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Note: (f) is a scanning tunneling
microscope image of atoms on a
crystal surface; (g) is an artist’s

impression.
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Born 460 BC Abdera, Thrace
Died 370 BC (aged approximately 90)
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John Dalton 1766-1844
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John Dalton (1808) A New System of Chemical Philosophy.
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Physics 1s all about particles (and fields).

V PARTICLE

sy DIGI”

In Classical Physics, no two particles are the same.
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You can not step into the same river twice. Heraclitus —Hf—=r
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In Modern Physics, no two negatively cha{ged particles are any different.
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fundamental 1in nature



Story of electron. Every electron 1s identical.

B+ Electron e~
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fefixE 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

Fluorescent screen

High voltage
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(b) Strong field Medium field
trajectory trajectory

Cathode
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(b) Electrodes Greexl spot
with B only

&

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

g +
Magnetic kil The green spo:t IS < E;ﬂ:’j{ "'ﬂ—13° q
field undeflected with B A8 ? \//

both B and E.
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(b) Electrodes Greell spot
with B only

Magnetic ,  The green spot is
field undeflected with
both B and E.
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Thomson found that atoms can be further divided into a smaller particle, electron.

There 1s only one kind of electron. Every electron is identical.

B+ Electron e~
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Millikan’s Oil drop experiment 1909
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Electrons are indivisible even now.

It seem we finally found the basic constituents of nature as Greeks understand it.

ELECTRON

Circa 1900

0000006000000
LIGHT HEAVY

What kind of particle is the electron?
Naturally, we expect it to be a Newton Particle.

To see 1f 1t 1s true, we ask how 1s it located inside an atom.
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https://www.mirrorvoice.com.tw/podcasts/78/1932

Electrons are negative charged and light.
The rest of the atom must be positive charged and heavy.

Positive charge l' :
distributed .\
throughout
atom

Electron

©2004 Thomson - Brooks/Cole

Positive charges and negative charges attract each other.

Are positive charges distributed evenly in an atom to keep it stable?



(EEENAPNCN

If we hit a atom with a very fast, very small a particle,
The alpha particles make
little flashes of light where
they hit the screen.

Lead blocks

Small
— — |t~ deflection

\
= Ll

——r = \
Large

| | | | deflection
Radioactive Gold Zinc
source of foil  sulfide
alpha particles screen

(a)

Alpha

@‘D

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.



A lot of a particles are reflected in large angle scattering Fi5.

@Alpha particles strikKe foil
and are scattered by gold atoms.

: Zinc sulfide
scintillation

@ Small holes in a
screen

pair of lead screens
create a narrow beam
of alpha particles.

@ Alpha

particles are

emitted by a g;)l:;fml
radioactive g
element such

as radium.

K‘ /

@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
®

by the compact positively charged nucleus
(not drawn to scale).

-7 7~_ _Nucleus

®
-

© 2012 Pearson Education, Inc.

Heavy positive charged material must concentrate in a very small nucleus.






Positive charged and heavy material of atom is concentrated in a very small Nucleus.

1 Angstrém oo m
——

/ Nucleus

=i
105 m

) 10m B

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)



http://upload.wikimedia.org/wikipedia/commons/2/23/Helium_atom_QM.svg
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How are electrons located inside atom?
Electrons can rotate around Nucleus like solar system.

~How Atoms Emit Light

@2001 HowStuffWorks

v

Inside an
= Atom

E. Rutherford

Nucleus

But, this 1s not right!



Rotating charge emits electromagnetic wave and it caries away energy.



Rotating electrons, losing energy, fall into Nucleus very soon.

e Electron

Nucleus

Solar system picture of atom does not work!

What is to be revealed in emission spectrum i1s even more shocking!



Atomic emission spectrum
Gas-discharge lamp: Cathode tube with dilute gas inside.
Gas atoms are 1onized under high voltage.

Atoms start to emit EM wave as electrons pass through gas and excite atoms.
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http://upload.wikimedia.org/wikipedia/commons/8/8e/Germicidal_UV_discharge_tube_glow.jpg

The emission EM wave is analyzed by wavelength: |55 Spectrum o

High N _
voltage
Slit Diffraction Ag
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tube to
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™ . Ao N O O ©
Mom) g § 3 258 3
© < < T MO oM ™
Red Blue Violet Near ultraviolet

Shockingly, the emission distribution is not continuous, but discreet |



Spectrum of Hydrogen 41 )¢ & T HVRFEL -
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Black Body and Line Spectra
Black Body

Emission
spectrum

Rb
Cs p

Slit N

R O R o

- | 1
400 500 600 700 '
nanometers 4/ (c)

In contrast, Thermal Blackbody radiation spectrum is continuous.

Cool gas

Atomic emission has shorter wavelength than blackbody radiation.

We believe it comes from mechanism inside atoms.
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Source of
white light

© 2012 Pearson Education, Inc
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A STIS absorption spectrum

A beam of light ccming 1o Earth frem & distant quasar passes through
numercus infervaning gas s in galaxies and in imergalactic space.
These douds ol primeval gen subtract spedilic colors from the beam.
The resulting ‘sosorption spectrum,’ recordad by Hubtla's Spaca Telescope
Imaging Spectrograph {STIS), is used to detemne the distances and
chemical compositicn of the invisitls clowds,
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spectrum
recorded by STIS

=)
Subtracted -
by cloud 2

Subtracted
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(b) Absorption and emission spectra of sodium

Absorption

Emission
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( UltraV1olet : Visible
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The universe 1s expanding!!!!!!
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600 nm
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Low redshift galaxy spectrum

z=0.004
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Higher redshift galaxy spectrum
z=0.104
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T

Visible light Balmer series of Hydrogen atom

364.6 nm 410.2 nm 434.1 nm 486.1 nm 656.3 nm

\ / \

H.. Hy H H H

(23

All Balmer lines beyond Hg H,.Hg, H,, and Hg are in the visible region of the spectrum.
are in the ultraviolet spectrum.

© 2012 Pearson Education, Inc
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http://en.wikipedia.org/wiki/File:Hydrogen_spectrum.svg

PREDICTED
BEHAVIOR

@

& Shorter

wavelength

Longer
wavelength

Atomic emission comes from mechanism inside atoms, such as electrons.

Rotating charges emit EM wave with corresponding frequencies.
Electrons in a solar system like atom could rotate at arbitrary frequencies.

We would expect continuous spectrum.



Lyman Balmer Paschen Brackett Pfund Humphreys
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But apparently the spectrum 1is discreet!
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Let’s back up a bit to explain the discovery that light is made of particles.
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Shorter
wavelength

Let’s back up a bit to explain light 1s made of particles.
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Light 1s wave!
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many thanks to Prof. Fu-Kwun Hwang

James Clerk Maxwell (1831-1879)
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Note that the energy of wave can be adjusted continuously.




3 On a Heuristic Point of View about
the Creation and Conversion of Lightf

A. EINSTEIN 19051_—f¥5E1nstem§§?i%TIE| o TR T R R a

BRI 1921 H A |

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 variables
cannot be considered to be sufficientto fix completely the electro-
magnetic state i 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 poimnt source of light 15 according to
Maxwell's theory (or 1n general according to any wave theory) of
light distributed continuously over an ever mcreasing 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 theoryv. One should. however, bear in mind
that optical observations refer to time averages and not to

+ Ann. Physik 17, 132 (1905).



http://upload.wikimedia.org/wikipedia/commons/4/44/Albert_Einstein_signature.svg
http://upload.wikimedia.org/wikipedia/en/a/a0/Einstein_patentoffice.jpg

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 discontuously 1n space.
According to the assumption considered here. when a light ray
starting from a pomnt 1s propagated. the energy 1s not con-
tinuously distributed over an ever increasing volume. but i1t
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.

ERHRS AL T2 A EHY !

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 1t travels meets with especially
great difficulties when one tries to explamn photo-electric
phenomena. as was shown in the pioneering paper by Mr.
Lenard ?
According to the idea that the mcident 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 (‘

EEME Photoelectric EffectEykr 14 5 B EAVEEE |
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Light hitting metal cathodes could liberate electrons from metal and form current.
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Experiments measure that photocurrent occur immediately

Photocurrent 1s proportional to light intensity, confirming it 1s indeed photo.



-

-,

Photo Current
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['he stopping potential at which the Retarding

Potential

. an . k- I . t >
current ceases has absolute value V...

Electrons fly out of cathode with a kinetic energy.
We can add a reverse voltage to decelerate electrons.

The voltage that just stop current is called stopping potential.

Stopping voltage times e equals kinetic energy of electrons.



Surprise! Stopping voltage is totally determined by the frequency of light,
independent of its intensity.
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Note that v < v,V = 0.

If frequency 1s smaller than a certain v, there would be no photocurrent at all,
even without reverse voltage
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Millikan’s results on the photoelectric effect compared with the predictions of Einstein’s quantum theory (Millikan,
1916).
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Figure 1-3 Photoelectric
effect data showing a plot
of retarding potential
necessary to stop electron
flow from a metal
(lithium), or equivalently,
electron kinetic energy, as
a function of frequency of
the incident light. The
slope of the line is A/e.



Einstein realized this result could not be explained by light as wave.

Light Photoelectric effect: Light
absorbed by a surface causes
electrons to be ejected.

® Electrons

1= To eject an electron T

the light must supply & ’ /
0. '
|

.
-
® '@ enough energy to , -
| \I’ overcome the forces /
holding the electron -
° @ ° in the material \_/f BER "
Q N v Frequency 2NV
¢ R
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Electrons in metal absorb light energy to overcome bound energy and escape.

For v < v, no electrons can absorb enough energy no matter how strong the light.

The energy of wave 1s continuous and can be accumulated as large as possible.

d



Light Photoelectric effect: Light
absorbed by a surface causes

electrons to be ejected.
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== To eject an electron
the light must supply

7
o

enough energy to
overcome the forces
holding the electron
g in the material.

Einstein found that data would be reasonable if light is mode of particles.
Electrons absorb one and only one light particle to escape or nothing at all.

The key assumption 1s photon 1s indivisible. There 1s no fraction of one photon.

If a light particle has fixed energy solely determined by frequency,

it 1s natural that frequencies solely determine whether there 1s photocurrent.



Light Photoelectric effect: Light
absorbed by a surface causes

electrons to be ejected.

g ‘

® Electrons sl o

A b Frequency JJEH>Ry
-------- To eject an electron
the light must supply

o - (8 2 > ELAY
D <@ enough LHLI:}‘[()
! { overcome the forces
s holding the electron

Q O @ g in the material.

The stopping voltages measure photoelectron kinetic energy.
Photoelectron kinetic energy equals light particle energy minus bound energy.

Linear relation between V;, and v indicates light particle energy 1s proportional to v.

E = hv
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® FIGURE 34.10 A tiny particle
® ® ° o0 b suspended by the pressure of light from
® ® ° a laser.
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ELEMENTARY
PARTICLES E=hv E = hw

hk

=
I
N
=
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The key assumption is photon is indivisible. There is no fraction of one photon.
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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 ¢ = hv 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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Light 1s made of particles. But light 1s also wave.



VAR Y= O i

= NS: LIGHT WAVE

Light 1s an example that there could be something of both particle and wave natures.
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Bohr’s engagement photo, taken shortly before his departure for England.
(AIP Emilio Segré Visual Archives, Margrethe Bohr Collection)



Bohr went to work with JJ Thomson at Cavendish Lab of Cambridge U

L SN

The whole thing was very interesting in Cambridge, but 1t was absolutely useless.
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hoton
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ELEMENTARY
PARTICLES E = hv
h
P=3

Three Generations of Matter

The young Bohr is easier to accept new 1deas such as photon!



Bohr look at spectrum emission as photons: 1913.

The energy of a photon emitted by Hydrogen atom equals

1 Ry Ry
h1/(><I='l7”L2_7’L2

It looks like the difference of similar formulae.

The energy of a photon can be understood as energy difference of two states.

PREDICTED
BEHAVIOR Longer ; f") E,
wavelength | O
= j!\;(\l\{
()

f = E; — E;

f Ey

Shorter

)
&9, wavelength

(%4

Atomic Emission is not generated as electrons rotate, but as electrons jump.

Jump from one state to the other.
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1 Ry Ry

hv « — 1s energy difference of two states.

)Lmz - n2

Energy of an electron state equals

, 1dentified by a natural number n.

Quantum states are not contmuously distributed, but discretely.

Ionization limit

n = 0 = e e e -
/
5 7
4/

Q YYYYY
G+122’AH‘5§$§£'§E.§N‘£‘§TQH§G Balmer series
Nl n—2
visible

Lyman series
n— 1
ultraviolet

YYVYYVYY
_Ground state

It 1s like a multi-storied building without stairs.

Discretely distributed states are why spectrum 1is discreet.
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http://en.wikipedia.org/wiki/File:Hydrogen_spectrum.svg

K7 B [ IR AU A EL A By Basic Assumptions of Bohr Atomic Model

2012 Pearson Education, Inc m 2
Electron Quantum states inside atom are not continuously distributed, but discretely.
We’ll say: Energy is quantized. Quantization of energy is a key feature of QM.

Atomic Emission is not generated as electrons rotate, but as electrons jump.

Energy difference between two states are released by emitting one (just one) photon.



=T | Quantum Jump

It’s “jump” since electrons don’t move through space in between two states over time.
If 1t 1s like moving, you can ask what fraction of a photon 1s emitted in the process.

But photon 1s indivisible! Therefore, electrons are not moving. They are jumping!
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=T | Quantum Jump

i E,
N\I\’Q
hf = E;, — E;

Vo

f O—

“Jumping” consist of only starting state and final state. That is it.

There 1s not a continuous transition process.

This 1s the essence of a quantum process, 1n contrast to classical process.
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A An atom is raised from an
initial level 1 to a higher-

\W energy final level f by

T absorbing a photon with
=g energy equal to E; — E,.
. () E
! / i
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1
An atom drops from an
initial level 1 to a
lower-energy final level f
by emitting a photon with
energy equal to E; — E.
f

O

¢

© 2012 Pearson Education, Inc



n =7 Lyman Paschen Pfund
n= 6& series series series
n= 5 lﬁ W
n=4 '"
n=3 Brackett
il series

=2

B Balmer

W

series

n=1

—0.28 eV
—0.38 eV
—0.54 eV
—0.85eV
—1.51eV

—3.40eV

—13.60 eV

Emission photon energy:

1
hv = AE = hcRy (mz 2

= (—13.6eV) (nl2 - niz)

m 77 R E DhEE AR AR

Energy level inside atom F5[&

E, = (—13.6eV) (%)

There is one state with the lowest energy n = 1, called ground state.

Other states n > 1 with higher energies are called excited states

Electrons in ground state 1s stable since there 1s no lower state to go.

)

E

HE >

U

This 1s not the case in classical mechanics, and this 1s why atoms are stable.



This does not happen.

PREDICTED
BEHAVIOR
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Atom has a ground floor.
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PREDICTED
BEHAVIOR

gl

Longer
wavelength i O E;
An atom drops from an :
initial level 1 to a
lower-energy final level f
by emitting a photon with
Shorter energy equal to E; — Ej.
wavelength f
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The greatest insight of Bohr is that atomic electrons exist in discrete stable states.
We know their energies. Then, what are the orbits of these states? Bohr asked.

Bohr plug in the energies formula to find the corresponding circular orbits.

This step 1s anti-revolutionary and it turns out atomic electrons do not have “orbits”.

(BREEEEE e L » AT ETIEHENS)

Proton is assumed to be stationary.

Electron revolves in a circle

of radius r,, with Cloud iS more appropriate.

speed v,

N
UII

Electron
m, —e

Proton ““/——
+
M, +e ®

Electrostatic attraction
provides centripetal
acceleration.

(B TEE D/ IEHERT )

Bohr was surprised to find anugular momentum of these orbit 1s integer multiple of A.

h
L =nh h=—
2T

Bohr Quantization condition. He believe energy 1s quantized since L is quantized.



responsible for some of the lines of various series.

Lyman series
(ultraviolet)

© 2012 Pearson Education, Inc.

Balmer series
(visible light

and ultraviolet) y
———_Paschen series

(infrared)
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n=23
Brackett series n=2
(infrared)
Pfund series
(infrared)
n=1
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(a) Permitted orbits of an electron in the Bohr model of a
hydrogen atom (not to scale). Arrows indicate the transitions

(b) Energy-level diagram for hydrogen, showing some
transitions corresponding to the various series

Lyman Paschen Pfund ,—0.28 eV
series series series ) —0.38 eV
'w —0.85 eV
Brackett —13leV
series
—3.40eV
Balmer 340
series
— —13.60 eV



Partlcle loses energy.

©=®

The particle transfers
energy to the atom
in the collision and
excites the atom.
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Excited-state Allowed orbits 4
electron \‘ -

The electron jumps
to a lower-energy
stationary state and
emits a photon.

Approachm g
particle



ol Lyman series
S 22
o,’\
&
650 22 486 nm
434 nm |
410 nm Balmer series
1875
136,
2
Ly
{0
94% Paschen series
n-= 5 n= 6

AL EEER T B |


http://upload.wikimedia.org/wikipedia/commons/b/b2/Hydrogen_transitions.svg
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(a) The radius of the lowest (n = 1) Bohr orbit is

_ 137 A _ 0.053 _ 0'53A
nm = —5-

9= "7 mc- 7 (1-39)

We have introduced here the useful unit of length, the Angstrom, where 1 A=
107"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 = ©)—is

E = smci(Za)* = 13.672 eV (1-40)
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Bohr model 1s a splendidly accurate but apparently wrong theory.

PREDICTED
BEHAVIOR Longer
wavelength
A(nm) 486.1 656.3
Shorter

wavelength

364.6 410.2 434.1
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The crucial thing is the mysterious electron stable states inside atoms.
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How does an electron decide which stationary
state to pass to and when to go? You would
have to assume that the electron knows
beforehand where it 1s going to stop.

Criticism by Rutherford
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BRI E L E TP ¢ 1923

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.

BTV RIS A
RERREHVALE B IRGERVES | - B2 E 3 A SRR
B EREKE R A RNARHIRER - FFE R -

THE ATOM

AND

THE BOHR THEORY
OF ITS STRUCTURE .

An Elementary Presentation
BY
H. A. KRAMERS
AND
HELGE HOLST

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

GYLDENDAL
11 HANOVER SQUARE, LONDON, W, :
RI

1923




AHVE T AREEZ A 2R ~ A A E(SHY ~ impossiblefVEE -

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, [ 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 £1924 {iber Quantenmechanik (About Quantum Mechanics)

Ober Quantenmeshanik. This paper contains an attempt to make

Von M. Born in Géttingen.

e am 1. 192) a first step towards a quantum theory.....

Die Arbeit enthidlt einen Versuch, den ersten Schritt zur Quanl,enmechamk der
Kopplung aufzustellen, welcher von den wichtigsten Exgcnschanen der Atome
(Stabxhtat, Resonanz fiir die Spmngfrcquenzen Kuu P 38 ip) Rech haft

gibt und in natiirlicher Weise aus den } h t ht. Diese Theorie N Sre
enthiilt die Dispersionsformel von Kramers und zeigt eine enge Verwandtschaft =5 k}% ﬁ“ ,51_ : } B
zu Heisenbergs Formulierung der Regeln des anomalen Zeemaneffekts. 5:‘ FFH ‘E‘ E l:[ _E.‘ DN

Einleitung. Das Versagen der Quantcntheorie in allen Fillen,

wo es sich um Bewegungen mehrerer Elektronen handelt (z. B. beim
Helium), ist schon mehrfach darauf zuriickgefiihrt worden, da8 dabei aut
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 Umstdnden ginzlich ,unmechanisch* rea-
gieren (ndmlich 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 erginzten klassischen
Stérungstheorie zur Berechnung der stationdren Bahnen hinféllig. 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, daB die klassische Optik wieder in hohem
MaBe 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 sinngemi auf

1) N. Bohr, H. A. Kramers und J. C. Slater, Z8. {. 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 1s “Quite artificial. I would rather be a cobbler or
a casino worker than a physicist if this 1s where physics is headed.
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Einstein to Born
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It 1s much easier if one does not know a lot and 1s not too familiar
with classical physics. You have a decided advantage there, but then
lack of knowledge 1s no guarantee of success.

Pauli to Heisenberg,
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Knabenphysik (boy-physics).



Physics 1s now very confused again, anyway
1t’s too difficult for me and I wish [ 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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n= 5 to n=oco
n==~o6 —0.38 eV
-

n=4 — —0.85eV E n
n=3— —151eV 4hy 4
n=2--"-340eV 3hv 3
2hv 2
hv 1
0 0

n=1—— —13.60eV
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Increasing These are allowed energies.
energy The atom cannot have an
A energy between these.
L
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Increasing These are allowed energies.
energy The atom cannot have an
A energy between these.
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Uber quantentheoretische Umdeutung
kinematischer und mechanischer Beziehungen.

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

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

Bekanntlich Ja8t sich gegen die formalen Regeln, die aligemein in
der Quantentheorie zur Berechnung beobachtbarer GroBen (z. B. der
Energie im Wasserstoffatom) benutzt werden, der schwerwiegende Ein-
wand erheben, daB jene Rechenregeln als wesentlichen Bestandteil Be-
ziehungen enthalien zwischen Grofen, die scheinbar prinzipiell nicht
beobachtet werden kdnnen (wie z. B. Ort, Umlaufszeit des Elekirons),
daf 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 spiter vielleicht experi-
mentell zughnglich gemacht werden kinnten. Diese Hoffnung kiénnte
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, dal aber schon beim Problem der
-gekrenzten Felder® (Wasserstoffatom in elektrischem und magnetischem
Feld verschiedener Richtung) fundamentale Schwicrigkeiten auftreten,
dal die Reaktion der Atome auf periodisch wechselnde Felder sicherlich
nicht durch die genannten Regeln beschrieben werden kann, und das
schlieblich eine Avsdehnung der Quantenregeln auf die Behandlung der
Atome mit mehreren Elektronen sich als unmiglich erwiesen hat. Es
ist tiblich geworden, dieses Versagen der quantentheoretischen Regeln,
die ja wesentlich durch die Anwendung der klassischen Mechanik
charakterisiert waren, als Abweichung von der klassischen Mechanik zu
bezeichnen. Diese Bezeichuung kann aber wokl kaum als sinngemi8
angesehen 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."
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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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October 1925 Pauli FHFRAGEAR L 1 @R THEME

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

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

oo — —

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 brief 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

> _(p(nk)g(kn) = q(nk)p(kn)) = 7—. (37)

p 2

This is a system of infinitely many equations, namely one for each value
of n.

In particular, for p = mq this yields

=
1

But...Oops! pq # qp B S [E] 5 ?

0

)

D | What?




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

2mi (37)

> (p(nk)q(kn) — q(nk)p(kn)) =
k
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Sommerfeld & T {L (&4 %dq *Pq = nh

qp —pq = ih
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I felt discouraged, not to say repelled, by the Heisenberg
methods of transcendental algebra. g pr dinger 1926
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