democritus, the only true realities are atoms and the void.
What we perceive as water, fire, plants, or humans are merely
combinations of atoms in the void.
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R EEFEN RA R RE T Z Ry ZE .

That atoms and the vacuum were the beginning of the universe;
and that everything else existed only in opinion. "
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John Dalton 1766-1844

IR R Tt (L2 S FERVE 225 4a
WA{E T2 TR EIELH - dHAAR BB EE YIRS -
LERHE - EEEHF—ETENEENR
ST ENEELLE—E R EELL -

{40 : CO or CO,, but not CO, 4

ChisghZaE 6 > Ff ] DUE R SR RIL A -
H BT MEHR 2 EEHY
LR AR ERYEAL |



ELYMENYTS . Ve

l/’w

4 3 G

ODO®0®d O 6

OO0 OO0 O O O
©0 6 O

.?nuvywﬂ wery K Seafenmrr
" 3

J'f/-(/nw o

& %

AT OE N S

TLE e VN B 7 BIHY R AT aH Ak -

H&E PR TR E SRR EN T |

N~10%°  HEREFHEEGN - a~1071"m
[E]—JC SRR 52 = EIE -
AETTEZRETAE - HESAENVEE -
B —REEAA R R T am A [

John Dalton (1808) A New System of Chemical Philosophy.
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Dalton's Atomic Theory
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1 cygen atom at 16 2 hydeog2n 280ms 3t 1 water molecule 28
mass units eath = 1 mass uniis each= 18 mass units each =

16 massunits + 2 mass units 18 mass units
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Loses energy Gains energy
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Energy transfer

This material is conducting heat across
the temperature difference.
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Type of Gas Gas (J/ mol « K)
Monatomic He 12.47
Ar 12.47
Diatomic H, 20.42
N, 20.76
0, 20.85
CO 20.85
Polyatomic CO, 28.46 B
SO, 31.39
H,S 25.95

© 2012 Pearson Education, Inc.
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I

fehiriF 4% Cathode ray

In the 1890s scientists and engineers were familiar with the “cathode rays” that
were generated from one of the metal plates in an evacuated tube across which
a large electric potential had been established.
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Deflecting plates

Cathode

High voltage Fluorescent screen

Magnet
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o 52 e fidg 4 iy 4iray, ie. something emitted from cathode.




Deflecting plates

Fluorescent screen

High voltage

Magnet
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(b) Strong field Medium field
trajectory trajectory

Cathode
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(b) Electrodes Green spot
with B only

Magnetic

both B and E.

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.

The charged particle
moves in a straight line
Fy  when the electric and
magnetic forces are
balanced.

+ The green spo:l IS /\D—KH( &z
field undeflected with B ¢ A e T

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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(b) Electrodes Green spot
with B only

Magnetic The green spot is
field undel‘]__ected_with
both B and E.

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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Handmade Subatomic Particle Plushies FROM THE STANDARD MODEL OF PHYSICS & beyoﬂd~
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0.4 CHARM

% UPQUARK
=" Ateeny litte point
inside the proton
and neutron, it is

5 TOP QUARK
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friends forever with quark, he is (A 4 mabke friends with
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: COSMIC MICROWAVE
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Atiny little point What's so strange This third AN
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the up quark. /
ELECTRON- ﬁ/\ MUON- « 4;7 TAU- PHOTON
NEUTRINO NEUTRINO & 4 NEUTRINO The massiess wavicle
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ELECTRON MUON TAU
A familiar friend, =8 A'heavy u A'heavy muon”
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‘guy likes to bond, dies young. weight. : nuclear force.
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Millikan’s Oil drop experiment 1909

ﬁ Atomizer, to produce oil drops
\" DC
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Ve N
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Microscope

steve T. Thornton
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Positive charge
distributed
throughout
atom

Electron
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i) EKER 1904

Positively charged
matter

Electron

Nagaoka proposed that atoms resembled the planet Saturn, with a
ring of electrons surrounding a positive “planet.” (credit a:
modification of work by “Man vyi”/Wikimedia Commons; credit
b: modification of work by “NASA”/Wikimedia Commons)
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The alpha particles make
little flashes of light where
they hit the screen.

Lead blocks

Small
= = L p deflection

%
| — Ll

== = = \
Large

| | || | deflection
Radioactive Gold Zinc
source of foil  sulfide
alpha particles screen
(a)
Alpha

@&

The alpha particle is only slightly deflected

by a Thomson atom because forces from the Rutherford 1910
spread-out positive and negative charges

nearly cancel.



@Alpha particles strike foil
and are scattered by gold atoms.
: Zinc sulfide

scintillation
screen

@ Small holes in a
pair of lead screens
create a narrow beam
of alpha particles.

(1) Alpha

particles are

. 1d-foil
emitted by a gg gt ©
radioactive &
element such
as radium.
b /

@A scattered alpha particle produces a flash of
light when it hits a scintillation screen, showing
the direction in which it was scattered.

© 2012 Pearson Education, Inc.



(@) Thomson’s model of the atom: An alpha
particle 1s scattered through only a small angle.

o
®

(b) Rutherford’s model of the atom: An alpha &
particle can be scattered through a large angle i??
by the compact, positively charged nucleus
(not drawn to scale).

-7 7~_ _Nucleus

® <
P
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If an atom could be expanded to the size of a football stadium, the nucleus would be the size of a
single blueberry. (credit middle: modification of work by “babyknight” /Wikimedia Commons;
credit right: modification of work by Paxson Woelber)
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Inside an
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E. Rutherford

Nucleus

But, this is not right!
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Spectrum of Hydrogen

T Y EHIPRAR SRR -

Spectrum of Iron

R E TR IR E Y EEE -




Black Body and Line Spectra
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Emission
spectrum
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Mirrors
redirect

light \

Soures of White light

white light
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Cumulative
absorplion
specira

Subtracted —
by cloud 1

.

Continuous spectrum

Diffraction

grating
Wavelength

I Intensity

|

White light

I

1
|

Absorption spectrum

Container
of cool gas

Intensity

Wavelength

I O e

Emission spectrum

ll h mh— Wavelength

Intensity

A STIS absorption spectrum

A beam of light coming 1o Earth frem & distant quasar passes through
erous inlenyaning ga 1ds in galaxias and in imergalactic space.
cuds ol primeva cgen subtract spedlic colors from the beam.
The resulting ‘sosorption spectrum,’ recordad by Hubtla's Spaca Telescops
Imaging Spectragraph {STIS), I= used 1o detemne the distances and
chemical compasjtion of the invisitle clowds,

Final absbrpﬁun
spectrum
recorded by STIS

Ij]

Sublractcd—
by cloud 2

Subtracted

by cloud 3
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(b) Absorption and emission spectra of sodium

Absorption

Emission

300nm 400 nm 500 nm 600 nm 7()0 nm
{ Ultrav1olet : Visible

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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The universe 1s expanding
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Low redshift galaxy spectrum
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] B % Balmer 251 of H

364.6 nm 410.2 nm 434.1 nm 486.1 nm 656.3 nm

\ / \

H., Hj H H H

All Balmer lines beyond Hg H,, Hg, H., and Hsare in the visible region of the spectrum.
are in the ultraviolet spectrum.
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Figure 3.6 Apparatus for measuring blackbody radiation at a single wavelength in

the far infrared region. The experimental technique that disproved Wien’s law and

was so crucial to the discovery of the quantum theory was the method of residual

A AN A

rays (Restrahlen). In this technique, one isolates a narrow band of far infrared radia- 2B
tion by causing white light to undergo multiple reflections from alkalide halide crys-

tals (P;—Py4). Because each alkali halide has a maximum reflection at a characteristic
wavelength, quite pure bands of far infrared radiation may be obtained with
repeated reflections. These pure bands can then be directed onto a thermopile (7)

to measure intensity. E is a thermocouple used to measure the temperature of the
blackbody oven, K.
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*We should point out the great difficulty in making blackbody radiation measurements and the

singular advances made by German spectroscopists in the crucial areas of blackbody sources, sen-
sitive detectors, and techniques for operating far into the infrared region. In f'lCt it is dubious
whether Planck would have found the correct blackbody law as quickly without his close associa-
tion with the experimentalists at the Physikalisch Technische Reichsanstalt of Berlin (a sort of
German National Bureau of Standards) —Otto Lummer, Ernst Pringsheim, Heinrich Rubens,
and Ferdinand Kurlbaum.
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«a) Lummer and Pringsheim’s apparatus of 1897 for determining experimentally the Stefan—Boltzmann law with high
arecision (Allen and Maxwell, 1952). (b) The spectrum of black-body radiation plotted on linear scales of intensity and
vavelength as determined by Lummer and Pringsheim in 1899 for temperatures between 700 and 1600 °C (Allen and
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Temperature (K)
Comparison of the radiation formulae of Planck (2.38, solid line), Wien (2.29, dotted line) and Rayleigh (2.40,
dot-dashed line) with the intensity of black-body radiation at 8.85 ptm as a function of temperature as measured by
Rubens and Kurlbaum (filled boxes). Similar experiments were carried out at longer wavelengths, (24 + 31.6) .um and
51.2 pm, at which there was little difference between the predictions of the Planck and Rayleigh functions. (Replotted
from the data presented by Rubens and Kurlbaum (1901) in the same format as their original presentation.)

Why did Planck find the correct expression for the radiation spectrum, despite the fact
that the statistical procedures he used were more than a little suspect? It seems quite likely
that Planck worked backwards. It was suggested by Rosenfeld, and endorsed by Klein on
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3 On a Heuristic Point of View about
the Creation and Conversion of Lightf

A. EINSTEIN 19051_~f|3E1nsteln’§;‘%%TIE e TR T ELE A Em S |
— e ERN192 14255 H B 0% |

THERE exists an essential formal difference between the theoretical
pictures physicists have drawn of gases and other ponderable
bodies and Maxwell's theory of electromagnetic processes in
so-called empty space. Whereas we assume the state of a body to
albeit very large. still finite number of atoms and electrons. we use
for the determination of the electromagnetic state 1n space con-
tinuous spatial functions, so that a finite number of wvariables
cannot be considered to be sufficientto fix completely the electro-
magnetic state in space. According to Maxwell's theory. the
energy must be considered to be a continuous function in space
for all purely electromagnetic phenomena. thus also for light.
while according to the present-day ideas of physicists the energy
of a ponderable body can be written as a sum over the atoms and
electrons. The energy of a ponderable body cannot be split into
arbitrarily many. arbitrarily small parts. while the energy of a
light ray. emitted by a pomnt source of light 15 according to
Maxwell's theory (or 1n general according to any wave theory) of
light distributed continuously over an ever increasing volume.
The wave theory of light which operates with continuous

functions in space has been excellentlyjustified for the representa-
tion of purely optical phenomena and 1t 1s unlikely ever to be
replaced by another theorv. One should. however. bear in mind
that optical observations refer to time averages and not to

t Ann, Physik 17, 132 (1905).




4hv ] 4‘
C 2 e k o
22 y
3hv 3 ocooeed
7 orm”
y
X a)
C
2hv 2
A Clamped Edges
b AN AN L >

C o
O 0

B kA &L E gERY AN » B FERI T-IVEEp A 22Nl gERY F [E R/ o
n = 1AV IRRER] DLUERCE — 8= &y » gE = hvAVRL T -

n = 20RRE ] LUE A FIFEEN 2 Ap » Be = RhvIVRL T SEEREE R2hy - (‘




In fact. it seems to me that the observations on “‘black-body
radiation . photoluminescence. the production of cathode rays by
ultraviolet light and other phenomena mnvolving the emission or
conversion of light can be better understood on the assumption
that the energy of light 1s distributed discontinuously in space.
According to the assumption considered here. when a light ray
starting from a point 1s propagated. the energy i1s not con-
tinuously distributed over an ever increasing volume. but it
consists of a finite number of energy quanta. localised 1n space.
which move without being divided and which can be absorbed or
emitted only as a whole.

ERHARRST AL T2 A o EIHY !

8. On the Production of Cathode Rays by Illumination
of Solids

The usual 1dea that the energy of light 1s continuously distri-
buted over the space through which it travels meets with especially
great difficulies when one tries to explamn photo-electric
phenomena. as was shown in the pioneering paper by Mr.
Lenard ?
According to the idea that the incident light consists of energy
quanta with an energy Rfv/N, one can picture the production of
cathode rays by light as follows. Energy quanta penetrate into a
surface laver of the bodv. and their energv 1s at least partlv “

- EESUE  Photoelectric Effect/g& Gl M4 5 RIS 15 |
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Light Photoelectric effect: Light
absorbed by a surface causes
electrons to be ejected.
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Despite Einstein’s advocacy and Millikan’s dramatic verification of Einstein’s expression
for the relation between the frequency of the incident radiation and the stopping voltage
of the photoelectrons in the photoelectric effect (Sect. 3.7), the concept of light quanta was
not taken seriously by the majority of physicists. As expressed by Mehra and Rechenberg, !

‘... the large majority of physicists working on quantum theory ... subscribed to what
Planck, Nernst, Rubens and Warburg wrote in 1913 about Einstein: “that he may have
sometimes missed the target in his speculations as, for example, in his theory of light-
quanta.” And during the following decade hardly anyone took light-quanta seriously until
there appeared a paper to settle this question completely: this was the paper presented by
Arthur Holly Compton in December, 1922.” (Compton, 1923)

Compton demonstrated that the law of scattering of energetic X-rays by electrons in atoms
follows precisely from the assumption that the quanta of light have energy ¢ = Av and
momentum p = (hv/c)i. This was irrefutable evidence for the wave—particle duality
which was to play a central role in the development of quantum theory.
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Bohr went to work with JJ Thomson at Cavendish Lab of Cambridge U

The whole thing was very interesting in Cambridge, but it was absolutely useless.
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(@) Permitted orbits of an electron in the Bohr model of a (b) Energy-level diagram for hydrogen, showing some
hydrogen atom (not to scale). Arrows indicate the transitions transitions corresponding to the various series
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The Bohr angular momentum quantization condition reads
mur = nh n=1,2,3,...) (1-34)
It is also very convenient to introduce the dimensionless “fine structure constant™

_ e _ 1
dareshe  137.036

(1-35)

«

which we will approximate by 1/137. In terms of these quantities we find the much sim-
pler expressions

Zoc . i} 2

V=" - m,cZo " (1-36)
and
1 (Zac)?
= —= -3
E 2 e 3 (1-37)

Let us now calculate some of the quantities that emerge from the Bohr theory. We
calculate

m,c? = 0.51 X 10%eV = 0.51 MeV
fi

A =39%10%m (1-38)
Ao _13%102s
m,c

and thus obtain:
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ag = h=0.53x10"1m

mZe?

(a) The radius of the lowest (n = 1) Bohr orbit 1s

_137 & _ 0053 053A
G~z mcT "7

(1-39)

We have introduced here the useful unit of length, the Angstrom, where 1 A=

100" m = 0.1 nm

(b) The binding energy of the electron in the lowest Bohr orbit—that is, the energy
required to put it in a state with £ = 0 (corresponding to n = o)—is

E = sm,c (Za)* = 13.6Z2 eV

m( Ze? \°
E=—— = —13.6eV

47T80h

(1-40)
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1-15 15. Use the Bohr quantization rules to calculate the energy states for a potential given by

Vi) = vo(g)"

with k very large. Sketch the form of the potential and show that the energy values approach E,, = Cn’.

Lk
F = Fo'r'k_l V= EF()T
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r/
mF,r**t? = (nh)? Fork = mv?
1
(nh)z k+2
r =
[mFO ]
k ) k
2Tk+2 1 1 1 nh)=|k+2
Vzlp (nh)“ e K==-mv?®==Fy* ==F, (n?)
L] ey 2 2 2% " mF,
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It has been necessary in many respects to grope in the
dark, guided in part by the experimental results and in
part by various assumptions, often very arbitrary.

TYHEAE R PR
TR ERERINES] - E2E S 350EEL -
a2 B KRR RA > JREEERY -

=
=28
2k
He
i

THE ATOM

AND

THE BOHR THEORY
OF ITS STRUCTURE .

An Elementary Presentation
BY
H. A. KRAMERS
LECTORAR AT THR INSTUTVTS 0F TWRORETICAL FIVSICS 1N THE
AND
HELGE HOLST

WITH A FOREWORD BY
SIR ERNEST RUTHERFORD, F.R.S.

GYLDENDAL
11 HANOVER SQUARE, LONDON, W, s
HRISTIANIA

1923




FTHYE T - AKFEZ A &Y ~ A HE{SHY ~ impossibleAYER S

Alice laughed.
“There‘s no use trying,” she said: “one can’t believe impossible things.”

“I dare say you haven‘t had much practice,” said the Queen. “When I was
your age, I always did it for half-an-hour a day. Why, sometimes [’ve
believed as many as six impossible things before breakfast” (Lewis 127).

Quantum Wonderland
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Max Born }§7 21924 iiber Quantenmechanik (About Quantum Mechanics)

Ober Quantenmechanik. This paper contains an attempt to make

Von M. Born in Géottingen.

(ngepngn an 135 1650 a first step towards a quantum theory.....

Die Arbeit enthilt cinen Versuch, den ersten Schritt zur Quantenmechanik der
Kopplung aufzustellen, welcher von den wichtigsten Engenschalten der Atome
(Stablhtat Resonanz fiir die Spmnglrcquenzen, Korresp inzip) Rechenschalt
gibt und in natiirlicher Weise aus den klassischen Geset: tsteht. Diese Theorie

g A o N A =r =5 &>
enthiilt die Dispersionsformel von Kramers und zeigt eine enge Verwandtschaft = }é é { E
zu Heisenbergs Formulierung der Regeln des anomalen Zeemaneffekts. 5:‘ FFE] ‘E‘ E[ [:[I E‘. e e oo

Einleitung. Das Versagen der Quantentheorie in allen Fillen,

wo es sich um Bewegungen mehrerer Elektronen handelt (z. B. beim
Helium), ist schon mehrfach darauf zuriickgefithrt worden, daf dabei auf
jedes Elektron ein Wechselfeld wirkt, dessen Frequenz von derselben
Grofenordnung ist wie bei einer Lichtwelle. Da man nun weif, daf die
Atome auf Lichtwellen unter Umstinden giénzlich ,unmechanisch rea-
gieren (nédmlich zu Quantenspriingen angeregt werden), so wird man auch
nicht erwarten diirfen, daB die Wechselwirkung zwischen Elektronen
desselben Atoms nach den Gesetzen der klassischen Mechanik erfolgt:
damit wird die Anwendung der durch Quantenregeln ergiinzten klassischen
Stérungstheorie zur Berechnung der stationdren Bahnen hinfillig. Solange
man die Gesetze der Einwirkung desLichtes auf Atome, also den Zusammen-
hang der Dispersion mit dem Atombau und den Quantenspriingen, nicht
kennt, wird man erst recht iiber die Gesetze der Wechselwirkung zwischen
mehreren Elektronen eines Atoms im Dunkeln sein.

In neuerer Zeit ist nun aber gerade auf diesem Gebiete des Zusammen-
hanges von Strahlung und Atombau ein wesentlicher Fortschritt durch
Bohr, Kramers und Slater?) erzielt worden. Dieser besteht meiner
Meinung nach vor allem darin, daf die klassische Optik wieder in hohem
Mafe zu ihrem Rechte kommt. Die Fruchtbarkeit dieser Ideen hat sich
auch darin gezeigt, daB es Kramers?®) gelungen ist, eine Dispersionsformel
aufzustellen und zu begriinden, die allen Anforderungen der Quanten-
theorie, vor allem dem Korrespondenzprinzip, gentigt.

Bei dieser Sachlage kann man daran denken, ob es nicht mdglich
ist, die von Kramers so erfolgreich auf die Wechselwirkung zwischen
Lichtfeld und Leuchtelektron angewandten Uberlegungen sinngemi8 auf

1) N. Bohr, H. A. Kramers und J. C. Slater, ZS. {. Phys. 24, 69, 1924,

?) H. A. Kramers, Nature 118, 673, Nr. 2845, 10. Mai 1924. MaX Bom 5&)@\ 1 8 82_ 1 970
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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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It 1s much easier if one does not know a lot and is not too familiar
with classical physics. You have a decided advantage there, but then
lack of knowledge i1s no guarantee of success.

Pauli to Heisenberg,
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Physics is now very confused again, anyway
1t’s too difficult for me and I wish I am a
movie comedian and had never heard of
physics. I only hope that Bohr will save us
with some new idea. Pauli

Now everything 1s in Heisenberg’s hands, to find a way out of the
difficulties. Bohr
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Uber quantentheoretische Umdeutung
kinematischer und mechanischer Beziehungen.

Yon W. Helsenberg in Guttingen.
(Eingegangen am 29. Juli 1925.)

In der Arbeit soll versucht werden, Grundlsgea zu gewinnen fir eine quanten-
theoretische Mechanik, die ansschlieflich auf Bezichungen .zwischen prinzipiell
beobachtbaren Grofen basiert ist.

Bekanntlich J48t sich gegen die formalen Rogeln, die aligemein in
der Quantentheorie zur Berechnung beobachtbarer Grofen (z. B. der
Energie im Wasserstoffatom) benutzt werden, der schwerwiegende Ein-
wand erheben, daB jene Rechenregeln als wesentlichen Bestandteil Be-
ziehungen enthalten zwischen Grofen, die scheinbar prinzipiell nicht
beobachtet werden kénnen (wie z. B. Ort, Umlaufszeit des Elekirons),
daB also jenen Regeln offembar jedes anschauliche physikalische Funda-
ment mangelt, wenn man nicht immer noch an der Hoffnung festhalten
will, daB jene bis jetzt unbeobachtbaren Grifien spéter vielleicht experi-
mentell zughnglich gemacht werden kinnten. Diese Hoffnung kénnte
als berechtigt angesehen werden, wenn die genannten Regeln in sich
konsequent und auf einen bestimmt umgrenzten Bereich quantentheoretischer
Probleme anwendbar wiren. Die Erfahrung zeigt aber, dal sich nur
das Wasserstoffatom und der Starkeffekt dieses Atoms jenen formalen
Regeln der Quantentheorie fiigen, daf aber schon beim Problem der
-gekrenzten Felder® (Wasserstoffatom in elektrischem und magnetischem
Feld verschiedenmer Richtung) fundamentale Schwicrigkeiten auftreten,
dal die Reaktion der Atome auf periodisch wechselnde Felder sicherlich
nicht durch die genannten Regeln beschrieben werden kann, und daB
schlieblich eine Auvsdehnung der Quantenregeln auf die Behandlung der
Atome mit mehreren Elektronen sich als unmiglich erwiesen hat. Es
ist iiblich geworden, dieses Versagen der quantentheoretischen Regeln,
die js wesentlich durch die Anwendupg der klassischen Mechanik
charakterisiert waren, als Abweichung von der klassischen Mechanik zu
bezeichnen. Diese Bezeichuung kann aber wokl kaum als sinngemis
angeschen werden, wenn man bedenkt, da8 schon die (ja ganz allgemein
ziltige) Einstein-Bohrsche Frequenzbedingung eine so vollige Absage
an die klassische Mechanik oder besser, vom Standpunkt der Wellen-
theorie aus, an die dieser Mechunik zugrunde liegende Kinematik dar-
stellt, daB auch bei den einfachsten quantentheoretischen Problemen an

"Everything 1s still vague and
unclear to me, but it seems as if the
electrons will no more move on
orbits."

—VJEREANFRE -
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The present paper seeks to
establish a basis for theoretical
quantum mechanics founded
exclusively upon relationships
between quantities which in
principle are observable.
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Heisenberg’s form completely avoids a mechanical-kinematic
visualization of the motion of electrons! Pauli
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M. Born, Z. Phys. 34, 858 1925

On Quantum Mechanics

M. Born

Received 1925

Translation into English: Sources of Quantum Mechanics,
Ed. by B. L. van der Waerden, North Holland, Amsterdam (1967) 277.

S T —

The recently published theoretical approach of Heisenberg is here developed
into a systematic theory of quantum mechanics (in the first place for systems hav-
ing one degree of freedom) with the aid of mathematical matrix methods. After

a briet survey of the latter, the mechanical equations of motion are derived from
a variational principle and it is shown that using Heisenberg's quantum condition,
the principle of energy conservation and Bohr's frequency condition follow from the
mechanical equations. Using the anharmonic oscillator as example. the question of
uniqueness of the solution and of the significance of the phases of the partial vibra-
tions is raised. The paper concludes with an attempt to incorporate electromagnetic
field laws into the new theory.
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where in the right-hand expression those g(nm), p(nm) which take on a
negative index are to be set equal to zero. In this way we obtain the quan-
tization condition corresponding to (36) as
" o _ o h e
E (p(nk)q(kn) — g(nk)p(kn)) = —. (37)
2mi
k
This is a system of infinitely many equations, namely one for each value

of n.
In particular, for p = mq this yields

=

But...Oops! pq * qp b= - [51 =

)

\r What?




negative index are to be set equal to zero. In this way we obtain the quan-
tization condition corresponding to (36) as

h

Y _(p(nk)q(kn) — q(nk)p(kn)) = 5. (37)
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Sommerfeld & L&A jédq ' Dg = nh
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I felt discouraged, not to say repelled, by the Heisenberg
methods of transcendental algebra. ¢ chrodinger 1926
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