


The fine structure of the red H line had been known since 1887, and by  
1913 the value of the splitting was determined to be ν* ≅ 0.35 cm-1. 



The Sommerfeld puzzzle 

Except for different notations of quantum numbers, the two energy expressions are 

exactly the same. How is this possible!? 

How can a patently wrong model result in a fully correct answer? 



In the fall of 1925, Schrödinger sought to 
transform de Broglie’s ideas of matters waves into 
an equation for standing waves, meant to represent 
particles as wave packets. The equation would have 
to be relativistic.   



Klein-Gordon equation (1926) 

“translated” into QM by means of 

yields for a free particle  

d’Alembert operator (4-D Laplace operator) 

Particle in EM field  
Oskar Klein, first 5-dimensional 
theory of QM and GR. 
“Klein length”: 

−  □ψ  =  m2ψ 



Versions of the Schrödinger equation (without spin), anno 1926-27 



    The electron’s spin – an unwelcome discovery 





Paul Dirac’s route to a linear 
and relativistically invariant 
equation for the electron, 
1927-28. 





Dirac originally disregarded the spin: 
 
”I was not interested in bringing the spin of the 

electron into the equation, … The reason was my 

dominating interest in getting a relativistic 

theory agreeing with my general physical 

interpretation and transformation theory. … It 

was a great surprise for me when I discovered 

that the simplest case did involve the spin.” 

 

He found an additional energy of the electron 

corresponding to a magnetic moment 

 

I.e., the correct spin derived from quantum 

principles. 
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(Gamow,  Constitution  of  Atomic  Nuclei  and  Radioactivity,  1931)	

The mysterious β–spectrum 
 
To explain the β–spectrum Bohr 
proposed violation of energy 
conservation in the nucleus.  
    Pauli suggested, as an alternative, 
the existence of a 
”neutron” [:neutrino] as a 
constituent of the atomic nucleus.  



Pauli to the ”radioactive ladies and gentlemen.” 
 

The hypothetical neutrino introduced as a massive 

nuclear constituent, but soon to be expelled from the 

nucleus (together with the electron). 

N-14 
(14 p, 7 e) 
(7 p, 7 n) 
 
Li-6 
(6 p, 3 e) 
(3 p, 3 n)  



                  From Dirac equation to anti-particles 
 
In a letter to Bohr of 26 November 1929, Dirac introduced his idea of the 
anti-electron as a ”hole” in a negative-energy world, arguing that the 
anti-electron is identical to the proton. However, Bohr rejected Dirac’s 
daring hypothesis.     
     In 1931, Dirac changed his hypothesis into a theory of positive 
electrons (positrons), discovered in 1932-33. 



        The Principle of Plenitude 
 
”From the fact that a thing can exist, I infer readily enough that it 
does exist.”                    (J. Robinet, 1767) 
 
”There appears to be no reason why such processes should not 
actually occur...”     (P. Dirac, 1930) 
 
”Anything which is not probibited is compulsory.” 

                         (E. Sudarshan, 1972) 

The principle postulates a necessary 
connection between potential and actual 
existence. 

potential 

existence 

actual 

existence 

The PP has been used to justify 

numerous entities, e.g. 

 

positron, magnetic monopole, tachyon, 

quarks, black holes, gravitational 

waves, new elements, supersymmetric 

particles, synthetic molecules, 

mermaids (!), … 



The Dirac ”sea” of negative-energy electrons 
 
A new picture of the vacuum 



Antiparticles and magnetic monopoles 

h→  ħ  =  h/2π	



C. D. Anderson, positron, 1932  

e+ detection in cosmic rays – but not antielectron 
 

”… secondary particles ejected from atomic nuclei 

… An incoming primary ray [may] expand the 

diameter of the proton to the same value as that 

possesed by the negatron.” 



energy    mass                      mass    energy   Pair creation 
 
  e- + e+ 

 
E > 1,02 MeV 

m0c2 = 0,51 MeV 
 
 
 
Annihilation 
 
e- + e+  2 

    Stellar energy,  
     ca. 1925-32 
 
    p+ + e−  radiation 
 
Eddington, Jeans, a.o. 



Artificial (induced) radioactivity, discovered 1934 
by F. Joliot and I. Joliot-Curie in the wake of the 
discovery of the neutron. Nobel Prize 1935. 

a  +  27Al    30P  +  1n  	
	

	 	30Si  +  e+	
t½ = 2.5 min 



PET-method  
(positron-emission-tomography) 

 

From exotic elementary particle 

to medicinal practice: diagnosis 

of cancer, brain research etc. 

PET-center, Aarhus Universitetshospital 

The radioactive isotope 
(e+ emitter) is usually 
fluor-18, with half-life 
ca. 110 min. 



Discovery of the antiproton, 1955 

Bevatron accelerator (Berkeley), 

proton energy 6.2 GeV yields 

antiprotons. NP 1959 to O. 

Chamberlain and E. Segré. 

Antineutrons produced in 1957. 

First proof of proton-antiproton annihilation 

(1956). Antiprotons stopped in photographic 

emulsion, yielding pions and other particles. 

 

“Natural” antiprotons have been detected in 

cosmic rays, but they are rare. 





A Danish-led team at CERN have succeeded 
in manufacturing anti-H, keeping it alive for 
ca. 20 min and studying its properties. 
    Is the spectrum of anti-H exactly the 
same as the one of H? 

In 2011, the anti-He-4 nucleus 

was detected in anti-p/anti-n 

reactions.  


