antiparticles & antimatter

in 2 (t,x) = Hap(t,x)




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 [¥]




The Sommerfeld puzzzle

Sommerfeld
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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, Schrodinger 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.
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Klein-Gordon equation (1926)
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Versions of the Schrodinger equation (without spin), anno 1926-27
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The electron’s spin - an unwelcome discovery
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The Quantum Theory of the Electron.

By P. A. M. Dirac, St. John’s College, Cambridge.

(Communicated by R. H. Fowler, F.R.S.—Received January 2, 1928.)

The new quantum mechanics, when applied to the problem of the structure
of the atom with point-charge electrons, does not give results in agreement
with experiment. The discrepancies consist of  duplexity ”” phenomena, the
observed number of stationary states for an electron in an atom being twice
the number given by the theory. To meet the difficulty, Goudsmit and Uhlen-
beck have introduced the idea of an electron with a spin angular momentum

scalar potential A, and vector potential A, we adopt the usual procedure of
substituting p, + efc . A, for p, and p + ¢/c. A for p in the Hamiltonian
for no field. From equation (9) we thus obtain

Pot it oo P+ A ) ogme |y =0, (14

This wave equation appears to be sufficient to account for all the duplexity
phenomena. On account of the matrices p and o containing four rows and
columns, 1t will have four times as many solutions as the non-relativity wave
equation, and twice as many as the previous relativity wave equation (1).
Since half the solutions must be rejected as referring to the charge + e on the
electron, the correct number will be left to account for duplexity phenomena.




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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The mysterious f—spectrum

To explain the p-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.

o This would mean that the iden of energy and ifs conservation
fails in dealing with processes involving the emission or capture of
nuclear electrons. This does not sound so improbable if we remember
all that has been said about the peculiar properties of electrons in
the nucleus. While we have no relativistic theory and only very few
experimental data it is very difficult to give an cxplanation, but
there is no doubt that the question is of fundamental importance and
will lead to revoiutionary changes in our present picture of the

physical world. «©

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




Pauli to the “radioactive ladies and gentlemen.”

The hypothetical neutrino introduced as a massive
nuclear constituent, but soon to be expelled from the

nucleus (fogether with the electron).

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, lj. Des. 1930
Zirich Oloriastrasse

Iiebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich muldvollst
ansuhtren bitte, Ihnen des niheren auseinandersetsen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie
des kontimuierlichen beta-Spektrums suf oinen versweifelten /iusweg
verfallen um den "Wechselsats” (1) der Statistik und den Energiesats
su retten. MNimlich die Moglichkeit, es kbnnten elekirisch neutrale
Tellohen, die ich Neutronen nemnen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘@heh von lichtquanten wusserdem noch dadurch unterscheiden, dass sis

mit Lichtgeschwindigkeit laufen. Die Hasse der Neutronen
z‘ von derselben (roesenordming wie die Elektroneomasse sein und

s nicht grosser als 0,01 Protonenmasse.- Das kontimiierliche

Spekctrum vire denn verstandlich unter der Amnahme, dass beim

bobe-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert

wird, derart, dass die Swme der Energien von Neutron und klektron
konstant ist.

(3p,3n)



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
The PP has been used to justify connection between potential and actual

numerous entities, e.g. existence.

positron, magnetic monopole, tachyon,

quarks, black holes, gravitational

potential

waves, new elements, supersymmetric

particles, synthetic molecules, existence
mermaids (1), ...




The Dirac "sea” of negative-energy electrons

A new picture of the vacuum
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Antiparticles and magnetic monopoles

Quantised Singularities wn the Electromagnetic Field.

By P. A. M. Dirac, F.R.8., St. John’s College, Cambridge.

(Received May 28, 1931.)

§ 1. Introduction.

The steady progress of physics requires for its theoretical formulation a
- mathematics that gets continually more advanced. This is only natural and
to be expected. What, however, was not expected by the scientific workers

: . . .. . that the lme of advancement of
The object of the present paper is to put forward a new idea which is in

many respects comparable with this one about negative energies. It will be
concerned essentially, not with electrons and protons, but with the reason for
the existence of a smallest electric charge. This smallest charge is known to
exist experimentally and to have the value e given appfoximately by*

hoje* = 137. (1)

The theory of this paper, while it looks at first as though it will give a theoretical
value for e, is found when worked out to give a connection between the smallest
electric charge and the smallest magnetic pole. It shows, in fact, a symmetry
between electricity and magnetism quite foreign to current views. It does not,




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.”

\

exiting positron % :
J . e X

lead plate

R
entering positron ﬁ /

C. D. Anderson, positron, 1932
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Artificial (induced) radioactivity, discovered 1934
by F. Joliot and I. Joliot-Curie in the wake of the
discovery of the neutron. Nobel Prize 1935.
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@ PET-method

nuclide

Positron scatters in
tissue losing energy

i " (positron-emission-tomography)

Positron emitting

From exotic elementary particle

to medicinal practice: diagnosis

of cancer, brain research etc.

Detector

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

PET-center, Aarhus Universitetshospital



Discovery of the antiproton, 1955
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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.

Bevatron accelerator (Berkeley),

proton energy 6.2 GeV yields
antiprotons. NP 1959 to O.
Chamberlain and E. Segreé.

Antineutrons produced in 1957.



=% There could be whole antiworlds and antipeople

& Mmade out of antiparticles. However, if you ever meet

“2 your antiself, don't shake hands! You would both
vanish in a great flash of light.

(Stephen Hawking)

A POSSIBLE SCENARIO: THE DAY LUKE SKYWALKER
MET CAPTAIN PICARD IN THE CRAB NEBULA.
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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?

anti-proton

positron

electron

hydrogen

In 2011, the anti-He-4 nucleus

was detected in anti-p/anti-n




