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Dirac Theory: Prediction of anti-matter

states

Dirac, Anderson, the Positron and the anti-matter. In his famous equation Paul Dirac combined (1929) the
fundamental equation of quantum mechanics, the Schrddinger-equation with the theory of special relativity. He did
not discard the negative energy —solutions of his equation as unphysical but interpreted them as states of the anti-
particle of the electron (positron, having the same mass but opposite charge). In 1932 Carl Anderson discovered the
positron the first time in the cosmic radiation. This was the proof of the existence of 'anti-matter', with incalculable
consequences for the future of physics.
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Principle of Antiproton Production
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Topics for Presentation

* Lamb shift studies in Hydrogen
(high-precision spectroscopy)

* Lamb shift in H- and He-like Uranium
(storage ring physics, hard x-rays)



Selection Rules

Dipole Approximation
He-Atom (Is and jj coupling)
Many-electron systems (intro)
Auger effect (autoionization)

Shake-off
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Two Photon Spectroscopy
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Epontaneouns decay emits a photon

Shows a complete measuring cycle: Excitation to the 1S state by using two photons from oposite directions so that the first
order doppler shift cancels. Here it is shown as a complete transition (driven by a pi pulse) while in reality the excitation is
much less. Then there is a time delay to select the slow atoms to reduce the second order doppler shift. An electric field that
is applied downstream the flow of excited atoms mixes the metastable 2S state with the fast decaying 2P state.

This causes the emission of a photon in an arbitrary direction that we use to detect weather the 1S - 2S transition frequency
was chosen correctly. http://www.mpqg.mpg.de/~haensch/chain/move.html




Photons: conservation of angular momentum, helicity

Particle with Spin S and Momentum p; A p
Axis of quantization is along p: h —

* Helicity h depends on the reference system for particles with rest mass > 0.
* For mass-less particles it is a constant quantity.

S

Photons have a helicity of 1, i.e. an angular momentum of 1, whose projections onto
the direction of motion can have only values of +1 and -1.

h .h
-1 +1

Absorption and emission processes conserve the helicity of the involed particles.
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Interaction between Radiation and Matter

Emission and absorption can be treated within the oscillator picture. q p q
Classical dipole with dipole moment p

P(d) . .
p=q-r=p,-sSinwt

p=p,-sinot Foco’p

P(9)=P, -sin*J

=91
I =ry- Sinowt —
QN — 2 4
P(®) =P, -sin“ ¥ — 2 p ®

Average Power: P —

3 4me,C
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Quantum mechanical treatment

<p> = e<r> = e_‘. vryd'r

* 3
Transition maxtrix Mif = I\V ryd’r
2

2 *
Decay probability/rate W, o< ‘M._)f‘ o ||y, rwfd?’r

l

2
Si—>f = ‘Mi—>f‘ in literature S is called line strength

Ay is the decay probability per second that an atoms undergoes a transition from
li> to |f> and emits a photon 7w
N, Atomen, mean power <P> emittiert

The factor A; is called Einstein-Coefficient and also spontaeous decay rate

2 e
A., = o M.
T3 . c%h ‘ .

Ry i—"™"—i\iiis

2




Selection Rules

For dipole radiation:

Dipolmatrixelement

Decay probability
M. =

IWi* Ty, d’r

R is an odd operator!

Parity needs to change!

The Integral M,=0 musst be an even function,
i.e. f(r)=-f(-r). Because r must be an odd function also

0 = the product \|/i*\|/f must be an odd function.

The dipole matrix element is ZERO
for transitions between states of same parity !

<§9End ’%‘@Anf> = .l Qore d’r
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Selection rules for parity

The parity of an electron wavefunction in an atom is given by:

a— (— 1)€ Parity operator: ’7: )

~|

=) Selection rules for dipole radiation:

— 4y =—— 4p——4d— 4f
AZ :il —3;+3g—3d

— 25 =¥=2p

—— 1S

This is can also be understood intermsofa A/ =11 restriction in order to
conserve the angular momentum in single-photon transitions.




Selection Rules for the Angular Momentum

o . .

Achtung: before
J=0 — J'=0is not allowed after

for single-photon transitions because of h=1

Coupling of angular momenta
J-J| <<+

g Angular momentum of the photon
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Conservation rules for the magnetic quantum number

Am, =0,%1
Observation:
Am=0: Linearly polarized light
Am =+1: Right-circularly polarized light
Am=-1:

Left-circularly polarized light

-2 -1 0 +1 +2
- = -
AN /
/ f’; T /
\ Y /
;’f \ /’f x ff.-f .
- /N \
. \ A/
-1 0 +1
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The 1S - 2S transition

The I=1, m=1 to =0, m=0 transition

http://www.mpqg.mpg.de/~haensch/chain/move.html




The scaling of transition rates
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Multipole expansion

—

Hamiltonian of the photon—electron interaction;: H = GLA
mc

The matrixelement for a transition of an electron from the initial state \I’i to the final state \P is:

f

‘Mif

= j \lj*ipeiqujfd3lf

where p is the momentum of the electron, and k is the momentum of the emitted photon

) 7T
The photon wavelengthis: A = ?

assumptions: plane wave, i(kr-ot)
vector potential, wave function: A oC C

2
e ™ =1—ikr +%+...
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Multipole expansion

2
i , kr
e =1—lkr+u—l—...
2
dipole approximation higher order multipoles
k-r<<lor<<Ai k-r=loderk-r>1

There will be higher order multipoles:
Quadrupole, etc.
e.g.: nuclear decay, or atoms with high Z

i.e. the wavelength is much larger than the
size of the atom (orbit radius)

For higher order multipole radiation the following rules apply to the parity 0

7=(-1) electric multipole radiation

z=(-1)" magnetic multipole radiation




Wavelength Energy Frequency
-15 + Temperature {(Hz}
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spectrum of Electromagnetic Waves

dipole approximation
k-r<<lor<<A

i.e. the wavelength is much larger than the
size of the atom (orbit radius)

example: 2p->1s transition
h-c
E

(Bohr-Radius a,=0.529x10-% cm)

= A with h=4.14*10%° eVs




Natural line width

1 1 rate, with At as the mean
Aif — | = rif — lifetime of an excited state

'S | At
AE -At>h AE =#hH-1 width of the transition

Fast transition -> broad Lorentz profile (Lorentz distribution)
line width T
P((D) =P, 2T 2

» (I

((D — W, ) +| —

2

Gaul}

distribution derived from a damped oscillator

. . 2
x+Ix+w,x=0
with resonance frequency @®,
(c.f. Demtroder Il p. 214).




Line profiles

. 2 l, -
Lorentz (natural line shape) [ 10
2 *

[.(E)=1, > o] FWHM

N
1 "

(E o Eo )+ FF\;/HM

N
P

Folding of two Lorentz profiles leads to: I = Fl + FZ -
-30 -2|0 -10 0 10 20 % 40 50 60 70 80 90
Gaul} (instumental resolution) 0
|01o
» 4-log2 e
I (E)=Iy-exp| —(E-E ) — .
G “FWHM N FWHM

Folding of two Gaussian distributions leads to: F2 = 1_‘12 + ]_‘22 ‘1
0

Voigt (convolution) 10 20 40 50

30
=
I E +OOI E E I E E dE Voigt profile is relevant if
— — . — instrumental resolution is in the
( ) I L ( 0) G ( X ) X order of the natural line width, e.q.
— 0 FWHM: Full Width at Half Maximum crystal spectroscopy
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counts
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X-ray energy [keV]
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The helium atom and

many-electron-systems



The helium atom

Three-body Coulomb-problem: No accurate solution

Fraknoi/Morrison/Wolff, Voyages Through the Universe, 2/e
Figure 4.14  The Helium Atom

.~ Electron
R

.
2 Protons <~

2 Neutrons

rd
Electron

Harcourt, Inc. items and derived items copyright ©2000 by Harcourt, Inc.




States in the helium atom

p,. Ze® Ze N e’

nh=r

2m  2m 7,

Therefore we have two times the Hamilton operator for the hydrogen atom
(but Z=2) and in addition the repulsion-term V 62

HZHI-I—HZ-I—V with V(ﬁafz):ﬁ

L =1

In Oth approximation we neglect the term V, die Coulomb repulsion
between the electrons — and use the product-states of the hydrogen atom
U are not eigenfunctions of the

U(i’i ) i:Z) — \Ilnlllml (i’; ) o \I’n212m2 (i:Z ) Hamiltonian, if the repulsion V is

taken into account

According to this, the problem would be accurately solvable because both electrons

can be separated as
(H,+H,)u=Eu

and we get E =E ,+E_, =-Ry-Z° (12 + 12) =-54.4¢V- (12 + lzJ

o 1/11 nl 1’11 nl
ground state: E,, =-108.8eV total binding-energies
1st excited state- E.. =—68eV (without Coulomb repulsion)



total binding energies

ground state:  E,, =-108.8eV
(2,3)
ionization potential
(2,2)
E,, =-54.4eV rereev .
2
e
E,, =—68cV E' =-13.6eV S
continuum S
E,=-604eV |E'nn=E, , —E_|E';=-60ev | 0eV iR
E, =-27.2eV E's =+27.2¢V| -6eV (1,3) S
-13.6 eV (1,2)
El,, is above the ionization potential and
therefore not a stable state but a continuum state !
Attention: So far only rough approximation! 54 4 eV (1,1)
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spin und

spin particle exchange-behavior of the

wave function symme‘rr'y

symmetric

bosons
(e.g. photons)

integral

half- fermions anti-symmetric
integral (e.g. electrons)

Pauli-Prinziple: Two particles with the same quantum numbers
=> particles have the same state

A quantum mechanical state can only be occupied by one particle
=> wave function of the system has to be anti-symmetrical

PE(1,2)=—P¢(2,1)

The total wave function ( = the product of the space wave function and
the spin wave function) of a many-electron-system is always anti-symmetrical
to the permutation of two electrons (Pauli-prinziple).

space wave function: \p JeE =-\y. 4

spin wave function: V4

Symmetry of the states:
For the ground state of two identical electrons the space function is symmetrical.

mﬁﬁﬁi ﬁi iﬁii ﬁﬁﬁ“gnﬁ nﬁ@ ‘g Rﬁ ﬁa“-ﬁwmﬁmgal



Example: 3S, and 'S,

VoA (1,2)= ﬁ [LPmo (rl )Lpzoo (1’2 )i ¥ (1‘2 )\ono (rl )] XAs

2 2 2 2 2
Ze® Le e

H=2 —

2m  2m r 7, ‘rl—rz‘

Calculate electron-electron-interaction

AEg , = "‘” quAg* (1,2)

; ; + sign, because of the
YEsy (1,2)d rd’r, repulsion.
Convention: binding
energies are negative

- —

7'1—7’2

for $=0 (1S,) AE, =AE ,,; +AE

Exchange

for S=1 (381) AEJA — AEJCOUL B AEJExchcmge
The energy shift due to the symmetry-energy (exchange interaction)

AE(’S,-'S, )~ 0.8¢V

(stronger repulsion by symmetric space function)

Comﬁare: fine structure selitting =104 eV



States in He-atoms: a current
problem of physics

Some mumerical results for the helinm ground state

Viadimir 1. Weorobow
Joint Institule for Nuclear Research, Dubna, Hussia

In this contribution we would like to report about two mumerieal results related to
the gronmd state of the helinm atom. The first one is precise determination of the
ground state nonrelativistic energy (Table 17,

Tahle 1: Nonrelativistic energies for the gronnd state of a helinm
atom “He. N ig the mumber of basgis functions.

I Fue (in o)
4200 —2O0FT24ETT034] 195083111540
4600 — 20037 245770341 1950831 11572
5200 — 2003724377034 1959831 11587
extrap — 20037 2AETTOSL THE0RE1 1150940 4)
Sims and Hagstrom|1]  — 290372437 705341 1550520550

Dirake ef al. |2] — 20037 245770541 19508305

The next result (see Table 2} is a very accurate calealation of the Bethe logarithm.
It is known that this quantity has been considered [or many years as most difficult
for americal evaluation. It is formally defined as follows [3]

8= lnko/Ry =3 |(0]p[n)|* (E, — Eo) In{[E, — Eo|/Ry} /Y [(0]p[n} | (Ba — Eo).

il n

Tahle 2: The Bethe logarithm for the ground state of a helium
atom ~He.

N &)
1200 A ATOLGO2230
1400 43701602223
1500 43701602222
Dirake, Goldman [4] A 3T01G0218(%)
1
1

1. Baker et ol [3] 4.37T0150(2)
. Schwarte [6], (1061} AT0(4)
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For the ground state the prevailing
value of the binding energies is

ionization potential

24.5874 eV

contribution of the
electron-electron interaction

AE=+29.8 eV

R E—"—————



LS-coupling (light atoms)

The spins couple independently of th orbital angular momentum

i | >.7=Z+§

, /
l
|1=|E=ﬂ I1_|E_D éjT T f _}l T E’
m51=+1§' m52=_1§ mﬁl_m52=+'lé' m51=m52=—1§
1'S, 2ls, 2%8; 2°P, 2Py
: > ‘ L=0, S=1 L=1, S=1 L=1, S=1

L=0, 5=0, J=0 J=1 J=2 J=0

-

=y
Cﬂi‘ -
-

2P,

L=1, 8=1
J=1




The first excited electrons of helium

Nomenclature for an atomic state (n, I, m, s)

2S-|—1 N gives the principle quantum number
X is the total angular momentum S(L=0), P(L=1),..
J The index (top left) describes the multiplicity (total spln S = Zs
The total angular momentum is given by J=L+S

Example:

2 3 P 2 gives the principle quantum number (1s)(2p)
1 P is the total angular momentum L=1

The index (top left) describes the multiplicity (S=s+s,=1)
The total angular momentum is given by L=1, S=1.
They couple to J=1



™ ™

Or=s B
—— T — - 45 ‘F‘_L 4d 41 n=4
-—!-*-35"" .'*"T'E’H,&'-m- _T‘.\I' 3!! '1'33_1 O -J'!: g: . . . .
N ,‘,'2“,,.«jji.="" : _gg_::) anti-parallel spins: parallel spins: triplet
28/ A v Ne2ps n=2_ singlet "Para-helium" |"Ortho-helium"
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I ‘ 3
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(] -
Il . energy
i "
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Intercombination is forbidden

e
Orbital angular momentum |
Level scheme of the He-atom: A few of the permitted transitions are plotted. There are two term-systems between

which the radiative transitions are forbidden: the singlet- and the triplet-system. In the singlet-system the
transitions cover an energy range of 25 €V, in the triplet-system only 5 eV.




jj-coupling (heavy atoms)

Jy =L+, J=Ji+], J:Zji

In heavy atoms the jj-coupling dominants. Here the
spin-orbit-interaction (fine structure) is much stronger than the
exchange interaction. The electrons behave like in an effective
one-electron-system.

Example: Uran L-shell Spin-orbit-coupling: ~ 4.5 keV
Exchange interaction: = 100 eV



Compare: Helium and Helium-like Uranium

(Is-coupling und jj-coupling)

! _ 1
a) E1 P1 b) E1 A [131/2,2p3/2]‘]=1 F—"1
' 3
‘ K [18,2:2P5,),, P>
1S 4 l' "’ 1
0 z [1s. 2s ]_'S M2 3
112252121320 S0 —‘/_L.' 7 [1s,,.2P, ], P,
1 2s. ] ’g Lo
[31/2’ 1244=1 “1 — Ms. 2p ] 3P
- 11226 P 1721421
) M1
— 2 3 'F
] 1 P, liz
O I :
~ ,' I
M2 . .
381 E1 N :,
toM1
E 8 510 '
N Z 7, :
6 10 - ":
Z Z S P
E I‘l‘ :‘
8 Lo
z ‘,,,
1 A \ L y ] . 'l
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In comparison to Helium, He-like Uranium interacts like an effective one-

electron-system

, 2P,
Yyot+ |90+ ;
| | 20033145
(H-like) (He-like) z
- 20641.014
3/2 ' fod
33284.707
218, = i 332}36.523 23p,
o 3412909 2p,, 34204389 . S 33398.981
127 1 ¢ N 23p.
S o 235, 33543.155 2 O ¢
RIS 2 S9g s
0 (@)) (o)) * p= S ©
o T SR "L sy
= N < X GRS
~ & N N~ Wi
18— ¥ 131821241 = F
N =

115, =ik’ 129566.185

The value of the binding energies and transition probabilities

AT



Transition rates in He-like systems (L-> K)

Scaling

P, 'P.: Z4 (E1)

1S, 7% (2E1)
()
*é GE) 38, Z10 (M1)
- + 3p_ - 8
g "'g P, : Z5 (M2)
g) =
© 3P, Z'? (E1M1)

nuclear charge




ructure investigation with

Li-like ions

L-shell ‘ _

K-shell @—@

90+
lonization  Decay
P — P —
AVAVAVAVAVAS
—@—@ O—@

.

Time scale
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Experiment

® Li-like Uranium (U89+) with a velocity of about 3 = 0.6.

B The produced x-ray radiation (in collisions with N,) is measured in
coincidence with ions, which have lost an electron during the

collision.

Particle
detector T ]
28 - 89+ ]
I P ]
/: oo+ 29| U 82
8o+ | 0| ]
h sl ]
32 -— _-
1l 28 —O— 2P1/2 ]

12

Energy (keV)

110 -

Dipole
magnet Movable
detector

40 — 15°

12

140

A
A 4

coincidence measurement




Selective K-shell lonization

« lonization of a K-shell electron. The L-shell-electron stays
undisturbed.

1S1 P electron

2312



Counts
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Coincidence technique
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Coincident x-ray-spectra
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Many-electron systems

Screen of electron charge
from core electrons

\

- Use effective
nuclear charge Z

Valence
electron




The effective nuclear charge

L =2-5

Z: nuclear charge
Z; effective or shielded nuclear charge
S: shielding constant

!

Binding energies

o) 2
Z eff — _ Z
n Compare n
Orbit radius
Il2 Il2
r f— a I — - I’ — a - —_—
ff 0 0
i Zeff Z

=0.53*108 cm)
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lonization energy (kJ/mole)

e ___25
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lonization potential: At least this energy has
fo be deposited to
remove an electron.
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Energy levels in a many-electron system

t 4d
.58 _
_______________________ 4p
.................................................... 3d
_4s __
_______________________ 3p
E 3s __
_______________________ 2p
.28 __
. 1s




The many-electron wavefunctions

The order of the energy levels changes

77 ot
Zeit(S) > Zes(P) > Zerr(d) E, =Ry -—
e.g. E,, < Eg, n

0,25

s-orbit comes closer to the nucleus
0,2 / -
0,15 -

3p
0,1 -
3d
0,05 - 5\
0 ] v T l l [ I

0 5 10 15 20 25 30
Distance from the nucleus r/a,




Slater-rules for calculate Z_;

Electron orbitals are classified as follows

[1 s][2s2p][3 s3p][3 d][4s4p][4d][4f ][5 sSp][S d][Sf ] etc.

Rules for calculate the screening constant s
1.) [ns np] Group: Electrons in a higher group do not shield.
2.) [ns np] Group : Electrons in the same group contribute with -0.35 in shielding.
3.) [ns np] Group : Electrons in the next lower group [n-1] shield with -0.85.
4.) [ns np] Group : Electrons in the [n-2] group (and lower) shield with -1.
5.) [nd nf] Group : Rule 1.) and 2.) but electrons in [n-1] shield with -1.

6.) [1s] Shielding by the second 1s-electron: -0.3.

R E—"—————
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AN

r I
Example [1s2] [2s2 2p®] [3s2 3p®] [3d]

Potassium Z=19  for [3d"] follows: s=18 => Z =1

[1s?] [2s? 2p®] [3s? 3pf] [3d7] [4s]
N J \ J
Y Y

10 8x 0.85
for [4s] follows: S=10+6.8 = 16.8 => Z _=2.2

Example [1s°] [2s% 2p°] [3s]
Sodium Z=11 |
2 8x 0.85

for [3s] follows: S=2+6.8 = 8.8 => Z =2.2

Exact calculations: Z=2.51
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The Auger-effect (many-electron systems)

An excited atomic system can, besides emitting photons, also de-excite by
(radiationless) emission of electrons > Auger electrons

pure electron-electron interaction

FAOC<‘Pi1"“Iji2 “Pf P/, >

In general, doubly-excited states are formed,
e.g. as a consequence of a produced K-shell vacancy,
and an excited many-electron system can decay by the emission of Auger electrons.

Pierre Auger (1899*-1998*):
Studied atomic physics and
cosmic radiation. In 1926

1 he discovered the effect
named after him.
(Herder Lexikon)
K O
K O-F—
fluorescence KLL-Auger

R E—"—————“—



Auger rates are in first order approximation independent of

the nuclear charge

5 (non-relativistic, while all
; ; F F distances scale with 2Z)
Lo |(Wh- ¥ W)
"”1 _rz‘ 1 1
3 .
S 32 [T Z; dnoc—
W' :initial bound state of electron1  oC /, / r ’ Al
' . 3/2
LPlz . initial bound state of electron 2 OC Z d31’ oc i
. 3/2 2 37
\{Jfl - final bound state of electron1  oC / Z

| 1/2
\{Jfl - final free state of electron 1 oC Z

FA oC Z3/2'Z3/2‘Z'Z3/2‘Z1/2'Zl3 .Zl?) :ZO

KLL-Auger

R R E—"——e—————
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1 W0 100 keV
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= r : Auger rates
g © (0 0
5 2 I'y, c”Z
3k L™ A
wd
3 sl
[ r I.-"F-‘. ‘T‘ t“i I" 'I]'H _-E_ . .
=3 alMg) 7 - Radiative rates
B FatMg) = w FX o Z
= LL
= TE Ty A0 3
-~ |
i s ssrpl Lt b il 1 | |r1_|_|_t I | = 'ii

ATOMIC NUMBER Z

Auger rates are almost constant, when plotted as a function of Z,
over a large range of elements.
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Fluorescence yield

1.0 00 Fluorescence yield

09t {01

08 10.2 F F

=]

ém 0_3°§ W = = — =
%o.e- o.4§ I +FA ZFI
= 0.5 0.5 g 1
= 03] 10.7 1 4
= & /

02| 108 € @ C 7 0 > 1 for Z > 50

0.1 L,-Schale 0.9 Z + Z

0.0

e K
0 10 20 30 40 50 60 70 80 90 100 110
Ordnungszahl

Fluorescence yield: ratio of the fluorescence yield to the total yield I; is
also called Fluorescence coefficient (1.

Note: so far we only treated approximations: The complete
electron-electron interaction is given by the function f, also called 1 G
+10;,1,)

the current-current-interaction. For certain states this function ‘1‘ _r ‘
could also be the dominant term. b2
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Nomenclature of the Auger-effect

KLL-Auger KLM-Auger Coster-Kronig-transition

Radiationless transitions from state X (L-shell) to state Y (K-shell)
and electron emission from the state Z (L-shell) into the continuum
are termed XYZ, e.g. KLL, KLM, KMN, etc.

hole //‘ \ Auger electron
decaying electron

Coster-Kronig-transitions
If x; and x; are the lower states of level X and Y is an excited state,

then xl- -> XIY is a Coster-Kronig-transition



Binding energies

-how to identify elements and binding properties
e.g. of atoms in their environment =

Initial State

Free
Electon
Level

Conduction Band
Fermi

Level
_4_ Electronic binding properties are

influenced by their environment
2p
2s

Is
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Analysis of materials, chemcal properties

Probe beam detection
XPS photons X-ray photo electron spectroscopy
(X-ray) (core electrons)
UPS photons (UV) UV Photo electron spectroscopy
(valence electrons)
AES electrons Auger electron spectroscopy
SIMS lons secondary ion mass spectroscopy

chematic diagram for XPS, AES

||

hv (X-ray)
:// e (5 keV)

— ¢ (Auger electron)

—» ¢ (photoelectron)

I A
Electron multiplier

>DT

Electron energy analyser

»
»

E




« XPS(x-ray photoelectron spectroscopy) was developed in
the mid-1960s by Kai Siegbahn & his research groups

(at the Univ. of Uppsala, Sweden)
* The technique was first known by the acronym
ESCA(electron spectroscopy for chemical analysis)

* The advent of commercial manufacturing of surface
analysis equipment in the early 1970s => equipment in
laboratories

* In 1981, Siegbahn was awarded the Nobel Prize for Physics
for his work with XPS



AES: Auger electron spectroscopy (1925)

Excitation by primary electrons (5keV)

or x-rays
Primary high Ejected core
energy electron 1 electron
Vacuum level
||| Work functio i Work fun
3
ps‘ De-excitation process
w (competing processes)
. #
\ Auger Process X-Ray Process
- LI ‘ o— Auger
Ground state Transition excited state Fermi ElecHon
lewvel j
I—?,:a \ = -2 & f
Ly & .
H-Fay
K Nl gl

Core Hole Core Hole




Binding energies (BE)

BE=hv-KE-d, -E.,

spec

BE= Electron-binding energy
KE= Kinetik electron energy
O, ..= Spectrometer Work Function

spec

E.,= Surface energy (AblGsearbeit)

K.E.

Ll

Primary high Ejected core Augerelectron
energy electron 1 electron T

Vacuum level Vacuum level
Work function @ Work function Workfunction i)

35 M, etc.

e

G o9 K L—@ *— 9

- Ground state Transition excited state Final state




XPS (X-ray photoelectron spectroscopy) oder

ESCA (electron spectroscopy for chemical analysis)

ho by Siegbahn
¢ (photoelectron)
(x-ray)
Mg K, :1253.6 eV half width: 0.8 eV
AlK, : 1486.6 eV :0.9eV
CuK, :8047.8 eV :~3eV
2p3 Photoelectron kinetic energy
L 2P
28 Photoelectron kinetic energy
Egg=hvo—Ey
1
K s, photon energy (constant) I

“Binding energy” of the electron in the
orbital in the atom
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Auger-Electron-spectroscopy: typically used for elements between

Liand U

EK LI LIII - EK a ELI B ELIII

X-ray spectroscopy: typically used for elements between Li and U
EKCZI :EK_ ELHI |:KaL9K
Exa, =B = B, Ky;:M>K

Effective probe thickness ~ 1 um, sensitivity ~ 0.1%

probability / Auger-Emission

b X-Ray Emission

Li(3) Na(11) As (23)
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Element identification

120

Cu 2p
100

80

N(E)E
Thousands
3

40
20 Ni 3p
Cu 3p
0 J‘“-—"
-1100 -900 -700 -500 -300 -100

Binding Energy (eV)
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Element identification

Binding Energy (eV)
Element 2p3/2 3p A
Fe 707 53 654
Co 778 60 718
Ni 853 67 786
Cu 933 75 858
Zn 1022 89 933

Electron-nucleus interaction is used for the element
analysis

R E—"—————



Chemical properties

Spin-0Orbit Coupling

Ti Metal Ti Oxide

2p3/2 =454.1 eV

2p3n | Ti in TiO, 2p3n f[\\
A=6.17 eV " | Monochromated Al Ko f ‘.\
L |
|
| \‘ 2p3n = 458.8 eV “‘
; |~ A=554eV \
|

|
470

460
Binding Energy (eV)

460 450
Binding Energy (eV)




Shakeoff/Shakeup

Ni Metal

2p3p = 852.7 eV
A=1727€eV

2pip N
/ \
e

” |
Wx/m_\v—»-mmwﬂ—/’/ \ /\\.
NS

N

890

865
Binding Energy (eV)

84C 890

Ni Oxide

| Ni in NiO

2psn = 853.8 eV
A=1749 eV

865
Binding Energy (eV)



Final State Effects

Shake-up/ Shake-off
L(2p) -> Cu(3d)

I
Cu

—- ! ! 1 L . \"r—“«vwv
970

Binding Energy (¢V)

Figure 8 Examples of shake-up lines (s) of the copper 2p observed in cop-
per compounds.
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Shake-off process

The shake-off process occurs when the effective Coulomb potential
changes its strength and leads to an autoionization of the electron cloud.

Examples are: K-shell ionization and (-decay.

In general, the valence electrons are most affected, since
they have the lowest ionization potential (smallest binding energy).

Non-adiabatic regime:
Two-step process "sudden approximation™ . The first process

ﬁe.i;. K-shell ionization; does not influence the second one (emission).



Shake-off process

The probability that an electron remains in its orbit is:

This probability is given by the

P — J-\IJ*(Z) LP(Z+ 1)d31' overlap between the wavefunctions

of the initial state \P(Z)

and the final state. W(Z +1)

The probability that an electron is being ionized is:
Pox = 1= [¥'(2)-W(Z+Dd’r  (Piox=1-P)

Note: High-energy approximation!
Question: What is the energy distribution of the electrons ?

R E—"—————



ig*f — Calculated relative shake-off
probabilities for the 1s to 4s

\ ) )
| { ) \ orbitals as a function of the
2 \ 35\3" \“ nuclear charge (Carlson 1968).
f t \'.1 \\\ A\
;Jf—‘ _-‘ivw\ — These calculations are based on the
0s |- ‘\i\ Wi \ | sudden approximation.
. N NN
5 \ {s \\ \
¢ oz NN

A
vy
)'/

For complex atoms and changes

2
\ AN
07 : - \-_\_\: \l
R

; 5 A .
- EE 4\‘%\\:\ - of the effective nuclear charge b)_/_
00 - KNSR = 1 unit, the total shake-off probability
S _\.. = “h"'-.._ .
R S L is close to 30%.
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a) Emission eine y-Quants
b) Emission eines Hullenelektrons
c) Emission eines Elektron-Postritron Paares

Hg -

/ Beta

Electron counting rate

203 203

Tl

Internal
conversion
electrons

K

eleck j

203Hg

203 T S Py

|
279.19 keV
208, ¥

Energie des Konversionselektrons

E

Konv

— Ey o EBind

<M

&§33313
3
»
.
ecccEe

L AINIT
Internal conversion
electron spectrum

K




Konversionskoeffizient

f(r) = ail(r)/aiL

o2

Konversion bestimmt, der innerhalb eines Abstandes
r vom Kern stattfindet.

K L
2
10
E-2 4
10 |
Z=30
K shell
LoTva
107!
102 r
l
i
10 F
T g 1 ; .
0.02 0.1 05 1.0
E MeV

0.0

10°

10

10

Z=90
K shell

0.1

05
E, Me¥Y

Konversionskoeffizient

W._ « (Konversion)

Konv ~—

W._« (y — Emission)

Konversionskoeffizienten
Qxony, fUr verschiedene
Multipol-Ubergénge

der Elemente mit Z=30

undz=90
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Interne Konversion (Innere Konversion, internal conversion)

f

a) Die Innere Konversion hinterlasst das Atom in etnem einfach
ionisierten Zustand

b) Shakeoff im Prozess der Inneren Konversion: das Atom wird
zweifach ionisiert

c) Shakeup: Das Atom wird in einem einfach ionisierten und
angeregten Zustand hinterlassen
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