< 1 15.04.2015 Preliminary Discussion / Introduction

22.04.2015 Experiments (discovery of the positron, formation of antihydrogen, ...)
29.04.2015 Experiments (Lamb shift, hyperfine structure, quasimolecules and MO spectra)
06.05.2015 Theory (from Schrédinger to Dirac equation, solutions with negative energy)
13.05.2015 Theory (bound-state solutions of Dirac equation, quantum numbers)
20.05.2015 Theory (bound-state Dirac wavefunctions, QED corrections)
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7 27.05.2015 Experiment (photoionization, radiative recombination, ATI, HHG...)
8 03.06.2015 Theory (description of the light-matter interaction)

9 10.06.2015 Experiment (Kamiokande, cancer therapy, ....)

10 17.06.2015 Theory (interaction of charged particles with matter)

< 11 24.06.2015 Experiment (Auger decay, dielectronic recombination, double ionization)
12 01.06.2015 Theory (interelectronic interactions, extension of Dirac (and Schrédinger) theory for the
description of many-electron systems, approximate methods)

« 14 15.07.2015 Experiment (Atomic physics PNC experiments (Cs,...), heavy ion PV research)

Many-electron ions (part 2)

(Spectra of many-electron atom, coupling schemes
and advanced many-electron methods)




[0 Central field approximation for  N-electron system ]

+ Spectra of many-electron ions: Perturbative approac h
+ Jj coupling
+ LS coupling

+ Variational methods: Hartree-Fock and Dirac-Fock ap ~ proaches

® Generalization of the central field approximation (and, as its particular case, the
independent particle model) for the system of N electrons is rather straightforward:

[Z [‘ ica [, -%+ czaoj +y H‘P(fpfz,---ﬁ EV(r,.r,,...)

k k k<i 'k U

(l:lo +H ') w(r,r,,.)= E¥(r,r,,..)

» where central field Hamiltonian: Hy,= Z (— ica M, +V(r,)+ czao)
k

» and remaining (non-spherical) part is: H = Z i —2 (£+V (rk)}
I

k<i i
I:> By neglecting first the non-spherical part, we find solution of H,
Wi () Wi () Wi (1)
1 _ _ _ Wi, (T2) Wiy (1) Wy, (12)
w(rr,..)= TNT,, 2, SOt ot Tt MW 1, (1) Y1 (1) Wi (1)
angularcoupli\n/g coefficients




® Since the many-electron wavefunction:

i () Wi, () Wy (1)
1 nejatrn (2) - Wi, (12) - Wiy (12)
q”(rurz'"')zﬁ Z d(jaﬂav jblub' jc/‘lc"":JM )wnajapa(r:{) wnhjhyh(ra) wncjcyc(ra)

Moty He e

® s obtained as a solution of central-field Hamiltonian:
Ho=Y (—iCa m, +V(r,) +czao)
k
@ the total energy of the N-electron ion is given by: = = En j + En i + En i
ala blb clc

® where: (_ ica D]:lk +V(rk) + Czao)l/lnjp = Enj l/lnj/z

+ For central filed Hamiltonians the total energy of the syste m
is entirely determined by the electron configuration!!! (i.e. by
the way how electrons “sit down” in atom/ion).

2s,, + “free” electron continuum

1s,,, + “free” electron continuum 25,,2Py, 1 =1,2

>
[=2}
[}
E=E,. +E_ .
Nala M Ib 5,%,0=01 — - That we have discussed
— — <:| for the two-electron ions.
How it will be for many-
?
o 18,,2Py, W0 =12 electron ones?
b,,25,J=01 L
—_— —_— by,2p, J=01 Let us consider ground-
\state of our system!
1s7,:3=0
- _ — _
' N

singly-excited states doubly-excited states




Ground states of many-electron ions

(relativistic framework)

® Letus start “filling” our ion with electrons!

Energy

® Butdon't forget Pauli principle!

® Only (2j+1) electrons may occupy the —_—
same subshell (i.e. have the same n and j).
-0 -—
@ For given total momentum  j:
—o-‘-
® 4=+, .... ] (magnetic)
nij (-1)' | notation
1| 12 + 1s,), }2 electrons
2| 12 + 281 }2 electrons By following these rules
2 we can easily “build”
2 - 2py, |2 etectrons ground state of heavy
2| 3r - 20y, |4 electrons many-electron ion.
3| 12 + 3sy5 }2 electrons
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Ground states of many-electron ions

(relativistic framework)

® et us start “filling” our ion with electrons!

Energy

® Butdon't forget Pauli principle!

nij (-1)' | notation

1) 12 + 1S4 }2 electrons -0-0- 25 —_— 2Py,

2| 1/2 + 2Sy) }2 electrons oo 15,

2| 12 - 2py, }2 electrons

2| 32 - 2P3p }4 electrons

3| 12 + 3sy }2 electrons 1s,p H-like ion

""" 1s2, He-like ion

So far: energy levels are independent on total J. 182,,2s,, Lilikeion

1s?,,, 2s%,,, Be-like ion
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Excited states of many-electron ions

(relativistic framework)

® Of course, we may also fill electrons into
excited states of ions/atom.

Energy

® Pauli principle is anyway has to be satisfied!

nij (-1)' | notation =2-9- 2Dy,
1| 12 + 1syp }2 electrons -2=d- 2Sy; -@-@- 2Py
2| 12 + 2Sy) }2 electrons e i,

2| 12 - 2py }2 electrons

2| 32 - 2p3p }4 electrons

3 12 + 351/2 }2 electrons

Let us consider, for example, C-like ion:
So far: energy levels are independent on

total J. 182y, 282, 2p% 5 ground state

Please, remind yourself: there is splitting of 1s2,,, 25%,,,2p1, 2P5,  EXCited state

energy levels with different J if “perturbation”

is taken into account. 1s2,), 252, 2P, excited state
08 July 2015

Central field approximation for N electrons

(reminder from the last lecture)

® Generalization of the central field approximation (and, as its particular case, the
independent particle model) for the system of N electrons is rather straightforward:

{Z (— ica T, _rZTJ' czao] £y ”‘P(frrz,---k EW(rr.)

k k<i 'k ﬂ

(ﬁg + I-T’) lP(rl,rz,..)= EW(rl,rz,...)

» where central field Hamiltonian: H 0 = Z (— ica M, +V(r,)+ czao)
k
. . . a 1 VA
» and remaining (non-spherical) part is: H'= Z - —z —+V (rk)
i e & Uk

I:> By neglecting first the non-spherical part, we find solution of H,
wﬂaiaua (rl) w"nlnl‘n (rl) wncic#c (rl)
1 Wi (2) Wi, () W (1)
Wt rp)= N, %ﬂc._{(laﬂa- JoHys cHesns JM/)l//na,-aua(ra) gions (1) Wi, (13)

angular coupling coefficients
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Excited states of many-electron ions

(carbon-like ions)

® We make use of perturbation theory to take into account “non- central” term:
- 1 VA
H=Y S-S Z+v(n)
i N Uk

® And to find energy shift:

E'=(yIM, |I:|’ yIM, )s.[LIJ;MJ (rl,rz,r3,...)ﬁ’wJMJ (r,r,,15,...)drdr,dr,...

2Py2 2P, =
? 29222002 9=
&
T 2=
e 2P22P; —
3=0

-0-9- 23, “o— 2P

We have to use the full notation:
=0 1s,
(naja’ nb.lb’ nc.’c!"')‘] A

08 July 2015

jj-coupling

® All the results which we have discussed before have been obta
assumption that the electron-electron interactions are we aker comparing to

relativistic ones.
}HO +H ')ll—'(r\lrz) =EW (rl, r2,...)
) l_‘" T Z 1 Z

ined in

HO=Z(-icozm]k-%-\/(rk)+c2a0 ——Z(—-PV(I‘,()]
s =
-
sum of one-electron (relativistic) Hamiltonians perturbation (includes e-e terms)

@ But all this is true only for heavy ions!

® What shall we do for low- Z elements? (]
nucleus \
(point-like)

08 July 2015




] Task 1

Assuming that j-j coupling holds, list the possible terms (nyj;,n,J,, ... ) J for the
following electronic configurations:

152

1s 2s
1s*2s°2p
1s°2s*2p°

+ Central field approximation for ~ N-electron system

+ Spectra of many-electron ions: Perturbative approac h

+ Jj coupling

+ LS coupling

+ Variational methods: Hartree-Fock and Dirac-Fock ap  proaches




® Please, remind yourself: we have already included spin into non-relativistic
consideration also and got simple model:

s, (M) =Wmen, 1,60,8,0) =R, (1Y, (6,8) X, (0)

Note: there is no need to couple | and s since there is no|
spin-orbit coupling in non-relativistic case.

® This wavefunction is solution of Schrédinger equation:
h2
2 —
o D)V (O () =Eg(n)

® with some central _ potential.

Why some? We have discussed until now
only Coulomb case for Schrédinger equation!

® Similarly to relativistic case, we may build up central fiel d approximation for the
Schrddinger equation:

A

(I:|c + Hl)LP (I’l, r2|--): El'P(I'l, rz,...)

® where: . /W\
HC:th:Z(_EDkZ +v(rk)j V(rk):~zéf(rk)
Kk K — —fk

Each electron sees an identical (not necessary Coulomb)

potential that is only a function of its distance from the nuc leus Vi
. . Zy (1)
® and remaining non-central part is:
1 z
\_‘/

Ho=> —-> (r—+V (rk)J
By neglecting for the moment this remaining part we again find solution of the Hamiltonian:

a(n) o) .. where |a>=”a|amasamsa>
w(rl,rz,...)=ﬁ a(rz) wb(rz)




® Similarly to relativistic case, we may build up central fiel d approximation for the
Schrédinger equation:

(I—Tc + ﬁl)w (r,,r,,..)= E¥(r,,1,,...)

® where:

Quite often:

- - 1
Ao=2h=3(- 200 vw) vi=-Ze)

k

k k S

Each electron sees an identical (not necessary Coulomb)

potential that is only a function of its distance from the nuc leus Z Z ( )
. I
) Please, note: we did not couple af 2 K
® andremain ’ P
electron momenta so far!

Lkrk +V(rk)J

k<| I’|<| k
By neglecting for the nt this remaining part we again find solution of the Hamiltonian:
r
(n) &,(n) where |a) = nalamasamsa>
W(r,r,,...) (rz) w,(r) ..

® Again, since the for the moment we just consider wavefunctio n:

1 wa(rl) wb(rl)
W (rv rzl---) = m‘/la(rz) ‘//b(rz)

® which is eigenfunction of the central-field Hamiltonian:
— h - 1 2
= Z h, = Z _EDK +V ()

k 3
® The total energy of the ion (atom) is completely determined b y the electron

configuration:

E=) E
k

What is the difference here from the relativistic case?




® |etus start “filling” our ion with electrons!

® Butdon't forget Pauli principle!

Energy

® m=-,
L ]

® Only 2(2l1+1) electrons may occupy the
same subshell (i.e. have the same n and I). —_—

® For given orbital momentum

.... +l (magnetic)
mg = +1/2, -1/2 (spin)

n |l |(1) |notation
110 + 1s
2|0 + 2s
211 - 2p
3|0 + 3s
31| - 3p

}2 electrons

}2 electrons } By following these rules

we can easily “build”
Jo elecrons ground state of heavy
}2 electrons many-electron ion.

}6 electrons

n |l (-1)' | notation ® Letus start “filling” our ion with electrons!
110 + 1s }2 electrons (This time without animation.)
210 + 2s }2 electrons
® Everything looks very similar to relativistic
211 - 2p }6 electrons case.
30| + 3s }2 electrons
3|11 - 3p }6 electrons _
Element Total Orbital Diagram Electron %
Electrons 15 2s 2 3s  Configuration E
E
H N | N e :
oo EEDEEE ¢ -
Li 3 152 261 5
HE (W :
Be 4 152 2s? 2
2

10



Electronic configuration

n |l |(-1) | notation
110 + 1s
20| + 2s
211 - 2p
30| + 3s
3|1 - 3p

:E Hund'’s law: for degenerate orbitals, the lowest energy is attained when the number

}2 electrons
}2 electrons

}6 electrons

(non-relativistic case)

® Let us start “filling” our ion with electrons!
(This time without animation.)

® Everything looks very similar to relativistic

case.
}2 electrons e But..
}6 electrons
Element Total Orbital Diagram Electron
Electrons s 2s 2p 35 Configuration
C 6 -@j - 152 25222
o EETTTE
Ne 10 152 252 2p6
Na 11 152 252 2p° 35!

of electrons with the same spin is maximized.

Picture from: http://www.mikeblaber.org/

08 July 2015
Electronic configuration
(non-relativistic case)
n |l (-1)" | notation ® Whatis going on after Argon?
110 + 1s s 2s 2p 3s 3p
2|10 + 2s a8 BRI DR LAY 152222035238
211 - 2p
3]0 + 3s @ At Potassium a “natural order” of filling the orbitals
ends up.
31| - 3p
0
[TTTT1]
3]2 * 3d 3d 4s lower energy than 3 d‘
40| + 4s
= 3p
411 | - 4p 3s
5| —————
412 | + 4d Sll—m 2
= 2s

This departure from the “natural order”

of filling requires more detailed analysis.

08 July 2015

K 19 1s°2s®2p°3s® 3p° 4s

n_zl-_ (ground state)
1s

Picture from: http://www.mikeblaber.org/
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® By using our knowledge on electronic configurations of many
we may understand Z-behaviour of ionization potential.

25

-electron atoms

Helium

Neon

0
/ Argon
15 L.

Ionization Energy (eV)

0

Atomic Number

He 2 1s° Ar 18 1s?2s?2p°3s”3p°
Ne 10 1s?2s*2p° Kr 36 [Ar]4s?3d4p®

Krypton
Xenon
Radon
A
4 ' ¥
0 10 20 30 4 50 60 70 50 %0 100

The ionization potential reaches maxima for the noble gases (He, Ne, Ar, Kr, Xe)

Picture from: http://www.wikipedia.org

® By using our knowledge on electronic configurations of many
we may understand Z-behaviour of ionization potential.

25

-electron atoms

Atomic Number
The ionization potential is smallest for the alkalis (Li, Na, K, Rb, Cs)

Li 3 1s’°2s K 19 1s’2s’2p°3s’3p°4s

Helium
Neon
20
: /
&
Argon
B s i
g J Krypton
['2 Xenon
=] Radon
b=} 10
|
5
= o
5 v - |
Lithium ~ Sodium i y
0 v v T T T
0 10 20 30 40 50 60 70 80 90 00

Na 11 1s*2s’ 2i6 35 Rb 37 | Kr |5S One electron above “closed shell”

Picture from: http://www.wikipedia.org
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Periodic table of elements

Dmitry Mendeleev Lothar Meyer

Periodic Table

of the Elements [, .,

1011 | 12011 140067
= 1+ 15

Al | si P
WE ¥E WE WIE L 18 16 | pga |2a0es [a0gee

FCEREE U T U I =S N =B = == Ry = TR =~ ) == =7
Ti v Cr (Mn|Fe |Co | Ni |CulZn |Ga |Ge |As

[\ a2 (3= (44 || [ [ [#= =m0 B == B2 [E+
5 Zr |[Nb (Mo ({ Tc |Ru |Rh |Pd |Ag (Cd [ In | Sn | §b | Te 1 Xa
= 7= 2 [ FE 7 P 2 BB = OB E ==
& *la| Hf | Ta | W |Re |Os | Ir Pt [Au|Hg | TI |Ph | Bi [Fo | At [Rn

02 (DS (106 [107 (105|109 [110
T +Ac| Rf | Ha | 106 | 107 | 10§ | 109 | 110

2 = =S N (= == S (= BN (=TSN (== (=N =R == = B £

* i =
Lanthanide "co by | Ng [P |Sm | Eu [ Ga [ Tb [ Dy [Ho [ Er [Tm | ¥b | Lo

Senes
+ Artinide
Seties

E N N e I A
Th | Pa U [Np [Pu |Am |Cm | Bk | Gf | Es |Fm |Md | No | Lr

® Periodic table (in its “final” form) has been proposed by Dmi try Mendeleev and
Lothar Meyer in 1869! (More than 50 years prior to Quantum Mec  hanics).

08 July 2015

Periodic table of elements

Main-group elements

—A A
s-block £
1A 8A
) p-block o g
i LY 3A 4A SA 6A TA["W” 8
- T [}
e Transition elements Bt »—r 2, 2
- d-block = ol o s
“Z¥13B 4B 5B 6B 7B ——8B—— 1B 2B | | P [T §
ol W — = I 24 £ g
54 34— dp—t-i-e g
g, 1 — | I a— ©
= o % s
St f————s —_— e °
s : i 6 a
Inner-transition } ! 4f L
elements b | i i ‘ i
f-block | i |

@ The periodic table is structured so that elements with the sa me type (symmetry)
of valence electron configuration are arranged in columns.

@ Chemical properties follow electronic configuration of at oms.
08 July 2015




lonic bonding

Main-group elements @ |onic bonding is one of the types of chemical
e " bonding that can form, for example, between

p-block

oA 3 44 Sk ex TA N alkali atom and halogen through electrostatic

o - Transition elements

Nal- d-block (cr attraction.

3B 4B 5B 6B 7B ——SB— IB 2B

—3 f ® Example is sodium chloride (Na CI): When

i sodium (Na) and chlorine (Cl) are combined,

o e e ] ) ) the sodium atoms each lose an electron,
T I p . . .

! - - forming a cation (Na *), and the chlorine atoms
I

clements »
f-block

These ions are then attracted to each other in a

[ Na+Cl ~ Na’ +CI” ~ NaCl ] 1:1 ratio to form sodium chloride (NaCl).

@

Picture from: http://www.wikipedia.org

‘ each gain an electron to form an anion (Cl ).

08 July 2015
Taking correlations into account
® Up to now we have discussed solutions of the central field pot ential:
~ ~ 1
Hc = z hk = Z[__Dkz +V(rk))
k k 2
® Similar to the relativistic case, we have to include now non- central part into
account:
~ 1 VA
H, = Z __Z (_-‘-V(rk)]
<i e Tk Tk

® Indeed, we may again use perturbation theory! But in which ba sis?

1 w'a(rl) WD(FJ.)
W(rw rzv--) = TWa(rz) Wy (ry)

So far our wavefunctions are:

N!

Shall we couple electron momenta?
But which?

I::> Let us answer a question: what are the commuting operators in our case?

08 July 2015
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LS (Russel-Saunders) coupling

® Since the non-relativistic Hamiltonian commutes with oper ators of total angular
momentum L and total spin S its eigenfunction (which we still have to find) are
also eigenfunctions of these operators!

® For perturbation procedure it makes sense to couple our “unp erturbed”
wavefunctions:

lyLM_SM¢) =[n,l,s,,nlpS,,-...LM, SMg)

e where: |::Z|Ak and ézzg<
k k

) 2511
Energy levels corresponding to L

definite values of L and S are

called terms and are denoted as: L=0=S
L=1=P
L=2=D
Henry Norris Russell
08 July 2015

Taking correlations into account

@ Now, in the new coupled basis we may apply perturbation theor y:
AE =(yLSM, Mg|H,|yLSM M)
L=0,S=0,'S
— _n1 ¢ Note: taking into account
L_ %25=0"D correction H, leads to the

splitting of energy levels with
different L and S!

Configuration

152252 2p2
g L=1S=1°P

[HC (central field) ) ] tH ]

s 2s 2p 3s

[ i

® The term with the largest possible value of
S (for a given configuration) has the lowest Hund's law
energy.

08 July 2015
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- If alecrrons are closar 3
5=0 e togethor. there wil be 2
——— mara shiekling and 2
J (Singets) . tha electron anery B
s F will ba highe- (lass g
! tightly bound). S
2p ghtly ) £
., S=1 - an-lam %
. = g
(Triplats) - oarty Ineigeq <4 3
Wg g
shelk of -~ _ 2
elecirons. =
Spin-spin * s
interaction <
Why is triplet g
lower? If slecron sees less shislding =
from the olher sleciron, its o
energy will be lowe- (more 2
tightly bound). T
Elsctrons have i
2 Higher energy
reater probability .
p AR associated
S oo\ = e
Symmetric Probability must
to zero at
I],I; I2 g:gin::oev chwerl energy
‘P‘ Anti-symmetric Al changes sign, so  assoclated
less opportunity  with S = 1
for electrons to be
close together.

@ By making use of the perturbation approach, we were able to ob tain eigenvalues
and eigenfunctions of the non-relativistic Hamiltonian:

(ﬁc 4 ﬁl)w (r.ry,..)= E¥(r,1,,...)

& where chz~k:2(—%DKZ+V(rk)j and ﬁlzzi—Z[%+V(rk)J

kei N X
:> 4 But, by increasing nuclear charge Z we expect relativistic effects (in particular
spin-orbit coupling) become more sizable.
4 How to take these effects into account?

4 To come back to the fully-relativistic (jj) framework? But what if the e-e interaction
effects are still stronger than the relativistic ones?

We can use perturbation theory second time! (Now, our unperturbed basis is
provided by eigenfunctions of H, + H; Hamiltonian!)

16



® Now, we write our Hamiltonian as:
Ho+H, + 8, )w(r,..) = EW(,r,...)
non-relativistic terms  perturbation: relativistic terms

& where: ﬁ , O ﬁé ——> L and S are not good quantum numbers anymore!
We need to build new basis!

iz
J-0[+8

|yLSJMJ):MZM(LM,_SMS|JMJ)[yLMLSMS> o

@ By using this basis and the first-order perturbation theory

Y ] = total angular
momentum quant
mtber

(YLSIM,|[H,lyLSIM, )= AlyLSIM,|LS/yLSIM,)

New notation for the term symbol:

Configuration
152 2522p2

H, (central field) -

® Due to the perturbation H, term 2S*1L splits into a number of fine-structure
components, characterized by the value of the total angular momentum J.

@ The various fine structure components are said to form a multiplet.

17



Ground levels and ionization energies for the neutral atoms Ground Levels and lonization Energies
for the Neutral Atoms
z Elemenit Ground state Ground Ionization Reference for
configuration level enerzy (6V) ionization energy
1H Hydrogen 15 8n 13.5984  (1983) (1985)
1P 10 B Mows denase http://physics.nist.gov/
3 Li Lithium 551,3 33917 Losenzen & Nienax (1982
4 Be Beryllum ‘Sv 93227 Beizmeetal (1983
& Energy levels corresponding to
145541 Eduion & Pettersson (1971 s
50 Ogeen JEL = ——— definite values of L and S are
9F Fluonne 174228 1949), (1369
10 Ne Neon B called terms and are denoted as:
11 Na Sodinm [Ne] 35 810 51381 (1997) asen)
12 Mg Maguesium  [Ne] 352 15, 7.6462 (1987 (%01
13 Al Alomimuo [Ne] 32 3p poyy 59838 (1990) (1991} 28 +1
14 Si Silicon [Ne] 322 3p7 3By 81517  Mortin & Zalybas (1983}
15 P Phosphorus  [Ne] 352 3p% 489, 104867  Svesdsans (1950) L .J
168 Sulfar [MNe] 32 3p4 B 103600  Martin ot al (1990)
17 €1 Chicrine [Ne] 32 3p% ey, 120676  Eadreweki & Kaufman (1569]
18 Ar Argon Me] 357 3¢ Isy 15.7596  Velchevetal (1999)
19 K Potassium [Ar] 45 81a 43407  (1983) (1985)
20 Ca Calcivm [A] 42 18y 61132 Susar & Corkiss (1985)
21 Sc Scandinm [Af] 34 452 Dy, 65615 Susar & Corliss (1985)
22 Ti Titaninm [Ar] 342 452 3E, 68281 Schieral (1990)
23V Vamadivm  [Ar] 343 457 YE3n 67462 Iames srol (1004
24 Cr Chromium  [As] 345 45 55 67665  Susar & Corliss (1985}
25 Mo Manganese  [Ar] 345 452 8854 74340 Suss & Corliss (1985)
26 Fe Fron [Ar] 345 45 5Dy 79024 Susar & Carliss (1985
27 Co Cobalt [Ar] 347 452 Egn 78810  Paee & Gudeman (1990)
28 Ni Nickel [As] 343 452 3E, 7.6398  Page & Gudemsan (1990)
29 Cuw Copper [Ax] 3d1045 81, 77264 (1948), (1980) (1999)
30 Zn Zimc [Ar] 3d10457 ‘Sb 93942  Brownetal (1975

® Ingeneral, we have dealt with the Hamiltonian:

(H,+ H, + |—'|\2)HJ (r,.r,,..)= E¥(r,1,,...)
e-e terms relativistic terms
® And we discussed a perturbative approach _ of how to take these terms into account

<w\H1+H2|qJ>

LS (or Russel-Saunders)

coupling ji coupling
|H,|>>|H

» Relativistic effects are intermediate coupling ¢ Relativistic effects are
small (usually for Z<30). strong (for high-2).
*Spin s and orbital ¢ Spin s and orbital
momentum | is rather momentum | are coupled
“decoupled” from each into total spin  j.
other.

18



Energy levels for np? - configuration

La-coupling gg-s;?s;iﬁte jj-coupling

+ Central field approximation for ~ N-electron system
+ Spectra of many-electron ions: Perturbative approac h
+ Jj coupling

+ LS coupling

[Q Variational methods: Hartree-Fock and Dirac-Fockap  proaches ]

19



® The starting point of this approach is again model
of independent electrons:

_ 1 ua(oﬂ) ub(ql) ua(q)z u (q)
LP(qlv qz) = ﬁ u,(a,) Uy(a,)| | aenotanymore hydroge?wic functions

® We again wish to evaluate functional: E[llJ] = <lJJ|H |lp>

® After some algebra, we may obtain:

1
E[\.lJ] = z/‘: I A +§Z Z [‘]/1/1 - K/l,u] Vladimir Fock

T

® After some algebra, we obtained for the functional:

E[w]= ; I, +%;§:[J” ~K,]

& Where:

@ One-electron operator: |, =<u A (q)|h|u J (q)> [ Don'tforget. u(g) are not ]

hydrogenic functions anymore!

® Two-electron operator (direct term): ‘]/1/1 =(u, (q1) u, (qz) ri u, (Ch)up (qz)
12
® Two-electron operator (exchange term):
1
K,i,u =iy (ql)u,u (qz) r_ u, (QZ)u,u (q1)
12

Having obtained the functional E we now proceed to the second step of calculations...

20



Many-electron systems: variational approach

(Hartree-Fock/Dirack-Fock methods)

® We shall express that functional E stationary with respect to variations of the
orbitals u,(q).

E[w]:<L<pLTLL;> = &[¥]=0

|

Hartree-Fock (Dirac-Fock) equations
(system of coupled integro-differential equations from which one can find orbitals u,(r))

{—;Dﬁ —ﬂuﬂ (qi){zﬂlju*ﬂ(qj)riljuﬂ(qj)dqj}ua (a)

_z|:.|‘u:‘(qj)r:.ltuﬂ (qj)dqi }uu(qi) =E,u,(q)

08 July 2015

Self-consistent calculations

Input
3D Coordinates
of atomic nuclei

Initial Guess )
Atomic orbitals || Fock Matrix

(1-electron vecters) Formation
Fock Matrix [ ,

L

Diagenalization

Q.—ﬁi

oN

Calculate
Properties

End

A number of computer programs are
available nowadays to deal with HF/DF
From: www.wikipedia.org methods in atomic and molecular physics.
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Configuration interaction

® HF/DF is very powerful method in atomic physics but the energ ies obtained from
these methods are still not exact ones:

Eexact = EHF/DF + Eoorr
Still, part of e-e interactions!

® How to take the correlation effects into account? Of course, we may again use
perturbation approach with HF/DF functions.

@ But there is an alternative way to use variational method with a new trial function
which is built as (here, in relativistic notations):

|[®)=>"c |y, IPM,)

\

variational parameters different electronic configurations

|:> Muticonfiguration Dirac-Fock (Hartree-Fock) approaches are widely
used nowadays in atomic structure and dynamics calculations.

08 July 2015

2] Task 2

Use variational method to find ground-state energy of non-relativistic Helium atom:

~ 1, Z 1
H=S|-20.2-%1+
kZ:L:,Z( 2 " Me J |r1 - r2|

As a trial function take: W (r,,r,) =, (r,, B)w,(r,, B)

Where: ,(r,, 8)= %exp(- gr)

RiLl Y [rj Vi (6,8.)Y,(6,.8,) 1>,

|:> 1 _jnSa+1irn
Use: 1, _, |~ !
r,—r
| l 2| 4l 1 (rlj Ylf*n (61,0.)Yin(6,.0,) 1<r,

r, & 2l+1{r,

08 July 2015
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< 1 15.04.2015 Preliminary Discussion / Introduction

22.04.2015 Experiments (discovery of the positron, formation of antihydrogen, ...)
29.04.2015 Experiments (Lamb shift, hyperfine structure, quasimolecules and MO spectra)
06.05.2015 Theory (from Schrédinger to Dirac equation, solutions with negative energy)
13.05.2015 Theory (bound-state solutions of Dirac equation, quantum numbers)
20.05.2015 Theory (bound-state Dirac wavefunctions, QED corrections)

.
oOUbhWN

7 27.05.2015 Experiment (photoionization, radiative recombination, ATI, HHG...)
« 8 03.06.2015 Theory (description of the light-matter interaction)

9 10.06.2015 Experiment (Kamiokande, cancer therapy, ....)

10 17.06.2015 Theory (interaction of charged particles with matter)

< 11 24.06.2015 Experiment (Auger decay, dielectronic recombination, double ionization)

12 01.06.2015 Theory (interelectronic interactions, extension of Dirac (and Schrédinger) theory for the
description of many-electron systems, approximate methods)

« 14 15.07.2015 Experiment (Atomic physics PNC experiments (Cs,...), heavy ion PV research)




