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e One electron atoms, H-like.
Bohr model
Exact quantum mechanical results
e Hydrogenic-, Rydberg-atoms. Quantum defect
Accurate semi-empiricalresults
e Many electron atoms.
Approximations CFA + LS/jj- coupling
e Magnetic interactions
Spin-orbit, Hyperfine and
External mag. fields
e Transitions
Selection rules and line widths

e Molecules



The Bohr atom.

Results in a quantized one-electron (H-like) system
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Spectral series:

Lyman, Balmer, Paschen, Brackett, Pfund, Humphreyes

Mass dependence of the Rydberg constant for an element with

nuclear mass M and massnumber A:
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Spectral series in H

N Wk g X

A

A

4

e

Y

E,, eV
0.00

—-0.85
~1.51

—-3.40

Ap,, =1216 A
Ay, =6565 A
Ay, = 4863 A

Ay =4342 A

=136



Quantuin mechanical treatment of one-electron systems

HY=EY
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The Hamilton operatorin spherical polar coordinates:
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thus Spherically symmetric

a1t T Ze? / Used again in the central-

H= E +F— field approximation
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Since L? only contains angular coordinates [H, L?] =0, i.e. H and
L? have common eigenfunctions that we may write as:
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Effective potential in H
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Note, only s-electrons can move close or into the nucleus.

= Large quantum defect for s-electrons

= Large hyperfine structure for unpaired s-electrons

= Only s-electrons experience the charge distribution
inside the nucleus giving rise to the so-called volume
shift.



Radial probability distribution in H.
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1.e. the same result as in the
Bohr model!

Number of minima:
N=n-£-1
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Term values in L1 and H.
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Quantum defectin F VII

H-like

Completely screened nucleus

Q’: Z_Niner

6= quantum defect

e cxperimentally determined
e strongly dependent of £
¢ approximatelyindependentof n.

Quantum defect in F VII (Li-like)
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Engstrém, L., Physica Scripta29,113 (1984)




e One electron atoms, H-like.
Bohr model
Exact quantum mechanical results
e Hydrogenic-, Rydberg-atoms. Quantum defect
Accurate semi-empirical results
‘ e Many electron atoms.
Approximations CFA + LS/jj- coupling
e Magnetic interactions
Spin-orbit, Hyperfine and
External mag. fields
e Transitions
Selection rules and line widths

e Molecules



The central field approximation

¢ Each eleciron moves independently of the other

in the electrostatic field from the nucleus and
the other V- 1 electrons.

e This field is assumed to be spherically
symmetric.

Independent
Unknown but
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Configurations in Ne I
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Fig. 4-1. Block diagram of the lowest configurations of Ne I. The levels of
each configuration lie within the limited energy range shown by the

- corresponding shaded block. (There is one level in 2p®, and there are four
levels in each p’s configuration, ten levels in each p’p, and twelve levels in
each p*d or p*f configuration.)



The physical background to the periodic table
of the elements.

1. Number of quantum states N:

oy

a) Given n and £. Orbital / subshell
N=2-(2£+1) due to m_ and m,.
b) Given n. Shell
N =2n’

n—1 n—1 n—1 ?1‘(?1 32 1) 4
N=Y2026+)=Y 44+3 2=4 +2n=2
£=0 =0 £=0 2

. Highest binding energy for low » and £ due to
the quantum defect

. Pauli principle, 1.e. antisymmetric wave-
functions, demanding that no 2 electrons have
all 4 quantum numbers identical



Periodic System (first four rows)
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Configurations in Ne I
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Fig. 4-1. Block diagram of the lowest configurations of Ne I. The levels of
each configuration lie within the limited energy range shown by the

- corresponding shaded block. (There is one level in 2p®, and there are four
levels in each p’s configuration, ten levels in each p’p, and twelve levels in
each p*d or p*f configuration.)



LS-coupling

-~ ‘M ~ ”~ LN
i=%1, $=3
i=1 i=1

(Note NOT J =L+S

Assume no spin-dependent terms n H ie. no spin-orbit
interaction, then [];I o = [];I g S 1= [ﬁ ,i] = (. Thus all
energy levels must be characterized by the quantum
numbers, L, S and J.

. 2541
Notation: =" L,



pd-configuration LS-coupling

Configuration Term
Central field Repulsion

Numerical example for 2p3d in O V, energies in cml

EQ2p3d) = 701810 Kinetic and central part of electrostatic
AE(P-D)= 8980 Direct part of electrostatic repulsion
AE (IF-3F)= 15074 Exchange part of electrostatic repulsion
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L

Direct electrostatic interaction in a pp’config.
pp’ containsa S, Pand D term (/,=¢(,=1=>L=0,1, 2)
D;L=2: M. ¢ _m
1122>=11>-[11>

112 1>:%\1 1>[1 O>+%\1 0>[11>
112 0>=%\1 1>[1 -1>+\/§\1 0>11 0>+%\1 -1>11>

112-1>= 1-1> +%\1 -1>[10>

%\1 0>
112-2>=[1-1>-1-1>

P:L=1:

\1111>:%\1 1>1 0>—%\1 0>11> Note!!
1110> :%\1 1>[1 -1»%\1 -1>11>+0-[10>[1 0>

111-1> :%\1 0>[1-1> _%\1 -1>[10>

S:L=0:

1100>= 1-1>- 10>+ 11>

1 1 1
—11> —110> —1-1>
\/5‘ \/g‘ \/3‘

Combinations with maximum overlap between the charge distributions are
marked in blue. Max overlap means max repulsion means less binding
energy means higher excitation energy.

Thus, S and D terms tend to lay higher than P in pp’-configurations
Generally highest and lowest L terms tend to lay higher.



Details of the electrostatic interactions in a
pd-configuration in LS-coupling

Direct electrostatic !
repulsion

Electrostatic
repulsion due to
antisymmetrization



Angular momentum couplings of two electrons in open subshells

Energy structure

Angular momentum

Wavefunctions

Eigenfunctions to

coupling
Configuration - 0..m E{_H ,gi_jms) Ef, ZI_Z, (S
Term 2571 fj=21+22?§=§1+§2 L, M_,S, MS> 5
Level 28t de g =g 1L, S, J, M,) | I?

Comy ) |sm, ) =R, (5)Y,,, (8:0) %, (s2)

Example of L ={ +{, coupling using Clebsch-Gordan coeft.
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Bohr model
Exact quantum mechanical results
Hydrogenic-, Rydberg-atoms. Quantum defect
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Molecules



Magnetic interactions - internal
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pd-configuration L.SJ-coupling
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Configuration Term Level

Central field Repulsion Spin-orbit

Numerical example for 2p3d in O V, energies in cin’!

EQ2p3d) = 701810 Kinetic and central part of electrostatic
AE(P-D)= 8980 Direct part of electrostatic repulsion
AE (1F-3F)= 15074 Exchange part of electrostatic repulsion
AE (CF4+3F3) = 235  Spin-orbit magnetic energy




Magnetic interactions - external

Zeeman effect. (B~1T)
Weak field, i.e. much less energy than that of the SO-interaction

- e -~ _-
=it + 1. =———(L+28)
5 2m —> E(L.S,J.M,)=E(LS,)+u,-B-g,-M,
B=B_, -&,¥=|LSJM)

Paschen-Back effect. (B ~ 1000 T)
Strong field, i.e. much more energy than that of the SO-interaction.

i - i e .-~ =
(= + 4. =——(L+2
It s 2m( o = E(L.M,,5. M) = E(L,S) + 1y - B-(M, +2M)

B=B_ -é.¥=|L.M,,S.M)

Then SO as the next perturbation, g-M;M;
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pd-configuration with external magnetic field
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Numerical example for 2p3d in O V, energies in ¢cm!

E(2p3d)= 701810 Kinetic and central part of electrostatic
AE(P-D)= 8980 Direct part of electrostatic repulsion
AE (*F -*F) = 15074 Exchange part of electrostatic repulsion
AE (PF4+-F3)= 235 Spin-orbit magnetic energy

AEwmg=gyussB= 05 B=1T,g;=1,AM;=1. Indep. of atom



Magnetic interactions

General: E={(—p-B),

Where p 1s a magnetic moment and B the magnetic field strengt

Spin-Orbit interaction. J=L +.§

g g B
R=pg=-25_5 :>ESO~<L.S>:}3-%[J(J+1)—L(L+1)—S(S+1)}
B~-L

Hyperfine interaction (Note mz, = 2000-m.). F=J+1

e
L=;=+ I
GEL g‘72n-rp :>E;U§~<J-I>=A-%[F(F+1)—J(J+l)—f(f+l)]
B-~1J

Zeeman effect. (B~1T)
Weak field, i.e. much less energy than that of the SO-interaction

L=pf +llg =—n(L+2S)
l _!L !S_ 2m :}E(L,S..J-.ivfj):E(L,S,J)+JIJBng}"ﬂ/fj
B=Bex. VY =|L.5.J.M;)

Paschen-Back effect. (B ~ 1000 T)
Strong field, 1.e. much more energy than that of the SO-interaction.

5 i O
n=np+ps=—5_(@L+2S) = E(L,M;.5.Mg)=E(L.S)+ ug-B-(M; +2My)
)

B=Bexi.V=|L.M;.5M;
Then SO as the next perturbation, g- M, M
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E1 Selection Rules

Only one electron may change 7 and ( quantum

numbers, i.e. orbital.
Al =+1
AJ=0,=1notl to0

LS-coupling Jj-coupling
AS =10 Aj1 =10
AL=10,+1not 0 to 0 Ajz=0,+1not0 to0

With hyperfine structure also
AF=0,+1not0to0

In an external magnetic field
AMr=0,x1not0to0ifAJ=10



Line widths and profiles

In the atom Natwral Lorentz
In the light somce  Collisional Lorentz
Power Lorentz
Self absorption  —
Doppler Gauss
In the detector Instrumental Appox. Gauss
Lorentz

Voigt , - \
Gauss / \
f N

i

o
g
=

Voight = convolution of Lorentz and Gauss

Na-example
(3s - 3p 5890 A, lifetime 16 ns)

Broadening Af/GHz | 4i/ A
Natural 0.01 0.0001
Power, /=170 mW/cm? 0.054 0.0006
Pressure, p = 0.1 atm 0.084 0.0009
Doppler (600 K) 1.86 0.022
Instrument. Fabry Perot: d=1cm, R=0.9 0.25 0.003
Instrument. Grating 1200 £/mm, 50 um slit 30 d.35




One electron atoms, H-like.
Bohr model
Exact quantum mechanical results
e Hydrogenic-, Rydberg-atoms. Quantum defect

Accurate semi-empirical results

Many electron atoms.

Approximations CFA + LS/jj- coupling

Magnetic interactions
Spin-orbit, Hyperfine and
External mag. fields

Transitions

Selection rules and line widths

- e Molecules



Energies in a Diatomic Molecule - Summary.

2

E= Edefdmn + Evib + Erof = Eefeﬁdmn T h% (V ™ %) 3 : f(f £ 1)

?,,2
E/eV

Excited electronic state

Ground state

i 1 1

01 02 03 04

Inter nuclear separation / nm

Orders of magnitude

Electron | Vibration | Rotation
E/cml| 40000 1500 10
E/evV 5 0.2 0.001
Alum | 0.3 6 1000
T/K 40000 1500 10

{Note the coincidence that energies expressed in cm! and as a temperature in K has
almost the same numerical value, i.e. 1/(100-k¢) = 5.035-1022 = 2/(3-k) = 4.83-1022 1)
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The Greenhouse Effect.

The black-body radiation from the Sun (5500 °C) and the
Earth (18 °C) and the absorption in the atmosphere in different
wavelength regions

SUN EARTH
(5800K) (290K)
0,
(normalized)
Atmospheric
Window
—
WAVELENGTH, um
l | | LLII]] | I T ITI71 | 1 I EERRE
0.1 0.2 0.5 1 2 5 10 1520 30 50 100

1
H,0 (rotation)

-1 0.5






