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Duadlidade onda-particula

o 1922

NATUREZA ONDULATORIA DA MATERIA: >\ = l’\/P

When [ conceived the first basic ideas of wave mechanics in 192324,V | was guided
by the aim to perform a real physical synthesis, valid for all particles, of the coexistence
of the wave and of the corpuscular aspects that Einstein had introduced for photons

in his theory of light quanta in 1905. I did not have any doubts at that time
about the physical reality of the wave and the localization of the particle in the
wave.

At that time, one remark made a deep impression on me. The phase of the
plane monochromatic wave, written as

Verificada experimentalmente por
Davisson e Germer em 1927

O prémio Nobel da Fisica foi atribuido
a Louis De Broglie em 1929; _

"for his discovery of the
wave nature of electrons'.
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A nova teoria quéntica

. 1920-1925

Apesar dos sucessos do modelo de Bohr, o mesmo

falhava na explicacdo de varias observacoes.

ERA NECESSARIA UMA TEORIA QUE FOSSE BASEADA

EM PRIMEIROS PRINCIPIOS

A NOVA TEORIA QUANTICA

o D%

Filipe Joagquim Infroducdo & Fisica de Particulas e ao Universo (1/3) CERN, 1-6 Setembro 2013 3



A nova teoria qudantica - Schrédinger

Second Series December, 1926 Vol. 28, No. 6

. 1926-1925

Abandono do determinismo da PHYSICAL REVIEW
FlISiCO CléSSiCO AN UNDULATORY THEORY OF THE MECHANIC

OF ATOMS AND MOLECULES

ABSTRACT

he paper an account of the author’s work on a new form of quantum

theory. §1. The Hamiltonian analogy between mechanics and optics.

analogy is to be extended to include real ““physical” or “‘undulator:

instead of mere geometrical mechanic . The ance of wave-leng

macro-mechanical and micro-mechanical proble: §4. The wave

and its appl hydrogen atom. §

appearan stic frequencie:

of emitted 5 y equation der ami i
-~ . b > 22 an a ary conservati

EQUACAO DE SCHRODINGER e et e et o

. §9. Non-conservative systems. Theory of disper
rttering and of the “transitions” between the “stationary state
§10. The question of relativity and the action of a magn field. Incompl
that part of the theory.

1. The theory which is reported in the following pages is bz on
the very interesting and fundamental researches of L. de Broglie' on
what he called “phase-waves” (“ondes de phase’) and thought to
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

A+ 872m(E—V)y/ b=

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

may be wrong, indeed it does not offer as yet the slightest explanation

of why only such wave e seem to be realized in nature as corre-
spond to mass-points of definit and charge. On the other hand
the opposite point of view, which neglects altogether the waves dis

covered by L. de Broglie and treats only the motion of material
points, has led to such grave difficulties in the theory of atomic mechanics

Numa versao mais moderna: st e P .28 g

Ann. d. Physik 79, 361, 489, 734; 80, 437 81, 109 (1926); Die

1049
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A nova teoria quantica - Born

o 1926

1920-192> Qual o significado de ¥ ?

where the v2 are the frequencies of the unperturbed atom.
If one translates this result into terms of particles, only one interpretation is
possible. ®, . (x, f, y) gives the probability* for the electron, arriving from the z-

direction, to be thrown out into the direction designated by the angles «, , y, with
the phase change d. Here its energy 1 has increased by one quantum hv?_ at the

nm

cost of the energy of the atom (collision of the first kind for W¢ < W2 m? < 0;

| NT E R P R ETACAO P R O BA B | LlSTl CA Feri satisisce Grundannahme ers‘ohen’r aena(z auch vo Stn:

1) Hat man ein System aus )\ Partikeln, mit den Lagenkoordinaten g; ... gy SO
wird jedem Quantenzustand des Systems nach Schrédinger eine Funktion
wlgy --- qf) zugeordnet, die einer von ihm angegebenen Differentialgleichung ge-
niigt. Wir wollen diese (vom reinen Wellenstandpunkt aus wohl kaum verstind-
liche) Funktion im Sinne der von Born in seiner Stolmechanik (ZS. f. Phys. 87,
863, 1926; 38, 803, 1926) vertretenen Auffassung des ,Gespensterfeldes” folgender-
maflen deuten: Es ist |y (¢ - .. qf) Pdg--- dg, die Wahrscheinlichkeit dafiir,
dal im betreffenden Quantenzustand des Systems diese Koordinaten sich zugleich

ore im betreffenden Volumenelement dgy ... dg, des Lageoraumes befinden. Die im

P ro b q b| | | d q d e d e encon 'ITO e Text erwibnte Vorschrift fur die Charakterisierung der in der Natur realisierten
Losung im besonderen Falle N gleicher Partikel besagt nun, daf die zu-

gehorige Funktion v das Vorzeichen dndern soll, wenn man die Koor-

porTiCUlO num VOlU me infiniTeSimO| dinaten je zweier Partikeln vertauscht. Hahen die Teilchen wie die Elek-

tronen einen Bigenimpuls, so miissen zu den drei Translationskoordinaten fiir jede

Partikel noch weitere den Rotationsfreiheitsgraden entsprechende Koordinaten hin-
zugefiigt werden und die Vertauschuag der Koordinaten je zweier Partikeln mul
dann fiir jede Partikel alle Freiheitsgrade zugleich betreffen.

2) P.A.M. Dirac, Proc. Roy. Soc. (A) 112, 661, 1926. In dieser Arbeit

W. Pauli, Z. fOr Physik 41, 81-102 (1927)
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O gato de Schrédinger

o 1926

1920-1925
Qual a funcdo de onda do gato de

Schrodinger?

V= At

Depois de abrirmos a caixa:

| ou |B)

COLAPSO DA FUNCAO DE ONDA DEVIDO
A INTERACAO COM O OBSERVADOR
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V : realidade ou matematica?

|24 Selected for a Viewpoint in Physics week endin
PRL 110, 213001 (2013) PHYSICAL REVIEW LETTERS 24 MAY 2013

S

Hydrogen Atoms under Magnification: Direct Observation of the Nodal Structure of Stark States

A.S. Stodolna,"* A. Rouzée,"” F. Lépine,’ S. Cohen,* F. Robicheaux,’
A. Gijsbertsen,' J.H. Jungmann,' C. Bordas,3 and M. ].J. Vrakking"l*
'FOM Institute AMOLF, Science Park 104, 1098 XG Amsterdam, Netherlands
*Max-Born-Institut, Max Born Strafle 2A, D-12489 Berlin, Germany
Institut Lumiére Matiére, Université Lyon 1, CNRS, UMR 5306, 10 Rue Ada Byron, 69622 Villeurbanne Cedex, France
*Atomic and Molecular Physics Laboratory, Physics Department, University of loannina, 45110 Ioannina, Greece
>Department of Physics, Auburn University, Auburn, Alabama 36849, USA
(Received 18 January 2013; revised manuscript received 13 March 2013; published 20 May 2013)

To describe the microscopic properties of matter, quantum mechanics uses wave functions, whose
structure and time dependence is governed by the Schrodinger equation. In atoms the charge distributions
described by the wave function are rarely observed. The hydrogen atom is unique, since it only has one
electron and, in a dc electric field, the Stark Hamiltonian is exactly separable in terms of parabolic
coordinates (7, &, ¢). As a result, the microscopic wave function along the & coordinate that exists in the
vicinity of the atom, and the projection of the continuum wave function measured at a macroscopic
distance, share the same nodal structure. In this Letter, we report photoionization microscopy experiments
where this nodal structure is directly observed. The experiments provide a validation of theoretical
predictions that have been made over the last three decades.

DOIL 10.1103/PhysRevLett.110.213001 PACS numbers: 32.80.Fb, 32.60.+i
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V : redlidade ou matemdatica?

through the V(7) potential barrier, can be experimentally
realized, providing both a beautiful demonstration of
the intricacies of quantum mechanics and a fruitful play-
ground, where the fundamental implications of this theory
can be further explored. For example, predictions have
already been made for the case where both electric
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A nova teoria qudéntica - Heisenberg

1927

NGo € possivel medir |
Si m U | _l_d n e O m e n _I_e Uber den ansch;gggzziingzg g;a:cg:;?kt-entheorenschen

Von W. Heisenberg in Kopenhagen.

O posi(; é O e O m O m e n -I-O d e . Mit 2 Ahhi](?ungeu. (Eingﬁcganzen am .’3\{.1.1'1 1927.)

In der vorliegenden Arbeit werden zundchst exakte Definitionen der Worte: Ort,
Geschwindigkeit, Energie usw. (z. B. des Elektrons) aufgestellt, die auch in der

Ve

U m O O r'I'IC U | O Quantenmechanik Giiltigkeit behalten, und es wird gezeigt, da kanonisch kon-
p jugierte Grofien simultan. nur mit einer charakteristischen Ungenauigkeit bestimmt

werden konmen (§ 1). Diese Ungenauigkeit ist der eigentliche Grund fir das

Auftreten statistischer Zusammenhfinge in der Quantenmechanik. Thre mathe-

matische Formulierung gelingt mittels der Dirac-Jordanschen Theorie (§ 2). Von

den so gewonnenen Grundsitzen ausgehend wird gezeigt, wie die makroskopischen

Vorginge aus der Quantenmechanik heraus verstanden werden konnen (§ 3). Zur

Erliuterung der Theorie werden einige besondere Gedankenexperimente diskutiert (§4).

T

Eine physikalische Theorie glauben wir dann anschaulich zu ver-
stehen, wenn wir uns in allen einfachen Fillen die experimentellen Kon-
sequenzen dieser Theorie qualitativ denken kinnen, und wenn wir gleich-
zeitig erkannt haben, daf die Anwendung der Theorie niemals innere
Widerspriiche enthélt. Zum Beispiel glauben wir die Einsteinsche
Vorstellung vom geschlossenen dreidimensionalen Raum anschaulich zu
verstehen, weil fiir uns die experimentellen Konsequenzen dieser Vor-

stellung widerspruchsfrei denkbar sind.  Freilich widersprechen diese

Konsequenzen unseren gewohnten anschaulichen Raum—Zeitbegriffen. Wir
konnen uns aber davon iiberzeugen, daB die Moglichkeit der Anwendung
dieser gewohnten Raum—Zeitbegriffe anf sehr grofe Riume weder aus
unseren Denkgesetzen noch aus der Erfahrung gefolgert werden kann.
Die anschauliche Deutung der Quantenmechanik ist bisher noch voll
innerer Widerspriiche, die sich im Kampf der Meinungen um Diskon-
tinuums- und Kontinuumstheorie, Korpuskeln und Wellen auswirken.

O prémio Nobel da Fisica foi atribuido ) 8

Schon daraus mochte man schliefen, dal eine Deutung der Quanten-
mechanik mit den gewohnten kinematischen und mechanischen Begriffen
jedenfalls nicht moglich ist. Die Quantenmechanik war ja gerade aus
dem Versuch entstanden, mit jenen gewohnten kinematischen Begriffen
zu brechen und an ihre Stelle Beziehungen zwischen konkreten experi-
mentell gegebenen Zahlen zu setzen. Da dies gelungen scheint, wird
andererseits das mathematische Schema der Quantenmechanik auch keiner
Revision bediirfen. Ebensowenig wird eine Revision der Raum—Zeit-
geometrie fiir kleine Riume und Zeiten notwendig sein, da wir durch
Wahl hinreichend schwerer Massen die quantenmechanischen Gesetze den

a Werner Heisenberg em 1932; 4

“for the creation of
guantum mechanics”
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A nova teoria qudéntica - Heisenberg
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A nova teoria quéntica

Langmuir Planck
‘o @
- .- l B ‘

Fifth conference participants, 1927. Institut International de Physique Solvay in Leopold Park.
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Ovutra nova teoria quantica

o 1928

Apesar dos inUmeros sucessos, d MQ ndo fornecia
resposta para varios fendmenos.

Mhez® T " e
JE:lJﬁl Q + RR Eo:- me”
|‘129 = —hz xl/ + V¢ -,(_”ZCc,‘t\z,j,v‘_'—>

COMO COMPATIBILIZAR ESTAS DUAS TEORIAS?

MQ + RR = Mecdnica Qudntica Relativista (MQR)
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19 Tentativa

o 1928

1927 , ) L e
“IE = fljz(‘/ + M C
Energia: £ = LJR% | <l> = - hV : Momento

M /Ot =V—hT2cT2 T2 +mT2 cT4

Eq. de Schrodinger

relativista

ESTA EQUACAO PARECE TER ALGUNS PROBLEMAS...

Ndo frata espaco e tempo da mesma forma, ndo € invariante
de Lorentz, operador ndo local....
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o 1928

Dirac foi o primeiro @
obter uma equacdo
qudntica relativista
que estava de acordo
com a experiéncia.
Além disso finha em
conta o

SPIN

de uma forma natural

[15y, P --me] =0, w=1,2 3,4

A eq. De Dirac parece permitir
solucoes de energia NEGATIVA I

Equacg¢do de Dirac

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

PHYSlC\ST

[-QW=
LA

Filipe Joaquim Infroducdo & Fisica de Particulas e ao Universo (2/3) CERN, 1-6 Setembro 2013
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Equacg¢do de Dirac

o 1928

Solucoes de energia positiva, dois estados de spin

Solucoes de energia negativa, dois estados de spin

A Theory of Electrons and Protons.
By P. A. M. Dirac, St. John’s College, Cambridge. . . -
{Communicated by R. H. Fowler, F.R.S.—Received December 6, 1929.) DIrOC lnTerpreTOU ON SOlUgoeS

§ 1. Nature of the Negative Energy Difficulty. de energia negativa como
The relativity quantum theory of an electron moving in a given electro-

magnetic field, although successful in predicting the spin properties of the corres p on d en d O doSs d O |S

electron, yet involves one serious difficulty which shows that some fundamental
alteration is necessary before we can regard it as an accurate description of e STOdOS de Splﬂ de uma
nature. This difficulty is connected with the fact that the wave equation,
which is of the form

particula com carga oposta.

” / -

has, in addition to the wanted solutions for which the kinetic energy of the A

electron is positive, an equal number of unwanted solutions with negative ANT' P A R-l-l' C U I_ A
knnetlc energy for the electron, which appear to have no physmal meaning. -
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O positrdo

O POSITRAO

Carl Anderson, 1932

one of these states, being something exceptional, should make its presence felt
as a kind of hole. It was shown that one of these holes would appear to us as

a particle with a positive energy and a positive charge and it was suggested

that this particle should be identified with a proton. Subsequent investigations,
however, have shown that this particle necessarily has the same mass as an
electront and also that, if it collides with an electron, the two will have a chance
of annihilating one another much too great to be consistent with the known
stability of matter.]

It thus appears that we must abandon the identification of the holes with
protons and must find some other interpretation for them. Following Oppen-

heimer,§ we can assume that in the world as we know it, all, and not merely

nearly all, of the negative-energy states for electrons are occupied. A hole,
if there were one, would be a new kind of particle, unknown to experimental o Como construir
physics, having the same mass and opposite charge to an electron. We may 0/ uma cdmara de
call such a particle an anti-electron. We should not expect to find any of Wilson

O prémio Nobel da Fisica foi
atribuido a Carl Anderson em 1936;

ESTAVA DESCOBERTA A
ANTIMATERIA!

"for the discovery of the &8
positron”. o
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Uma solugcdo desesperada

talrunt '”L'fflvr(’/m Pec 0393
/ Absohrift/15.12.9 M

Offener Brief an die Qrunpe der Radicaktiven bei der
Gauvereins-Tagung su Tibingen.
Abschrift
Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zirich Oloriastrasse
I4ebe Radiocaktive Damen und Herren,
Wie der Ueberbringer dieser Zeilen, den ich mldvollst

LC SN + e (+7,)

des kontimuierlichen beta-Spektrums suf oinen versveifelten Ausweg
verfallen um den "Wechselsats® (1) der Statistik und den Energiesats
su retten. MNimlich die Moglichkeit, es kinnten elektrisch neutrale

s nicht grosser als 0,01 Protonenmesse.- Das kontimuierliche
Spektrum wire dann verstindlich unter der Amnahme, dass beim
Sota-Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, dersrt, dass die Summe der Energien von Neutron und Elektron
konstant ist.

Mun handelt es sich weiter darum, welche Kriifte auf die

nicht grosser sein kann, sls die eines —B..smm.- und darf denn
4 wohl nicht groeser sein als e ¢+ (107 om)

Ich treue mich vorliufig sber nicht, etwas iber diese Ides
su publisieren und wende mich erst vertrsuensvoll an Buch, liebe
Radiosktive, mit der Frage, wie es un den experimentellen Machweis
«ines colchen Neutrons stinde, wenn dieses ein ebensolches oder etwa

0.04 0.06 0.08 0.1 0.12

Toh gebe su, dasr mein Ausweg vislleicht von vornberein electronkinetic energy (MeV)
erscheinen wird, weil man die Neutronen, wemn
X

‘ngst gesehen hatte. Aber mur wer wagt,
iche beta-Spektrum

——> CONSERVACAO DA ENERGIA?

ees, W, Pauld

O espectro beta continuo faria
sentido se, além do electrdo, um
neutrdo for emitido de tal modo
que a soma da energia do electrdo

e do neutrdo é constante.

PRIMEIRA VEZ EM QUE SE PROPOS A
EXISTENCIA DE UMA NOVA PARTICULA
PARA EXPLICAR UM DADO “
EXPERIMENTAL.

W. Pauli
Filipe Joaquim Infroducdo & Fisica de Particulas e ao Universo (2/3) CERN, 1-6 Setembro 2013 17




Fi

1932

Modelo do dtomo durante
0s anos 20:

Protoes + electroes

Inconsistente com a “nova’” MQ.

as 3 mm. at N.T.P.

These results, and others I have obtained in the
course of the work, are very difficult to explain on
the assumption that the radiation from beryllium
is a quantum radiation, if energy and momentum

are to be conserved in the collisions. The difficulties
disappear, however, if it be assumed that the radia-
tion consists of particles of mass 1 and charge 0, or
neutrons. The capture of the a-particle by the
Be® nucleus may be supposed to result in the

O prémio Nobel da Fisica foi
atribuido a James Chadwick em
1935;

for the discovery of the
neutron”

ilipe Joaguim

Infroducdo & Fisica de Particulas e ao Universo (2/3)

NATURE

Letters to the Editor
(The Editor do

opinions
can he undertake to veturn, nor lu corres
the writers of, rejec

or any other part of NATURE.

of anonymous communications

Possible Existence of a Neutron
been shown by Bothe and others that
partieles of polonium
a ru(hutlun of fis sat pe»mxmun-' power, whic
hasan a ficient in lead of about 0-3 (em. )
Recently Mme.
when measurin;
beryllium radiation in a vessel with a thin window,
at the ionisation incre: when matter
hydrogen placed in front of the window.
effect appeared to be due to the ej
with velocities up to a m f ne
per s They ¢ d the trar
s similar to the

| to reach the final dec

N |
yllium radia-

tion had a quantum energy of 50 x 10¢ electron volt
I have made some experim
mter to (“nlninn the propert;
lium. The valve counter consis
ation chamber c mummi to an amplif
dden production o s by the entr_y of a
e, such as a proton or a- ;m i
by the deflexion of a i
ments have
from hydrogen, he
air, and argon.
behave, regards range nnd ionising
protons with speeds up to about 3-2 x 10° cm. per sec.
The particles irom the othe have a largo
ionising power, and appear to be in each case recoil
atoms of the element:

+d | overlaid by the lator beds Nos

1f we ascribe the ejection of the proton to a Compton |

n volts,
/ & similar
should have an enor;

) volts, should produce nur more llnn .ﬂmnt |

ions, and have a range in air at N
ulmu( 1:3 mm. \vuu 7 recoil Mnms
In col-
laboration (n,hu-, I have observed the
recoil atoms in an_expansion chamber, and their
ymetimes as much

obtained in the

0 y diffieult to explain on

the assumption that the radiation from beryllium
is & quantum radiation, if energy and momentum
are to be conserved in the collisions. The difficulties
, if it be assumed that the radia-

s of particles of mass 1 and charge 0, or

O nevutrdao

[FEBRUARY 27, 1932
This again receives a simple explanation on the
neutron hypothesis.

If it be supposed that the radiation cons
quanta, then the capture of 3
Be! nucleus will form a (13

energy of the qlmnuuu Pml(led in’ (hw
10t be greater than about 14 x10° volts.
difficult to make such a quantum
hserved.
ected that many of the effects of a
sugh matter should rmﬂmble
of a quantum of high energy, and it i
n betweon the tv
Up to the nt, all the evider
. while the quantum h
can only be upheld if the conservation of energy and
momentum be relinquished at some poin!
J. CHADWICK.
Laboratory,
Cambridge, I 17.

The Oldoway Human Skeleton
:&_appeared in NATURE of Oct. 24, 1931,
Tessrs, 1 Hopwood, and Reck, in
among other conclusions, it is stated
** there is no possible doubt that the human skeleton
came from Bed N and from Bed No.4”
must bo taken to mean that the s
considered as a natural deposit in Bed No. 2, which is
3 nl 4, and that all
consideration of human interm ruled out.

If this be true, it is a most unusual occurrence. The
skeleton, which is of modern type, with filed teoth,
was found completely articulated down e

langes, and in a position of ex
Complete mamma etons
age aro, as ficld palmontologists know, of gro
‘When they occur, their fection can usually
plained as the result of sudden death and immediate
i nic dust. Mnny oi the n

pe
have been rearticulated from bones fnund 8¢ nnm\hnb
scattered as the result of death from floo 0
sighbourhood of drying water-hols
1o case of a perfect, articulatec
ompany with such broken and remains
appear to bo abundant at Oldoway ither the
are all complete, us in the Stenomylus quarry
at Sioux City, Nebraska, or are all scattered and

| broken in various degrees, as in ordinary bone beds.

The capture of the a-particle by the |

may bo_supp

neutron.
the wl.-m\ of thn neutxun
direction may well be about 3 x10° e¢m.
of this neutron with tl s atom I
give to the recoil atoms, and the
observed encrgies of the rocoil atoms are in fair
agreement. with this view. Moreover, I have ob-
ejected from hydrogen by the
in the opposite direction to that of
ing a-particle appear to have a much smaller
rango than those ejected by the forward radiation.

No. 3252, Vor. 129]

|

The probability, ther , that the Oldo keloton
represents an artificial burial is thus one that will
ir to palmontologists.

The skoluton W xhumed in 1913, and published
on made for
therefore, very

dnhmm to belie i
evidence left at the site as to the con
which it was deposi If naturally
Bed No. the skeleton is of the
importance, because it would be of
age, and would bo in the company of Pithecanthropus
1d the Piltdown, Heidelberg, and l‘ek men, all
of whose remains are mxmn-nmn to the lu.~( deg ;,mn
Of the f.
antiquity i Hill skeleton and the
Ipswich skeleton are, or apparently were, complete.
The first of these was never seen in situ by any
trained observer, and the latter has, we believe, been
withdrawn by its discoverer. The other fragmen
found lon are entirely without sat
evidence as to their mode of occurrence.

Mousterian

CERN, 1-6 Setembro 2013
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A teoria de Fermi

. 1934

. ~ TENTATIVO DI UNA TEORIA DEI RAGGI

Em 1934, Fermi propode @ e
primeira teoria para explicar O ) Ben e

o decaimento B dos | S

, Sunto. - Si propone una teoria quantitativa dell’emissione dei raggi

nUCleOS. in cui gi ammette Vesistenza del « neutrivio » ¢ st tratta Uemissione degli

elettroni ¢ dei neutrini da un nucleo allatto della disintegrazione (3 con
un procedimento simile a quello sequito nella teoria dell’ irradiazione
pet descrivere Uemissione di un quanto di luce da un atomo eccitato.
Vengono dedotte delle formule per la vita media e per la forma dello

speliro continuo dei raggi G, e le st confrontano coi dati sperimentals.

Ipotesi fondamentali della teoria.

§ 1. Nel tentativo di costruire una teoria degli elettroni nucleari

e dell’emissione dei raggi B, si incontrano, come & noto, dne diflicolta

principali. La prima dipende dal fatto che i raggi § primari vengono
emessi dai nuelei con una distribuzione continua di velocita. Se non
si vuole abbandonare il prinecipio della conservazione dell’energia, si

a4

deve ammettere percid che una frazione dell'energia che si libera
nel processo di disintegrazione { sfugga alle nostre attuali possibi-
ES-I-O descrig(“jo nc“jo é Vélld(] pCII’Ci lita di ()S”\'CI‘.\’?lZi(')!lt’. ..’\‘vcondn la pl‘(q;u?st:«i JS.PM“m si pud p. es. am-

mettere 1’esistenza di una nuova particella, il cosi detto « neutrino »,

TOdO a g(]m(] de eﬂergiOS... avente carica elettrica nulla e massa dell’ordine di grandezza di

quella dell’elettrone o minore. Si ammette poi che in ogni processo o

H ~ vengano emessi simultaneamente un elettrone, che si osserva come
Tempo de vida do mudo: e diune. : o
Constante de Fermi:
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A forca nuclear

o 1934

O nucleo € constituido por protoes e neutroes...

Mas qual a forca que os mantém ligado no nucleo?

To remove this defect, it seems natural to modify the theory of
Heisenberg and Iermi in the following way. The transition of a
heavy particle from neutron state to proton state is not always accom-
panied by the emission of light particles, 1. ¢., a neutrino and an electron,

but the energy liberated by the transition is taken up sometimes by
another heavy particle, which in turn will be transformed from proton
state into neutron state. If the probability of occurrence of the latter

A

Potencial de Yukawa: Repulsdo electrostatica

O prémio Nobel da Fisica foi atribuido a
Hideki YUkawa em 1949;

"for his prediction of the
existence of mesons on the
basis of theoretical work on

nuclear forces".

MeV
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O mudo e o pido

o 1938

Em 1936 Anderson observam novos rastos B e
numa camara de Wilson com massa s ok TR B SGei
“intermédia”. AT Y
. - -
Seria esta particula Bl
AT . ey |
de Yukawa? ( PG - |

Ndo. Esta nova particula ndo tinha afinidade para se ligar ao nucleo.

Anderson chamou a esta particula o “mesotrdo” (hoje conhecida
como muado u ). O pido viria a ser descoberto em 1946.

O prémio Nobel da Fisica foi atribuido a Cecil Powell em 1950;

"for his development of the photographic method of
studying nuclear processes and his discoveries
regarding mesons made with this method".

N
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O desvio de Lamb

o 1938

Segundo as previsoes de Dirac, os estados ~r24s41/2 €

A124pi1/2 SO0 degenerados

2p (n=2, I=1) oo, (i=3/2) Em 1947 Willis Lamb e Robert
Pa " Retherford mediram uma diferenca de

2s (n=2, 1=0) oo, (=12) 2., energia entre estes dois nivels.
: 2s . . . .
s (n=1, 1=0) 2s,, (J=112) 12 O prémio Nobel da Fisica foi atribuido
’ a Willis Lamb em 1955;
~_ "for his discoveries -
i Dirac QED concerning fhe fine structure (88

of the Hydrogen spectrum?®.
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1947

Bethe calculou pela
primeira vez o desvio
de Lamb obtendo o
valor de:

1040 MHz

figure and K =mc?, the logarithm has the value
7.63, and we find

W, =136 n[K/(E,—E.,) ]

= 1040 megacycles. (12)

1 am indebted to Dr. Stehn and Miss Steward for the
numerical calculations.

Bethe foi o primeiro a determinar as
correccoes relevantes para o
desvio de Lamb.

Filipe Joagquim

Bethe e o desvio de Lamb

Conferéncia em Shelter Island (1947)

PHYSICAL REVIEW VOLUME 7

., NUMBER 4 AUGUST 15, 1947

The Electromagnetic Shift of Energy Levels

H. A. BETHE
Cornell University, Ithaca, New York
(Received June 27, 1947)

Y very beautiful experiments, Lamb and

Retherford! have shown that the fine stri
ture of the second quantum state of hyd
does not agree with the prediction of the
theory. The 2s level, which according to D
theory should coincide with the 2p; level,
ntLull\ hi{,hcr than the latter by an amount

d long been suspected from spec-

However, so far no

xplanation has been

riven. Kemble and Present, and Pasternack* have
shown that the shift of the 2s level cannot be

! Phys. Rev. 72, 241 (1947).
W, N v. 51, 446\1‘)31‘.
54, 19

Present, Ph

. Rev. 44, 1031
ys. Rev. 54, 1113 (1938).

Infroducdo & Fisica de Particulas e ao Universo (2/3)

explained by a nuclear interaction of
magnitude, and Uechling® has investigz

effect of the “polarization of the vacuum’ in the
Dirac hole theory, and has found that this effect
also is much too small and has, in addition, the
wrong sign.

Schwinger and Weisskopf, and Oppenheimer
have suggested that a possible e nation might
be the shift of energy levels by the interaction of
the electron with the radiation field. This shift
comes out infinite in all existing theories, and has
therefore always been ignored. However, it is
possible to identify the most strongly (linearly)
divergent term in the level shift with an electro-
magnetic mass effect which must exist for a bound
as well as for a free electron. This effect should

. Uehling, Phys. Rev. 48, 55 (1933).
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Mais problemas...

Apesar de resolver algumas questoes em aberto, a MQR ainda
ndo era uma teoria satisfatoria.

- Comprimento de onda de Cor...ton

PRINCIPIO DA INCERTEZA: A? }l = WC
Do

Conclusdo: Se tentarmos localizar uma parficula de massa m numa regido
do espaco de dimensdes menores que , entdo as flutuacdes na energia
sdo suficientes para criar um par particula-antiparticula.

UMA TEORIA COMPLETAMENTE RELATIVISTA NAO SE PODE BASEAR NA IDEIA
DE QUE UM SISTEMA PODE SER DESCRITO PELA FUNCAQO DE ONDA A 1
PARTICULA.
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TEORIA QUANTICA DE CAMPOS (TQC)

MECANICA QUANTICA: PosicAo e momento sdo tratados como operadores:

EOTEMPO T e

Numa feoria relativista espaco deveriam estar em pé de

igualdade. Mas em MQ o tempo € um parémetro.

y

EM TQC, A POSICAO E O ESPACO SAO DESPROMOVIDOS A PARAMETROS
QUE SAO ARGUMENTOS DE UM CAMPO

SEGUNDA QUANTIFICACAO
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TEORIA QUANTICA DE CAMPOS (TQC)

- operadores de criacao e aniquilacao

Estados em TQC: [p)=at+(»)/]0)

Estados com varias particulas:

Estados com varia particulas:

Aniquilacao:

O operador campo actua em estados de tal modo que se
podem criar ou aniquilar particulas!
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ElectrodinGmica qudntica

TQC DOS FOTOES, ELECTROES, POSITROES E SUAS INTERACOES

(QED)

e
v U
s s
J B - y
)
T
»

Schwinger Tomonaga Dyson Feynman

The Nobel Prize in Physics 1965 was awarded jointly to Sin-Itiro
Tomonaga, Julian Schwinger and Richard P. Feynman "for their
fundamental work in quantum electrodynamics, with deep-
ploughing consequences for the physics of elementary particles".
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Uma arma Universal

° 1943

Em 1948 Feynman desenvolveu um TS
método “grdfico” que permite 3 Wt
calcular processos que envolvem
interaccoes entre particulas
elementares.

Y Y

A furgoneta Feynman

- [ oy -

o Eﬂ,

A TECNICA DOS DIAGRAMAS DE FEYNMAN E USADA PARA CALCULAR AS “PROBABILIDADES”
DE OCORRENCIA DE PROCESSOS ENVOLVENDO PARTICULAS ELEMENTARES.
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O VACUO QUANTICO

vécuo EM FISICA QUANTICA O
(latim vacuus, -, -um) VACUO ESTA LONGE DE

adj.

Que ndo contém nada; que ndo se acha ocupado por SER ESPACO \VAVAIO S

coisa alguma. = 0CO, VAZIO
[Juridico, Jurisprudéncia] Que se possui mas que nao

se desfruta ou ndo se goza. PIH Energia-’rempo

S. m.

Espaco circunscrito que nao contém ar ou que se
supoe vazio.

O espacgo entre os corpos celestes que se supde vazio.

29 Quantizacdo: O campo E.M. Pode ser interpretado como um
conjunto infinito de osciladores harmonicos cujo estado fundamental
tem energia ndo nula.

P Polarizacdo do vacuo

A semelhanca da polarizacdo
de um dieléctrico.
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O VACUO EM QED

Polarizacdo do vdacuo Correccdo ao vértice Correccdo a energia
propria
S
2p (n=2, I=1) 2p,, (j=3/2) 27 MHz 1017 MHz
2s (n=2, 1=0 :
S (n ) ) 2p1/2 (J=1/2) 2p1/2 ‘WQ/V‘ '%
: 2s
2 =1/2 1/2
(XGEYNEDN)) Sz (F1/2) 68 MHz
Bohr Dirac QED

Teoria: 10568 MHz , Exp: 1057.9
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