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INTERNATIONAL YEAR OF

UCE 2025 Curs Ciéncia i Tecnologia 20-23 d’agost 2025 Quantum Science
and Technology

Coord. Nuria Ferrer

Dia 20
9:00 Enric Pérez - “El naixement de la teoria quantica: de Planck a Bohr”

10:30 Jordi Mur - Part 1 —“Per qué 2025 és I'Any Internacional de la Quantica? Breu repas historic de Planck i Einstein fins
a de Broglie, Heisenberg, Schrodinger (1925)”

Dia 21

9:00 Jordi Mur - Part 2 — “Grans paradoxes de la quantica”

10:30 Muriel Botey - "65 anys de llum laser. Aplicacions quotidianes i cientifiques de la llum laser"

Dia 22

9:00 Jordi Mur - “La segona revoluci6 quantica”

10:30 Jordi Mur - “Les noves tecnologies quantiques: computacio, simulacio, sensors, i comunicacions”
Dia 23

9:00 Josep M? Trigo - “Programes d'estudi d'asteroides, cometes y meteorits als Paisos Catalans”

10:30 Josep M? Trigo - “Estudiant meteorits per conéixer les propietats fisico-quimiques d'asteroides, cometes i planetes”



INTERNATIONAL YEAR OF

Quantum Science
and Technology

Alain Aspect John F. Clauser Anton Zeilinger

“for experiments with entangled photons, “for experiments with entangled photons, “for experiments with entangled photons,
establishing the violation of Bell inequalities establishing the violation of Bell inequalities establishing the violation of Bell inequalities
and pioneering quantum information science” and pioneering quantum information science and pioneering quantum information science”

»
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“What quantum mechanics really means”

6.- Entrellagament, acci¢ a distancia (no localitat) /9\
5.- Causalitat, determinisme, superposicio
4 - Principi d'incertesa, influéncia de 'observador 2

3.- Només observables, absencia“de trajectorles

2.- Dualitat ona-particula, indistingibili\tﬁ l

1.- Quantitzacio




La construccio de la fisica moderna
S. XIX-XX

Mecanica Quantica, 1925

Model atomic de Bohr, 1913
Teoria quantica 1900’s
Relativitat especial 1900’s

Relativitat general 1915

Teoria de Maxwell 1870’s Teoria cinética 1860’s

Termodinamica, 1850’s

Electricitat i magnetisme e A
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The unfinished cathedral of modern physics, Michel Janssen, UM
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PODIEN ELS GRECS HAVER DESCOBERT LA FiSICA QUANTICA?

FisiCA MODERNA

Electromagnetisme: cal endollar els experiments

= RADIACIONS

Models: no es veu directament allo que es mesura

= ATOMISME




Introduccio

. Antecedents. Atomisme. Probabilitat i estadistica (s. XIX)

Hipotesi quantica de Planck, 1900
Hipotesi quantica d’Einstein, 1905
El Congrés Solvay, tardor de 1911
Hipotesi quantica de Bohr, 1913

La crisi de 1920’s
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Primera taula publicada per Mendeleiev, el 1869

“Uber die Beziehungen der Eigenschaften zu den Atomgewichten der Elemente”

Zeitschrift fiir Chemie, 405-406



Pesos atomics (atomisme quimic)

Llei de proporcions constants/multiples
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ELEMENTS: |l = =0, 7

|00 eO00od0®0 06|
10O®0 00060606

John Dalton, 1766-1844

PES ATOMIC

€281 ‘U0YBUIYLOA "H "M



Deflexio de particules alfa, 1908-1909
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Validesa de la segona llei de la termodinamica:

Concepte d’equilibri termodinamic




Ludwig Boltzmann (1844-1906

5= K log W

-

LVDWIG
BOLTZMANN
1595 - 1995

LI g™, T I




Entropia i probabilitat. Objeccio de la reversibilitat

“Sobre la relacio entre la segona llei de la teoria mecanica de la calor i el calcul de
probabilitats, en relacio a les lleis de I'equilibri termic”, 1877

- Admet violacions del segon principi
- L'entropia d'un estat és la mesura de la seva probabilitat
-  Els sistemes evolucionen d’estats menys probables a estats més probables

N molécules
E energia total

{w,, w1, w3, a)p}

numero de particules a la cel-la p




Introduccié

Antecedents. Atomisme. Probabilitat i estadistica
Hipotesi quantica de Planck

Hipotesi quantica d’Einstein

El Congrés Solvay, tardor de 1911

Hipotesi quantica de Bohr

La crisi de 1920’s



Radiacio térmica
La hipotesi quantica de Planck
Max Planck (Kiel, 1858 - Gottingen, 1947)

Irreversibilitat:

(0]

Boltzmann:
Mecanica = Termodinamica

° Planck:
Electrodinamica = Termodinamica



Radiacio termica

Que és la temperatura?

3/ 2 Gas en equilibri téermic:

m \ /2 _ _mv?
f(v) =4n (chT) vZe  ZKT Distribucié de Maxwell-Boltzmann

f)=:?




1860’s G. Kirchhoff 1 R. Bunsen. Espectres

Cos negre

O. Lummer i F. Kurlbaum, 1898

Johann Seebeck (1770-1833)

Termopiles «



1879 Llei de Stefan

1884 Boltzmann la dedueix de la termodinamica i I’electrodinamica

E=0T*
1896 Llei del desplacament

(termodinamica i electrodinamica)

Amax * T = 2,898 mm - K

1896 Llei de radiacié de Wien

5500K

500

p(V,T) = ¢;v3e™ T

Maxwell-Boltzmann f(v) = 47‘[(

2TTKT

Josef Stefan (1835-1893)

Wilhelm Wien (1864-1928)

2

3/, _mv
) vze 2KT



Max Planck (1855-1947)

1895 Congrés de Lubeck

1896-1900 Treballs en radiacid térmica
1897-1899 “Sobre fendmens de radiacio irreversibles”
[5 articles]

Ressonadors de
frequéncia v

‘ ) % )
Ee T, :% ~ & 1A i i
e | 1899 Deduccio de la llei de Wien
o= N
/ / \’r\\’:’\\\ﬁ,\ I‘*J'\“‘: ‘ / ’ \J 3 —c v
(13N & p(v,T) = crvie
\\\ N ol
B
N o s

Objectiu: explicar la irreversibilitat termodinamica
amb I'electromagnetisme.
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Octubre, 1900

- F. Kurlbaum. Desviacions de la llei de radiacio de Wien

- M. Planck. Presenta una nova llei de radiacio

Ferdinand Kurlbaum
(1857-1917)

8mv? hv
exT — 1

Berlin
Deutsche Physikalische Gesellschaft
[Societat alemanya de fisica]




Er = Ey, + Ey,+ Byt ss=Ys  we=]]m

N ressonadors monocromatics en equilbri a temperatura T

P paquets d’energia E = P¢

De quantes formes podem repartir els paquets d’energia entre els ressonadors?



P paquets N ressonadors
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Er = Ey, + Ey,+ Byt ss=Ys  we=]]m
N ressonadors monocromatics en equilbri a temperatura T
P paquets d’energia F = Ps (: Nu(v, T))
De quantes formes podem repartir els paquets d’energia entre els ressonadors?

_(N+P-1)!
~ PI(N-1)!

¢ 8711/2l u(v,T)+1 _I_u(v,T)1 hv 4
LRI bl oo u(v,T)

— =]

== CRN,P




Introduccio

. Antecedents. Atomisme. Probabilitat i estadistica

Hipotesi quantica de Planck
Hipotesi quantica d’Einstein

El Congrés Solvay, tardor de 1911
Hipotesi quantica de Bohr

La crisi de 1920’s



Cinquanta anys d’especulacié conscient no m’han donat la resposta a
la pregunta: qué son els quanta de llum? Certament avui qualsevol
lumbreres creu saber-ho, pero s’equivoca.

Einstein a M. Besso, desembre 1951




Annus mirabilis, 1905

[Publ.]
Marg Quanta de llum
Maig Moviment brownia

Juny Relativitat

“Sobre un punt de vista heuristic relatiu als processos d’emissio |
transformacio de la llum”

“Sobre el moviment de particules petites suspeses en un liquid estacionari,
exigit per la teoria cinético-molecular de la calor”

“Sobre 'electrodinamica dels cossos en moviment”

Annalen der Physik 17 (1905), 132-148, 549-560, 891-921




La hipotesi quantica d’Einstein

(1]

(2]

(31

132

6. Uber eimen
die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt;
von A. Einstein.

Zwischen den theoretischen Vorstellungen, welche sich die
Physiker iiber die Gase und andere ponderable Kdrper ge-
bildet haben, und der Maxwellschen Theorie der elektro-
magnetischen Prozesse im sogenannten leeren Raume besteht
ein tiefgreifender formaler Unterschied. Wihrend wir uns
namlich den Zustand eines Kdrpers durch die Lagen und Ge-
schwindigkeiten einer zwar sehr groBen, jedoch endlichen An-
zahl von Atomen und Elektronen fiir vollkommen bestimmt
ansehen, bedienen wir uns zur Bestimmung des elektromagne-
tischen Zustandes eines Raumes kontinuierlicher raumlicher
Funktionen, so daB also eine endliche Anzahl von GrbBen
nicht als geniigend anzusehen ist zur vollstindigen Festlegung
des elektromagnetischen Zustardes eines Raumes. Nach der
Maxwellschen Theorie ist bei allen rein elektromagnetischen
Erscheinungen, also auch beim Licht, die Energie als konti-
nuierliche Raumfunktion aufzufassen, wihrend die Energie
eines ponderabeln Kdrpers nach der gegenwiirtigen Auffassung
der Physiker als eine iiber die Atome und Elektronen er-
streckte Summe darzustellen ist. Die Energie eines ponderabeln
Korpers kann nicht in beliebig viele, beliebig kleine Teile zer-
fallen, wihrend sich die Energie eines von einer punktformigen
Lichtquelle ausgesandten Lichtstrahles nach der Maxwell-
schen Theorie (oder allgemeiner nach jeder Undulationstheorie)
des Lichtes auf ein stets wachsendes Volumenr sich kontinuier-
lich verteilt.

Die mit kontinuierlichen Raumfunktionen operierende Un-
dulationstheorie des Lichtes hat sich zur Darstellung der rein
optischen Phinomene vortrefflich bewihrt und wird wohl nie
durch eine andere Theorie ersetzt werden. KEs ist jedoch im
Auge zn behalten, daB sich die optischen Beobachtungen auf
zeitliche Mittelwerte, nicht aber auf Momentanwerte beziehen,
und es ist trotz der vollstindigen Bestatigung der Theorie der
Beugung, Reflexion, Brechung, Dispersion etc. durch das

“Sobre un punt de vista heuristic relatiu als
processos d’emissio i transformacié de
la llum”

Annalen der Physik 17 (1909), 132-148



DESCOBRIMENT DE L'EFECTE FOTOELECTRIC:
Els experiments de H. Hertz

Descobreix I'efecte fotoeléctric en els experiments per crear
| detectar ones electromagnetiques (1887).

Posteriorment es van identificar els electrons,
i Lennard va fer experiments especifics sobre aquest

Heinrich Hertz (1857-1894)
efecte.

Peculiaritat: el parametre que

determina si es produeix — Q
I'efecte no és la intensitat, sino o 0 é/m":”w
la freqiiencia —t N/




Argument d’Einstein amb I’entropia, 1905

L, E, V
Radiacio S-S, = Eln7
(0]
\ R |74
Materia S$—S =—Nln—
°TN Y,

[Gas ideal]

‘La radiacié monocromatica de baixa densitat (dins 'ambit de validesa de

la formula de radiacio de Wien) es comporta termodinamicament com si estés

formada per quantums d’energia independents els uns dels altres i que valen

RpVIN [hv]”

} 4



Argument d’Einstein, 1905

Processos d’emissio i transformacié de la llum
[aplicacié de la hipotesi heuristica]

1. Regla de Stokes (fluorescéencia)

2. Efecte fotoeléctric

[le = hv—P

3. lonitzacio de gasos mitjangant llum ultraviolada

frequency
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Robert A. Millikan
(1868-1953)



B VI PHOTOELECTRIC DETERUINATION OF FLANCK'S © b 355

A DIRECT PHOTOELECTRIC DETERMINATION OF
PLANCK'S * R

By K. A. MILLIEAN,

1. INTRODUCTORY.

TUANTUM theory was not originally developed for the sake of
interpreting photoelectric phenomena, It was solely a theory

as to the mechanism of absorption and emission of electromagnetic
wawves by resonators of atomic or subatomic dimensions. It had nothing
whatever to say about the energy of an escaping electron or about the
conditions under which such an electron could make its escape, and up
to this day the form of the theory developed by its author has not been
able to account satisfactorily for the photeelectric facts presented here-
with. We are confronted, however, by the astonishing situation that

18 R. A. MILLIKAN. e

EINSTEIN'S PHOTOELECTRIC EQUATION AND CONTACT
ELECTROMOTIVE FORCE.

By R. A. MILLIKAN.

INSTEIN'S photoelectm: equation for the maximum energy of
emission of a negative electron under the influence of ultra-violet
light, namely,

lims?® == Ve = hy — £ {1}

::vcplanahcm of one of ﬂlt most remarkable facts braught to ]1ght by
recent investigations, viz., that the energy with which an electron is
thrown out of a metal by ultra-violet light or X-rays is independent of the
intensity of the light while it depends on its frequency. This fact alone
seems to demand some modification of classical theory or, at any rate,
it has not vet been interpreted satisfactorily in terms of classical theory,

While this was the main il not the only basis of Einstein’s assumption,
thiz assumption enabled him at once to predict that the maximum energy

LAn ahstract of this paper was presented before the Am. Phys. Soc in April. 1g14.
(Purvs. Rev., IV, 73, *14.}) The datn on lithinm were however first reported ot the mesting of

the Am, Phya. Soc. In April, 1915, (Prvs. Rev., V1. 55, '15.)
" Ann, d. Phya. (41, 17, 132, 1905, and (4). 20, 199, 1006,

1916
_—

—roal

This hypothesis may well be called reckless Airst because an electromag-
netic disturbance which remains localized in space seems a violation of
the wvery -u:n:-m::eptiﬂn of an electromagnetic disturbance, and second be-
CaLLse Jt ﬂl-l‘:-b 1 I':E'u‘: f-:llf."l‘: of th-E ﬂlumug,,h]].r established facts of interference.

P
all the substances with which I have worked. The precision which I
have been able to attain in these tests has been due to the following

" precautions.

1. I have made simultaneous measurements in extreme vacua of
photo-currents and contact E.M.F.’s and have thus been able to eliminate
the considerable influence which these latter have on photo-potentials.

2. I have worked with surfaces newly formed in extreme vacua and
with very large photo-currents of saturation value of the order 20,000
scale divisions in 30 secs. so that T have thus been able to locate the inter-
cept of the photo-current curve on the PD axis with much precision.

3. I have used substances which are photo-sensitive practically through-
out the whole length of the visible spectrum and have thus been able
to use a large range of wave-lengths all of which were above the long
wave-length limit of the receiving Faraday cylinder—a matter of no
little importance.

4. I have, with the aid of filters, carefully chosen for the principal
lines of the mercury spectrum, eliminated from the photo-current- 19 1 6
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Hipotesi quantica de Planck
Hipotesi quantica d’Einstein

El Congrés Solvay, tardor de 1911
Hipotesi quantica de Bohr

La crisi de 1920’s



- 1907 Calors especifiques dels solids. Model d’Einstein

[Problema de les calors especifiques]
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8mv? hv e i
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exT — 1 /
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Primer Congrés Solvay | /
La teoria de la radiacio i els quanta W Reme e W wr W0 w0

Brusel-les, tardor de 1911



Segon Congrés Solvay: L'estructura de la matéria

a

Brusel-les, tardor de 1913



1911 DIFRACCIO DE RAIGS X

- Constitucio ondulatoria dels RX
Estructura cristal-lina

Max Laue William H. Bragg William L. Bragg
(1879-1960) (1862-1942) (1890-1971)

[ 2dsinf = n/lJ




1911 DIFRACCIO DE RAIGS X

- Constitucio ondulatoria dels RX
Estructura cristal‘lina
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. Antecedents. Atomisme. Probabilitat i estadistica

Hipotesi quantica de Planck
Hipotesi quantica d’Einstein

El Congrés Solvay, tardor de 1911
Hipotesi quantica de Bohr

La crisi de 1920’s
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J.J. Thomson (1856-1940)

Investigacions en raigs catodics



Model de Thomson



Experiments de dispersio

Thomson, 1906 > Ny = Aﬂii

Rutherford, Geiger, Marsden, 1908 ———>  Nucli (2)

[La materia esta
concentrada en nuclis]




1911 Rutherford proposa una “The Scattering of a and 8 Particles by
distribucié d massa, no un model Matter and the Structure of the Atom”
atomic. Philosophical Magazine 21

May 1911, p. 669-688

Scattering of a and B Particles by Matter.
Metal. Atomic weight. 2 2/AB2
Lead ............ 207 62 208
Gold ,...ccitioes 197 67 242
Platinum ...... 195 63 232
Tin il [ L 19 34 226
Silver ............ ! 108 27 241
Copper ......... | 64 145 .22
Tpom s cacitiian | 56 102 250
Aluminium ... ‘\ 27 34 | 243
(LT [ |
Average 233




1913 MODEL ATOMIC DE BOHR: EL PRIMER MODEL ATOMIC

“On the constitution of atoms and molecules” Philosophical Niels Bohr, 1885-1962
Magazine 26, 1-25, 476-502, 857-875




MODEL ATOMIC DE BOHR, 1913

Postulats: [cal fer una nova fisica)

(I) Hiha certs estats estacionaris on els electrons no radien (L=nh)

B 2m?me*E? 1

En h? n2

(I) Els atoms emeten i absorbeixen radiacio (no fotons!) en leg transicions en

estacionaris

2mme* /1 1
V=3 A,

v- frequencia d’emissid
@ - frequéncia de rotacié




MODEL ATOMIC DE BOHR
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Les regles de quantitzacio, 1916

f}g dqxpr = nih

MODEL ATOMIC DE
BOHR-SOMMERFELD

STRUCTURE OF THE RADIUM ATOM

[Kragh & Nielsen, 2011]



MODEL ATOMIC DE BOHR-SOMMERFELD
Les regles de quantitzacio, 1916

jg dqipk = nih

- H, He* (Pickering), H,*
- Llei Moseley

- Camps eléctrics

- Camps magnétics

Paul S. Epstein (1883-1966) Karl Schwarzschild (1873-1916)



MODEL ATOMIC DE BOHR-SOMMERFELD

Nova teoria de Bohr: TEORIA QUANTICAANTIGA
On the quantum theory of line-spectra, 1918

Tractat de Sommerfeld

Atombau und Spektrallinien, 1919 [Mesures espectroscopiques i estructura atomica]

F |
! Mémolres de 'Académic Royale des Selem:: :t":ir‘tl{:el:.r:":l: 'n-m-m-rk. Copenhague, R
B —— ——w ATOMBAU
;'. | ‘ < ON (s ' UND
i < s
L | THE QUANTUM THEORY SPEKTRALLINIEN-

OF LINE-SPECTRA -

R . Al ol
2 T o
PART | |
= ‘ | Zweiteﬂiﬁiinge

Braunsc hweig 1921

Druck und Verlag von Friedr. Vieweg & Sohn




Introduccid

. Antecedents. Atomisme. Probabilitat i estadistica

Hipotesi quantica de Planck
Hipotesi quantica d’Einstein
El Congrés Solvay, tardor de 1911

Hipotesi quantica de Bohr

La crisi de 1920s - Efecte Zeeman
C " . - Atoms multielectronics
risi!

Camps creuats
He (1922)




Mecanica Matricial

Mecanica Ondulatoria

Naixement de la Mecanica Quantica (1925-27)

Hendrik A. Kramers (1895-1952)  Werner Heisenberg (1901-1976)

Louis De Broglie (1892-1987) Erwin Schrodinger (1887-1961)

Paul A. M. Dirac (1902-1984)
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