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I - What is an atom? Modeling ? 

•  N-electrons bound to a nucleus (Z) 

•   N-electrons in interactions 

Hn!e = !
!2

2mi=1...N
" #"ri

2 !
Ze2

4!"ori

He!e =
e2

4!"oriji< j=1...N
"

•  N-electron atom wave function                   with                     satisfies !(q1... qN ) qi =
!ri,! i{ }

H !(q1... qN ) = E !(q1... qN )

" He#n +He#e[ ] !(q1... qN ) = E !(q1... qN )
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Step 1: Independent-particle model – no spin 

•  Lets introduce the spherically symmetric potential V (r)

V (r) = ! Ze2

4!"0r
+ S(r)

V (r)!"
Ze2

4!"0r
r! 0

with 
V (r)!"

(Z " N +1)e2

4!"0r
r!#

•  Re-writing the total Hamiltonian 

H = He!n +He!e + V (ri )
i=1...N
" ! V (ri )

i=1...N
"

H = Hcentral +Hnoncentral

Screening of 
the nucleus  

Hcentral = !
!2

2mi=1...N
" #"ri

2 +V (ri ) Hnoncentral = He!e ! S(
i=1...N
" ri )
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Step 1: Independent-particle model – no spin 

•  The Schrodinger equation for the central field is separable in N equations 

Hcentral !central (
!r1...
!rN ) = Ecentral !central (

!r1...
!rN )

!central (
!r1...
!rN ) = u!1 (

!r1) " u!2 (
!r2) ..." uvN (

!rN )

since all particles are independent 

•  Schrodinger equation in a central field for the electron i 

!
!2

2m
""ri
2 !V (ri )

#

$
%

&

'
( unilimli (

"ri) = Enili
unilimli (

"ri)

unilimli (
!ri) = Rnili (ri) ! Ylimli (!i,"i )

with the “natural” solution 

Set of good  
quantum numbers 

The radial part is not the solution of the hydrogen.  
The different l-states are not degenerate 
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Step 1: Independent-particle model 

•  Spin and the Pauli exclusion principle 

Electron are fermions of spin !, so that the wave function                   must  
be anti symmetric in the spatial an spin coordinates qi of the electrons 

!(q1... qN )

•  Building up a wave function for N electrons – Slater determinants 

!central (q1... qN ) =
1
N!

u! (q1) u" (q1) ... u# (q1)

u! (q2 ) u" (q2 ) ... uv (q2)

... ... ... ...
u! (qN ) u! (q1) ... u# (qN )

unilimlimsi
(qi) = Rnili (ri) ! Ylimli (!i,"i ) ! #1/2,msi

with 
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Step 1: Independent-particle model 

•  Basis set to describe an electronic state – LS representation 

!
L =

!
li

i=1...N
!

!
S = !si

i=1...N
!

!nlml 'LSMLMS

Electronic configuration 
Close shell electrons 

Electronic configuration 
Open shell electrons 

Parity =!
i
("1)li

Total orbital  
angular momentum 

Total spin 
momentum 

•  Russel-Saunders notation 

!nlml ' 2S+1LJ!" #$
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Step 2:  Beyond the independent-particle model 

•  Apply a perturbation W on the operator H0 H0 !n
0 = En

0 !n
0

En
1 = En

0 + !n W !n

First order 

!n
1 = !n

0 +
! p
0 W !n

0 2

En
0 !Ep

0
p"n
# ! p

0

Second order is required if  !Ep,n
0 = Ep

0 "En
0 # ! p W !n

•  To be considered in the Hamiltonian 

Hnoncentral = He!e ! S(
i=1...N
" ri )

Electronic correlation (   Z2) 

HSO =
1

2(mc)2
1
ri
dV (ri )
dri

!
li.
!si

i=1...N
!

Spin orbit (    Z4) 

and more terms! 

! !
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Step 2:  Beyond the independent-particle model 

Hnoncentral >> HSO HSO >> Hnoncentral

H = Hcentral +Hnoncentral

H,
!
L!" #$= H,

!
S!" #$= 0

H = Hcentral +HSO

H,
!
J!" #$= 0

LS - coupling JJ - coupling 

First 
perturbation 

Second  
perturbation 

H +HSO
H +Hnoncentral

H,
!
J!" #$= 0 H,

!
J!" #$= 0

Dipole 
Selection 

rules  

!J = 0,±1with Ji = J f = 0 forbidden

!L = 0,±1with Li = Lf = 0 forbidden

!S = 0 !j = 0,±1
with ji = j f = 0 forbidden
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Step 2:  Beyond the independent-particle model 
Fine structure with LS-coupling 

Hcentral

Hcentral +Hnoncentral Hcentral +Hnoncentral +HSO

Hund’s rule 
 
1.  the term with the largest 

possible value of S for a 
given configuration has the 
lowest energy; the energy of 
the other terms increases 
with decreasing S 

2.  For a given value of S, the 
term having the maximum 
possible value of L has the 
lowest energy 
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Step 2:  Beyond the independent-particle model 
Fine structure with JJ-coupling 

Hcentral Hcentral +HSO Hcentral +HSO +Hnoncentral
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Summary 
•  Define a basis to describe the electronic structure  

–   simple model : independent-particle model 

•  Use this basis to describe the fine structure 
–  more sophisticated model including electron 

correlations, relativistic term 
–  coupling scheme informs on the interactions   

Solids

Artificially
Prepared

Liquids
Gases

Atomic Properties of the Elements

 29
Cu
Copper
63.546

7.7264

 11
Na
Sodium

22.989770

5.1391

 12
Mg

Magnesium
24.3050

7.6462

 13
Al

Aluminum
26.981538

5.9858

 14
Si
Silicon

28.0855

8.1517

 15
P

Phosphorus
30.973761

10.4867

 16
S

Sulfur
32.065

10.3600

 17
Cl

Chlorine
35.453

12.9676

 18
Ar
Argon
39.948

15.7596

 1 2S1/2

H
Hydrogen
1.00794

13.5984

 4
Be
Beryllium
9.012182

9.3227

 37
Rb
Rubidium
85.4678

4.1771

 55
Cs
Cesium

132.90545

3.8939

 42
Mo

Molybdenum
95.94

7.0924

 41
Nb
Niobium

92.90638

6.7589

 86
Rn
Radon
(222)

10.7485

 74
W

Tungsten
183.84

7.8640

 43
Tc

Technetium
(98)

7.28

 75
Re
Rhenium
186.207

7.8335

 44
Ru

Ruthenium
101.07

7.3605

 76
Os
Osmium
190.23

8.4382

 45
Rh
Rhodium

102.90550

7.4589

 77
Ir

Iridium
192.217

8.9670

 46
Pd

Palladium
106.42

8.3369

 78
Pt

Platinum
195.078

8.9588

 47
Ag

Silver
107.8682

7.5762

 79
Au

Gold
196.96655

9.2255

 48
Cd

Cadmium
112.411

8.9938

 80
Hg
Mercury
200.59

10.4375

 49
In
Indium

114.818

5.7864

 50
Sn

Tin
118.710

7.3439

 51
Sb

Antimony
121.760

8.6084

 52
Te

Tellurium
127.60

9.0096

 53
I

Iodine
126.90447

10.4513

 81
Tl

Thallium
204.3833

6.1082

 82
Pb

Lead
207.2

7.4167

 83
Bi

Bismuth
208.98038

7.2855

 84
Po

Polonium
(209)

8.414

 85
At

Astatine
(210)

° ° °

° °

° °

°

°

°

°

° °

° °

 105  107 106  108  109  111 110  112

1s

 114  116

 3

1s22s

Li
Lithium
6.941

5.3917

 10
Ne

Neon
20.1797

21.5645

 2
He
Helium

4.002602

24.5874

 9
O

Oxygen
15.9994

13.6181

 8
F

Fluorine
18.9984032

17.4228

 7
N

Nitrogen
14.0067

14.5341

 6
C

Carbon
12.0107

11.2603

 5
B

Boron
10.811

8.2980

 87  88  104

 72
Hf

Hafnium
178.49

6.8251

 40
Zr

Zirconium
91.224

6.6339

 39
Y

Yttrium
88.90585

6.2173

 38
Sr

Strontium
87.62

5.6949

 56
Ba
Barium

137.327

5.2117

 73
Ta

Tantalum
180.9479

7.5496

 54
Xe
Xenon

131.293

12.1298

 19
K

Potassium
39.0983

4.3407

 20
Ca
Calcium
40.078

6.1132

 21
Sc

Scandium
44.955910

6.5615

 22
Ti

Titanium
47.867

6.8281

 30
Zn

Zinc
65.409

9.3942

 31
Ga
Gallium
69.723

5.9993

 32
Ge

Germanium
72.64

7.8994

 33
As
Arsenic

74.92160

9.7886

 34
Se

Selenium
78.96

9.7524

 35
Br

Bromine
79.904

11.8138

 36
Kr
Krypton
83.798

13.9996

 23
V

Vanadium
50.9415

6.7462

 24
Cr

Chromium
51.9961

6.7665

 25
Mn

Manganese
54.938049

7.4340

 26
Fe

Iron
55.845

7.9024

 27
Co
Cobalt

58.933200

7.8810

 28
Ni
Nickel

58.6934

7.6398

Pe
rio

d

1

6

5

4

3

2

2S1/2

1s22s2

2S1/2

2S1/2

[Ne]3s2

1S0

[Ne]3s

1S0

1S0

2S1/2
1S0

2S1/2
1S0

2S 1S

[Ar]4s2[Ar]4s

[Kr]5s2[Kr]5s

[Xe]6s2[Xe]6s

2D3/2
3F2

2D3/2
3F2

3F2

3F

[Ar]3d4s2 [Ar]3d24s2

[Kr]4d5s2 [Kr]4d25s2

[Xe]4f145d26s2

4F3/2
7S3

6D1/2
7S3

4F3/2
5D0

[Xe]4f145d36s2 [Xe]4f145d46s2

[Kr]4d45s [Kr]4d55s

[Ar]3d34s2 [Ar]3d54s

6S5/2
5D4

[Ar]3d54s2 [Ar]3d64s2

6S5/2

6S5/2

[Xe]4f145d56s2

[Kr]4d55s2

4F9/2

[Ar]3d74s2

4F9/2

[Kr]4d85s

3F4
2S1/2

5F5

[Kr]4d75s

5D4

[Xe]4f145d66s2

4F9/2

[Xe]4f145d76s2

2S1/2

[Kr]4d105s

1S0

[Kr]4d10

3D3

[Xe]4f145d96s

2S1/2

[Xe]4f145d106s

1S0
2P1/2

1S0

[Kr]4d105s2 [Kr]4d105s25p

[Xe]4f145d106s2

1S0

[Hg]6p

2P1/2

1s22s22p

1S0

1s2

3P0

1s22s22p2

4S3/2

1s22s22p3

3P2

1s22s22p4

2P3/2

1s22s22p5

1S0

1s22s22p6

2P1/2
3P0

4S3/2
3P2

2P3/2
1S0

3P0
4S3/2

3P2
2P3/2

1S0

2P1/2
3P0

4S3/2
3P2

2P3/2
1S0

2P1/2
3P0

4S3/2
3P2

2P3/2
1S0

[Ar]3d104s24p[Ar]3d104s2[Ar]3d84s2 [Ar]3d104s [Ar]3d104s24p2

[Kr]4d105s25p2

[Ar]3d104s24p3

[Kr]4d105s25p3

[Ar]3d104s24p4

[Kr]4d105s25p4

[Ar]3d104s24p5

[Kr]4d105s25p5

[Ar]3d104s24p6

[Kr]4d105s25p6

[Hg]6p2 [Hg]6p3 [Hg]6p4 [Hg]6p5 [Hg]6p6

[Ne]3s23p [Ne]3s23p2 [Ne]3s23p3 [Ne]3s23p4 [Ne]3s23p5 [Ne]3s23p6

1
IA

2
IIA

3
IIIB

4
IVB

5
VB

6
VIB

7
VIIB

9
VIII

8 10 11
IB

12
IIB

13
IIIA

14
IVA

Standard Reference
Data Group
www.nist.gov/srd

Physics
Laboratory
physics.nist.gov

15
VA

16
VIA

17
VIIA

18
VIIIA

Frequently used fundamental physical constants

1 second = 9 192 631 770 periods of radiation corresponding to the transition

speed of light in vacuum 299 792 458  m s!1

Planck constant 6.6261 × 10!34 J s 
elementary charge
electron mass

proton mass
fine-structure constant 1/137.036
Rydberg constant 10 973 732  m!1

Boltzmann constant 1.3807 × 10!23 J K !1

c
h
e
me

k

For the most accurate values of these and other constants, visit physics.nist.gov/constants

between the two hyperfine levels of the ground state of 133Cs 
(exact)

0.5110  MeV

13.6057  eV

R
R c
R hc

( /2 )

mec
2

mp

1.6022 × 10!19 C 
9.1094 × 10!31 kg

1.6726 × 10!27 kg 

3.289 842 × 1015 Hz

LS-coupling 

JJ-coupling 

Intermediate 
coupling 

Lunds universitet / Fysiska institutionen / Avdelningen för synkrotronljusfysik    FYST20 VT 2012 

II - Experimental manifestation 
V. Schmidt,  Rep. Prog. Phys. 55, 1483 (1992) 
 

Absorption Cross sections 

Main transitions: single ionization cross section (!+) for different shells 
 
Satellite transitions: many electron processes – mainly two electrons 
  double excitation (!**), ionization and excitation (!+*-discrete satellites) 
  double ionization (!++- continuous satellites) 
 
 

! a =! ionization +! fluorescence(+! dissociation )
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Photo-absorption / Photo-Ionization 
He  +  h"     !  He+(*) [1S1/2]     +  e-(”p”) 

Ph
ot

on
 e

ne
rg

y 

Kinetic  
Energy (Ek) 

He+ [1S1/2] 
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Total cross section / partial cross- section 

He: 1s2 

H
e+

* (
2s

) 

H
e+

 (1
s)

 

V 

H
e+

* (
3s

) 

H
e2

+  
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Total cross section / partial cross- section 

He: 1s2 

H
e+

* (
2s

) 

H
e+

 (1
s)

 

V 

H
e+

* (
3s

) 

H
e2

+  
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Photo-absorption/ ionization & Fluorescence 

He+* (2s) 

He+ (1s) 

Ion yield 

Fluorescence yield 

V 

h"#
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Evolution of the cross section#

Argon 

Krypton Xenon 

Helium Neon 

Samson et al, J. Elec. Spec. Rel. Phenom, 123 ,265 (2002) 

A +  h"     !  A+(*)  +  e- 

Global  
decrease 

Cooper 
Minimum 

New  
edges 
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Effect of the radial overlap 

Many electron matrix element  
in terms of one electron matrix element 

Radial overlap 
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a) Global decrease 
Energy 

r 

Potential 

Unbound states 

Bound states 
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b) Cooper minima 

Cooper, Phys. Rev. 128, 681 (1962) 

$=0 
$ 

Radial overlap 

Radial wave function 
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Satellites – Shake up 

He: 1s2 

H
e+

* (
2s

) 

H
e+

 (1
s)

 

V 
H

e+
* (

3s
) 

H
e2

+  

Overlap should be  
non zero 

Lunds universitet / Fysiska institutionen / Avdelningen för synkrotronljusfysik    FYST20 VT 2012 

Total cross section / partial cross- section 

Ne: 1s22s22p6 
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! and some more effects..?.. 
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Photo-absorption / Ionization – two cores 
Xe +  h"     !  Xe+(*)[2PJc]     +  e-(”s”, ”d”) 
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Auto-ionization – two cores 

Photon energy (eV) 
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Auto-ionization – parametrization 

Xe+(2P3/2) 

Xe+(2P1/2) 

C
lo

se
d 

ch
an

ne
l 

O
pe

n 
ch

an
ne

l 

%c 
%d 

V 

Parameterization of the resonance 

! (E) =! a
(q+")2

1+" 2

!a: is the cross section    |Ac|2 

 
q: is the profile index     Ad/(V*Ac) 
 
$: is the reduced energy (E-Er)/(&/2) 
 
&: is resonance width 2'|VE|2 

!

!
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Auto-ionization - parametrization 

U. Fano, Phys. Rev. 124, 1866 (1961)   
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Tips: Rydberg series assignment 

Generalized Rydberg formulae  

En = IP !
R

(n!µ)2
= IP ! R

n*2

IP: Ionization potential 
R: Rydberg constant (109736,86 cm-1) 
n: principal quantum number, n* effective principal quantum number 
µ: quantum defect  
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Auger 

Core ionization Normal auger 

Two holes  
A2+ 

Resonant  
ionization 

Spectator                            Participator 
Resonant auger 

Continuum 

Empty  
valence 

Inner  
shell 

Occupied 
valence 

One hole 
 A+ 

One hole- 
One particle  

A+* 


