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Conceptos atomicos

Sirven como introduccion los apuntes de FC2 de
Joaquin Retamosa

Se puede ampliar con el Brasden and Joachaim
'Physics of Atoms and Molecules’, libro facil
de conseguir en la biblioteca, en Amazon y en
otros recursos

Estudiar sobre todo las trasparencias marcadas
en rojo arriba a la izquierda.

El resto también, aunque son mas bien
complementarias
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Espectros atémicos

Para ver qué lineas se verian en los espectros, hay que considerar las reglas de
seleccion. Como pasaba en las desintegraciones 8y a, en una transicion atémica
(o transiciones v en el ndcleo), hay una particula mas en el estado final, en este
caso un foton. La parte radia de la fdo de ese fotdn serad e

Ahora, k es del orden de las transiciones atémicas, algunos eV. Y r es del orden
de las dimensiones atdmicas, o sea, digamos 10 Amgstrons o 1 nm.

1=hc=197.3 MeV . fm = 1973 eV.A;  si k=10 eV y r=10 &, kr = 100/1973 < 0.05

Como en el caso de desintegraciones (3, el orden mds bajo de la expansion de
La fdo del fotdn (es decir el 1 en eikr = 1+ i k.r + ...) determina las transiciones
dominantes. Esta aproximacion se denomina ‘aproximacion dipolar eléctrica:

En esta aproximacion las reglas de seleccion relevantes son: Al=+1¢6 -1.
An= cualquiera

Otras lineas no dadas por la transicion dipolar eléctrica existen (es el
equivalente de las transiciones prohibidas en 3) pero son muchisimo menos
Infensas.



“gfn>» Mds sobre unidades

14 =10m

Constante de Boltzman kz= 8,6 x 106 eV /K (6 eV/°C)
A temperatura ambiente (300 K), k; T=0,027 eV

En nuestras unidades, 1=hc=197.3 MeV.fm = 1973 eV.A, se puede dar energia
encmloenfml

Sin embargo, en atdmica, al contrario que en nuclear, no se toma =1 sino
mds bien h=1. Esto hace que tengamos que cambiar nuestras conversiones un
poco:

Si h=1, entonces h=1./2x

Por tanto:

l1=hc=hc2m=1973eV. A 2«

Y en conclusion 1 eV=8065 cm-!
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En=-E; Z/n?

E;=13.6 eV

n=0, 1, ..., infinito

I=0,...,n-1

Infinitos estados ligados

La energia NO depende de |

Es una degeneracion accidental debida a
la forma 1/r del potencial Coulombiano |
Ademads hay la degeneracidn necesaria de
Espin (x2) y de momento angular (21+1)
Una columna para cada |.

Como las transiciones permitidas son con
cambio de | en una unidad, se observaran
lineas entre los estados

ordenador columnas contiguas

3.2 Energy-level diagram for atomic hydrogen.
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Espectro del atomo de H

Asi, las lineas del espectro se
determinan con ayuda del
diagrama de Grotrian.

Como las transiciones
permitidas son con cambio de |
en una unidad, se observardn
lineas entre los estados

en columnas contiguas
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Espectro del atomo de H
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iy | | primer nivel excitado y estd en el visible

| La serie de Lyman son transiciones al fundamental
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Espectro del atomo de H

| dolar absorption spectrum (Fraunhofer lines)

Atomic hydrogen (H)

Sodium (Ma)



Algunas funciones radiales
hudrogenondes -

Riol) = 22/ 0" exp(-Zr/ay R\\‘ J\\
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Using the normalised radial eigenfunctions [3.53] it is found that

2 [(I+1 |
BT AT A

n

which 1s seen to agree with [3.66] when » = 1 and / = 0. We remark from
[3.68] that (r),;,, which we may interpret as the ‘size’ of the atom, is inversely
proportional to Z and roughly proportional to n°, in agreement with the
discussion following [3.63]. In fact, we see that for s-states (I = 0) {r),, I$
directly proportional to n?; for states with [ # 0 the deviations from this
proportionality are small.

Rydberg atoms

A highly excited atom (or ion) has an electron with a large principal quantum
number 7. The electron (or the atom) is said to be in a ‘high Rydberg state’ and

the highly excited atom is also referred to more simply as a ‘Rydberg atom’.

Table 3.3 Comparison of some characteristic quantities of the hydrogen atom for different values
of the principal quantum number »

Quantity n=1 Arbitrary n n = 100

Radius @, of Bohr orbit ap = 5.3 x 10 ! = nla, 53 x 107
(in m)

Geometric cross- mag ~ 8.8 x 1072} = n*mag 8.8 x 10~
section 7a? (in m?)

Binding energy E, =136 It /n? 1.36 x 10 4
{in ¢V)

Energy separation AE = 2IH/n 27 x 10
between adjacent levels (n large)
(in eV) '

Root-mean-square vy - Ca = p,/n 2.2 x 10*
velocity of electron = 2.2 x 10°

v, (in ms ')
Period T, (in s) To=15x10 ' = n’T, 1.5 x 10°'¢
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Algunas partes angulares
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Atomos multi-electrénicos

Se utiliza la aproximacién de campo medio y se etiquetan y ordenan los
hiveles por el ny | de cada nivel. El valor de n define una CAPA y, para un n
dado, cada | define una subcapa.

Una subcapa llena tiene simetria esféricay L=0, S=0, J=0. Los electrones en

las capas (y subcapas) llenas no participan en el enlace quimico ni en los
espectros

Las propiedades quimicas (electrones de valencia) y del espectro de los
atomos (electrones dpticos) multi-electronicos vienen definidas por los
electrones externos, es decir, de las dltimas subcapas incompletas.

Notacidn espectroscépica. Cada ‘término’ se denota por:

25+1LJ



Atomos multi-electronicos

Para muchos electrones, los mds externos estan ‘apantallados’ por los
electrones internos. Por tanto, Iq carga nuclear que ven es menor que Z.
La forma del potencial ya no es Z/r, por tanto se rompe la degeneracidn
accidental.

g fnli".-‘.1
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Las fdo que estdn mds lejos del ndcleo estdn mds apantalladas, los
electrones ven menos carga positiva, tienen menos energia de ligadura.

Asi que, dentro de cada n, a menor |, mas energia de ligadura.
La energia de ligadura también decrece con n.

En un cierto punto, para n's altos (4 y siguientes) tiene mds energia de
ligadura el n mayor, con tal de mantener un | bajo.

Hay una regla nemotécnica para recordar el orden de llenado:
5
%
s3p3
4d 4f
s 5p bd 5f Bg






Atomos multi-electronicos

La repeticion de las mismas subcapas externas (solo cambia n) sin llenar da
lugar a comportamientos quimicos similares: La tabla periodica de los
elementos. dtomos con el mismo término

Grupa de Fisicn Muclear

Y4 Element Electronic Term! Tonisation
' configuration’ potential (eV)

1 H  hvdrogen ls S,z 13.60

2 He helium 1s? 'So 24.59

3 Li  lithium [He]2s 28, s 5.39

4 Be  bervllium [Hel2s? 'So 9.32

S B  boron [Hel2s%2p P,., 8.30

6 C  carbon [He)2s%2p? Po 11.26

7 N  nitrogen [He|2s%2p° *Sas 14.53

8 O  oxygen-- [He]2s*2p* P, 13.62

9 F  fluofine [He]2s%2p° ’Ps,» 17.42
10 Ne neon [He]2s%2p® 1S, 21.56
1 Na sodium [Nel3s ’S1.2 5.14
12 Mg magnesium [Ne|3s? 'S 7.65
13 Al aluminium [Ne]3s?3p Py., 5.99
14 Si  silicon [Ne|3s?3p? Py 8.15
15 P  phosphorus | Ne]3s?3p’ *Ss.2 10.49
16 S sulphur [Nel3s’3p? °P, 10.36
17 Cl  chlorine |Ne]3s?3p° ’P;,; 12.97
18 Ar argon {Ne]3s?3p® 'So 15.76



. K potassium [Ar)ds I 4.34
S ] Lo Ca calcium [Ar]4s? 'So 6.11
' gfn S¢  scandium | Ar|4s%3d ’Ds ., 6.54
el 22 Ti  titanium [Ar]4s°3d* ’F, 6.82
Gropo e Fsca ucewr 53 V. vanadium [Arlds’3d® “F, ., 6.74
24 Cr  chromium [Ar|d4s3d® 7S, 6.77

25 Mn mangancsce [Ar]ds?3d’ ®Ss,2 7.44

26 Fe iron [Arl4s°3d® D, 7.87

27 Co  cobalt [Ar]4s?3d’ *Fy, 7.86

28 Ni  nickel [Ar]4s?3d® °F, 7.64

29 Cu  copper [Ar}ds3d'® 28,2 7.73

30 Zn  zinc | Arj4s?3d'® 'Sy 9.39

31 Ga  gallium [Ar[4s?3d'%4p p, , 6.00

32 Ge  germanium [Ar}4s%3d'%4p? Py 7.90

33 As  arsenic | Ar}4s?3d'Y4p? 1S, 9.81

34 Se  selenium |Ar]4s?3d'4p* P, 9.75

35 Br  bromine [Ar)4s?3d'4p° P, 11.81

36 Kr krypton [Ar]4s?3d'%4p® 1Sy 14.00

37 Rb  rubidium |Kr]Ss ’8) . 4.18

38 St strontium [Kr]5s® 1Se 5.70

39 Y yitrium [ Kr]5s%4d D, ., 6.38

40 Zr  zirconium [Kr]5s%4d? F, 6.84

41 Nb niobium [Kr]5s4d* °D, > 6.88

42 Mo molybdenum [Kr)Ss4d® ‘S, 7.10

43 Tc  technetium [Kr]5s%4d® ®Ss.2 7.28

44 Ru ruthenjum [Kr|Ss4d” *F< 7.37

45 Rh rhodium [Kr]5s4d® M 7.46

46 Pd  palladium [ Krjad' ‘ 'S, 8.34

47 Ag silver [Kr]5s4d' S, ., 7.58

48 Cd cadmium [Kr]5s%4d'® 'So 8.99

49 In  indium [Kr]5s?4d'95p ‘P2 5.79

50 Sn  tin [Kr]5s24d05p? « Py 7.34

5] Sb  antimony [Kr]5s%4d!05p? N4S, 8.64
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Z Elemen: Electronic Termt JTonisation
configurarion® potenrial (W)

52 Te tellurium [Kr]Ss?4d'’Sp? ip, 9.01
53 I iodine [Kr]5s24d'°5p> 2P, 10.45
54 Xe xenon [Kr]5s24d'°Sp® 'Se 12.13
5s Cs cesium [Xel6s 28,2 3.89
56 Ba barium [Xel6s? 'So 5.21
S7 La lanthanum [Xel6s?S5d 2D .5 S.S8
S8 Ce cerium [Xel(6s24f5d) ("G 5.47
s9 Pr praseodymium [Xe](6s24f>) (*Io,2) 5.42
60 Nd neodymium {Xel6s?4f? S 5.49
61 Pm promethium [Xel(6s%4f>) (°Hs, >} 5.55
62 Sm samarium [Xeles?4f® ’Fo 5.63
63 Eu europium [Xel6s24f” 2S5, 2 5.67
64 Ga gadolinium [Xel6s?4f7Sd °D, 6.14
65 Tb terbium [Xe](6s24f>) SH;s, > 5.85
66 Dy dysprosium [Xel(6s%4f'%) CCIg) 5.93
67 Ho holmium [Xel(6s24f'!) *Ls,2) 6.02
68 Er erbium [Xel(6s?4f!?) (3He) 6.10
69 Tm thulium [Xel6sZ4f! ’Fs,2 6.18
70 Yb  yrtterbium [Xel6sZ4f' 'Sy 6.25
71 Lu Jutetium [Xc]6sZ4f145d 2D, 5.43
72 Hf hafnium [XelosZaf'4s5d2 F, 7.0
73 Ta tantalum [Xeles24fl45a® *Faos 7.89
74 X/ tungsten [Xel6s24ft4s5a* Dy 7.98
75 Re rhenium [Xel6s24f195d° S5,z 7.88
76 Os osmium [Xeles24f1*s5a°® ‘D, 8.7
77 Ir iridium [Xel6s?4fl45a” (*Fa,z) 9.1
78 Pt platinum [Xelesaf'*sd® 3D, 9.0
79 Au gold [Xelos4fi+sd!e 2S5 9.23
80 Hg mercury [Xel6s?afl4sqle S, 10.44
81 Tl thallium [Xel6s?4f!*5d1%6p P, ., 6.11
82 Pb  lead [Xel6s24f1*5d1%p? P, 7.42
83 Bi bismuth [Xel6sZ4f!45d'%6p? S5, 7.29
84 Po peolonium [Xe]6s?4f'*s5d ' %6p* P, 8.42
85 At astatine [Xel(6sZ4f'*5d'Y6p>) 2Py 9.5
86 Rn radon [Xel6s524f1*5d1%6p® 1S, 10.75
87 Fr francium [Rn]7s 2SS, > 4.0
88 Ra radium [Rnn]7s® 'So 5.28
89 Ac actinium {Rn]7s?6d 0 5 NN 6.9
90 Th thorium [Rn]7s%6d? 3F,
91 Pa protactinium [Rn](7s?Sf?6d) Ky, )
92 U uranium [Rn]7s%S5f%6d ES O 4.0
93 Np neptunium [Rn]7s?5f%*6d *Li1.>
94 Pu plutonium [Rn]7s?sf° Fo S.8
95 Am americium [Rn]7s25f7 S, . 6.0
96 Cm curium [Rn]7s?s5f76d °D,
97 Bk berkelium [Rn]7s25fF%6d H .5,
98 Cf californium [Rn]7s?5f'¢ STy
99 Es einsteinium [Rn]7s2Sf'! *Tis.2

100 Fm fermium [Rn](7s25f"'2) (*He)

101 Md mendelevium [Rn)(7s?5f'%) (*F7,2)

102 No nobelium [Rn}(7s25f') ('Sy)

103 Lw lawrencium [Rn]7s2sf*6d) 2D, )

t Configurations and terms in parentheses are estimated.
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Noble

Xriod 1A IIA IIIB 1IVBE VB VIB VIIB VvIIIB VIIIB 1B 118 IITA IVA VA VIA VIIA gases
1 2
H He
1 008 4.00)
3 4 5 6 7 8 9 10
Li |[Be B C N O F Ne
& Y3y F 0.2 1G. 811 12.0%1 :4.007 15 999 I8 998 20 18}
11 12 13 14 15 16 17 18
Na | Mg Al Si P S Cl Ar
22990 | 24.312 26.982 28.086 | 20.974 32 064 315 453 9. 948
19 120 |21 (22 |23 |24 25 26 |27 (28 |29 30 31 32 33 34 |35 36
K Ca |Sc |Ti |V Cr |Mn |Fe |Co |Ni |Cu |Zn |Ga |Ge |As |Se |Br |Kr
39.102 | 40.08 44.9%6 | 47 .90 50.942 {51 996 54.938 55 Ba47 58 933 58.71 63.54 65.37 69.72 F2.59 4,922 78.96 79.90% 20.00
37 |38 |39 |40 (41 |42 43 44 45 46 |47 (48 49 50 |51 52 53 354
Rb (Sr (Y Zr |Nb |Mo [Tc |Ru {Rh |Pd [(Ag [Cd |[In Sn |Sb |Te |1 Xe
85.47 87 62 88.905 |91 22 22.906 | 95.94 99 101.07 102 91 106.4 107.87 112,40 114.82 118.69 121.75 127 .60 126.90 131.%0
S5 (56 |57t |72 |73 {74 75 76 |77 |78 79 80 81 82 83 (84 |85 86
Cs |Ba |La |[Hf (Ta |W Re |Os |Ir Pt Au |(Hg |TI Pb |Bi Po |At |Rn
132 91 137.34 | 13891 17%.49 | 180.95 | 183.85 186.2 (%0 2 192.2 195.09 19697 200 59 204.37 207.t9 208 .98 (2107 2100 22
87 |88 |89% |104 |105
Fr |Ra |Ac
223 226° 227
+ 58 59 60 |61 62 |63 [64 |65 66 (67 |68 |69 |70 |71
l.anthanides Ce [Pr Nd |Pm |[Sm [Eu |Gd |[Tb |Dy [Ho [Er {Tm [Yb |Lu
140.:2 144 91 144 24 e 150 35 151 96 157.25% 138.92 162 50 164 93 67 26 168 93 173 04 L7497
+ 90 91 92 93 94 95 96 97 98 99 100 | 101 | 102103
Actimdes Th (Pa |U Np |Pu |[Am |[Cm Bk |Cf |Es |Fm |[Md |No |Lr
232 04 230, 238 03 237 242, 243, (247 249 TZS: 1254 .253; r 256 2573: 2% 5
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Configuration: (1s)’nf
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8.1 Grotrian diagrams of energy levels and transitions in (a) lithium and (b) sodium. En
shown relative to the ground state, with the horizontal line at the top of each diagram shc

Lithium
(a)

ionisation potential of the ground state. The column headed E shows the corresponding

of the levels of atomic hydrogen.

Configuration: (18)? (2s)* (2p)°® n!
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Suma de momentos: contar

Grupd de Figiea Nuclear

As an example, we count the states for each value of total m (z component quantum number) if we add
i =4tots =2

audio

lotal we | (5.0
6 (4,2)
5 (3,2) (4.1)
4 (2,2) (3.1) (4.0)
3 (1,2) (2,1) (3.0) (4-1)
> [ (02) (11) (20) 311) (4.2)
L[ (12)01) (L) (21) 3.2)
0 (-2.2) (-1.1) (0.0) (1.-1) (2.-2)
1 2) 00) (10) (2.1) (32)
-2 (0,-2) (-1,-1) (-2,0) (-3.1) (-4.2)
3 [ (12)(2.1) (30) (4)
-4 (-2-2) (-3-1) (-4.0)
-5 (-3-2) (-4.-1)
5 | (a2

Since the highest m value is 6, we expect to have a j = 6 state which uses up one state for each m value
from -6 to +6. Now the highest m value left is 5, so a j — 5 states uses up a state at each m value
between -5 and +5. Similarly we find a j = 4, j = 3, and j = 2 state. This uses up all the states, and
uses up the states at each value of m. So we find in this case,

(1 —la] < < |y +1

and that j takes on every integer value between the limits. This makes sense in the vector model.



The spin-orbit interaction (between magnetic dipoles) will play a role in the fine structure of Hydrogen
as well as in other problems. It is a good example of the need for states of total angular momentum.
The additional term in the Hamiltonian is

Ze? LS
2ttt

Heo =

f we define the total angular momentum J in the obvious way we can write LS in terms of
quantum numbers.

udio

J = L+§
JP = LP42L.S4 8¢

Lo 1 h*
L-§ = E{JE—LE—HE]—:»?(j(j+1]—E(E+1]—.-s(.-::+1]]



Interaccion de espin-orbita

n=2
"""""""""""""""""""""""""""""" Py T —
P3 2 PI1.-"'2
S | P1r2
add B-field
add Darwin
+ spin-orbit
S 1/2

add relativity




Niveles del atomo hidrogenoide
con estructura fina

ol I:Zu]g 3 1

[ i
1< 4

The set of spectral lines due to the transitions nlj — n'l'j' between the fine
structure components of the levels nl and n'l’ is known as a multiplet of lines.



n=3—————————a==— — — — — = Y g . _
£ 0.036 cm— 3d,, G = 5/2,1=2) |
¥ 3p,,(G=3/2,1=1);3d,,(G=3/2,1=2)
0.108 cm
+ 3s,G=12,1=0%3p,G=V2,1=1)
) e ——— e —— 0.091cm™!
n=2 v 2P, G =32, 1=1)
0.365cm !
2s,,G=1/2,1=0)2p,,G=12,1=1)
=1 — — — — —
1.46cm™!

Is,, (= 1/2,1 = 0)
(a) (b)

5.1 Fine structure of the hydrogen atom. The non-relativistic levels are shown on the left in column

(a) and the split levels on the right in column (b), for » = 1, 2 and 3. For clarity, the scale in each
diagram is different.



Balmer series (lower state n = 2) the following seven transitions are allowed:

npy2—2812, np3;2—281,2

nsy,2—2pi/2, ns1,2—2P3,2

nds,2—2pi1,2, nds —2pP3/2,
"d5/2—2P3/2

nd.,
np:; nd..
npll
n'p,,—%
n's,; 3 n'p,
(2) (b)

5.3 Allowed transitions in (a) the multiplet np —n's and (b)



All the energy levels of the valence electron in an alkali (except for those with
[ = 0) are split into two; one level corresponding to a total angular momentum
quantum number j =/ + 1/2 and the other to j = [ — 1/2. The interaction
causing this splitting is the spin—orbit interaction, which was discussed in
Chapter 5 in connection with the hydrogen atom. The shift in energy due to this
cffect 1s given by (see Section 5.1)

AE = 3A[jG+ D - I+ 1) — 4] [8.22]

The constant A, is proportional to the expectation value of r~! dV(r)/dr, V(r)
being the effective central potential in which the valence electron moves:

#2 ( 1 dV(@)

2m?c

Ant = > = A%(Em) [8.23)

r dr



5 = r. e
L
a f
g nL:L.‘.‘I

ewodt Table 8.3 Spin—orbit splitting of the (nyp) levels of the alkalis
Atom Li Na K Rb Cs
Ho 2 3 4 5 6
AE 0.337 17.2 57.7 238 554 cm™!
0.42 21 72 295 687 x 10 *eV

The magnitude of A,; can be estimated by using V(r) as calculated by the
Hartree—-Fock method. It turns out to be much larger than for atomic hydrogen
(about 50 times larger for the 3p level of sodium than for the 2p level of
hydrogen), and the other relativistic corrections which are important for
hydrogen are negligible. The observed splitting of the (nop) levels of the neutral
alkali atoms are shown in Table 8.3. For a given atom the splitting decreases
with increasing n and /, while along an iso-electronic sequence of positive ions
the splitting increases with the charge Ze on the (nucleus + core), behaving like
Z*for large Z.

Using the Hartree—Fock potential A,; is found to be positive, and the level



not in scale). The yellow emission line (a doublet) is due to the transition
1 "ng and ? P, /2 states to the ground state ?S, 42 with the optical electron
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I.imite no relativista de la Ecuacion de Dirac.

El objetivo de este ejercicio es obtener el limite no relativista de la Ecuacion de Dirac
que sera la ecuacion de Schréodinger.

La ecuacion de Dirac es la siguiente:
iaV — par +Us)+ E—tv —Uelw =0

Donde:

0 o 7 0" ¥,
| o=lo /] [

dowrn J

Y o son las matrices de Pauli.

A partir de la expresion matricial para o y para 3 se puede expresar la Ecuacion de Dirac
como un sistema de dos ecuaciones.

iG P g — (M +Us)¥,, + (E —Uv—Uc)¥,, =0

GOWT
ia- P (M Us) +(E —Uv—Uc)yw =0

down down

Cambiando la notacion para abreviar y teniendo en cuenta que p=-1V se obtiene:

- &.ﬁlyrfou?r + A—Tup =0
— &IE‘PHP + ‘4+ lPdown =0
Donde:
A, =M +Us)+ (E —Us —Uc) (son funciones de 1)

Multiplicando la segunda ecuacion por &-p se obtiene:

—{E- P PY ¥y (G DY ¥ =0
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Se obtiene:
VzlP + (6- 15)‘4 lPa’O\m - (‘A)

Expresando en producto escalar -p como:

G P=p, "G + P,y G + p,il ;-G

Y expresando p como -1— se obtiene:

or
- A= 0 - -
(J‘p)‘4+lPa’mvn = ?.’"O'a— [‘4+1Pdo1m ] + (pEHB O+ pg}”¢ 'O-)A+1Pdmwr
r
Operando:
0 o¥
(c:p)4.¥Y,,,,6 =—irc - L\, —irOA, kil (pstty o‘+p¢u¢ o)A . .. =
cor or
.04, . o
- ””O-—\—qldmvn + pr?'-a4+‘ydo1m + (})5,”&‘0' L prﬁ” O-) 4 1Pa’otm
ar

-~

IS 51 |
=
¥ 6.’.1‘ down J,il_,_p . deown

Sustituvendo en (A) se obtiene:

dr
_A+P ' o-l];‘clown

dA.L
VZ‘1;up = —p- 0-44+\I‘dowu =io - ( ) L:an:.wvn
(B)

Despejando del sistema de ecuaciones inicial ‘¥ en términos de W, se puede

down

obtener de la expresion (B) una ecuacion para ‘¥,



g-to-p=—_———,
1 dA, o -1 1 dA, d
\%& i A A — T v, =0
+A+ dr r T4 Ay dr dr| ™

Para eliminar la derivad

¥, =42 (M)

Uppp = Vo + Voo + 1

\vg
“aar Unnn] Gf'(l‘) = Enrcf’(l') ) .
[2M o104 1224 3 (04)°
P | D= Ao IAoE 4®\er)
1
V{j:m(Uv+Uc)2—2E(Uy+UG)—USE A(T):E—Uvj—gzgﬂ—;M—!—Usa
—QMUS—!—VD],
1 194
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Efecto Zeeman

8.1. Zeeman effect in LS coupling

We consider first the interaction of the atomic elect-ons with an external
magnetic field B. This gives rise to the Zeeman effect. We treat the

inter-
action as a small perturbation, written in the classical form

where p is the total magnetic moment of the electrons. From egs. (4.4)
and (4.12) p is written in terms of the orbital and Spin magnetic moments:

Hy = {E Mgl + Eﬂy“nﬁf]' B (8.2)

where the orbital and spin g-factors, g, = | and g, = 2, are defined here
lo be positive numbers. Thus the sign of u, with respect to |. B = —pgl,

and of p, with respect to s, M. = —g.ig8, 18 kept explicit and is not incor-
porated in the g-t'acmr.__




Efecto Zeeman

Sucede cuando el hamiltoniano incluye un campo magnético 'débil’
el término de espin-orbita

| The criterion B « [/ jg for a weak field leads to a value of B for a
' ﬁe of { ~ 100cm™': B« By ~ 0T, Thus it 15 not very
o that the weak-field condition will be viclated. Put another way
B commonly attainable laboratory fields of 8 ~ 1 T will be weak il
g~ lcm™'.

Cweak field. therefore, we consider a fine-structure level labelled by
t]:sl is. the level J is isolated from othes levels (vL8J). In hrst-
perturbation theory the Zeeman energy sheft 1s

AE = {yLSIM ;| #y [y LSIM ). (8.3)
write .#, in the effective form

uglL + g,S) - B
ugBL, + g.5.).

I

Hu




Thus we write

CYLSIM | L \yESIM ;> = <yLSIM | 5050 = WLSIM, >, (8.5)
and similarly for S.. Now
S.S=W@0—L)-J—L)=J* +L* — 2L - J, (8.6)
therefore
L-J =4%#J* + L? — 8%). (8.7)
Similarly
S:-J =35I — L* + S?). (8.8)

The energy shift becomes

AE = puaB<yLSIM,| #{(I* + L2 — S3)
S

I+ 1)+ L+ 1) — S(S+ 1)
5 2J(F + 1)
J(T 4+ 1) — L(L + 1) + S5 4+ 1)
+ g s TS D }HEBMJ (8.9)

because |y L.SJAS, > is a simultaneous eigenfunction of LL*, S*, J%_ and J_.
But going back to eq. (8.1) we can define an effective operator for the total
magnetic moment . Since p is a vector operator and we require only its
matrix element diagonal in J we can write. in analogy with equation (7.43).

- .l)_

= 1 Le 10
| Lo 50 ) (8.10)

which is equivalent to the vector model prescription for projecting p on
to J. The matrix element. diagonal in J, of the projection factor is inde-
pendent of Af,, and we can therefore define an effective g-factor by
Moy = — Yitipd (8.11)

where

g; = g, (L.S.J). (8.12)
The energy shift is

AFE KyLSJIM,| —nu.B|yLSJIM,>

CYLSIM ;| g pnBI. |yLSIM , >
= GirnBM,. (8.13)




) :ring eq. (8.13) with eq. (8.9) we find

.{(J + l_}_—_t_- L A k) — S(S L 1)
9 270 + 1)
J(J+l)—L{L+1]+S{S+l)
)= N — (814
s 27 + 1) £5:39)

i called the Landé g-value. We see. according to the assumptions used

:'-ffa mulate it. that g, has meaning only in the weak field case.
oor singlets S = 0, and from eq. (8.14) g; = 1. independent of L. S.
Zeeman cffect

 that is to say, in the absence of a resultant spin the
s just from the interaction of the orbital magnetic moment of the
.rons with the external field. Let us consider the splitting of a 'D; level
example. For J = 2 the 2J + 1 possible values of M, are 2 bl
_ 2. According to eq. (8.13) the M, degeneracy of a level is lifted and
level J splits into 2J + 1 states. labelled by M. The field-dependence
5 . which is linear in B in first order, is shown in

an express the expectation value of u.asthe
tive slope of the cnergy with respect to field:

aE
i) = _@ = _.QJHBMJ (8.15)

in the case of a singlet g, = 1.

e
M,
2

1 1

D3 o
=1
=2

o 8 —=—

Fig. 82. The energies of the Zeeman states of a singlet level as a function of magnetic
field B.
a transition between singlet levels in a weak

‘Now let us consider
ection rules for M, arc

‘magnetic field. The electric dipole sel
AMJ=‘°~Z!:14MJ=D+M}=UWAJ=0. (8.16)

i L i
L i fena eACTIOMN



direction (7 polarization) and AM, = +1 corresponds to oscillation in
the x—y plane (¢ polarization). For a transition 'P,—'D,, for example,
at a given value of B the energy spacing between the states is ug8. the
same for each term. Therefore there are only three different frequencies
symmetrically disposed about the zero-field [requency. They are given by

hv = hvy, + ugB AM,, (8.17)

where hv, is the difference in energy of the unperturbed levels. These
EfeC‘I'o Zeeman nor'mal transitions are shown in Fig. 8.3. All three lines, separated by ugB/h, are

Se da en los términos M
con S=0 *
(25+1=1) L
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1

D, 0

e

-2

1
1

R (&)

-1

1 g
g o
V—-—
Fig. 8.3. The components of the transition 'P,—'D, in a magnetic field, illustrating the

normal Zeeman effect in transverse observation.




JFor the general case of transitions between multiplets in LS couplhing
{. cituation is different. This ‘anomalous® Zeeman effect depends on
fact that ¢, # 1. For if g, were 1 in eq. (8.14) we should have g, = 1.
independent of L, S, and J as in the normal Zeeman effect; in terms of
he vector model, Fig. 8.1, p would lie exactly along J. However, this is
the case and the frequency of the transition (7' L' SF' MYy — (yLSIM;)
s given by
hv = (E' + AE'Y — (E + AE)

= hvg + peBlg My — g,M ;) (B.18)

eq. (8.13).

L et us illustrate eq. (8.18) by reference to the sodium D lines: *S,2—

3P, > and *S,,;—?P5,,. The fine-structure splitting between the 2P levels

5 172 cm ', so J(*P) is about 11 cm 1. A magnetic field is weak 1n this
ptext if B < ZI2P) g ~ 25 T. The g-factors are g,l ey =23

2p. ) = 3 @50 Ps5,2) = % from eq. [B.14). Therefore the energy levels

Heancitinns for 2 weak field are as shown in Figl 8.4

e

F

3/2 T
4/3 i
e . 2 g
=2 1f2 zp §
Ei'?_-__.‘ 1.2' 2’*3#53 j’:‘z, >
—3/2
va2 7 vz T
251;2 2pep B S,z 2ups
—1/2 1 —1/2 4
E = ﬂ:n" 2
- ' '
" L]
i i : LT
V- B —
{a) (b)

Fig. 24. The Zeeman effect in the D lines of soadium, in ransverse observation:

(a) 2S,,2—"Py,2: (D) 2S5, —Paa-



Efecto Paschen-Back

(Ao e

fnu5 da cuando el campo magnético es tan grande que el término de
T interaccion con dicho campo es mucho mayor que la interaccion de
espin-orbita. Como el espin-érbita crece mucho con Z, esta situacion
de campos 'fuertes’ solo se puede dar en atomos ligeros.

En esta situacion, el término de espin-drbita se aplica después de ¢

onsiderar el acoplo con el campo magnético, en el esquema |L,L,, S, M, >

In view of the magnitudes already quoted this situation is likely to be
realized only in light elements for which ¢ < | cm
For a '-!.I'-.:-TI:J field we hawve the fol OWIng '|]CL|3_I1!.|E_'.'_-. for the Zeeman and

spin—-orbit mnteractions
g B(L. + g,5,) » (2 LSIL - . R 19)

Therefore we omit the spin—orbit interacion as a first approximation,
that iswe removeit from the zeroth-order Hamiltonian w hich now includes
anlv the central field and residual electrostatic interaction The appro
|*-:|.-1-tr: seroth-order wave function is [pLSM Mg} as for a term, There —._1
no interaction between spin and orbit, and on applying ¥, as a p-:rjun-
hation in first order J has no meaning. According 1o the vector '.mjdcl (see
Fig. 8.5) L and S precess independently about the direction of B with
pr:1i-:-.-‘;i:'-!1_~. M, and Mg on the z-axis {1.E., |I1L'-_U'|ru-:!_|-_'-n {-.I B). There 1s
deseneracy in M, and M, but &, commules w ith I.. and &., 50

AE = ¢vLSM Mgl ppB(L, + @.5.) [PLEM M)

- 2 Y
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. Zeeman aeffect in LS coupling

f;laving lifted the degencracy in M, and A we now apply the spin orbit
lrjplefactinn SyLLSHYL - S as a smaller perturbation. MNotice that we are
able. for once. 1o usc non-degenerale perturbation theory in which we
require. in first order, only the matrix element of Z(yLSL - S which is
diagonal in the zeroth-order representation, even though the operaltor

has non-va i this representation. The
dia matrix element is

(yLSM  Ms| G LSL - S Iy LSM Msz> = C(yL.SYM (M 21)
‘as in €q. = so in the lowest approximation the contributig o an
energy shift of the Z¢e - il . ey T

Taction in a
strong ficld 1s

AF = (Af; + g MDughB + Ay LS)M M. (8.22)

Fig. 8.5 Vector model showing S and L precessing independently aboul the

direction
of B in a strong magnetic field

The electric dipole selection rules are
AAM, = O] AM,; = 0 7 polarization.
— 1 o pmlarizuliun, (8.23)

so the frequencies in a transition from one term 10 another in strong field
are

hy = hve, + pugBOM,; + '.:(TL.S').M,‘M,_ — ;(-;"L'.‘S').-W_th'[_}_ (8.24)

This strong-field limit of the Zeeman effect is called the Paschen ~Back
effect. When £ can be neglected eq. (8.24)1s identical to the normal Zeeman

effect for there is nO dependence on the spin—35
By, — 0.

The energies of the states of a *P term in strong field (=q. (8.22)) are
illustrated on the right-hand side of Fig. 8.6. The states (M; = —1;
M, — Y and (M, — 1, M — — 5) coincide if g, — 2 exactly. At the left
of Fig. 8.6 are shown the weak-field Zeeman states whose encrgy shifts

from the fine-structure levels are given by eq. (8.13).

and Z are uncoupled and

153



De Zeeman a Paschen-

El campo crece en la figura hacia la derecha. Hay q
para completar el diagrama, que los niveles de la
cruzan.

Interaction with static external fielas

MI.- MS
z,.,m_g_ 12

B{; —_—

__2#95% —1, — 2

[ *P term on magnetic field.
At the right are shown the energies A£ in strong
together with the strong-field labels AT, M

Fig B.6. The dependence of the Zeeman en

: e states of
f!..E)'C is plotted as a function of T - iy -
field, on the assumption that 7 =2,



gfn Densidad de estados finales
G Supongamos un e (u)en una caja finita de anchura L. (Cuantos estados
permitidos existen con momento p<p?
- Caja finita (L) — Momento cuantizado — p =n 7Y SR NPT Sl et e et
- Por lo tanto, el volumen en el espacio de ——
para cada valor de P=(p,,p,.p,) vendra dado por

< 3
Volumen/estado = p, p, p, = (277%) = _(27\T/h)

- Los estados con momento pp seran aquellos que se
encuentren dentro de una esfera de radio p —>§7‘[p3 IRRRAE R e T
- Luego el ndmero de e (v) vendra dado por: PR

4 3
_ Volumen total _§”p _Vp® dnd IO dp

Volumen/estado (2771  672R° 2mR®
Vv

En la aproximacion de Thomas-Fermi nuclear
se toma electrones empaquetados como si

ocupasen todos los estados, con la densidad
calculada justo arriba, o sea h3/V
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6.2. Thomas-Fermi potential
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Thomas—Fermi model.

This model pictures the electrons in an atom as a Fermi gas, that is a
statistical assembly of electrons obeying Fermi-Dirac statistics, in which
the exclusion principle is taken into account. The purpose of the model is
to provide a method of calculating the electron density and from it the
electrostatic potential due to the nucleus and the cloud of electrons.

The calculation proceeds as follows: we assume that electrons are
moving in a box of volume de in co-ordinate space which js large enough
tO contain many e¢lectrons but at the same time small cnough that the
electrostatic potential @(r) does not vary appreciably over the size of the
box. Under this assumption the electrons are moving freely. with no
forces acting on them. and their translational momenta can be taken to be

pace available to electrons with absolute value of momentum = p js
(47/3)p>, the volume of a sphere of radius p; and the volume of phase
Space available is (47/3)p3 do.,
- The exclusion principle states, in this context, that not more than two
~ectrons are allowed in each volume of size 43 in phase space. We now
me further that the electrons are packed in phase space as densely as
ssible consistent with the exclusion principle, that is. their kinetic

gy is a minimum, which is equivalent to working at the absolute zero
ture. Under these conditions the number of electrons per unit
= with momentum less than a maximum value p, is

2 4
ﬂ='-;'—'j > —3—1)3, (6.11)

in terms of a maximum kinetic energy 7, — P&/ (2m)
5 (2mTy)>2, (6.12)

Ostatic potential encrgy for an ¢lectron is —e¢, and the con-

r'— é¢ % O, (6.13)
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The ceantral-fiald approximation
‘The charge density g =

— en is therefore expressed in terms of the poten-
tial ¢. from eqs. (6.12) and (6.14):

KR

= e(2med)?' = (G.15)
35
The charge density p i1s, like ¢, a function of r. The two are related by
Poisson’'s equation
Vigh = — pfEn. (6.16)
which becomes. with eq. (6.15). a difTerential cquation in ¢
4 e(2med)”
Vi = — ol IS 617
b 3Ixh” Awe, SRED

For this atomic model we require a solution of eq. (6.17) such that
Lt hir) Zeldnegr

F— O
where Ze is the nuclear charge, and

(6.18)

lim reb(ry = 0O (6.19)
which ensures that the atom as a whole

is uncharged. Equation (6.17) is
usually rewritten with the following changes:
PUr) = Z g €/ATEST = y(r)Ze/AmMEQr. (6.20)
where
x(r] = z&”;rz, (6-2‘)
and
r = bx, (6.22)
where
B == (_"'Tl')z A -5— 7 !|.4Tl'l"nh

= Z 13 o O8B8Sa,Z 7. (6.232)
me

Thus eq. (6.17) becomes

dz
d;r% = 3 T (6.24)

This is a universal equation which may
for all to give ¥ as a fu

be solved numerically once
we notice from eq. (6.

and
nction of x. Before we discuss a particular example
20) that the potential ¢(r) has been expressed as -4
screened Coulomb potential with Z ¢ 85 an ©

ffective screened nuclear



charge. Also, from eqgs. (6.22) and (6.23), we see that » is just a scaling
factor for distance from the nucleus: whereas eq. (6.24) which is inde-
pendent of Z indicates that the form of the potential. and hence of the
electron charge distribution, is the same for all Thomas Fermi atoms. the
sim of an atom actually decreases slowly as = '3,

Energy in
units of
et /aAni, a,

21—

.

. Potential curves for comparison with the Thomas—Fermi potential at 2 — 20,
23/ ane r: (b) —20e?/4nsr: (c) Vir) = ( —20e*/aAner) » (r: 20): (d) (—e3/
Aner {19 x (r: 20) + 1}: (©) h=6/2mr.
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clearly shown for the Thomas—Fermi potential. which i1s intermediag
between the two extremes (Z.ee — | and Z_,, = 20) in the region r ~ r e
AS r—= 0. F(r) > —Ze2/Ane,r. But as r —» . F(r) approaches s
much more rapidly than — ¢2/4ne,r. This behaviour is implicit in one of
the assumptions of the model. namely that the Thomas Fermi potent
is that due to the nucleus and «// the clectrons - it is the potential which
would be seen by a small probe. and not that which would be seen by one
of the electrons of the atom. The Thomas—Fermi potential is therefo
mapplicable at larger . A reasonable modificationt which improves t

FUr) = (—e*/Anenr)(Z — Dxtr: Z) + 1 H (6.25)

where the y(r) is that appropriate to atomic number = This curve for
< = 20 is also shown in Fig. 6.2: it becomes indistinguishable from
— e? /Ame,r For r/a, above about 6.

Since the Thomas—Fermi model is a statistical model, one might
expect it to be applicable, if at all, only for large Z. Furthermore. the
electron charge density calculated from the model is a smooth function of
r and does not show anyv shell structure (/-dependence). However. the
Thomas Fermi potential does serve as a trial potential for self-consistent
ficld methods. It can even be used. with remarkable success even for
small Z. to show at what value of Z an eleciron of given 2. {is first bound.
It the radial part of eq. (6.7) for a single clectron is written in its so-called

reduced form. with P(r) = rR(r) as in eq. (2.49). then we have
dZ P(r) Drrz h* I + I})
——— el S — — = p——=y Ay 6_
a= T 32 (E L/(r) > pou _ £(r) O (6.26)

The centrifugal term A2X7 + 1)/(2m1r3) can be regarded as part of an
effective central potential L '(r):

B2 KL+ 1)

U(r) = U(r) + — p=->

(6.27)

Clearly there is some cancellation between the positive term AZ/N/ + 1)/
(2r7172) and the negative term LA(r). An electron of given 72, /7 will not be
bound unless L/'(») is negative at some value of r. Bethel indicates the

anr=a s 1en anrbhiicta #lacn sacnan






(4) In a magnetic field, the transition (3s3p)' P; — (3s3s)' Sy only pro-
duces three lines, which is known as normal Zeeman effect, as shown in
Fig. 1.31(a). The transition (3sdp)*P; — (3s4s)*S) produces six lines and
is known as anomalous Zeeman effect. This is shown in Fig. 1.31(b). The
spacings of the sublevels of (3s3p)! Py, (3s4p)® P;, and (3s4s)°S, are ugB,
3upB/2 and 2ug B respectively.
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What is meant by the statement that the ground state of the carbon
atom has the configuration (1s)2(2s)2%(2p)2?

Assuming that Russell-Saunders coupling applies, show that there are
5 spectroscopic states corresponding to this configuration: 1Ss, 1Da, *Pa,

3‘F'21 Spﬂ*

Solution:

The electronic configuration of the ground state of carbon being (1s)2
(2s)2(2p)? means that, when the energy of carbon atom is lowest, there are
two electrons on the s-orbit of the first principal shell and two electrons
each on the s- and p-orbits of the second principal shell.

The spectroscopic notations corresponding to the above electronic con-
figuration are determined by the two equivalent electrons on the p-orbit.

For these two p-electrons, the peossible combinations and sums of the
values of the z-component of the orbital quantum number are as follows:

2 T8 1 0 —1
1 2 1 0
0 1 0 —1
—1 0 —1 —2
For my; = mya, or L = 2, 0, Pauli’s principle requires 74 # g2, OF

S — 0, giving rise to terms ' D5, 'Sp.

For 1m.; = sz, or S = 1, Pauli’s principle requires miy;; # iz, or L = 1,
and so J = 2,1,0, giving rise to terms 3P, ;0. Hence corresponding to the
electron configuration 1522s22p? the possible spectroscopic terms are



Apply the Russell-Saunders coupling scheme to obtain all the states
associated with the electron configuration (1s)?(2s)2(2p)3(3p). Label each
state by the spectroscopic notation of the angular-momentum quantum

numbers appropriate to the Russell-Saunders coupling.
NOTA: la configuracion p"y la pé" son equivalentes, Asi para estudiar 5 electrones en la capa p, vale
estudiar el caso de un electron en la capa p. Lo mismo para otras capas. Es similar a lo que veiamos con los

nicleos: agujero en capa=nucledn soltero
Solution:

The 2p-orbit can accommodate 2(2! + 1) = 6 electrons. Hence the con-
figuration (1s)*(2s)*(2p)® can be represented by its complement (1s)?(2s)?
(2p)! in its coupling with the 3p electron, In LS coupling the combination
of the 2p- and 3p-electrons can be considered as follows. Asly =1, I, = 1,
§1 = %, §9 = %, we have L = 2, 1,0; § =1, 0. For L = 2, we have for
S=1:J=3,2 1;and for § =0: J =2, giving rise to SDHJ. 'Ds. For
L=1wehavefor §=1: J=2, 1, 0; and for § = 0: J =1, giving rise to
E'Pg,;_.;.. '\Pi. For L=0,wehavefor S=1: J=1:for S=0: J = 0, giving
rise to 8y, 1Sy. Hence the given configuration has atomic states

812 Pa10° Doy,  So P D,.



Si tenemos en cuenta el principio de exclusién de Pauli, nos
quedan los términos:

Grupo de Fiticn Muclear

L Sa (8§ =0,L=0,J=0)
LDy (S =0,L=2,J =2)
“Pyio (§=1,L=1,0=2,1,0).

(b) The Landé g-factors are given by

ST 1)+ 8(S+1)— L(L+1)

4 |
g 2J(J <+ 1)
For Dq:
'31‘1--[}‘1"1—3!5_1
=== 2% 2 x 3 N
For ° Ps:
2x34+1x2-1 2 -
I'_,I:J"‘ —_ 5 5 ?d?. J



(a) What is the electron configuration of sodium (Z = 11) in its ground
state? In its first excited state?

(b) Give the spectroscopic term designation (e.g. 4S5 ,,) for each of these
states in the LS coupling approximation.

(c) The transition between the two states is in the visible region. What
does this say about kR, where k is the wave number of the radiation and R
is the radius of the atom? What can you conclude about the multipolarity
of the emitted radiation?

(d) What are the sodium “D-lines” and why do they form a doublet?

Solution:

(a) The electron configuration of the ground state of Na is 1s225?2p©3s!,
and that of the first excited state is 15225?2p%3p!.

(b) The ground state: 25, ;.

The first excited state: 2Py ,5,2 Py y.

(¢) As the atomic radius R =~ 1 A and for visible light k =~ 10~% A1,
we have kR < 1, which satisfies the condition for electric-dipole transition.
Hence the transitions 2Ps; —2 §)/2, 2P,/ —2 8,0 are electric dipole
transitions.

(d) The D-lines are caused by transition from the first excited state
to the ground state of Na. The first excited state is split into two energy
levels 2 Py, and 2P, /» due to LS coupling. Hence the D-line has a doublet
structure.



Couple a p-state and an s-state electron via

(a) Russell-Saunders coupling,
(b} 4,5 coupling,
and identify the resultant states with the appropriate quantum numbers.

Sketch side by side the energy level diagrams for the two cases and show
which level goes over to which as the spin-orbit coupling is increased.

We have s — s — 1/2, 13 = 1, Ia = 0.

(a) In LS coupling, L = 13 + 12, 8 = s; + 82, J = L + 8. Thus
B =2 S==1,0

For

S =1, .0 =2,1, 0, giving rise to *P»1.0.
For S — 0, J = 1, giving rise to ' P;. ¢
(b} In 77 coupl:ng, Jr =1 +81, 2 = 12 +s2, J = 31 +J=2- Thus 3, = » 3
j2 == 2-
Hence the coupled states are

(G3. GG, Ga3),

where the subscripts indicate the values of J.
The coupled states are shown in

32
=

- (3/2.1721,

_- ’ (3/2,1/2)5

5 (1/2,1/2),

~ (W/2,w72)g




For each of the following atomic radiative transitions, indicate whe-
ther the transition is allowed or forbidden under the electric-dipole radiation
selection rules. For the forbidden transitions, cite the selection rules which

are violated.

(a) He: (1s8)(1p) 'P1 — (18)2 18,

(b) C: (15)%(25)*(2p)(3s) * P — (15)%(2s)?(2p)* *Po

(e) C: (15)3(25)%(2p)(3s) 3P — (15)%(2s5)%(2p)2 3P

(d) Na: (15)2(25)2(2p)°(4d) 2Ds /2 — (15)2(25)2(2p)°(3p) 2Py /2
(e) He: (1s)(2p) 2P, — (1s5)2 185,

Solution:

The selection rules for single electrie-dipole transition are
Al = 41, NG = 0.261.
The selection rules for multiple electric-dipole transition are
AS =0, AL =0,+1, AJ =0,+1(04 0).

(a) Allowed electric-dipole transition.

(b) Allowed electric-dipole transition.

(c) Forbidden as the total angular momentum .J changes from 0 to 0
which is forbidden for electric-dipole transition.

(d) Forbidden as it violates the condition AJ = 0, +1.

(e) Forbidden as it viclates the condition AS = 0.



Consider a helium atom with a 1s3d electronic comfiguration. Sketch a

series of energy-level diagrams to be expected when one takes successively
‘inm account:

Grupo de Fitiea Nuclear

(&) only the Coulomb attraction between each electron and the nucleus,
(b} the electrostatic repulsion between the electrons,

(c) spin-orbit coupling,

(d) the effect of a weak external magnetic field.

Solution:

The successive energyv-level splittings are shown |
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The atomic murnher of alwmimums s 15

fa] What is the eoctronic coafiruration of Al in its ground state™

(b Whas i= the term classsfication of the grouwnd stazte? Use standard
spectroscopic motation {e.g. *5) 4] and explain all superscripts and sigh-
scripds.
(ch Show by means of an energy-level diagram what happens to the
groamd state when & very strong magnetic field (Paschen-Back regaom ) s
applied. Label all stites with the appropriaste guantom mumbers and indE-
cabe the refarive spacng of the emergy Jevels.

(18)2(2s5)2(2p)%(3s)%(3p)"* .

(b) The spectroscopic notation of the ground state of Al is 2P, y2, where
the superscript 2 is the multiplet number, equal to 25 + 1, S being the
total spin quantum number, the subscript 1/2 is the total angular momen-
tum quantum number, the letter PP indicates that the total orbital angular
momentum quantum number L = 1.

(c¢) In a very strong magnetic field, LS coupling will be destroyed, and
the spin and orbital magnetic moments interact separately with the external
magnetic field, causing the energy level to split. The energy correction in
the magnetic field is given by

AFE = —(par, + p25) - B = (Mp + 2M,)pup B,

where

M =1,0,—1, Ms=]._f2,-—1f2.

The 2P energy level is separated into 5 levels, the spacing of neighboring
levels being pgl3. The split levels and the quantum numbers (L,S,Mp,
Mgs) are shown in Fig. 1.53.
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