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1.1 Uvod v moderno fiziko

> Sevanje Crnega telesa: The Nobel Prize in Physics
kvantizacija energijskih nivojev 1918
UV vidna svetloba IR
14 -
5000 K
2 12 4 /\
c - .
= / \ klasi¢na teorija (5000 K)
o ]
G L0 Max Karl Ernst
~ Ludwig Planck
.,CE Prize share: 1/1
2 &7 \
é / \ The Nobel Prize in Physics 1918 was awarded to Max Planck "/n
c © - recognition of the services he rendered to the advancement of
£ Physics by his discovery of energy quanta”.
© 4000 K
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$ / /0
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Valovna dolzina (um)

Vir: internet




1.1 Uvod v moderno fiziko

» Fotoefekt: svetloba kot delci (fotoni)

The Nobel Prize in Physics
1921

fotokatoda svetloba

anoda
|~ |
[
‘CA\\
_/ . .
Albert Einstein
/‘?\ Prize share: 1/1
N
The Nobel Prize in Physics 1921 was awarded to Albert Einstein “for
l his services to Theoretical Physics, and especially for his discovery
—— AMWWAW——— of the law of the photoelectric effect".
foton z
energijo hv
il y y gl
+ -

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




1.1 Uvod v moderno fiziko

» Michelson-Morleyev interferometer: The Nobel Prize in Physics

sv_etlobni nastavljivo polprepustno 19 07 The Nobel Prize in Physics
izvor zrcalo zrcalo 2017

polprepustno srcala

zZrcala

Photo: Bryce Vickmark Photo: Caltech Photo: Caltech Alumni
Rainer Weiss Barry C. Barish Association

Prize share: 1/2 Prize share: 1/4 Ki_P S.Thorne
Prize share: 1/4

The Nobel Prize in Physics 2017 was divided, one half awarded to
Rainer Weiss, the other half jointly to Barry C. Barish and Kip S.
Thorne “for decisive contributions to the LIGO detector and the

Albert Abraham
Michelson

Prize share: 1/1 observation of gravitational waves".

The Nobel Prize in Physics 1907 was awarded to Albert A. Michelson
"for his optical precision instruments and the spectroscopic and

metrological investigations carried out with their aid".



1.1 Uvod v moderno fiziko

Moderna fizika:

» teorija relativnosti

> kvantna mehanika

Arhitekti moderne fizike zbrani
na ,the Fifth International

7, . I. A. Piccard 11. L. Brillouin 21.1. Langmuir
Congress of Physics” (Bruselj, LE Henriot  1LP.Debye  22.M.Planck
1927) . 3. P. Ehrenfest 13. M. Knudsen 13. M. Curie
. 4 E. Herzen 14 W.L. Bragg 2. HA Lorentz

5. Th. de Donder 15 H.A. Kramers 15 A. Einstein
6. E. Schroedinger 16. PAAM. Dirac 26 P. Langevin
I.E. Verschaffelt  17. AH. Compton 27. C.E. Guye

» 15 Nobelovih nagrajencev iz
fizike

8. W. Pauli 18.L..V. de Broglie 8. C.T.R. Wilson
H H HH 9.W. Heisenberg 19 M. Born 29. O.W. Richardson
> 3 N Obe|OVI nagrajenCI 1Z 10. R.H. Fowler 20.N. Bohr
kemije

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




1.2 Klasicna relativnost

> Invariantnost zakonov mehanike v
inercialnih sistemih:

Isaac Newton

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




1.2 Klasicna relativnost

» Relativno gibanje: opazovalec meri le relativno gibanje!

Galileo Galilei

Vir: internet




1.2 Klasicna relativnost

» Princip relativnosti: opazovalec ne razlikuje med mirovanjem in enakomernim gibanjem!

y’“ V)z O ?: 0 y’“ 7> O 5)= O —3
S o S lo% _Jz
y 2y y o
T © © ® @ <~ ® ® ® @
e z' O S e
- X
s o€ O =X
\ s o€ O
‘ = g = ks
y » Galilejeve transformacije:
1 V>0 @>0 vy homogenost prostora,
SJA “ — absolutnost ¢asa
O pd
y a | —Y
/) —_— y y
7 = dogodek
- X \ /
Yy N AN
70Ny D
vl > x’
X
0 x 0 x’

Vir: povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012




1.3 Michelson-Morleyev eksperiment

» Hitrost svetlobe: Galileijeva transformacija

Ty (1 1'“3)

_—=M; ' cy/1 — g /c? K c 2 2

Bl M, | Ve Lo L oL
! — T o4 c—vy el —v2/c?)
2L 2L V2
| ERETHE)
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B 1
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M i
\\\// y
7R\< . /A/ ® “~— Cl Be obala
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- L - H ,
JL —_—
©
O §

- L 1€ obala

Vir: povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012




1.4 Posebna teorija relativnosti

» G.F. Fitzgerald in H. A. Lorentz:
kontrakcija dolZine (ad hoc predpostavka, |. 1890)

< . "
L’:E LI T T T T T TTTT]
Y
2L’ 2L
5227’}2:??’:51 y = !
0 V1—vg/c? X
_ 1 Y
T = 1—’1?3/62 |‘7L’4>|
———-

LIITTITTIT v

o' x!

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




1.4 Posebna teorija relativnosti

» Einsteinov miselni eksperiment: lovljenje svetlobe

VA A A A A
JVARVARARVARVARY

mirujoC opazovalec

,surfer”




1.4 Posebna teorija relativnosti

mizphysik S

&= ﬂ(.r — i),
Explare this journal = =1,
Article =%
1
Zur Elektrodynamik bewegter Korper f ===
y gt [ l/l _ (%)
A. Einstein

» Einsteinova postulata:

1. Princip relativnosti: zakoni fizike so enaki v vseh
inercialnih sistemih!

2. Konstantnost hitrosti svetlobe: hitrost svetlobe
je v vseh inercialnih sistemih enaka c!

Vir: A. Einstein, Ann. Physik 322, 891 (1905); internet Albert Einstein




1.4 Posebna teorija relativnosti

» Koncepti relativnosti:

1. dogodek: vektor cetverec 2" = (ct, x, vy, 2) vt
2.opazovalec % H% <
. . .. = ' | =
3. prostor umerjen, ure sinhronizirane ot . Tl
znotraj dolocenega sistema =Nt Pty f =

4.diagram Minkowskega (svetovnica)

)
N / / Z
~
Y

referencna ura [ 922 ™

TR ITELWE] Ll A

<

21 WY

A § :

Vir: povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012




1.5 Posledice posebne teorije relativnosti

» Relativnost simultanosti: simultanost NI absoluten koncept!

(a)

SIMULACUA

Vir: povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012



https://www.compadre.org/osp/items/detail.cfm?ID=7899
https://www.compadre.org/osp/items/detail.cfm?ID=7899

1.5 Posledice posebne teorije relativnosti

» Podaljsanje (dilatacija) ¢asa: lastni ¢cas med dogodkoma na istem mestu je najkrajsi!

v

p— ogledalo
¥ = J

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




1.5 Posledice posebne teorije relativnosti

» Podaljsanje (dilatacija) ¢asa: lastni ¢as med dogodkoma na istem mestu je najkrajsi!

PARADOKS DVOJCKOV

prej potem

SIMULACUA

Vir: internet



https://www.compadre.org/osp/items/detail.cfm?ID=7238
https://www.compadre.org/osp/items/detail.cfm?ID=7238

1.5 Posledice posebne teorije relativnosti

» SkrajSanje (kontrakcija) dolzine: lastna dolZina predmeta, ki miruje, je najdaljsa!

) Ly g
LT T T TTTTTTT
o x
y
—
——-
LITTTTTTTTI v
0

SIMULACIJA

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H. Freeman and
Company, 2012



https://www.compadre.org/osp/items/detail.cfm?ID=7900
https://www.compadre.org/osp/items/detail.cfm?ID=7900

1.6 Lorentzova transformacija

y y'
S S
® \Y
X, t "o D
X, t
°
X - X'
Henrik Lorentz
y4 zZ
v =0 (' + Bet!) t! = 30 (x — Bet)
u=1 =y
! r
z =2z —
ct = Y0 (ct’ + BI’) ct’ =~y (ct — Bx)
1
70 = 272 . . .
V1-—uvg/e > Skalarni produkt: invarianta
v
B = ?0 phat = 5% = (ct)® — (2% + y* + 2?)
Vir: internet
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2.1 Transformacija hitrosti

v,=0.8c

G e s\ Vole

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




2.2 Relativisticni Dopplerjev premik

“I love hearing

that lonesome wail of the train
whistle as the frequency of the
wave changes due to the Dop-
pler etfect.”

Rdeci premik:

v w
» Valovni vektor Cetverec: k= (E’ km,ky,kz)

Vir: internet, povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




2.2 Relativisticni Dopplerjev premik

» Transverzalni relativisti¢ni Dopplerjev premik — smer relativnega gibanja pravokotna na smer
Sirjenja svetlobe:

e -

e Y oYy

(.
5

SIMULACIJA

Vir: internet



http://gamelab.mit.edu/games/a-slower-speed-of-light/
http://gamelab.mit.edu/games/a-slower-speed-of-light/

e \/ o

2.3 Relativisticna gibalna kolicina

» ,Klasicna“ gibalna koli¢ina se ne ohranja: » Relativisti¢no:
p="ymv
1 2 1 2
( >—> 4—( ) (a) ( x ) 1
— 4mc -
m U vooom V=0 i
Imc- i
Q relativisticno :
2mct- !
P e = mu+m(=v) =0 klasiéno _ i
po mcl- y :;,——:
——————— |
1
0 1 | 1 | 1 1 1 1
0 02 04 06 08 1.0
1 2 1 2 vic
Q 6 —0Q ® —QQ
m  vy;=0 vy m vV’
» Relativisti¢na gibalna enacba:
1+ v /c F_dp_d(. - m dv
p’po =—=2mv —ar o oar YT (1— v2/c2)?/? dt

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H. Freeman and
Company, 2012




2.4 RelativistiCna energija

» ,Klasicna“” (kineti¢na) energija se ne ohranja!
T = (y—1)me

W =T+mce =~yme?

Vv
Albert Einstein

20c¢ |-

1.5¢ |- klasi¢no N2T /m

1.0¢c F——ff ——— — — e — — -

relativistiéno vV = ¢ 1 — (T/mc? + 1)~2 C}Q i relativisticno
05¢ 2 Wl e[ LT
o T=mc l I Tier 1]

| | I I
05 1.0 1.5 2.0 T/mc?

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, T (MeV
Modern Physics, W. H. Freeman and Company, 2012 ( € )




2.5 Vektorji Cetverci in invariante

» Krajevni vektor Cetverec » Valovni vektor Cetverec > Cetverec gibalne koli¢ine
W W
'q:‘u - (Ct,.ﬁl’?,y,Z) kﬂ = (Eak:ﬂakyakz) pM: (?ijapyapz)
W
k= (ke ) = (b7
2 = o (2 — Bet) r =70 (ke — p Pe="\Pz— 0 :
/ kl = /o
Yy =y y = Py Py = Dy
r_
d=2 ky =k Pe=D-
r_ _ W’ w ! W
et = (ct = fz) — =% (— - ﬁkm) i Y0 (— - 51%)
C C C c

2 2
= % = (et)? - (:1:2 +y* + 22) EHEH = (—) — (k% + ki + k?) =0 pHpH = (%) — (pi + pz —l—pz) = m?c?




2.6 Sistem delcev

» Razpad piona: T > u*+v

PREJ POTEM

" miruje Pus K+

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




2.6 Sistem delcev

POSPESEVALNIKI Vs. TRKALNIKI

RazpoloZljiva energija

N 85 8 8 8

pospesSevalnik

Vir: internet




Univerza v Ljiubljani
Fakulteta za mcatematiko in fiziko

MODERNA FIZIKA

Kvantna mehanika 1
Valovanje ali delci?




3.1 Uvod v kvantno mehaniko

» V ¢em je kvantna fizika nekonvencionalna?

E=hv _ _
: LA 0]
: valovanje 00%9%2
i yalovanje : :..o.'.'.o - / o.oo %
_E=hy (I - . AN X SAUS
4 : o © © ° %0 ..
e o»g.a:“
re:Zi ) zaslon
1. kvantizacija fizikalnih koli¢in 2. dualnost delec - valovanje 3. verjetnostne napovedi

> NACELO KORESPONDENCE _ Wt G
razpadi o

Geiger

Vir: internet 4. problem opazovalca




3.2 Svetloba — valovanje ali delci?

» Hertzov poskus (I. 1887): EM valovanje in nihajo¢ naboj

sprejemnik

-~ EM valovanje Heinrich Hertz

iskra
kondenzator == _
tuljava

B L DL DL LU .
stikalo

baterija

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




3.2 Svetloba — valovanje ali delci?

» Sevanje tmega telesa: The Nobel Prize in Physics
UV vidna svetloba IR

14 -
— 5000 K
‘2 12
:f / klasi¢na teorija (5000 K)
Q 10
8
.1 [\
O
£ \
o
O 6 -
©
< , 4000 K
= T ~ . ,
< / \ Wilhelm Wien
UQ)- 2 / Prize share: 1/1

// SODD_IS_‘__‘_-
0 ﬂ/—. The Nobel Prize in Physics 1911 was awarded to Wilhelm Wien "for

his discoveries regarding the laws governing the radiation of heat".
Valovna dolzina (um)

> Stefanov zakon (I. 1879): j=oT? < 1
[ SR ksperimental
0w —~ eKksperimentaine
> Wienov zakon (1. 1893):  AmaT = 2895 x 10~ m K 82 1 % toéke
dj g £l | \‘@
» Wienov eksponentni zakon: o e /T €T P wienov S @
dv 7 & eksponentni —s ~.
7 | zakon | | ""r- | ®
SIMULACIJA 01 2 8 4 5 6 7 8 9 10 11 12

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learnins A (M) e



https://www.compadre.org/osp/items/detail.cfm?ID=10528
https://www.compadre.org/osp/items/detail.cfm?ID=10528

3.2 Svetloba — valovanje ali delci?

» Sevanje ¢rnega telesa

(1. 1900): kvantizacija E . cdE  ce—8m?
. dj=-—=- dv
nivojev 4V 4 3
Rayleight-Jeans: VS. Planck:
* EM valovi . . . e oscilacije naboja v stenah
B The Nobel Prize in Physics Lo
. E' = k’BTQ 1918 - L= ehv/kpT _ |
Y] _ 27y kT . dj 2w hv
dv 2 dv 2 w/ksT _q
E n
4hf 1
Shf 3

Max Karl Ernst

Ludwig Planck
Prize share: 1/1 * 2hf 2
(]

The Nobel Prize in Physics 1918 was awarded to Max Planck "in :E'; hf 1
recognition of the services he rendered to the advancement of 8

. R ()
Physics by his discovery of energy quanta”. 0 0

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




3.2 Svetloba — valovanje ali delci?

> Einstein: Annus Mirabilis

= nhysik

Article

Explore this journal >

Uber einen die Erzeugung und Verwandlung des Lichtes
betreffenden heuristischen Gesichtspunkt

A. Einstein

Teorija kvantizacije svetlobe: fotoefekt
A. Einstein, Ann. Physik 322, 132 (1905)

Albert Einstein
= physik

Explore this journal =

Article

Uber die von der molekularkinetischen Theorie der
Warme geforderte Bewegung von in ruhenden
Flissigkeiten suspendierten Teilchen

A_Einstein
= annalen h 'k
=physi

Explore this journal >

Brownovo gibanje: realnost atomov
A. Einstein, Ann. Physik 322, 549 (1905)

Article

Zur Elektrodynamik bewegter Kérper

A Einstein
annalen 1
«=physik

Explore this journal >

Posebna teorija relativnosti:
A. Einstein, Ann. Physik 322, 891 (1905)

Article

Ist die Tragheit eines Kérpers von seinem Energieinhalt
abhangig?

Mirovna energija: E = mc?
A. Einstein, Ann. Physik 323, 639 (1905)

A Einstein




3.2 Svetloba — valovanje ali delci?

> Fotoefekt (I. 1905): kvantizacija svetlobe The Nobel Prize 1n PhYSiCS
fotokatoda , svetloba

7 anoda 1921

®
™
———W——
Albert Einstein
Prize share: 1/1
11l
- I|+ The Nobel Prize in Physics 1921 was awarded to Albert Einstein "for
U his services to Theoretical Physics, and especially for his discovery
SIMULACIJA Wits® — elU, = hv — o of the law of the photoelectric effect".
| W foton z
Int, > Int, kin y y energijohv
— Int, E ALl
W G
o |nt1
C
Z B o~ Uiy X
U Vo 14 X z

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://phet.colorado.edu/en/simulation/legacy/photoelectric
https://phet.colorado.edu/en/simulation/legacy/photoelectric

3.2 Svetloba — valovanje ali delci?

» Comptonovo sipanje (I. 1923): grafitna tar¢a
i\9= 90ﬂ kristal
g MI-————\—\—_ k
N =)\ = f_z (1 —cost) H <L detektor
MeC e 2 - 4

The Nobel Prize in Physics izvor | %
1927 j y

B » g
v v -
klasicni
model
B
Arthur Holly Charles Thomson ” E N
Compton Rees Wilson ﬁ( P,
Prize share: 1/2 Prize share: 1/2 /,/ |Zb|t e|ektl’0n
foton N
The Nobel Prize in Physics 1927 was divided equally between AN e~ - = = === === = d\f¢ ffffffffffffffff
Arthur Holly Compton “for his discovery of the effect named after v. A \\Q/
him"and Charles Thomson Rees Wilson “for his method of making ’ ) N\
the paths of electrically charged particles visible by condensation of kvantni Sipan foton
vapour". model vu’ 2"

Vir: internet; Serway, povzeto po Moses & Moyer, Modern Physics, Thomson Learning, 2005




3.2 Svetloba — valovanje ali delci?

» Zavorno sevanje: The Nobel Prize in Physics

Intenziteta e

I I | I l Wilhelm Conrad
30 40 50 60 70 80 90 Réntgen

ﬂ, (pm) — Prize share: 1/1

evakuirana The Nobel Prize in Physics 1901 was awarded to Wilhelm Conrad

Réntgen "in recognition of the extraordinary services he has
kovinska tarca rendered by the discovery of the remarkable rays subsequently
named after him".

cev

filament

he
)\min - w

fokusna
elektroda

zarki X

50-100 kV

+

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




3.2 Svetloba — valovanje ali delci?

» Del¢no-valovna komplementarnost:

o.:.:.o.: m

it

rezi zaslon

Every process can be interpreted either in terms of corpuscles or in terms of
waves, but on the other hand it is beyond our power to produce proof that it is actu-
ally corpuscles or waves with which we are dealing, for we cannot simultaneously de-
termine all the other properties which are distinctive of a corpuscle or of a wave, as
the case may be.

Vir: internet




3.3 Atomska struktura snovi in Bohrov model atoma

» M. Faraday (l. 1833): zakon elektrolize

anoda 3 _ katoda

The Nobel Prize in Physics
1906

Joseph John
Thomson
Prize share: 1/1

The Nobel Prize in Physics 1906 was awarded to J.J. Thomson "in
recognition of the great merits of his theoretical and experimental
investigations on the conduction of electricity by gases".

Vir: internet, povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




3.3 Atomska struktura snovi in Bohrov model atoma

» R. Millikan (I. 1909): dolocitev osnovnega naboja The Nobel PI'iZC in PhYSiCS
oljine kapljice

| __ odprtina 1923

- baterija
L -

osvetlitev

A

Robert Andrews

» E. Rutherford (I. 1913): planetarni model atoma M_i”ik:m
O'@ Prize share: 1/1

4 /%"o,

The Nobel Prize in Physics 1923 was awarded to Robert A. Millikan
"for his work on the elementary charge of electricity and on the
photoelectric effect”.

vakuumska izvor
SIMULACIUA  cey sevanja «

Vir: internet povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://phet.colorado.edu/sims/html/rutherford-scattering/latest/rutherford-scattering_en.html
https://phet.colorado.edu/sims/html/rutherford-scattering/latest/rutherford-scattering_en.html

3.3 Atomska struktura snovi in Bohrov model atoma

» Gustav R. Kirchhoff (I. 1859):  Na
atomske spektralne ¢rte \

\leéa
reza > \

> /p”zma
A NaCl
~_ Na érti_|
D zelena Gustav R. Kirchhoff
fumena
sonce Red

vidni

A

//

5 spekter
n
i iia: = Cy— =3.4.5, ...
1.Balmerjeva serija: A\ = (% R n ;& 0, H,
.. 1 1 1
2. ostale serije: ~=R|—=-—
A ny n; He
Lymanova serija (UV) neg=1 n; = 2, 3, 4,
Balmerjeva serija (VIS-UV)  ny = 2 ny=3405,...
Paschenova serija (IR) ng=3 n; =4,5,6,... Hg
Brackettova serija (IR) ne=4 ny=>5,6,7,... | | |
Pfundova serija (IR) ng=2>5 ny=26,7,8,... 700 600 500 400

A (nm)

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




3.3 Atomska struktura snovi in Bohrov model atoma

» Bohrov (kvantni) model atoma (l. 1913): muvr,, = nh, n=1,2.3, ... o 3
kvantizacija vrtilne koliCine \ kvantizacija eznergljg

f/ F \ En — —178 Z—

] te AV 2 degrp n?

« , kvantizacija radijev

T~ -7 n? Amegh?
r, = —7Tp. 'p = ————
" BB n E (eV)

The Nobel Prize in Physics ‘ me ] 0.00

5 —-0.54
-0.85
9rB 4 4 yYyyv ’
3 -1.51
Pascheno
4rB 2 YyYyVvyY Va‘ Ser”?‘840
Balmerjeva
[ e serija
B
Niels Henrik David
Bohr
Prize share: 1/1
The Nobel Prize in Physics 1922 was awarded to Niels Bohr “for his
services in the investigation of the structure of atoms and of the 44
1 -13.6

radiation emanating from them'’.

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005 Lymanova Serija
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4.1 Delcno-valovna dualnost materije

» de Brogliejevi valovi (l. 1923): materija kot valovanje

_ za foton
‘ m,=0
B 2 _ Ry 212 0 o
me I\/t.(cp) t+ (moc?) % ok de Broglicjeva |
relativnos P = . % hlpoteza
\ =

E (:> \— f_? _ h
The Nobel Prize in Physics 7 7 pm
1929 h FE za masivni
] N ¢ delec?
E=hy="C Cﬂ

A
fotoefekt

* Konstruktivna interferenca valov

* Kvantizacija vrtilne koli¢ine v atomu

Prince Louis-Victor
Pierre Raymond de
Broglie

Prize share: 1/1

The Nobel Prize in Physics 1929 was awarded to Louis de Broglie
"for his discovery of the wave nature of electrons”.

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




4.1 Delcno-valovna dualnost materije

> Eksperiment Davisonna in Germerja (l. 1927): The Nobel Prize in Physics
1937

Intenziteta sipanja (arb. units)

90°

» Nacelo komplementarnosti

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005 }" d -~

Clinton Joseph George Paget
Davisson Thomson
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1937 was awarded jointly to Clinton
Joseph Davisson and George Paget Thomson “for their
experimental discovery of the diffraction of electrons by crystals”

dsinp = nA\ //'/'
~




4.2 Valovni paket

» Superpozicija ravnih valov:

y Ak
A cos (kl ; i 3:) J 2A cos (73:)

—
e
,(7
'..'J\\
A
AN
N

<
“d
7
/
/

Ll
\
\

SIMULACUA

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/gaussian/gaussian.html
https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/gaussian/gaussian.html

4.3 Heisenbergovo nacelo nedolocCenosti

» Nedolocenost lege in gibalne kolic¢ine (I. 1927):

h
ArAp > —
2
h
AEAt > =
2
THIS UEBSITE UANTS T© THIS LJEBSITE UPNTS TO
NICE TRY.
J

Vir: internet

The Nobel Prize in Physics
1932

| ..' ..'. \ \ £
*S l A N \

Werner Karl
Heisenberg
Prize share: 1/1

The Nobel Prize in Physics 1932 was awarded to Werner Heisenberg
"for the creation of quantum mechanics, the application of which
has, inter alia, led to the discovery of the allotropic forms of
hydrogen".




4.4 Valovna funkcija

> Bornova interpretacija valovne funkcije The Nobel Prize in PhysiCS
1954

(I. 1925):

vl

_—
a X
Max Born Walther Bothe
P( )dl‘ _ |\P(I f) le_ / I\D . t I dI Prize share: 1/2 Prize share: 1/2
00 The Nobel Prize in Physics 1954 was divided equally between Max
/ W (x, t)] 2dr =1 Born “for his fundamental research in quantum mechanics,
0 especially for his statistical interpretation of the wavefunction"and
Walther Bothe "for the coincidence method and his discoveries
made therewith".
> Gibanje prostega delca — RAVNI VAL p=? L_E
h h
Uy (x, t) = Ae'Fe=wl) — Alcos(kx — wt) + i sin(kax — wt)]
W (. D) = |A]

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




4.4 Valovna funkcija

» Sipanje delcev (elektronov) na dveh rezah:

, |42 + |52 + 2| #]| 73] cosp
|5l
ol ] | 111/2|2
— q! H _________________________________
O 2 H ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
O—-
O g & ] | Tllz
— 1 | P2 + | P2
|2 _ . .
Primer Valovna funkcija Meritve na zaslonu
Izmerimo, da gre elektron : 2
] + 2
skozi rezo 1 ali rezo 2: #ali [ + [ ¥l
Meritev, skozi lf.atero reic? v + ¥, |2 + | B2 + 2| || % cose
SIMULACLIA gre elektron, ni izvedena:

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://phet.colorado.edu/en/simulation/legacy/quantum-wave-interference
https://phet.colorado.edu/en/simulation/legacy/quantum-wave-interference

4.5 Schrodingerjeva enacba

> Valona enachav kM (I. 1926): The Nobel Prize in Physics
1933
e _Ou(a,
2m a;i Dy ()W (z, t) = ih ét' 2

» Stacionarna stanja: V(x, t) =t (x)¢(t)

h? dz?;")(;r) 1 Ldo(t) 1 i .
— S 7T U(I) = ih———— Erwin Schrodinger Paul Adrien Maurice
2m dx ’Q)(I) dt Gﬁ(t) Prize share: 1/2 Dirac
Prize share: 1/2
L do(t) R o .
Iﬁdi = Fo(t) The Nobel Prize in Physics 1933 was awarded jointly to Erwin
t ' _ Schrédinger and Paul Adrien Maurice Dirac “for the discovery of
Qﬁ(ﬂ = e iEt/h — giwt new productive forms of atomic theory”
h? d?y(x)
- — +U(x)(x) = Ev(x
SIMULACIJA

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.compadre.org/osp/items/detail.cfm?ID=12473
https://www.compadre.org/osp/items/detail.cfm?ID=12473
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5.1 Delec v neskoncni potencialni jami

d?y(x) 2mE

. T . o . 2
> Stacvlonarna Schrédingerjeva Lz P(x) = —k“(x)
enacba:
/2 nm B2 k2 R 2
hy  — = o En _ no__ 2
“n L i ( L 3:) 2m 2mL2n
) o o oo == n
) F )
U
85,
" q:'] 3 By = 9E,
c
L
2 Ly = 4E,
1 ry E,
E=0
0 L 0 L niCelna energija
- X >

SIMULACUA

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/infwell1d/infwell1d.html
https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/infwell1d/infwell1d.html

5.1 Delec v neskoncni potencialni jami

The Nobel Prize in Physics
2009

> CCD detektor fotonov:

VG
polisilikonska
vrata
SiO,/SIN,
n-tip Si
p-tip Si

Hubblov teleskop

foto-elektronika

Photo: U. Montan Photo: U. Montan Photo: U. Montan
Charles Kuen Kao Willard S. Boyle George E. Smith
Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2009 was divided, one half awarded to
Charles Kuen Kao "for groundbreaking achievements concerning
the transmission of light in fibers for optical communication”, the
other half jointly to Willard S. Boyle and George E. Smith "for the
invention of an imaging semiconductor circuit - the CCD sensor".

=

% piksel
paralelni CCD register | | paralelna

/ kontrola
paralelni 3 registra
premik ' ‘“
. serijska

ojacevalnik  serijski CCD register kontrola

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005 registra
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5.2 Kvantni harmonski oscilator

» Osnovno stanje:

2
Ulx)
wo(X)
|
|
|
|
|
|
! X
| ' I
| 0 | a b
stabilno nestabilno  stabilno
| yo(X)]? 1
) U(:}:)—U(c)+§K(x—c)2
|
1
i =Ulc) + §mw2(a: —¢)?
|
| I | X
| O I

= (e (-22.7)
O\ s P T g

Vir: Serway, povzeto po Moses & Moyer, Modern Physics, Thomson Learning, 2005




5.2 Kvantni harmonski oscilator

» Vzbujena stanja:
| #l?
n=0
mw 1 mw mw | | . | ! |
oo AT 2 el
i B ,/—gnnge}(p( on " )H”( B x) 5 4 -3 3 4 5
.. L n=1
1 -1
E’n — (n _|_ _) M ! | 1 I 1 1 1 I 1 |
2
Ulx)
o —
\ /E4=%ﬁﬂ)
Ey=1ho
@:%ﬁm
AE=ho Ey =3 ho
%:%ﬁm
X
0

SIMULACUA 5 4 -3 2 41 0 1 2 3 4 5

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/QuantumOscillator/oscillator2.html
https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/QuantumOscillator/oscillator2.html

5.3 Povprecne vrednosti opazljivk in operatorji

oo
» Povprelna lega: (x) = / x| W(x, t)]? de
» Povprecje funkcije f(x): (f(x)) = f f(z)|U(x, 1)) da
— o0
. d{x) [ ., L0
» Povprecna gibalna koli¢ina: (p) =m U*(x, t) | —ih— ) U(x, t)dx
dt J_ dx
> Opazljivka: @ Opazljivka Simbol Operator
> Operator: Q Lega X x
: . L0
N Gibalna kolicina p —z.h%
(Q) = f U*(x, 1) QU(x, t)dx Potencialna energija U U(zx)
—00 h? 02
Kineticna energija Wiin 3 522
Hamiltonk H O Ly
amiltonka —5,- 52 TU[@)

Polna energija E ih—




5.4 Razvoj valovnih funkcij

oo

» Razvoj po bazi ortonormiranih lastnih funkcij: / Uy () p(x)dz = 0, 5

— o0

Cpn = /00 Oy (z)W(x, t =0)dz

n D enr=1

SIMULACUA

> Casovni razvoj:

e, t) =Y cntbulr) e

mn

Pz, t) =V (z, t)¥(x, t)

= 3 lenlPltbn (@) P+ 37 e (@) () o
SIMULACIJA n m,n

» Povprecna vrednost energije:

(E) = / U (2, ) HW (2. t)de = ) |enE,

» Kolaps valovne funkcije:
SIMULACIJA

Vir: internet



https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/TimeDevelopment/TimeDevelopment.html
https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/TimeDevelopment/TimeDevelopment.html
https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/ExpansionTheorem/ExpansionTheorem.html
https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/ExpansionTheorem/ExpansionTheorem.html
https://www.compadre.org/osp/items/detail.cfm?ID=6814
https://www.compadre.org/osp/items/detail.cfm?ID=6814

5.5 Potencialna stopnica

. ih (AU AU
» Operator gostote toka delcev: j==5- (11; T 11,)
> ODBOINOST: P by V2E
. kl + kg h
4h 1k 2m(E — V)
> PREPUSTNOST: L ey — V :
|k‘1 + /‘J2|
> Ve E<VyR=1
Energija . Energiia
V(X) = VO
V(x) =V,
’ V(x)=0 E
V(X) =0 - 2
0 X

ANA
VAVANVa

SIMULACUA

/O /\\/f N

Vir: internet; povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012



https://phet.colorado.edu/en/simulation/legacy/quantum-tunneling
https://phet.colorado.edu/en/simulation/legacy/quantum-tunneling

5.6 Potencialna plast

k k1 2 )
(m — ﬂ) sin“ (ko)
» ODBOJNOST: R = 5
1+ (2% — %) sin?(koL)
1
» PREPUSTNOST: T =

. 2 .
1+ (2’% — 2%) sin? (ko L)

1 2m(Vo — E
T . oV m(ho )
1+ (ﬁJr%) sinh? (kL)
T
A
1r—— —T—= -
| | |
| | |
| | |
| | |
| | |
| | |
| 1 1 » F
0 U E; Ey Eg

SIMULACUA

Energija

W(x)

AWA

VAVA

Vir: internet; povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012



https://phet.colorado.edu/en/simulation/legacy/quantum-tunneling
https://phet.colorado.edu/en/simulation/legacy/quantum-tunneling

5.6 Potencialna plast

> Primeri tuneliranja: jedro (+Ze) delec a (+2e)
E 87
1.RAZPAD o: T(E) = exp( 4wz,/ D8y p ) @ . .t
0
) R
dmegh 2
S U En —
"= M €2 " 8TeNT0
; u(r)
10°
10° U(r)=2Ze%/(4nz,r)
\I:% 105 . = I, . N —— E
) -
o
C
E 10—10
< 0 - T
10—15 R
..U238 I
10—20 1 | ! | -
0.3 0.4 0.5
E-1/2 (Mev-1/2)

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H. Freeman and
Company, 2012




5.6 Potencialna plast

2. INVERZIJA NH; (amonijev maser):

! oS pravokotna na |

: N simetrijsko ravnino
simetrijska

ravnina
3.SEVANIE Crnih lukenij:

horizont
dogodko

@ svetloba je
stacionarna svetloba
pobegne

Stephen Hawking

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




5.6 Potencialna plast

4. Vrsti¢ni tunelski mikroskop (STM): rllggeﬁNObel Prize in PhYSiCS

<l

prazen

vzorec konica
prostor

Ernst Ruska Gerd Binnig Heinrich Rohrer
Prize share: 1/2 Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 1986 was divided, one half awarded to
Ernst Ruska “for his fundamental work in electron optics, and for
the design of the first electron microscope’, the other half jointly to

Gerd Binnig and Heinrich Rohrer “for their design of the scanning
tunneling microscope".
STM (1JS) & e

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H.
Freeman and Company, 2012
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6.1 Centralne sile

> Verjetnost: PAV = |W(F, t)[*dV
> Stacionarna stanja: (7, t) = (F)e P = (F)e!

» Hamiltonka: Wiin = —

52(02 0?2 82) h?

+ s+
2m \ dx?  Oy?  0z2

hQ
— o V() + V) = Bo(7)
m
Z
» Krogelne koordinate: 7= r(sinf cos ¢, sin#sin ¢, cosf)
AV = r2dr sin #dédy
/l. A
|
[0 ’ :/ z=1rcosf
!
V2_62+26+1c‘92+ L oo 1 0* |
o2 ror r200?  r2tanf o6 r2sin?6 0p2 | , )
7/
: 7/
|
|

. y=rsinf@sing

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




6.1 Centralne sile

» Separacija spremenljivk: U(r) = R(r)O(0)d(p)

» Polarni del valovne funkcije: orbitalno kvantno Stevilo /

_dPe) 1 d@)(ﬁ)+ m?
d6? tand df sin @

= 6(0) = 7" (0)

o) = I(1 + 1)0(8)

[=0.1,2,...
m=—l,—l+1,....[—1.1

Pridruzeni Legendrovi
polinomi P/" ()

Py =1
P?=QCOSB
P} =sin 6

PS =4(3cos> 60— 1)
Pé = 4 sin 6 cos 0
P% = sin” 0




6.1 Centralne sile

> Kotni del valovne funkcije: O(#)® () = Y, (4. ¢) = A, P (#)e"? Krogelne funkcije Y/ (f.0)

Yy =

1
N\

’3
Y? =% — -cos 6
T

+ 3
Yl_l = 1% \‘ -sinf- ¢~
0 ,\’ 2
YQ Z (3 cos“0 — ])
2 YQtl = 1% \‘— sinf-cos Q- e*b
2m

H=l—

+ 15
YQ_Q \’ . -sin2@ - /~21¢

» Radialni del valovne funkcije:

W (OPR(r) L2 20R(r) N P21+ 1)
2m Or? rOr 2mr2

Vir: internet




6.2 Kvantni rotator

» Rotacijska energija:

A
R (O2R(r) 20R(r R21(1+ 1 -
_ 7 (e | F,}r ) | 2« | (r)\ | (—F)R(T) L UGRG) = ER(F) =3
21 Or= o Or 22
) \ ) 72 .
> Vrtilna koligina: L* Y, (0, ¢) = (I + 1)k Y;"™(0, o) Wrot = 5 = =2
LZY™(0.0) = mh Y™ (6, 0)
z —_
R+ 1) =1
(Wrot) = 2.7 ’ =0

> Vrtenje po sferi: r=konst.  O(A)®(p) = Y™ (6. 6) = A, P"(8)e"?

f Y, (4, c;b)YEi'”’(E), @) sin6dfde = 0y 11 0y
Q

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H. Freeman and
Company, 2012




6.3 Atom vodika in njemu podobni atomi

7 2
> Elektrostatski potencial: U(r) =— 20
dmeogr
n (O°R(r) 20R(r) A1+ 1) Ze3
i Cba:  — - R(r)+—-——""R(r)= ER(r
> Radialna valovna enacba 5 ( ISR ) + 5 B+ po— (1) (r)
> Valovne funkcije: U(r, 0, 0,t) = pim(r, 0, 0)e " EV/ = R, 1 (r)Y™ (8, p)e BN
2 2 2
» Lastne energije: E, = —1 0 Z— = —EOZ—,
2 Adwegrp n? n?
1 e2 Amegh? h2c2 energijski nivoji
Eo— & _ 1360V rp= 7;60 _ ¢ ! ; gl |
24megrp egMe MeC 0
S 4s 4p 4d 4f
By 3p | 3d
» Kvantna Stevila: P
34 prepovedan
1. glavno kvantno Stevilo (energija) 2s 2p prehod
neN dovoljen
2. orbitalno kvantno stevilo (vrtilna koli¢ina) — prehod
(=01, ...n—1 IZBIRNA PRAVILA
3. magnetno kvantno Stevilo (projekcija vrtilne kolicine) Al = +1
m = —l—l+1l— 1[ -13.6 1s ATTE:O,:IZI

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




6.3 Atom vodika in njemu podobni atomi

» Degeneracija: » Radialna verjetnostna gostota:
0.6 — T
d=n+2xn—-1)+2x(n—-2)+..+2x1=n? a Porydr = [ sinfdd
ZZRill 0
2
2w
» Radialne valovne funkcije: R, (r) o4l / Ap| . 1m (1,0,0)2r2dr
0
0.3
n 4 R, o(r)
o 02
Lo (B e
0.1
3 %
e e
2do 0.20
7 3/2 (.
) ! 2a, e 75 P 016
3 - L
; 0 ( Z )/ { 22r 2 (zy) ] P 0.12 3
3520 Vo 3520 27 0.08 !!f \\\ 4,0
; . ( 7 ) N2 Zr (1 o )BZT/SGO / .
3&0 \/7 6&0 0.04 - ’,"\‘ !’l -
7 \3/2 9o 2 0 e | “S~el g
3 2 (sa) ( )62’/3“" 0 4 8 12 16 20 24 928 32 36 40
0 27\5 0.12 34 Tjay
o,
i m‘ 0.08 |- Y ad
7 S
X . B ’ ~o
» Stevilo vozlov: 0.04 PR < S
Ny =n—101—1 okl A Ssuer I e il b T
v 0 4 8 12 16 2 24 98 32 36 40
_—

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005 Zr/ay




6.3 Atom vodika in njemu podobni atomi

» Lastne valovne funkcije: y

SIMULACUA

Vir: internet
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http://www.falstad.com/qmatom/
http://www.falstad.com/qmatom/

6.4 Atomski magnetizem

» Magnetni moment atoma:

[/

; AN

2up

Uy

0 » Bohrov magneton:
eoh
it [ = 2721 =027 x 107%* Am?
e
)
fe > Kvantizacija momenta:
[l, = —jLpMm

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




6.4 Atomski magnetizem

» Zunanje magnetno polje: E,, = —ji- B= ipBm = hwrm
B=0 B>0
me = 1
n=24{=1- - ——————- me = 0
my = —1
- +
energijski ey = o) — «— ey + o)
nivoji
l‘--_‘-'-""'----_
ha, \“‘ﬁwo
n =1, =0 . y y y my = 0
o) (g — o) @y (W + @)
spekter

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




6.5 Spin elektrona

» Stern-Gerlachov poskus:

jL=tpup = 2)pms

1 1

s = D) Mg = :I:§
curek
atomov

nehomogeno
polje

klasiéno<~ >
zaslon
eksp. <>

SIMULACUA

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005

The Nobel Prize in Physics
1943

-

=

Otto Stern

Prize share: 1/1

The Nobel Prize in Physics 1943 was awarded to Otto Stern “for his
contribution to the development of the molecular ray method and
his discovery of the magnetic moment of the proton".

T



https://phet.colorado.edu/en/simulation/legacy/stern-gerlach
https://phet.colorado.edu/en/simulation/legacy/stern-gerlach

6.5 Spin elektrona

» Spinska vrtilna koli¢ina: spin gor
- 3
5] = \/5(s + Dh = ‘Q[h

- 1
|S.| = msh = :I:ah

» Spinski magnetni moment:

7 = —g%g g = 2.0023

» Skupni magnetni moment:

. - - LB, 7 =
fi = po + s = —lh(L +995)

» Lastno stanje (4 kvantna Stevila):
wn,l,m,ms (7‘, 97 KP) - wn,l,m(ra 9a LP)%

5,2 vn,l,m,ms = 3(5 =+ 1)h2 ",bn,l,m,ms

gz vn,l,m,ms = Wzshwn,l,m,ms

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005 spin dol




6.6 Sklopitev spinske in tirne vrtilne kolicine

» Notranji Zeemanov efekt:
2 1 - =
Frs=———5=(—=)(L-8
Lo Qreom?2e? <7‘3> ( )

ALS 7 =
= g2 (Lo S)

> Skupna vrtilna koli¢ina: J =L + §
j2 @n,l,j,mj - ](3 + l)hg ’Gbn,l,j,mj

T2 0 o N
J wn,l,j,mj - nghwn,s,g,mj

> Novi kvantni stevili:
l—s|<j<l+s

myj = _js _.7 =+ 13 j

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




6.6 Sklopitev spinske in tirne vrtilne kolicine

» Energijski razcep: 2p:
- o (- =(5Y) U+ =) =s(s+1) _ 3
(L.S>_ 5 = 5 h q AE—ﬁ)\LS

> Spektroskopske oznake: nL; ‘ S

AE = 2uB =5 x 107 eV

> Notranje polje: Bt ~ 1T s (2x) R

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




6./ Zeemanov razcep

» Moment ji = [lp + jis = —lif(L +g5)
nanjem polju B || @ :
v zunanjem polju B || ¢ m = 312
A~ L A ~ ///,/ m. = 1/2 $ 4/3ﬂBB
H. = H—B(Lz +gS.)B 2P3; (4x) - J
h B 2 413158
m, = -3/2 $ 4/3uzB
A2
m;=1/2
1.Sibko polje: B < By ~ 1T E, 2S,,, (2x) T
--------------------- “Tommmmmmmmmommmmommmmmmmr 2B
ﬁ \‘\\\ m]: '1/2
A
L. = qsjppBm; -
3 l(l+1)—s(s+1
stj—i—( 2.). (1 ) m;=1/2
i+ v 2P (2x) -




6./ Zeemanov razcep

2.Mocno polje: B> By ~ 1T # E. = upB(m + gmy)

=0 (2s) =1 (2p)
m=1, mg=1/2
m,=0, m= 1/2 7 om=0,mg=1/2 { usB
E, 248 oot = +1, m =172 (X)) ugB
T TEEEEEEE s '<_\ ________________________________________ €::----
. m=0,m.=-1/2 “os. m=0,m=-1/2 § 1B

s« m=-1,mg= -1/2$ HB

N\,

ms = -3 —59MBDB

B, ESR spektrometer (1JS)

Vir: internet




6.8 Atomi z vec elektroni

» Paulijevo izklju¢itveno nacelo: atomsko stanje The Nobel Prize in PhYSiCS
(n, 1,j, m) oz. (n, I, m, my) najvec enkrat 194.5
zasedenoI

» Nelodljivost identi¢nih delcev v kvantni mehaniki
(izmenjalna simetrija):

[ (71, )7 = [¢b(7, 7))

BOZONI: (71, 7%) = ¥ (7, 71)

Wolfgang Pauli

Prize share: 1/1

FERMIONI: (7. 72) = —(72. 71)
The Nobel Prize in Physics 1945 was awarded to Wolfgang Pauli "for
the discovery of the Exclusion Principle, also called the Pauli

1 1

6 9
a A // ° @ —
klasiCen pogled C/K

M pogled

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




6.8 Atomi z vec elektroni

» Elektronska konfiguracija:

Atom 1s 2s 2p Konfiguracija

. 1Tt
ST
ST
< M M [0
M [ (][] e

o (1 (] (] (1] e

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




6.8 Atomi z vec elektroni

> Periodni sistem elementov:

I1 h 1s’
1!H e 1 7s[]7P 6d st
\:o?ik Helij 1 6s D 6p 5d af
S 4 H p s[]% 4d 5 6 7 8 9 10
21 B EMe el B S s [ R NS
) erilij i 3 _ or glji usi isi uor eon
! D Vodik d s % £=0 3 44 335 |2 -1
11 12 1,008 2s[ | m=0 13 14 |15 16 17 18
3Na Mg -1 F _ Al Si P S Cl Ar
Natrij Magnezij 1 n=1 Aluminij  |Silicij Fosfor Zveplo Klor Argon
1 2 3 4 =550 2246 |-11357
19 20 21 22 23 24 25 26 27 28 29 30 3 32 33 34 35 36
4K Ca Sc Ti V Cr Mn Fe |Co Ni Cu Zn Ga Ge As Se Br Kr
Kalij Kalcij Skandij | Titan Vanadij |Krom Mangan |Zelezo |Kobalt Nikelj Baker Cink Galij Germanij |Arzen Selen Brom Kripton
1 2 3 4 5 36 247 2.3 25 2 2 2 3 424 S 2246 [1135 |2
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
5Rb Sr Y Zr Nb Mo Tc Ru Rh Pd |A Cd |In Sn Sb [Te | Xe
Rubidij  Stroncij |Itrij Cirkonij | Niobij Molibden |Tehnecij |Rutenij |Rodij Paladii |Srebro  |Kadmij |Indij Kositer  |Antimon |Telur Jod Ksenon
1 2 3 4 5 46 : 34 2 24 1 2 3 424 S 2246 |11357(246
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
6Cs Ba s.-71 /Hf ' Ta W Re ©Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Cezi) Barij Hafnij Tantal Volfram |Renij Osmij Iridij Platina  |Zlato Znvosrebio | Tali) Svinec  |Bizmut |Polonij  |Astat Radon
1 2 4 5 4.6 4 4 34 24 & 12 & 24 224 1.1 2
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
7Fr Ra fg13/Rf Db Sg Bh Hs Mt Ds Rg Cn |Nh |FI Mc Lv [Ts Og
Francij 2Radij ?ahrbti 5Duhnij giborgij ?on'j Ié|asij Majtneri) |Dammétal iLr | Kopernicij {Nihonium |Ununkvadi [Moscovium |Ununheksi | Tennessing
NajpogostejSa oksidacijska stanja so pokazana pod elementom.
Periodni Sistem Design & Interface Copyright © 1997 Michael Dayah. Ptable.com Last updated 16. jun. 2017
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Lantan  Cerij Prazeodm |[Neodim Prometj Samarij |Evropij |Gadolinij Terbij Disprozij |Holmij Erbij Tulij Iterbi) Lutecij
3 34 5! 3 3 & 23 & & 3 3 &) & 3 &
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
SIMULACIJA Ac Th Pa U Npo Pu Am Cm Bk Cf Es Fm Md No |Lr
Aktinij Tor) Protaktinij {Uran Neptunij |Plutonij  Americij  Kirij Berkelij Kalifornij AjnStajnij |[Fermij Mendelevj MNobelij  |Lavrencij
Vir: internet 3 4 5 6 5 4 3 3 3 3 3 3 3 2 2



https://phet.colorado.edu/en/simulation/legacy/build-an-atom
https://phet.colorado.edu/en/simulation/legacy/build-an-atom
https://www.ptable.com/#Orbital
https://www.ptable.com/#Orbital
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7.1 Povezovanje atomov v molekule in tipi vezi

» Molekulske vezi: izklju¢itveno nacelo in tuneliranje

(1)
|
i
i
i
1/ odbojni potencial e 1/r™
|
» Molekulski potencial: '
1
“ polni potencial
A B
Ulr)=——+— “eo
T T o

t

vezavna "
energija

ravnovesna ,* riviaéni potencial o< 1/71"
. o
razdalja A P g

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




7.1 Povezovanje atomov v molekule in tipi vezi

» Tipi molekulskih vezi

1.lonska vez:
E (eV)
4
aktivacijska
2 ———— energija
* ionizacijska energija 1 disociacija Na' +ClI~
* elektronska afiniteta
. .o .o 0 A 1 Na + C].
 aktivacijska energija 0.2 0.4 0.6 0. 1.0 1.2 1.4 1.6
« disociacijska energija ! \ ~ r (nm)
—9 4:2 eV
\ v%_di/sociacijska
-3 / energija
|
—4

0.25 (nm)

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




7.1 Povezovanje atomov v molekule in tipi vezi

2.Kovalentna vez: molekulske orbitale

3.Van der Wallsova vez:

priviak

_> 4__

_’ ‘_

4.Vodikova vez:

odboj
- ®-

<« N
odboj

& o
N S

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




/.2 Rotacijska in vibracijska vzbujena stanja molekul

> Rotacije molekul: z
h2
El . = o7 1)
J = TTZ«,J‘Q
1 1 1
= + r=1ry+17r

m,  mi Mo

» Absorpcijski spekter: Al = £1

h?
l.vejaP: [ 11 AEE——jl
h?
2.vejaR: [ —1+1 AFEL = —(141) )
J 1=3
veja P veja R
hid W =2
<
o 1=1
' > ’ 1=0
2

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




/.2 Rotacijska in vibracijska vzbujena stanja molekul

» Vibracije molekul: my
1
2 K
K d*U(r)
= E— K —
¥ my, dr?
r=TQ

» Absorpcijski spekter: An=+1 AFE,;, = hw

n Evib
0
?)A 7 ho
2
-1
5
2 A § he —~ _o
S -
AE Q
1 Y § ha) > -3
2
_4
0 1 heo
2 NacCl
| E=0 "

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H. Freeman and
Company, 2012




/.2 Rotacijska in vibracijska vzbujena stanja molekul

» Rotacijsko-vibracijski spekter: A
— (=4
B = - (141 U\
frot—m'b_ﬁ(Jr )Jr n+§ A A (=3 n=1
i i g = ?
A A ¢ _ 0
» lzbirna pravila za opticne prehode:
Al = +1
An = +1 E
K
| L
| HCI |
| (-4
l . (=3 =0
| i (=2
J‘LD‘LJ - v UL AL, =1
8.00 8.20 8.40 8.60 8.80 9.00 9.20x 10" Hz S———— —— =0
14 Al = -1 Al =+1

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




7.3 Kvantnomehanski opis molekul

1. Molekula H,*:

2 2
(& (&
U(r) =— — =
(4) 4"’TEO|TF‘| 4’?T€0|’I_"— R|
2
€
U;(r) = =
i) dmeg| R
» Simetri¢na funkcija:
¢+(f‘) - @a(ﬁ + '@i’a(?_“_ ﬁ)
dl+ N\ /4
\x/
» Antisimetri¢na funkcija:
W_
_ = A
V- (F) = Va(F) — Ya(F — R) o\

~
HH\\\/ |¢‘—|2
S
N

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson'Learning, 2005




7.3 Kvantnomehanski opis molekul

» Energija: 40
30
Es(R) = —FE|1+ 2 X
T T T L (1 R/r + R2/3rg)eT/rs
BB B\ —2r/rs B\ kg
(o (e Byeres (11,
2 .
B, = —2.7eV
Ro = 0,106 nm 20
-30
2. Molekula H,: E
—40 *
E, = —4.5eV
Ry =0.074nm -50
SIMULACUA ~60 '

Vir: internet; povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012



http://www.falstad.com/qmmo/
http://www.falstad.com/qmmo/
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8.1 Maxwell-Boltzmannova porazdelitev

» Osnovne predpostavke:

1. razlodljivi identicni delci
2.ravnovesna porazdelitev

3. majhna gostota/visoka temperatura

J. C. Maxwell

/o) Tl B %‘Q
< 628100 S

L. Boltzmann

Vir: internet




8.1 Maxwell-Boltzmannova porazdelitev

> Primer: 6 delcev s skupno energijo 8 (30) (30) (60) (20)
8E |t t 1 1 ? ! : — |
6F |1 l | | i !
T T | | T | .
4E|T ! | | ' ! . S U j—
QE : : i i t : 4008 4880 L 2 4 4080
0 1332?5 T2§:§6 T;B:§B ngﬁl;-ﬁ T;gz_ﬁ‘g ngzgﬁ (120) (60) (15) (120) (60)
)4 . . . e SE
» St. mikrostanj za konfiguracijo: 6 |- -
N N! 4FE *-e— 2- [
MB = o7 - .
NI'NQ‘ ) —es0— =
v . . 0 * e 9 009 — e —-
» St. vseh mikrostanij:
NU — 1287 (180) (30) (60) (90) (180)
8E
» \Verjetnost za konfiguracijo: 6F
~ Nusp 4E|® : - - "
pj"va — NO oOF | —* - ——
— s —sses — - =
v 0 L 2 & 0@ 8- 8-
» Povprecna zasedenost:
S i (120) (6) (15) (60) (15)
Ni=> N/p),
i M B ]E
J 6F
> Verjetnost za energijo E;: 4E |- -
f' _ % 2E —ess— —essss = i
7 — & a8 &
6 0 © - ©

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




8.1 Maxwell-Boltzmannova porazdelitev

» Osnovne predpostavke:

1. fiksno Stevilo identi¢nih delcev

2.fiksna skupna energija

DISKRETNA PORAZDELITEV ZVEZNA PORAZDELITEV

» Porazdelitvena funkcija:

firp = Ae”Fi/ksT fup(E) = Ae”F/ksT

» Degeneracija/gostota stanj (razpolozljiva stanja):

q 9(E)
> Stevilo zasedenih stan;j:

N'=gifirp n(E)dE = g(E) fap(E)dE

» Normalizacija:

N:ZNé:Zgif;va % _Am71(E)dE—/DOOQ(E)fjuB(E)dE




8.1 Maxwell-Boltzmannova porazdelitev

» Porazdelitev hitrosti molekul plina (tockasti neinteragirajoci delci):
Maxwell |. 1859

» Gostota stanj v prostoru hitrosti:

g(v)dv = Cdrvdo

> Porazdelitev hitrosti:
n(E)dE = n(v)dv

3/2
= 471_5 ( 3 ) / UQe_?RUZ/(QkBT)de

V \2nkpT n(v)  Upp -
o
» Povpredja hitrosti: | X Vs
Ly
Ly
~ [8kpT = 3kpT EKVIPARTICIJSKI | |
U= Ve =
T m |ZREK A : T
LN
» Pogoj veljavnosti MB statistike: : : |
|
(%) L il .
v S(TTszT)3/2 Y

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005 Av




8.2 Kvantna statistika

» Kvantna narava delcev spremeni njihovo statistiko pri:

1. velikih gostotah delcev

2. majhnih h del (N) " > 1
.majhnih masah delcev ~—
e V') 8(mkpT)*?
3. nizkih temperaturah
> Klasi¢ni (razlogljivi) delci: YmB = Va(T1)p(72)
a=b Urp = ValF1)a(72) [oarsl? = [Wa(71)P[ta(72)
» Kvantni (nerazlodljivi) delci:
1
a) bozoni by = ——= [, (T1)p(79) + ¥, (7o) Uy (T
) Wy \/Q[?’“ a(T1)Vp(72) + Va (72) (7))
a=b Uy = V20u(F)Ca(Fa) 0] = 210a(F)P[¢a ()] = 2ln s

BOSE-EINSTEINOVA

KONDENZACIJA
. . ! 1 / =} ! g
b)fermioni Vg = f [Va (M) Vp(T2) — a(72) s (7)]
@=b bp = V2 [Ga(71) () — ValFo)tba(71)] = 0 [y]* =0
SIMULACIJA PAULIJEVO

1IZKLJUCITVENO NACELO

Vir: internet



https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/FermionsBosons/FermionsBosons.html
https://www.st-andrews.ac.uk/physics/quvis/simulations_html5/sims/FermionsBosons/FermionsBosons.html

8.2 Kvantna statistika

» Primer: 6 bozonov s skupno energijo 8
» konfiguracija = mikrostanje

» Porazdelitvena funkcija: f;

0.45 -

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005
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0006 4808 000 480 4000
e & [
® —a—
—— e &
* e @ *0® —e Emm— L o
*—— *— *————
& & ——
—es —esee _ = —e
L 4 ® 00 0 \ 4
*~— ®
——— e — e — _
— sse —esses e e
& 0 L




8.2 Kvantna statistika

» Primer: 6 fermionov (spin 1/2) s skupno energijo 8E

» konfiguracija = mikrostanje

» Porazdelitvena funkcija: f;

FD

0.3

8E|——

6| ——

_ o 02 AE |
— P - >
OF | ——— _ -
—es = =
0 - oo oo

0.1

R OROBO
0 2E 4E 6E 8E
E

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




8.2 Kvantna statistika

» Bose-Einsteinova (BE) in Fermi-Diracova (FD) porazdelitev:

» Porazdelitvena funkcija (zvezna):

BOZONI FERMIONI

1 1
fBE(E) — BeE/kBT 1 fFD( ) FeE/kBT 41

N / N
BeE/kBT 1 / FeE/kBT+1

(St. delcev ni fiksno)

N
eE/kBT

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005

Fermijeva energija

e o~/ RT F — o—Er/ksT

N [* g(E)dE
Vo )y eE-Er)/ksT 4 q

E (eV)




8.3 Primeri uporabe kvantne statistike

» Fermijev plin: elektroni (spin S = 1/2) v kovinah kot plin s Fermi-Diracovo statistiko:

St. zasedenih stanj:
n(E)dE = g(£) [rp(E)dE

|
fro(E) = 5 m ke 1 1

2m 3/2
g(E)dE = 4r =) VEdE
)

N <, (2N VEdE
v fo T\ h2 ) cE—ERkeT

n(E)
kpT
—>l—
\ \T:OK
e
T=300K
\
' ' — E(eV)
1 2 3

J(E)

1.0

0.5

Fermijeva hitrost

Vp =

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005

T>0K

2kp T

Rz /3 N\*?
Fr(T=0)= — | ——
F( ) 2m (871’ V)

Fermijeva temperatura

2E Erp
Tp =1
Me kpT




8.3 Primeri uporabe kvantne statistike

» Sevanje ¢rnega telesa: fotoni (spin S = 1) kot plin z Bose-Einsteinovo statistiko:

St. zasedenih stanj:

TL(E)dE = g(E)fBE(E)dE UV vidna svetloba IR
| 14 -
o 5000 K
fBE(E) o eE/kBT _ 1 12 -
/ klasitna teorija (5000 K)
8t 109
E)dE = E*dE
g( ) (hc)g .

Gostota energijskega toka:

Spektralna gostota (arb. units)
D

uw(E)dE = Eg(E) fpp(E)dE

dj ¢ _ 27h v 0

2 ohv/kpT _ | 0

Valovna dolzina (um)

Vir: internet




8.3 Primeri uporabe kvantne statistike

» Bose-Einsteinova kondenzacija: plin bozonov s fiksnim stevilom delcev

St. zasedenih stanj:

N Ny om\*? [~ VEAE
n(E)dE = g(E)fpp(E)dE = T2m (h—2) | BeERT 1
1 2m\ >/ 3
— N = /2
IBE(E) BeE/eaT — 1 Nog=N =27V ( I ) I(1)(k)T)
2\ 2z VT
— - I(1) = = 26—
g(E)dE 271’( h?) VEJE (1) /0 e >
Temperature prehoda: 1
trden
o (N1 N |
PETA\V 2rI(1))  2mkp i
tekoC \ tekoC
4He I ! 4He |
ul plinast
SIMULACIJA ~ g
Vir: internet T,=2,18K

T



https://www.youtube.com/watch?v=2Z6UJbwxBZI
https://www.youtube.com/watch?v=2Z6UJbwxBZI

8.3 Primeri uporabe kvantne statistike

» Bose-Einsteinova kondenzacija v
eksperimentu s hladnimi atomi:

Porazdelitev hitrosti (BEC):

Vir: internet

The Nobel Prize in Physics
2001

”4

Eric A. Cornell Wolfgang Ketterle Carl E. Wieman

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 2001 was awarded jointly to Eric A.
Cornell, Wolfgang Ketterle and Carl E. Wieman "for the
achievement of Bose-Einstein condensation in dilute gases of alkali

atoms, and for early fundamental studies of the properties of the
condensates".




3.4 Laser|i

> Sirok spekter:  SIMULACIJA The Nobel Prize in Physics
1964

Charles Hard Nicolay Aleksandr

Townes Gennadiyevich Mikhailovich

Prize share: 1/2 Basov Prokhorov
Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 1964 was divided, one half awarded to
Charles Hard Townes, the other half jointly to Nicolay
Gennadiyevich Basov and Aleksandr Mikhailovich Prokhorov "for
fundamental work in the field of quantum electronics, which has
led to the construction of oscillators and amplifiers based on the
maser-laser principle”.

Physikalische Zeitschrift 18, 121 1917
The Quantum Theory of Radiation

A. Einstein
(Received March, 1917)



uporabe:https://www.youtube.com/watch?v=fAEAZaXhD_Y
uporabe:https://www.youtube.com/watch?v=fAEAZaXhD_Y

3.4 Laser|i

> Prehodi med nivoiji: hvy = Ey — By
E
A
A E2 * E2 E2
hy 2Xhv
AVAVES =
VAVAS =
hy hv AV ANVAS =
& E, Y E, E,
absorpcija spontana emisija stimulirana emisija
(nekoherentna) (koherentna)

» \Verjetnosti za prehod na ¢asovno enoto:

wlg(z/, T) = Blgu(u, T) w;li? = Agl wg’i(y, T) = Bglu(u, T)

» Termicno ravnovesje (dinami¢no):

N.
N2 —hw(kBT) Nywio(v,T) = No [wif + wst (v. T
~ 1wi2(v, 2 | Wy 21V,
1
T — Aoy B dmh V3 Bor =B =5
uw(v,T) = BrocFsT) — By, 3 oh(eD) _ Ay — 8’71’]13,1/3
-

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




3.4 Laser|i

» Osnovni principi delovanja:

1.Inverzna populacija: No > Ny = Nows:(v.T) > Nywia(v,T) (ojacitev svetlobe =, lasing”)

2. Laserski medij: 3. Opticni resonator

Es (Crpalno stanje) t,

~
Y hiter razpad
I (metastabilno stanje) t >t,
hv, hv

AN \VAVAVS =
Crpanje laserska emisija _
zrcali

> Osnovne lastnosti:

smer Sirjenja

Y Ey (osnovno stanje) * monokromatic¢nost
 velika intenziteta

e prostorska koherenca
* majhna divergenca

SIMULACIJA
Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://phet.colorado.edu/en/simulation/legacy/lasers
https://phet.colorado.edu/en/simulation/legacy/lasers

3.4 Laser|i

» Tipilaserjev:
1. PLINSKI (He-Ne) 2. TRDNI KRISTALNI (Nd YAG)

3. POLPREVODNISKI 4. PROSTO-ELEKTRONSKI

RS- - - e e e e =

DU B R )

Vir: internet
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9.1 Povezovanje atomov v trdni snovi

1. lonski kristali:

2
e B
U(r)=— B, —
(r) a4’7{'€07‘ - rm + Hion af
Madel konstant 6 x1 12><1+8><1
adelungova konstanta: o = - — —— ...
; V2B

Polna energija

4

3 ionska kohezivna

9 energija

disociacija . _
1 - ,_ﬁL Na® +Cl
r
0 X )( Na + Cl
-1 e r(nm)
=2 \ E,
\ atomska kohezivna
-3 .
/ er|1erg|ja |

—4

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.1 Povezovanje atomov v trdni snovi

2. Kovalentni kristali (diamant): 3. Kovinski kristali (Cu, Au, Na,...):
kovinski ion
elektronski plin

5.Amorfne snovi:

kristal steklo

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.2 DolocCanje kristalne strukture

» Braggov uklon:

2d cos v = n\ 2d sin g = n\

Vir: internet

The Nobel Prize in Physics
1915

Sir William Henry William Lawrence

Bragg Bragg
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1915 was awarded jointly to Sir William
Henry Bragg and William Lawrence Bragg "for their services in the
analysis of crystal structure by means of X-rays"”




9.2 DolocCanje kristalne strukture

» Lauejeva metoda merjenja: The Nobe]_ Prize ln PhYSiCS
1914

vzorec
T @ e

polikromatski curek
zarkov X

Max von Laue
Prize share: 1/1

detektor

The Nobel Prize in Physics 1914 was awarded to Max von Laue "for
his discovery of the diffraction of X-rays by crystals”.

amorfni Fe kristal Fe
Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.3 Pasovna struktura elektronskih stanj v kristalih

» Tvorba elektronskih pasov: A A

2 atoma:
E
vezano stanje: /\/\fﬁ i
® [ ]
AE 3s nevezano stanje: _—
f |
I
I r
To
N atomov:
E

35 N
| 2p 6N
l 2s 2N

r

o

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.3 Pasovna struktura elektronskih stanj v kristalih

» Elektri¢na prevodnost:

E
A E ;
A prevodni pas
b
energijska vrzel
““““““““““ L= L F———————————-E=E}
r
E=0 valencni pas
kovina =0
izolator
E,~10 eV
g
E
prevodni pas
S A *
|
_______________ Lg ) )
L] [ ] (-Ij—b. L] @D.
valencni pas e« o o o o o
polprevodnik _—
E;=1eV elektriCno polje

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.3 Pasovna struktura elektronskih stanj v kristalih

> Efekt periodi¢nega potenciala:

A=2a

A>a

24

N

majhna fazna razlika odbitih valov

» Konstruktivna interferenca odbitih valov: 2a =n\ = &k, = Ifn,
a

7%!}+ A [ei(k:r—wt) + ei(—kx—wt)}

[ i(kr—wt)  i(—kx—wt)

.o =A [e e } |‘{/|2

ly_|? [y, [?
prost
. wr
i, | = 4|A|? cos? — elektron
) a YVYIV VYV VY e

[_|? = 4] A|? sin? Uk
a

pozitivni ioni

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.3 Pasovna struktura elektronskih stanj v kristalih

> Efekt periodi¢nega potenciala:

SIMULACIJA

yd

prepovedani pa§ovi
|

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://phet.colorado.edu/en/simulation/band-structure
https://phet.colorado.edu/en/simulation/band-structure

9.4 Drudejev model elektronov v kovini

» Klasi¢ni model elektronskega plina: — |

zaCetek
konec

A

|
|
[
|
konec |
[
|
|
|
|

N U

i i - o - —
V"4 .
TJdT
L 3kpT\ /2
» termicna hitrost: v =
T

» povprecna prosta pot: L =1

Y . . cF
» povpecna hitrost v el. polju: v = —T

2 2L

» Ohmov zakon: j=0FE o T _ne

m mu

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005

zacCetek




9.5 Model Fermijevega plina

» Kvantni model elektronskega plina (Fermi-Diracova porazdelitev):

centrirana Fermijeva sfera

» Fermijeva hitrost: L = vpt o= =

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.6 Cisti in dopirani polprevodniki

> Cisti polprevodnik: » N-dopiran polprevodnik: » P-dopiran polprevodnik:

dodatni elektron

Si-o-0-(Siro-o-Si-o-0<Si-o-0<5i Siroo-Siroo-Gioo-Gior-S)
O O O O O O O O O O
O O O O O O
@..@..@..@O.@ ..‘ Q.@
— dodatm i
e elektron S5
" SI N O—0O
-T.’. Silicon WM W vk v ?
[ uie o c N0 Fne]
1 PEERERarE NSy | GaaE
s c_a'_'_szn_n:_’iwg'_";an'n e zalcal ol Al s or | ke |
O CHR S R R T G e O T R L £ s e B B G
 [Rb] s ]'v [ 'zr [ b Mo v [mu [ an | pa g | ca | in | sn 56 Te |1 e
o [ |Ba | s | HE | Ta | W | Re | Os | Ir | Pt | Au|Hg| T | Pb | Bi | Po | At | Rn |
O CR s G (R e e s B s e (e e e s s (L . .
+ [P [Ra oo #¢ [ Db 5o [ah [ s | me | s | g | cn [uue] Fi Juup) 1y |uusluuo prazen prevodni pas prazen prevodni pas
n
& N N
4 00—
—o—o- donorska
— —0—0— Stanja
Eg=11eV J —0—0— akceptorska
5=~ stanja
- -
0 y v
v 5 Y
poln valencni pas poln valencni pas poln valencni pas

Ne =Ny Ne > Ny Ne <Ny

Vir: povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012




9.6 Cisti in dopirani polprevodniki

Cisti polprevodnik:

» Gostota elektronov v prevodnem pasu:

2m, 3/2 peo 1
= 47 ( 2 ) /Eg e(E—EF)/kBT+1\/E_EQdE

B. (]‘JBT)S/Qe_(Eg_EF)/kBT

2Tm, 3/2
Be =2 ( h2 )

> Gostota vrzeli v valenénem pasu: % 1812
Ny = — —

v V . FD .g ; 106

o 2

2my\ 2 [0 1 5 10
:47?( v) / V—EdE S 1072
" 32 Er/k eT co g 10
= By(kpT)/<e =F/FB E 10-10
po=o ()" g0

2

Vir: internet

AN
7

E(k)

prevodni pas

energijska vrzel E,

'\ valen¢ni pas

1 1 I 1 1
200 400 600 800 1000
T(°C)




9.6 Cisti in dopirani polprevodniki

Cisti polprevodnik: E(k)

» Fermijeva energija:

E 3 m, prevodni pas

ne=mn, = Fp= 29 ~+ ikBT lnm
[S)

energijska vrzel E,

» Efektivna gostota stan;j: K 7‘ }
NeTy = nge_Eg/ kpT

/’\ valen¢ni pas
5 (27?1/7736771UkBT>3/2
ng =

h?2

106

> Prevajanje elektricnega toka: 0% 2

(v) 102

"=

p (€2m)

P 10-6 ; ; ;
0O 200 400 600 800 1000 1200
Vir: internet T (OC)




9.6 Cisti in dopirani polprevodniki

Dopiran polprevodnik:

Nelly = noe —Eq/kpT

(27?, /memUkBT) 3/2
nog =

h?2

> tipn: ne =n,+ng[l — f(E, — Eq)]

prevodni pas

n, (1/m3)
EQM\ °
——————————— donorski nivo 10%°
~Er
Byl T
2 1018
O 1016
valencni pas
F N
0 01  keT/E,

Vir: internet




9.6 Cisti in dopirani polprevodniki

» Meritev velinskih nosilcev naboja: Hallov pojav

tipp tip n
X X X X X X X X X X X X X X
B B
X X X X X X X X X X X X X X

++++++++++++++++ -+ e ——

><><B'><><><><><T ><><><><B><><><1‘
te ‘ Uy - Uy

X X X Vdax X X X‘ X X X VHX X X X
———————————————————— FFFFFFFFFFFFFFFFFFFF
U——> y—

X X X X X X X X X X X X X X
X X X X X X X X X X X X X X

U U
eEH:e—H:e(v)BziB:U—B
a n cn

Vir: povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012




9.7 Stik p-n in polprevodniske naprave

» Stik p-n: depletirano

podrogje donorski/akceptorski
e ioni
P ode e "
o bl ¥
& 0066
xi xi:o ri > X tip p tip n A
e e OO
i lF i prevodni pas )
R
S —
N e
Y
i p i Zualenéni e
i J: /va enc¢ni pa alenéni pa
Nan 77777777
| I v > x ~ polprevodnigki
stik

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H. Freeman and
Company, 2012




9.7 Stik p-n in polprevodniske naprave

» Polprevodniske naprave:

1. Usmerniska dioda:

] — Io(eeU/KBT _

Iy=20 uA

I (MA) /
50 l
3
40
30 //}
20 72
10 /
| p
I
T -1.0  -0.5 0.5 1.0
tok v tok v
zaporni prevodni —>
smeri smeri

SIMULACIJA

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H. Freeman and
Company, 2012

-~ U (V)

I

®o % o ol_'t_‘. o o o
c.o..':.'_'| o’
.o. o ._;I-T.....' K °e

U._T

tip p tip n

tok v prevodni smeri

o %o —1%° , °
=]+ 0 [} ®
-il-po. o.

VT

tipp tipn

tok v zaporni smeri



https://phet.colorado.edu/en/simulation/semiconductor
https://phet.colorado.edu/en/simulation/semiconductor

9.7 Stik p-n in polprevodniske naprave

2.Solarna celica in LED:

NN

Ne
N The Nobel Prize in Physics

/ - 2014

tipp tipn

+ ¢ \
t' ,_I'r’ 4 Photo: A. Mahmoud Photo: A. Mahmoud Photo: A. Mahmoud
PP + x ; : S
Isamu Akasaki Hiroshi Amano Shuji Nakamura

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

Y |
Tyt tip n »: : o
+ 4 + The Nobel Prize in Physics 2014 was awarded jointly to Isamu
++ ++ + + — Akasaki, Hiroshi Amano and Shuji Nakamura “for the invention of
+ _ -

- _ - efficient blue light-emitting diodes which has enabled bright and
- - energy-saving white light sources”.

Vir: internet; povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012




9.7 Stik p-n in polprevodniske naprave

3. Tranzistor: ( - L

vhodni
S|gnal
T

RL
Egizhodm
signal

4 t b=y The Nobel Prize in Physics

éc

N 1956

William Bradford John Bardeen Walter Houser
Shockley Prize share: 1/3 Brattain
Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 1956 was awarded jointly to William

L & Bradford Shockley, John Bardeen and Walter Houser Brattain "for
their researches on semiconductors and their discovery of the

1907 1947 1963 transistor effect”.

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.7 Stik p-n in polprevodniske naprave

4.FET:
_ kanal n
SIO
S G D
P
depletirano
podroCje

5.Tiskano vezje:

The Nobel Prize in Physics
2000

2. :
Zhores I. Alferov Herbert Kroemer Jack S. Kilby
Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2000 was awarded “for basic work on
information and communication technology”with one half jointly
to Zhores I. Alferov and Herbert Kroemer "for developing
semiconductor heterostructures used in high-speed- and opto-
electronics"and the other half to Jack S. Kilby “for his part in the
invention of the integrated circuit”.

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




9.8 Superprevodnost

U=IR The Nobel Prize in Physics
1913

» Ohmov zakon:

0.15
Hg
0.125 - /
0.10 | {
—~ I
S .'
0.075
@ I
I
|
0.05 I
ll Material T.(K)
I Heike Kamerlingh
0.025 = 10-5 Q! /n 0.88 Onnes
| \Oo! | Al 11 9 Prize share: 1.1
0.00
400 410 420 4230 Sn 3.72 The Nobel Prize in Physics 1913 was awarded to Heike Kamerlingh
T (K) Hg 415 Onnes "for his investigations on the properties of matter at low
Pb 7.18 temperatures which led inter alia, fo the production of liguid
Nl) 946 heliuvm™
NbgSn 18.05
NbgGe 23.2
YBasCusgOy 92
Bi—Sr—Ca-Cu-0 105
TI-Ba-Ca-Cu-0 125
HgBasCasCugOg 134
SIMULACIA

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H.

Freeman and Company, 2012



https://www.youtube.com/watch?v=D8lfkQpLKHQ&feature=youtu.be
https://www.youtube.com/watch?v=D8lfkQpLKHQ&feature=youtu.be

9.8 Superprevodnost

» Meissnerjev efekt: levitacija

I
T>T, T<T,
YYYYYYYYY ‘F\**' ¢ v /* \ 4
» Kriti¢no polje:
A
0.10 -
- normalno
Be(0)—=0.08 stanje
£ 006
[
0.04
0.02 superprevodnik
I R |
0 2 4 6 T g T(K)
TC
SIMULACIJA

» Teorija BCS:
Cooperjevi pari

The Nobel Prize in Physics
1972

Leon Neil Cooper John Robert
Prize share: 1/3 Schrieffer
Prize share: 1/3

John Bardeen
Prize share: 1/3

The Nobel Prize in Physics 1972 was awarded jointly to John
Bardeen, Leon Neil Cooper and John Robert Schrieffer "for their
Jointly developed theory of superconductivity, usually called the
BCS-theory™.

Vir: internet; Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012



https://www.youtube.com/watch?v=NYtgIXfWaYM
https://www.youtube.com/watch?v=ybOHPLVzeMU
https://www.youtube.com/watch?v=ybOHPLVzeMU

9.8 Superprevodnost

> Visokotemperaturna superprevodnost: The Nobel Prize in Physics
1987

keramika

200 - H3S (150 GP'a)'.

-
-
-

. s
J. Georg Bednorz K. Alexander Miiller

g HgBaCaCuO (30 GPa)g :
@ 150 4 " Prize share: 1/2 Prize share: 1/2
© '
2 TICaBaCuO g
-QCJ atute The Nobel Prize in Physics 1987 was awarded jointly to J. Georg
S . Bednorz and K. Alexander Miiller “for their important break-
o 100 - YBCOg through in the discovery of superconductivity in ceramic materials”
3 (]
©
-
8
E 50 - [
ld_,) ]'_.aBaCuO..
Nb3Sn g, Nb3Ge o-
Hg._‘_. .HI!. -7

0 1 T T T T T
1900 1920 1940 1960 1980 2000 2020

Leto

Vir: internet




9.8 Superprevodnost

SUPERPREVODNI MAGNETI

L1 ]

-
AL
=
=
-
=
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-
o
-
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-
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-
-
—
b
o~
=
ot
-

SQUID MAGNETOMETER OBCUTLJIVI DETEKTORJI DELCEV KVANTNO RACUNALNISTVO

Vir: internet
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Jedrska fizika




10.1 Lastnosti jeder

» Prelomnice v jedrski fiziki:

e |.1896: odkritje radioaktivnosti -
rojstvo jedrske fizike (Becquerel)

« |. 1898: izolacija radija (zakonca Curie)
e |.1911: odkritje jedra (Rutherford)

The Nobel Prize in
Chemistry 1908

Ernest Rutherford

Prize share: 1/1

The Nobel Prize in Chemistry 1908 was awarded to Ernest
Rutherford “for his investigations into the disintegration of the
elements, and the chemistry of radioactive substances"

Vir: internet

The Nobel Prize in Physics
1903

Antoine Henri Pierre Curie Marie Curie, née

Becquerel Prize share: 1/4 Sklodowska
Prize share: 1/2 Prize share: 1/4

The Nobel Prize in Physics 1903 was divided, one half awarded to
Antoine Henri Becquerel “in recognition of the extraordinary
services he has rendered by his discovery of spontaneous
radioactivity”, the other half jointly to Pierre Curie and Marie Curie,
née Sklodowska “in recognition of the extraordinary services they
have rendered by their joint researches on the radiation
phenomena discovered by Professor Henri Becquerel".




10.1 Lastnosti jeder

» Prelomnice v jedrski fiziki:

* 1.1930: odkritje jedrskih reakcij
(Cockcroft & Walton)

e |.1932: odkritje nevtrona (Chaldwick)

The Nobel Prize in Physics
1935

James Chadwick
Prize share: 1/1

The Nobel Prize in Physics 1935 was awarded to James Chadwick
"for the discovery of the neutron”.

Vir: internet

The Nobel Prize in Physics
1951

Sir John Douglas Ernest Thomas
Cockcroft Sinton Walton
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1951 was awarded jointly to Sir john
Douglas Cockcroft and Ernest Thomas Sinton Walton “for their
pioneer work on the transmutation of atomic nuclei by artificially
accelerated atomic particles”




10.1 Lastnosti jeder

» Prelomnice v jedrski fiziki:
* 1.1933: odkritje umetne radioaktivnosti
(Irene & Frédéric Joliot-Curie)

* 1.1938: odkritje jedrske fisije (Meitner,
Hahn, Strassmann)

* |.1942: razvoj prvega jedrskega
reaktorja (Fermi)

The Nobel Prize in Physics
1938

Enrico Fermi
Prize share: 1/1

The Nobel Prize in Physics 1938 was awarded to Enrico Fermi “for
his demonstrations of the existence of new radioactive elements

produced by neutron irradiation, and for his related discovery of
nuclear reactions brought about by slow neutrons”.

The Nobel Prize in
Chemistry 1935

42

Frédéric Joliot Iréne Joliot-Curie
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Chemistry 1935 was awarded jointly to Frédéric

Joliot and Iréne Joliot-Curie "in recognition of their synthesis of new
radioactive elements”

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.1 Lastnosti jeder

» Sestava jeder (nukleoni): é‘X lzotopi:

1H H
* vrstno (atomsko) Stevilo (protoni): Z

* nevtronsko Stevilo (nevtroni): N 0 “

* masno Stevilo (nukleoni): A=Z+ N vodik devterij tritij
(99.98%) (0.02%)
» Naboj jeder: Ze,
» Masa:
M($X) # Zmy + (A — Z)my, + Zm. masa
delec kg u MeV/c?
1 M(*2C) _or
lu=———>=1,66 x10 kg proton 1.672 623 X 10727 1.007 276 938.272 3
12 Ny nevtron  1.674929 x 10727 1.008 665 939.565 6
= 031,49 MeV/(32 elektron 9.109390 x 107! 5485799 x 10~* 0.510 999 1
» Velikost jeder: Rutherfordovo sipanje 9 ~

r=r9AY3  (kaplji¢na narava)
ro = 1.21m

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.1 Lastnosti jeder

» Stabilnost jeder: 130
T 120
magicna Stevila: 2, 8, 20, 28, 50, 82, 126
(lupinska struktura) 110
.. 100 . 1
» \Vezavna energija: nestabllnaje(y
90 |
A 1 2 < stabilna jedra
E,=[mZX)—ZmGH)— (A—2Z)m,]c 0 5 jed!
o
SO
@)
4
n
C
o
s
~ Z
% 5 Li® \
2 A fuzija
<
_> E
Ea He3
2
1 }Hz
o I
0 30 g0 a0 120 150 180 210 240 270 0 10 20 an 40 B0 60 70 80 a0

Masno Stevilo A Vrstno Stevilo Z

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.1 Lastnosti jeder

» Jedrska sila in potencial: The Nobel Prize in PhYSiCS
* kratek doseg (nekaj fm) 1949

* sila neodvisna od naboja nukleona

Hideki Yukawa

Prize share: 1/1

A A
The Nobel Prize in Physics 1949 was awarded to Hideki Yukawa "for
his prediction of the existence of mesons on the basis of theoretical
1 n-p n PP
20 20 work on nuclear forces”.
5 - m— .
Z 0 [ L1 | Z 0 [ I
S 1 2/3%3 4 5 6 r(fm) S 1 2/3 4 5 6 r (fm)
.:. ';“ . .
= 20 = 20 model izmenjave
delcev (mezonov)
-40 - —40
Pop
-60 |- -60 |- T

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.2 Fizikalni modeli jedra

1. Kapljicni model (Weiszacker, |. 1935):

» Semiempiricna masna formula:

‘ Z* (A—22)* 0 wy = 15,7 MeV

_ CA2/3 \Aa—zz) - 0zZN
Ev = —wod i 75+ wy G s w wy = 17.8 MeV
volumski  povrSinski Coulombski mesSalni efekt wy = 0,71 MeV
efekt efekt odboj efekt parjenja wy = 23,6 McV

wy = 33.5 MeV

Qe
% 5500. oot

» Jedrski razpad: Coulombski odboj vs. povrsinska energija

O
.

%@o

O-OO(?/’O\

(1)

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.2 Fizikalni modeli jedra

> Dolina stabilnosti:

_.T\T wo
oAl AR
A 2-w3
120 T . T I ]
W
=
100 |- W _
7=82
N _
O
>
()
-
)] —
0 E /A (KEV)
"(7') | a753 |MIEEE
o 8645 7701
> | 5527 NIEEEE _
EXN [ |
Z=28 8173 !
EEE 711 |
Z=20 7937 | EEEER _
=8
| | | | | I I | |_
0 20 40 60 80 100 120 140 160 180
Nevtronsko Stevilo N
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10.2 Fizikalni modeli jedra

2. Lupinski model (Goeppert-Mayer, Jensen):

» Magicna stevila: 2, 8, 20, 28, 50, 82, 126

AE, (MeV)
|
° eﬁ..
A
>,
° \!
-
1 — o
e
&L
\
e
o

i ]
| '
_1 [ Eﬁf’

. T D
| 40 | 60 80| 100 120 140 N

28 50 82 126
30
He
25
> Analogija z lupinskim modelom % Ne
elektronov v atomu: —20
w
L 5
(]
Y4
;% 10
(@]
©
N
[
o 5
oL | | L L | Lo

02 10 |2D 30 36 40 50 54 60 70 80 86 90 100
18

. . . Z

Vir: povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012




10.2 Fizikalni modeli jedra

» Neodvisni delci: Paulijevo izkljuéitveno The Nobel Prize in PhYSiCS
nacelo 1963

r\ Eugene Paul Wigner Maria Goeppert J. Hans D. Jensen
Prize share: 1/2 Mayer Prize share: 1/4

-— ) 1 T —> Prize share: 1/4

The Nobel Prize in Physics 1963 was divided, one half awarded to
Eugene Paul Wigner "for his contributions to the theory of the

3
P
| atomic nucleus and the elementary particles, particularly through
the discovery and application of fundamental symmetry
principles” the other half jointly to Maria Goeppert Mayer and ).

Hans D. Jensen “for their discoveries concerning nuclear shell
Structure”.

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005; Tipler & Llevellyn, Modern Physics, W. H.
Freeman and Company, 2012




10.2 Fizikalni modeli jedra

» Potencial: 3D harmonski oscilator (HO) /! 1hg =10

3 /

hY
1 35 =S = 359y 2
—hw(n+ - n=2n, +1+1 R 20y, — 4
(n i 2) e 2d —<" = 1hy = 42
- 2d5— 6
degeneracija: n(n+1) o~ 1372 8
. 1 =

» Potencial: Saxon-Woods (SW) g N
. 1gg/p— 19
Il e 2D 2
r . 3/2 4

\\
B fzp — 8
- Te—1dsp2 6

» Sklopitev/s: E;,=-nl-§
1 1

- 1Pap— 4
1§ =—————1512 2

degeneracija: 27/ + 1

Vir: internet; povzeto po Tipler & Llevellyn, Modern Physics, W. H. Freeman and Company, 2012
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10.3 Jedrski magnetizem

» Magnetni moment jedra: ji = %f: NJ J=nhl
e =t
: _ ch 2T A2
» Jedrski magneton: 1t = 2 = 5,05 x 107" Am
p

» Giromagnetno razmerje: 7
» Kvantizacija momenta: . = vhm

» Spin jedra (lupinski model):

E
15 »~
-N

e r ——
1py,

1p3),

P

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.3 Jedrski magnetizem

The Nobel Prize in Physics
1944

» Jedrska magnetna resonanca (NMR):

AE = thg = hI/L

The Nobel Prize in Physics
1952

Isidor Isaac Rabi
Prize share: 1/1

<

The Nobel Prize in Physics 1944 was awarded to Isidor Isaac Rabi
“for his resonance method for recording the magnetic properties of
atomic nuclei*.

d

[ B
Gl ;

a

Felix Bloch Edward Mills Purcell
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1952 was awarded jointly to Felix Bloch

Energija>

and Edward Mills Purcell “for their development of new methods # D/
for nuclear magnetic precision measurements and discoveries in Enmin U
connection therewith" B=0 B>0

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.3 Jedrski magnetizem

» Jedrska magnetna resonanca (NMR): eksperiment

|
H=¢—¢—OH etanol

I-0—I

SIMULACUA

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.youtube.com/watch?v=NYtgIXfWaYM
https://phet.colorado.edu/en/simulation/legacy/mri
https://phet.colorado.edu/en/simulation/legacy/mri

10.4 Radioaktivnost in razpadni procesi

» Antoine Henri Becquerel (. 1896): K,(UO,)(S04),

The same crystalline crusts [of potassium uranyl sulfate], arranged the
same way with respect to the photographic plates, in the same conditions
and through the same screens, but sheltered from the excitation of incident
rays and kept in darkness, still produce the same photographic images.

. . . N(i
> Tipi sevanja: N
* sevanje No

* sevanje S

* sevanje y

> Razpadnizakon: N (t) = Noe ™™ = Nye /7

lNO L
1 : X X X X
T=— tiyg =127 | B o
%NO___T:_— | %X X X
—— AN (t) —isr L .
» Aktivnost: A(t) = ' T ' — ANpe~ !/ | £ radiozllktivni 3
SIMULACIJA Ty 2Ty izvor

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.youtube.com/watch?v=NYtgIXfWaYM
https://faraday.physics.utoronto.ca/PVB/Harrison/Flash/Nuclear/Decay/NuclearDecay.html
https://faraday.physics.utoronto.ca/PVB/Harrison/Flash/Nuclear/Decay/NuclearDecay.html

10.4 Radioaktivnost in razpadni procesi

1.Razpad a: 2 X — 55V +3He

> Energija: Q= (mx — my —ma)c?

red razpadom
M/a _ my p p
k
my + Mg W
k
Rn

W,
» Tuneliranje: Geiger-Nuttalova enacba @ @—»
Po

a Prn
—b U

\/W po razpadu

=30 MeV |F———

InT =

5 MeV |- ——1

=—40 MeV

y,
SIMULACUA

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.youtube.com/watch?v=NYtgIXfWaYM
https://phet.colorado.edu/en/simulation/legacy/alpha-decay
https://phet.colorado.edu/en/simulation/legacy/alpha-decay

10.4 Radioaktivnost in razpadni procesi

2.Razpad £:
Q
>
3
S
>5 Wkrlnnax
Wkin
» Razpad /- 2X = AV +em 4D
on—ip+e  +7 (Q=0.78MeV)
> Razpad f*: AX =, Y +em 4 v

> Ujetje elektrona: X +e™ — , 1Y +v

SIMULACUA

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005

The Nobel Prize in Physics
1995

Martin L. Perl © University of California
) Regents

Prize share: 1/2 Frederick Reines
Prize share: 1/2

The Nobel Prize in Physics 1995 was awarded “for pioneering
experimental contributions to lepton physics"jointly with one half
to Martin L. Perl "for the discovery of the tau lepton"and with one
half to Frederick Reines "for the detection of the neutrino".



https://www.youtube.com/watch?v=NYtgIXfWaYM
https://phet.colorado.edu/en/simulation/legacy/beta-decay
https://phet.colorado.edu/en/simulation/legacy/beta-decay

10.4 Radioaktivnost in razpadni procesi

3.Razpad y:

13.4 MeV

Energija

» Mossbauerjeva spektroskopija: °’Fe

vzorec
izvor detektor

S5 )

Absorpcija

v (m/s)

The Nobel Prize in Physics
1961

Robert Hofstadter Rudolf Ludwig
Prize share: 1/2 Mdssbauer
Prize share: 1/2

The Nobel Prize in Physics 1961 was divided equally between
Robert Hofstadter "for his pioneering studies of electron scattering
in atomic nuclei and for his thereby achieved discoveries
concerning the structure of the nucleons"and Rudolf Ludwig
Mossbauer “for his researches concerning the resonance
absorption of gamma radiation and his discovery in this connection
of the effect which bears his name".

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.4 Radioaktivnost in razpadni procesi

» Razpadni nizi:

1.uranov niz: 2. aktinijev niz: 3.torijev niz: 4. neptunijev niz:

Vir: internet




10.5 Jedrske reakcije

» Cockcroft, Walton (I. 1932):

lH + ‘3Ll — 4He + >He

» Jedrska reakcija: Walton Rutherford Cockcroft

a+X—=Y +0b
X(a,b)Y

» Obhranitev:
* masnega Stevila

* naboja

* energije, gibalne koli¢ine, vrtilne kolicine

Q — W km + H kin — H kin — Wi, kin
2

= (mx +mg —my —my)c

1,2 MV generator
Vir Cockcrofta in Waltona
ir: internet




10.5 Jedrske reakcije

povrsina foliie
S efektivna povrsina

| tarée o

> Stevilo reakcij N,:

» Tanka folija:
dNi = —O'anid:L'

- . —on;T
J = Joe j

» Sipalni presek:
v+p—oet4+n (0=10"1Dh)

n+ 1§§I — 1§§I* +n (oc=4Dh)
n+13cd - Hicd++ (0 =101h)

» Diferencialni sipalni presek:

— |©
g tanka
Q

i _b_i_ ................. O— “folija
Qs J
o
dS = 2xbdb 0—" E

72dQ

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.6 Razcep in zlivanje jeder

» Razcep jedra (fisija):

‘)‘ ’P" /
n+ 25U — 19iBa + 92Kr + 3n

10

—
I

Strassmann Meitner Hahn

)

_

<
ra
T

235
Q ,
\ 236 * < o \OX
5i—7— .
&

o 3

'Q o

razpadni produkti (%)

_
S
T,
|

I | ] |
70 90 110 130 150 170

A

Vir: povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.6 Razcep in zlivanje jeder

» Komponente jedrskega reaktorja:

kontrolne radiacijski
palice Scit > Delovanje reaktorja:
_ \ turbina
(generator)
@100} 0 kontrolna | | ’
DY I0) [0) 10 palica |
gorivni
. . . element

L | I

reaktor

gorivni  moderator

element voda
pod
pritiskom
reaktorski mrzla topla
prostor voda voda

] L R
Jedrski reaktor TRIGA (1JS
SIMULACIJA

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.youtube.com/watch?v=NYtgIXfWaYM
https://phet.colorado.edu/en/simulation/nuclear-fission
https://phet.colorado.edu/en/simulation/nuclear-fission

10.6 Razcep in zlivanje jeder

» Zlivanje jeder (fuzija): zvezde

vodikov cikel: ogljiko-dusikov cikel:

H+H = iH+ e 4 1204 T BN 4
[H+TH = JHe + BN & BC 4 et + 1,

sHe + 3He — 3He + HH + HH Bo I UN 4y

> ¢ 41H o jHe + 2T + 20, 44 UN4+1H - 20 ++
(Q =26,3MeV) PO BEN4em 4+,

BN +1H — 2C + 1He
Y o 4H = SHe+2eT + 20, + 3y
(Q =25.1 MeV)

zvezda

Vir: internet




10.6 Razcep in zlivanje jeder

» Fuzijski reaktor: U(r)
» Kritini parametri: Coul((j)tr)nl:_)ski
. ey . odbo
1. visoka kineti¢na energija (temperatura) J
8 Pyen (D-T)
1o L :
& 107 -
£
= 6
< 10° | I : :
Q | T jedrski
= )5 [ riviak
10° L | / P
|
|
10* | L
10 45 100 400 1000 T (x 10°K) ‘ T =
0.9 39 85 35 86 kyT(keV) L ey

2.velika gostota jeder n

3.dolg Cas zadrzevanja plazme 7
Lawsonov kriterij:
nt>10"s/m* (D—T)
SIMULACIJA nt > 10%s/m* (D - D)

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.youtube.com/watch?v=NYtgIXfWaYM
https://static.iter.org/com/360/
https://static.iter.org/com/360/

10.7 Posledice, meritve in uporaba radioakt. sevanja

ionizacijska -
> Merilniki sevanja: cellca
. . ' -
1.ionizacijska celica f \ r—n
L |
2. scintilacijski stevec T
1.k
. . . // -
scintilatorski del izvon%{f‘/ ——{—o
kristal elec .
. .
fotokatoda N plin
0V —~ , h |
& ) /
— +200V /;/\ J
\, -
S
— \\ f’——
+400V sled N o
ionizacija
— +600 V . . ) .
Geiger-Mullerjev stevec
+800V —
— +1000V
+1200V —
— +1400V
+1600 V — |- Vacuum
izhod——

N /

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




10.7 Posledice, meritve in uporaba radioakt. sevanja

» Merilniki sevanja: depletirano
- . i podrocje
3. polprevodniska dioda signal —_—
. R
z-| elektroni i +
N e — + +
i- P
EE ”4':"k : + + -—
4. detektorji trajektorije -2 2 T
A — 0 _ +
-7 . 1
/:: vizeli 1« Y
* i
mehuréna , delec = ! _* +
- 1

—_—
I

Vir: internet
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10.7 Posledice, meritve in uporaba radioakt. sevanja

» Uporaba radioaktivnega sevanja: 3. Radiacijska terapija:

1. Nevtronska aktivacija:
n+55Cu — 55Cu — 58Zn +e” + 1 (t1/2 = 5,1 min)

2.Sledenje radioaktivnim izotopom:

@

«— ?*NaCl vbrizgan
v telo

- 4. Datiranje: razpad izotopa 4C

24NaCl potuje dobra ;
00 oZilju cirkulacija
|
|
zozitev
- @
slaba
cirkulacija

— ~ SIMULACIJA

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005



https://www.youtube.com/watch?v=NYtgIXfWaYM
https://phet.colorado.edu/en/simulation/legacy/radioactive-dating-game
https://phet.colorado.edu/en/simulation/legacy/radioactive-dating-game

Univerza v Ljiubljani
Fakulteta za mcatematiko in fiziko

MODERNA FIZIKA

Osnovni delci




11.1 Fundamentalne sile v naravi

> Sile med delci:

1. mocna sila

* med kvarki in hadroni
* kratkega dosega (med hadroni)

2. elektromagnetna sila
* med nabitimi delci
* dolgega dosega

F

Vir: internet

3.Sibka sila

* med kvarki in leptoni
* kratkega dosega

4. gravitacijska sila
* med delci z maso
* dolgega dosega




11.1 Fundamentalne sile v naravi

» Kvantna teorija polja: delci polja (umeritveni bozoni)

Interakcija (sila) Med Relat. jakost T Doseg Delci polja
modéna kvarki, 1 <10%0s kratek (~1 fm) gluoni
hadroni
elektromagnetna  nabiti ~1072 ~10%s dolg () fotoni
delc $ibki bozoni
Sibka kvarki, ~10 210%%s kratek (~10 fm) W 70
leptoni ’ _
gravitacijska vsi delci ~1043 ? dolg (=) gravitoni

» Higgsov bozon vs. graviton (kvant gravitacijskega polja):

HIGGS BOSON WW@

NoT YET, BUT
(T MAY NoT BE
- - | FAR AwAY!

Vir: internet




11.2 Klasifikacija delcev

» V 1930-ih so poznali 6 delcev: » Pospesevalniki: novi delci
* proton * mezoniT
* nevtron *  mioni
* elektron
e foton
* nevtrino
* pozitron

The Nobel Prize in Physics The Nobel Prize in Physics
1936 1950

Victor Franz Hess Carl David .
Prize share: 1/2 Anderson Cecil Frank Powell

Prize share: 1/2 Prize share: 1/1
The Nobel Prize in Physics 1936 was divided equally between Victor The Nobel Prize in Physics 1950 was awarded to Cecil Powell "for
Franz Hess "for his discovery of cosmic radiation”and Carl David his development of the photographic method of studying nuclear
Anderson “for his discovery of the positron”. processes and his discoveries regarding mesons made with this

Vir: internet method".




11.2 Klasifikacija delcev

> Delce delimo na: ) _ Anti- — Masa v Osnovni
Kategorija Ime Simbol  delec (MeV/c?) B L. L, L. S (s)7 razpad
1.HADRONI
. . HADRONI
(mocna sila) Mezoni  Pion ot ™ 1396 0 0 0 0 0 260X107° uty,
. w0 Self  135.0 0 0 0 0 0 083x10716 2y
a) mezoni Kaon K* K~ 498.7 0 0 0 0 +1 124X107°% pu'y,
. . !
b) barioni KS KY 497.7 0 0 0 0 +1 0.89x10710 gzt
_ 270
2. LEPTONI KE K? 497.7 0 0 0 0 +1 52x107® ;::tu)?:?c
(elektromagnetna T,
.. ] Eta 7 Self  548.8 0 0 0 0 0 <1078 2y, 370
in Sibka sila) M Self 958 00 0 0 0 22x10°2  grta
Barioni Proton p P 038.3 +1 0 0 0 0 Stable
. - Neutron n n 939.6 +1 0 0 0 0 624 pe e
> Antidelci: Lambda A? A 11156 +1 0 0 0 -1 26x107° pr,na”
. . . Sigma b >~ 11894 41 0 0 0 -1 080x107" pz n7"
The Nobel Prize in Physics o D e 0 0 0 -1 6x10% A%
3 T 11973 +1 0 0 0 -1 1L5x107% ng™
Delta AT A 1230 41 0 0 0 0 6x107H pr'
AT AT 1231 +1 0 0 0 0 6x100%  pzxl gt
A° A? 1232 +1 0 0 0 0 6x100%  ngxpr
A- AT 1234 +1 0 0 0 0 6X107% g
Xi =0 =L 1315 +1 0 0 0 -2 29x10710  A%%0
= =T 1321 +1 0 0 0 -2 1.64x10710 AVgp™
Omega 0- Qr 1672 +1 0 0 0 -3 082x10710 =279 5%,
AYK™
LEPTONI Electron e e’ 0.511 0 +1 0 0 0 Stable
Electron-neutrino Ve T <28X10% 0 41 0 0 0 Stable
e S ; Muon o wt 105.7 0 0 +1 0 0 219x1076 e T,
Spllieibingsegs:  Sween Emmedaln Muon-neutrino v, 7, <85%10°5 0 0 +1 0 0 Stable
Tau T T 1784 0 0 0 41 0 33x107%  u T,
The Nobel Prize in Physics 1959 was awarded jointly to Emilio Gino . _ s € Tel;
Segré and Owen Chamberlain “for their discovery of the Tau-neutrino Vr br <8.4x 10 0 0 0 +1 0 Stable

antiproton”

Vir: internet; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




11.2 Klasifikacija delcev

Nevtrinske oscilacije: The Nobel Prize in Physics

> Deficit son¢nih elektronskih nevtrinov 2015
IH+1H—> {H+et 4+,

. . . matrika
» Mesanje nevtrinov: " PMNS

Vo) Z( ler

/ \
dober dobra
okus masa

Photo: A. Mahmoud Photo: A. Mahmoud

Takaaki Kajita Arthur B. McDonald
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald “for the discovery of neutrino
oscillations, which shows that neutrinos have mass”

Vir: internet




11.3 Kvarkovska sestava hadronov

mt p
» Kvarkovski model: (v )
u @@ (O
a) mezon = kvark/antikvark - @

L

.. . - n
b)barioni = 3 kvarki ( ou )\ (" K
_1/3 _1/3 1’ \\ i’ \\
vezivo = gluoni d el S i @ @ | ®®®
k down Y, strange R - \\‘ .

The Nobel Prize in Physics The Nobel Prize in Physi;s
1969 1990

)
Jerome I. Friedman Henry W. Kendall Photo: T. Nakashima

Prize share: 1/3 Prize share: 1/3 R'.Chard E. Taylor
Prize share: 1/3

Murray Gell-Mann
Prize share: 1/1

The Nobel Prize in Physics 1969 was awarded to Murray Gell-Mann The Nobel Prize in Physics 1990 was awarded jointly to Jerome I.
"for his contributions and discoveries concerning the classification Friedman, Henry W. Kendall and Richard E. Taylor "for their
of elementary particles and their interactions'. ploneering investigations concerning deep inelastic scattering of

electrons on protons and bound neutrons, which have been of
essential importance for the development of the quark model in
particle physics”.
Vir: internet; ; povzeto po Serway, Moses & Moyer, Modern Physics, Thomson Learning, 2005




11.3 Kvarkovska sestava hadronov

» Barionski oktet (spin 1/2) » Barionski dekuplet (spin 3/2)

q

“30 AT ATT




11.3 Kvarkovska sestava hadronov

» 3druzine kvarkov:

The Nobel Prize in Physics
2008

( 22M N\ 127G Y4 17321 G )
+2/3 +2/3 t +2/3
u 1/2 C 12 1/2
VAN charm VAR,
( 47M N\ 96 M \ ( 418G ) Photo: University of © The Nobel Foundation © The Nobel Foundation
Chicago Photo: U. Montan Photo: U. Montan
-3 S -1 -3 Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa
12 1/2 1/2 Prize share: 1/2 Prize share: 1/4 Prize share: 1/4
down strange bottom
\ J \ ) k j The Nobel Prize in Physics 2008 was divided, one half awarded to
Yoichiro Nambu “for the discovery of the mechanism of
spontaneous broken symmetry in subatomic physics', the other
half jointly to Makoto Kobayashi and Toshihide Maskawa "for the
discovery of the origin of the broken symmetry which predicts the
existence of at least three families of quarks in nature".
Barionsko
Kvark Simbol Spin Naboj Stevilo Cudnost Sarm Dno Vrh
Up u 3 +2, 1 0 0 0
Down d % —%g —é 0 0 0 0
Strange s % —ég -é —1 0 0
Charmed c % +%€ —é 0 +1 0
Bottom % —%g —é 0 0 +1 0
Top t % +§e -é 0 0 0 +1

Vir: internet




11.3 Kvarkovska sestava hadronov

» Kvantna kromodinamika: barvni naboj The Nobel Prize in PhysiCS
(mocna sila)

Y = Vrthstothion

» Mesanje kvarkov (Sibka sila): matrika
Cabbibo-Kobayashi-Maskawa

Vud|  [Vus|  [Vus| \
‘VCKM ‘ - I/Cd H/CS ‘ ‘I/Cb| Sin-Itiro Tomonaga Julian Schwinger Richard P. Feynman
‘ I/Ttd | | I/Tts ‘ {/Ttb | Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

- ‘ ) ) The Nobel Prize in Physics 1965 was awarded jointly to Sin-Itiro
0,97428 0:2253 0,00347 Tomonaga, Julian Schwinger and Richard P. Feynman “for their

=10 ’ 2252 0 :9734'5 0 ’ 0410 fundamental work in quantum electrodynamics, with deep-

_0 00862 0O ; 0403 0; 999152 ploughing consequences for the physics of elementary particles".

O A+ K
u c t S N . S
T\ : o ’ oA
| S e
N7 0O~ W= s U gor—
d s b 5 R ud S

Vir: internet




11.4 Standardni model

» ElektrosSibka interakcija: The Nobel Prize in PhYSiCS
1979

The Nobel Prize in Physics
1984

Sheldon Lee Abdus Salam Steven Weinberg
Glashow Prize share: 1/3 Prize share: 1/3
Prize share: 1/3

The Nobel Prize in Physics 1979 was awarded jointly to Sheldon Lee
Glashow, Abdus Salam and Steven Weinberg “for their
contributions to the theory of the unified weak and
electromagnetic interaction between elementary particles,
including, inter alia, the prediction of the weak neutral current’.

'\ : S

Carlo Rubbia Simon van der Meer
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1984 was awarded jointly to Carlo Rubbia
and Simon van der Meer "for their decisive contributions to the
large project, which led to the discovery of the field particles W and
Z communicators of weak interaction”

Vir: internet




11.4 Standardni model

> Standardni model: The Nobel Prize in Physics
2013

1 2 3

/(( 22M \ [ 127G \ ( 17321G \ Mass: eV/c? \ 125.09 G
u ijjc |t ow oy o |H
\_ w J\ cham J\ w©p ) Name 8< % higgs
ERAYAR YT . ) D = Photo: A._Mahmoud Photo: A. Mah[‘noud
d 13 13 b N o| O o Frangois Englert Peter W. Higgs
1”2 S 12 172 g 1 g Prize share: 1/2 Prize share: 1/2
\k down )\ strange ) \bottom J \ gluon / Q@
S
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https://www.youtube.com/watch?v=NYtgIXfWaYM
https://vimeo.com/41038445
https://vimeo.com/41038445

11.5 Ohranitveni zakoni in Feynmanovi diagrami

» Ohranitveni zakoni:

Zvezne transformacije:

1. ohranitev energije (premik ¢asa)
2.ohranitev gibalne koli¢ine (premik v prostoru)

3. ohranitev vrtilne koli¢ine (zasuk v prostoru)

Empiricni zakoni:

7.ohranitev barionskega Stevila
8. ohranitev leptonskih Stevil
9. ohranitev okusnega naboja

10. ohranitev naboja

> Sibka silakr$i: 4,5, 6,9

Vir: internet

Nezvezne transformacije:

4.ohranitev parnosti (inverzija prostora)
5.invariantnost na inverzijo prostora

6. Invariantnost na konjugacijo naboja




11.5 Ohranitveni zakoni in Feynmanovi diagrami

» Feynmanovi diagrami: o N <
$ . L u A
1. svetovnice ? * ?
" e
_ V= U -
2.temena 0 L K
S . ud S

Elektromagnetna sila:

Mochna sila:




11.6 Produkcija osnovnih delcev

» Resonance v sipalnem preseku:

10°
10*
b 108

CESR
102 Boris

I
PEP

e*e~— hadroni

;  PERA s
KEK TRISTAN SIC
PEP-I
10 LEP | LEP I
| I I | I T
> 0 40 80 120 160 200
Pospesevalniki, trkalniki
P ’ E (GeV)
. . . . . . Maksimalna E Svetlost, 10* em™ Premer
Pospesevalnik | Kraj Obratovanje | Pospe3eni delci GeV o "
INP, Novosibirsk, _
VEPP-2000 Russi 2006 e'e 1.0 100 0.024
ussia
INP, Novosibirsk, .
VEPP-4M S 1994 e'e ] 20 0.366
BEPC II IHEP, Beijing, China 2008 e'e” 37 700 0.240
DAFNE Frascati, Italy 1999 e'e” 0.7 436017 0.098
KEKB/SuperKEKB | KEK, Tsukuba, Japan 1999 e'e” 8.5 (e-), 4 (e+) 21100 3.016
. pp, Au-Au, Cu-Cu,
RHIC BNL, United States 2000 GA 100/n 10, 0.005, 0.02, 0.07 3.834
=AU
PP, 6500 (plan ~ 7000), 2000031,
LHC CERN 2008 26.659
Pb-Pb, p-Pb, Xe-Xe 2560/n (plan  2760/n) 0.003, 0.9, ~0.0002
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11.7 Onstran standardnega modela

» Velika teorija poenotenja = elektroSibka teorija + 0.15 ——
kvantna kromodinamika B
* velika poenotena sila -
©0.10 [ E
* leptokvark (kvark, lepton) T -
* supersimetrija (fermion < bozon) g - B
$0.05 =
» Teorija strun = B
e o 4] | SR N S I B
* poenotena vseh Stirih fundamentalnih sil 10°  10* 108 10'2  10'®  102°
* delec = vibracija strune E (GeV)

* 10 dimenzij

* vec verzij teorije superstrun kompaktifikacija®

A

struni
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