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> First lecture (09:15-10:15 on July 25, 2022)

= Introduction

= Theory of X-ray—matter interaction
= X-ray absorption

> Second lecture (14:00-15:00 on July 25, 2022)
= X-ray atomic physics on computer: XATOM

= X-ray photoelectron and absorption spectroscopy

> Third lecture (09:15-10:15 on July 26, 2022)

= X-ray fluorescence
= Auger-Meitner decay

= X-ray scattering
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What is X-ray?
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X-ray is...

> discovered by Wilhelm Rontgen in 1895
> photon energy: 100 eV ~ 100 keV

> wavelength: 0.01 nm to 10 nm

> penetrability

> element selectivity

Radiation Type  Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray
Wavelength (m)  10° 1072 10° 05x10°® 10°® 107 107
Approximate Scale .
of Wavelength

Buildings Humans Butterflies Needle Point Protozoans Molecules  Atoms  Atomic Nuclei

10* 10° 10" 10 10'¢ 10 107°
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X-ray absorption
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Radiography: see inside due to
X-ray absorption contrast

N Hand with rings: Rontgen’s first medical X-ray in 1895
-;;-':'j"; (Nobel prize in 1901)
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X-ray fluorescence

‘wvxa

Different chemical
by compositions identified
by X-ray fluorescence

Moseley’s Staircase: First qualitative X-ray
chemical analysis by Henry Moseley, Phil. Mag.
26, 1024 (1913).
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X-ray scattering / diffraction

7

Elastic X-ray scatterings
from a crystal make a
diffraction pattern.

vvw}‘

Zinc blend: First published diffraction
pattern of a crystal by Max von Laue in 1912
(Nobel prize in 1914)
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X-ray crystallography
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Photosystem I: 3D Visualization of
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diffraction patterns using serial
femtosecond crystallography (left) and
electron density map obtained from
these diffraction data (top)

Chapman et al., Nature 470, 73 (2011).
Image courtesy: Thomas White, CFEL
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https://cid.cfel.de/research/femtosecond_crystallography/

High X-ray intensity

Xe@4.5 keV
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Here we will discuss only one-photon absorption limit.

Later you will see more interesting physics with intense x-ray pulses.
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Abstract

A basic introduction to the theory underlying x-ray processes is provided. After general
remarks on the practical advantages of using x-rays for probing matter, the derivation of the

l-coupling ian within ivistic quantum
Perturbation theory is reviewed and applied to describe x-ray-induced processes. In

is outlined.

connection with x-ray absorption, inner-shell binding energies and the photon energy
dependence of the x-ray absorption cross section are discussed. In the context of x-ray

scattering, atomic and ing factors are i

he plex index of

refraction is derived, and the nonrelativistic theory of Compton scattering is described. The
final topic is x-ray fluorescence and Auger decay of inner-shell-excited systems.

1. Introductory remarks

Since their discovery in the year 1895 by Wilhelm Conrad
Réntgen [1], x-rays have become an indispensable tool for
studying the structure and electronic properties of matter.
Equally important is the role x-rays have come to play in
medicine, archacology, art, security, astronomy and other
applications. To date, 19 Nobel prizes have been awarded
for x-ray-related research (W C Rontgen 1901, M von Laue
1914, W H Bragg and W L Bragg 1915, C G Barkla 1917,
K M G Siegbahn 1924, A H Compton 1927, P J W Debye
1936, H J Muller 1946, M F Perutz and J C Kendrew 1962,
FHCCrick, J D Watson, and M H F Wilkins 1962, D Crowfoot
Hodgkin 1964, W N Lipscomb 1976, A M Cormack and
G N Hounsfield 1979, K M Siegbahn 1981, H A Hauptman
and J Karle 1985, J Deisenhofer, R Huber and H Michel 1988,
P D Boyer and J E Walker 1997, P Agre and R MacKinnon
2003, R Komnberg 2006).

As a new ion of x-ray s s lled x-ray
free-clectron lasers [2, 3]—is about to come online [4-6],
it is timely to iliari i it
theorists alike, with some of the basic properties that make
x-rays such a powerful tool. This is attempted in this tutorial.
The emphasis is on the ofa i i

that may be emp describe a variety of x-ray

processes. Throughout, the x-rays are assumed to be used as

0953-4075/09/023001+16830.00

a weak, it ive probe. Basic

of x-rays will be covered. However, since this is a tutorial,
there is not a single topic that is discussed in great depth, and
some topics, e.g., x-ray sources and x-ray optics [7, 8], are not
discussed at all.

This tutorial is structured as follows. In section 2,
the derivation of the iltoni; i i
quantum electrodynamics is sketched. This Hamiltonian, in
combination with perturbation theory (section 3), allows one
to describe all basic x-ray processes. X-ray absorption is the
topic of section 4. In section 5, x-ray scattering processes are
discussed. Finally, in section 6, relaxation processes following
the excitation of an inner-shell electron are treated.

Atomic units are employed, i.e., m. = 1, |e] h=1
and ¢ = 1/a, where m, is the electron mass, e is the
electron charge, % is Planck’s constant divided by 27, ¢ is
the speed of light in vacuum and @ = :—1 = 1/137 is the
fine-structure constant. The atomic unit of length is the bohr,
s 7 0.529 A. The atomic unit of cross section is
ag ~ 28.0 Mb, where a barn (b) equals 10~ m?, The atomic
unit of energy is the hartree, Ej = m.c’a® ~ 27.2 V.

ling on the ph gy, we typically disti
between the following two x-ray regimes (7, 8]. Photons
with an energy between ~10 Ej (~300 eV) and ~100 Ej;
(a few keV) are called soft x-rays. Soft x-rays cover, roughly,
the Is binding energies for elements ranging from carbon

© 2009 10P Publishing Ltd  Printed in the UK.
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How to treat interaction between
X-ray and matter?
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Total Hamiltonian

IA{ — IA{mol =+ [:IEM + IA{int

Atomic units used:

> X-rays interact with the electrons only Mme = 1
> Non-relativistic quantum electrodynamics |€| =1
> Principle of Minimal Coupling h=1
> Time-dependent perturbation theory 1/4meg = 1

(c=1/a, ag =1)
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Hamiltonian for free electromagnetic field

Hamiltonian for the free electromagnetic field (harmonic oscillator)
Hen = Zwk&z;,x&k,w wi = |k|/a
k,\

o k-ep =0,
Photon mode: wave vector k and polarization vector €, ; .
’ €1 €k,2 =0

Field operator: annihilates or creates a photon in the mode (k,A).

Ak A |MkA) = VTN — 1)
Qg ke n) = /T )+ L ng x4+ 1)

Commutator relations for

A,y Gy /| =
photon mode operators R, TR A 0
N /\1‘ _ o
[a,b] = ab — ba g > Qpr 3] = Ok, OX \
Y
-&L,M &Lf,x- =0
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Molecular Hamiltonian

A

Molecular Hamiltonian Hmol = TN -+ ‘A/NN + [:Iel

. V?L i
TN:_%:QMQ Z]R R

a<a’

a"

Electronic Hamiltonian using the second quantization

e {———z|$_ Yo

Anticommutator relations { w (
for electron field operators o

{a,b} = ab + ba
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Interaction Hamiltonian

Interaction between electrons and photons peA and A2
(minimal coupling, Coulomb gauge)

~ 2

i = [€21(@) [Aw) - S| )+ 5 [ @0 @)@ )

i A 2m . ,
Mode expansion of A () — \/— {& S L I e—lk-m}
vector potential (@) Z Vwia? k,ASk,A kA Sk,

k.,

peA: one-photon absorption in first order; one-photon scattering in second order

AZ2: one-photon scattering in first order
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Time-dependent perturbation theory

Full Hamiltonian and unperturbed part ﬁ — ﬁmol + ﬁEM ‘Hﬁlint

Hy
Initial state:  |[) = |\I/(])Vel>‘NEM>

Interaction-picture state vector to second order in perturbation
t

|\Ijat>int :|I> . 1/ dt/ eiﬁot’ﬁinte—elt’|e_iﬁot/|I>

— OO

t t’
2 TR / 2 Y B 2 TS AT/ & Yy
B / d¢’ elHot H: e €|t |e 1H0t/ d¢ elHOt H. e €|t |e iHot |I> 4.

— OO — OO

Transition rate to second order in perturbation

FF] — 27T5(EF — E[)

~ ~ 2
: (F'[Hing| M) (M |Hing | I)

P|Hine ) + ) :

| Hing | 1) + Er — Ey — ic i
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X-ray absorption

(@)
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X-ray absorption
)e

Initial state: | I) = ]\IféVel>\NEM>

Final state: |F> — ‘\I’]}¥61>

Nem — 1)

Absorption rate: ['p; = 2w0(Ep — Ef) ‘(F‘ﬁim‘ﬂ
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X-ray absorption cross section

X-ray _ 4m* Ngwm Na  Na .
absorption rate U'rr = Wi V 5(EF — kg —wm>
. . \vA 2
x (W5 / Pzl (@)™ ey, x, - — (@) T5)
T 1 Ngwm
X-ray photon flux EM = .7V
X-ray absorption cross section o =Trr/Jem
4 2
O'F(kiny )\in) ILOMS (Eé»vel —Eével —win)
Win

2
X

) _ VA
(Wi [ Pzt (x)ekn Gkin,xin°7¢(w)|‘1’ével>

how to treat many-electron systems?
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Electronic many-body problem

Introducing a set of orthonormal spin orbitals {gop(a:)}

which are eigenstates of an one-body Hamiltonian F|<,0p> = 5p|<pp>

An electronic one-body Hamiltonian Z EpCy AT &

Creation and annihilation
operators for | %): CA.; and ¢, Connecting with the field operators

{¢p,Cq} =0, 1@(:1}) — ZSOp(m)épa
{Cp, AT} - 519 q g

(el el i) =) ol(z)el
p
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Mean-field model

Independent-electron model: I—AIel ~ F

Mean-field ground state in terms of a single Slater determinant:

Nel
“Pgel> ~ ‘(I)8761> = Héjlvacuum)
i=1

Mean-field ground-state energy:

N, — N,
E! 1_<‘P01

el

13“‘ CDgel> = Zei

i=1

Hel

Ne ~y NC
) 1> ~ <c1>01

Hartree-Fock (HF) method: minimizing <c1>3’el

2 r N
A, - F‘ c1>0e1>

the best choice among the mean-field models
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Koopmans’ theorem

Nei—1\ __ » Ne
One-hole state ‘(I)@' ) = Ci‘q)o Y
(N, )
Energy of Neai—1 o /&Nea—1| g Nei—1\ _ Z N G
one-hole state E; ~ (2 1] ®; ) = < i
=t
lonization potential I, = E,LNel_l — EéVel S
Koopmans’ theorem: valid for the HF solution For Neon
HE,Noi—1| £ HEF,No—1
I, :<(I)z' 1 | Hel‘q)i 1 > Koopmans EXP
HE N HE N —&9p =23.1eV 216 eV
— (D, T He| Py ) = —¢ —e9s = 52.5 eV 485 eV

—€15s =892 eV 870 eV

Note: Koopmans received a Nobel prize in Economics
in 1975, of course, not for this theorem.
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X-ray absorption within mean-field model

Particle-hole state  |®) = AL|<I>,‘£V61_1> cle, ‘(I)Nel>
Initial state 1I) = \<I>N61>\NEM>
Final state F) = ¢lé |®)) [ Ngy —1)

Cross section for particle-hole transition

2
Amr? V
kln
O-?C,Il(klrn )\Hl) T a5(€a —|_ I wln) <(pa|el m kll’l) in |(107»>
in
Subshell x-ray absorption
cross section k1n7 )\m Z U km) >\1n
Energy of excited electron Eq = Win — 1; > 0 “Photoelectric effect”

Note: Einstein received a Nobel prize in 1921 for
the photoelectric effect, not for theory of relativity.
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X-ray absorption cross section

> After employing the dipole approximation and atomic orbitals,
X-ray absorption cross section of its orbital at w is calculated as

op(i, ) = —an’wN, Z J u,  (Nu, (r)rdr
"1 ]
3 ) 2 +1 .
bound-state continuum-state
orbital orbital

(@)
|-|'|
I—
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X-ray atomic physics on computer:
XATOM
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XATOM: all about x-ray atomic physics

> Computer program suite to
describe dynamical behaviors
of atoms interacting with
XFEL pulses

> Uses the Hartree-Fock-Slater
model

> Calculates all cross sections
and rates of x-ray-induced
processes for any given
element

Son, Young & Santra,
Phys. Rev. A 83, 033402 (2011).

Jurek, Son, Ziaja & Santra, httos:// desv.de/~ /
J. Appl. Cryst. 49, 1048-1056 (2016). ps://www.desy.de/~Xraypac
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https://www.desy.de/~xraypac/

Dynamical behavior of atom in XFEL pulses

1.0
0.8 -
& 06
©
-
S
S 04
0.2 - "1 Feat8keV
5%1012 ph/um?2
0.0 , 10 fs (FWHM)
-20 -10 0 10 20

Time (fs)
Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011).
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K-shell photoionization: a simple model

> Simple model of an atomic species of atomic number Z
= 1s orbital ~ H-like 1s orbital of Z,

u (r) ~ Z%%re™%", I, =712

= photoelectron wave function ~ plane wave (assuming win » /1s)

> At fixed photon energy w, 6p ~ Z>
Compare oc (Z=6) and oca (Z=20): (20/6)>~ 400 times

> Atfixed Z, 6p ~ o "

For a given atom, the x-ray absorption cross section above the 1s
threshold decreases with increasing photon energy.
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Photoionization cross section calculation

10% 102
10" — /
| | 10
. Ca ]
= * / 110° =
C E C
9 I ] o
3 107 | / f B
o , ?
— -2 1 —
S 107 ¢ / ] S
! -10
10° | / 110
’ At 60 keV |
10-4 . N N . | . L . LN L . 10-12
1 10 100 1000 10000 1 10
Photon energy (eV) Z

> PCS changes by varying w and Z; edge structures
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Table of photoionization cross sections

10_E T T T Trrrr T T T TTTITT] a 10 T T 'l\llkllll(;\;]) 4?
= 3 ICKe | ]
- Hydrogen (H) 1 NN\ Z =28 .
Z=1 T N N Jotal
1 %‘ ? S 3[3 ...... '?
C Y O N “...25 ]
- 3 C ‘\\“ =
C - o NS
0.01F - 0.01 AN
S 3 g 4s 303
0.001_ Ll Covnl 0.001 Lol T
10E T T TTTITT T T T I a 10=E T T T T TTTTTg ?
= Beryllium (Be) E - .
T 1F E £ F 4
S - E S 2 -
3 - ; © - T RN
S oif 4 2 o1f SRR or
~— = = ~ 3§ \\\ N N
P - ] 2 N\ | *3p]
g 001fF = 6 001F . a3
- \ ] - .48 ]
0.001 Lol Lol 0.001 L1l Lo el
10E T T TTTTT T T T TTTTT ? 10% T T T TTIrrTg T LR ?
- Carbon (C) 3 C Molybdenum (Mo) 3
b E| 3 E
01g 3 0.1g E
0.01 E NN o 0.01 running
\\ 2p \.\\23 E E K ".-.—N."\'\. 5 ..."-."\ ;\\ \3
Ay R -1 - ! \'\. S 45"'{' A
0.001 Lol Lol Ly s 3 e 4 XATOM
10 100 1000 0'00110 100 1000
Photon energy (eV) Photon energy (eV)
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Applications of X-ray absorption

> X-ray photoelectron spectroscopy (XPS): measuring photoelectron

energy

= PES: Photo-Electron Spectroscopy or Photo-Emission Spectroscopy

= ESCA: Electron Spectroscopy for Chemical Analysis

> X-ray absorption spectroscopy (XAS): measuring absorption cross

section as a function of photon energy

= XANES: X-ray Absorption Near-Edge Structure
NEXAFS: Near Edge X-Ray Absorption Fine Structure

= EXAFS: Extended X-ray Absorption Fine Structure
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XPS: X-ray Photoelectron Spectroscopy

C(@x2)Co / Ni(100) PES: Photo-Emission
O 1s O, Cis
H=700 eV ®  ho=320eV (or Photo-Electron)
Eag=285.8eV — o Spectroscopy
) =320 eV
: = I
g Eq — Win — 4
S, A
2 v'=1
2 Eag=531.4 eV
£
P \ fixed
L\ v=sJ (7
i PREEEN g iieed) measure
533 532 ",\’286.5 285.5

Binding Energy [eV]

Figure 8. High-resolution XPS spectra of Cls and Ols from a ¢(2 x 2)
CO/Ni(100) [38]. The fine structure is due to intramolecular stretch vibrations
of the adsorbed CO molecules.

9.,
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ESCA: Electron Spectroscopy for Chemical Analysis

0 H H — ., _ T
F< |I I | Eq = Win I )
F—;C——C—O—CIZ—('Z—H A
) HoH
@ L I fixed
s
=
measured
0 T - v v - . . . r L———‘
0 8 6 4 2 0 Eg=291.2eV
Chemical shift/eV E_SCA molecule:
first molecule used for
Figure 8.14 The monochromatized AlKa carbon ls XPS spectrum of ethyltri- ESCA by Kai Siegbahn
fluoroacetate showing the chemical shifts relative to an ionization energy of (Nobel prize in 1981)

291.2 eV. (Reproduced, with permission, from Gelius, U., Basilier, E., Svensson,
S., Bergmark, T., and Siegbahn, K., J Electron Spectrosc., 2, 405, 1974)
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XAS: X-ray Absorption Spectroscopy

A
=
2 4
Qo
7,
m -
< X-ray absorption

spectrum of

molybdenum metal

y from 19.8 to 21.5 keV

Ea = Win — 1

T

varied

solid target:
transmission

gas phase or very

bk dilute target:
19800 [J20000 20200 20400 20600 20800 21000 \21200 21400 fluorescence
‘ PHOTON ENERGY (eV)
NE: depends on local coordination E: depends on nearest-neighbor
environment and oxidation state geometry
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EXAFS: Extended X-ray Absorption Fine Structure

Kr gas 2D crystalline Kr
. : 1 . . 1.4 " v - .
2t :
\ 1.2¢
1.5} - d
0.8}
= {206}
0.4}
0.5}
0.2}
J 0 L J
Of ~
-200 0O 200 400 600 800 =200 0 200 400 600 800
Energy from absorption edge (eV) Energy from absorption edge (eV)

EXAFS reflects nearest-neighbor geometry and
it is highly sensitive to changes in bond lengths.
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XANES: X-ray Absorption Near-Edge Structure

Also called NEXAFS: Near-Edge
X-ray Absorption Fine Structure

Mf}§03 MnO,

6546 6548 6550
Mh K-edge Enargy, eV

. B552

[ tae

different
coordination
environments

different
oxidation
states
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Summary

> X-rays can probe atomic structure and electronic structure of matter.
> X-rays interact with the electrons only.
> Hamiltonians for EM, molecule, and interaction between them
H = Hyo1 + Hev + Hing
> The mean-field theory for electronic many-body problem
> Transition rate calculated within the time-dependent perturbation theory
. 2
Dpr = 208(Ep — Er) |<F|Hint|l>|

> The theoretical framework applied for calculating a photoabsorption
cross section

> X-ray absorption applications: XPS, ESCA, XAS, XANES, EXAFS, ...
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Relaxation processes

(@)
T
Tl
I—
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Decay of inner-shell-excited systems

+319 eV

C1+%
(1s-': SCH)

e @e

c1+
‘V
+40 eV
+0 eV AL oA
c+ OV
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X-ray fluorescence within mean-field model

Qe ©

0)

Initial state:  |[) = éi‘q)ével>

Final state: | [") = éi/‘CI)(])Vel>&LF A l0)

Fluorescencerate: ['p; = 2w0(Epr — Ey) ‘(F’ﬁim’D
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X-ray fluorescence rate and energy

Partial X-ray fluorescence rate
R 2
Dpr = 218 (B — E) ‘(F\Himm\
A2 2

= (I — I,
VLUF ( +wF )

14 00
Fi,i’ — Z I'p; = Z (27‘(‘)3 /dﬂp/ dk g k%FF[
kr A \r AF 0

-—ikp“a3 *

V
(pile €l Ap T|90z">

X-ray fluorescence energy Wp = Ii — [7;/
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X-ray fluorescence transition lines

I \
—N3
— Ny T ign .
M T Characteristic transition energies
L =M - fingerprint of elements
—|= = = =M;
Energy Relative 5249 80 Kay 151
By By B L oy 0p By Bois € M1 (eV)  FElement Line intensity 5563 25Mn LI 15
3t e 543 3Li Ko, 150 5728 24Cr Lay, 111
1085 4Be Koy, 150 5828 24Cr LB, 79
_|— Yy v Yy v—Ls 1833 5B Koy, 151 6152 26Fe LI 10
— T |—|—|— Lo 277 6C Ko, 147 6374 25Mn Loy, 111
3483 21Sc Ll 21 6488 25Mn LB, 77
- 171 T L1 3924 7N Koy, 150 676.8 9F Koy, 148
3953 22Ti LI 46 6778 27Co LI 10
K 3954 21Sc Loy, 111 7050 26Fe Loy, 111
oo 399.6 21Sc LB, 77 7185 26Fe LB, 66
2 =1 465 23V LI 28 7427 28Ni LI 9
4522 22Ti  Loj, 111 7762 27Co  Lay, 111
4584 22Ti LB, 79 7914 27Co LB, 76
5003 24Cr Ll 17 811.1 29Cu LI 8
5113 23V Loy, 111 833 57La Moy 100
Yy V # \A Kq 5192 23V LB, 80 8486 10Ne  Kay, 150

Fig. 1-1. Transitions that give rise to the emission lines in
Table 1-3.
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X-ray fluorescence transition lines (cont.)

70,000 Zn
* Cu Fe Ka Lines
* ; KB Lines —
60,000 -
Ka 2nd Ca
Ni Co Order ‘
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R RN
Ti
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XRF: X-Ray Fluorescence

25.3 keV Transition lines
% Sn Kai: K1 — L3, 1s — 2p3p
Kaz: K1 — L2, 18— 2p12
‘ KB1: Ki — M2, 1s — 3p1,2

KB2: K1 — N23, 1s — 4p1/2,312
KBs: K1 — M3, 1s — 3pap2

29.1 keV position: transition energy
Prs intensity: transition rate

XRF intensity

Figure 8.30 K emission spectrum of tin. The «; and S, lines are al
0.491 and 0.426 A, respectively. (Reproduced, with permission, fromn
Jenkins, R., An Introduction to X-ray Spectrometry, p. 22, Heydon,

London, 1976)
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Ka fluorescence: a simple model

> Simple model of an atomic species of atomic number Z

Wave length x 10° cms

= 1s orbital ~ H-like 1s orbital of Z = S A

=

EREEFEEEEEERE R FEERE
2 FOLIRDRES Be ooy
“-
T4

= 2p orbital ~ H-like 2p orbital of Z

2

> Ka photon energy: Wy, ~ Z° =

> Ka fluorescence rate: 'y ~ Z*

SRFFRRIARSUZE fUirerrIeC(ee
K

JRHdRAR e ERRRRSSHES
)

Moseley’s law L

26. M

ccccc S

v rvz vl

22T —+

Bize —r
W X

Ere Pl

rd M

Phil. Mag. 27, 702 (1914). ki =

6 8 10 12 14 15 18 20 = 2d

Square root of fequency x 10°
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Auger-Meitner within mean-field model

A renaming proposal to Auger-Meitner: Physics Today 72, 10 (2019).

©-@

Initial state:  |I) = éz“q)(])vel>

Final state: | F') = ¢&! C§ Aj,‘(f[)(])vel% IR

Augerrate: ['p; = 270(Fp — E) |<F|I:Iint|l>
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https://doi.org/10.1063/PT.3.4281

Auger-Meitner rate and energy

Perturbation theory 7, = £, ;. = vaqr Telese, =) ) {vpigi — vpiig} Ehé,

PQ"“S pq

1

w@pr (ZB)QOS (213/)

Coulomb matrix element v, = / d*x / d*a' ol (x )gofl(m’)|
x

Partial Auger-Meitner rate

2
Cigjr =27 ) aijjr = Vaijiil” 0(ea + L + Ly — I)

Auger-Meitner electron energy €4 = I; — Ij — Ij/
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KLL Auger-Meitner decay: a simple model

> Simple model of an atomic species
of atomic number Z

= 1s orbital ~ H-like 1s orbital of Z
= 2p orbital ~ H-like 2p orbital of Z

= Auger electron wave function ~
plane wave

> Focus on the channel with two 2p
holes in the final state: KLL

> KLL Auger electron E: &gy ; ~ Z°

> KLL Auger decay rate: I'y;; ~ Z°

no
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AES: Auger-Meitner Electron Spectrum

Na KLL Auger

230 28 (1S)

l

.
T Al

A A -

R AR O

= 3

Na CI
2s12p> 2581 2ps
('P) (°P)
' '

/

\

.\*J

— . — — — S

282 2p4
() |

252 2p* (1D)

910 920 930

Figure 8.26 The KLyl ( 'D, and 'S,) Auger spectrum of
sodium in solid NaCl. (Reproduced, with permission, from Siegbahn,
K. (June 1976), Publication No. UUIP-940, p. 81, Uppsala University

Institute of Physics)
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X-ray scattering
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Elastic X-ray scattering

Initial state: I> — |\I,é\fe1>

Ngwm)

Final state: | F) = |0 )al  |Newm — 1)

Scatteringrate: ['p; = 270(Ep — Ey) ‘(F‘ﬁim‘ﬂ
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Elastic X-ray scattering form factor

Transition rate

) kina)\in
V V WEWin ki Ar

Ok — Er)| (wr — win)

FFI —

Scattering vector

(or momentum transfer) Q= ki, — kr

Scattering (or form) factor  f°(Q) = /dgac plel) (x)e'@®

Electron density p(el)(w) _ <\I,é\fe1

Vi (@) ()| U™
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Elastic x-ray scattering cross section

Differential cross section

L'rr V 3 / o I'rr
do = — a”df) dwr ws ——
3t e (a2

JeM
d d
°(Q) = ot }fO(Q)‘Z Z }GZF,)\F "€kin, Ain f= (d_?l) ’fO(Q)‘Q
Ar g

ds?
Total form factor 0 5 1 o
decomposed in terms of (Q /d x Z p(e) olQT
atomic contributions
S >1@m}em
=) fAQ)e
n
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Atomic form factor

40

K (Z=36) —
Ar (Z=18) —— |
Ne (Z=10) ——

O ! ! .
0 5 10 15 20

Q(a.u.)
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Absorption vs. scattering

Carbon 4 C@10keV
Oabsorption=41 barn
Oel. scattering=3.2 barn

Oinel. scattering=2.7 barn

(barns/atom)
=)

02 Oel. sc 1
————— N —
O abs 13
10°
| |
10” 10° 10" 10°
Photon Energy (MeV)
m—  Total Attenuation with Coherent Scattering
e ety XCOM, NIST: https:/dx.doi.org/10.18434/T48G6X
———  Photoelectric Absorption
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Dispersive correction to elastic X-ray scattering

> Resonant elastic x-ray scattering:
When the photon energy approaches to the ionization potential, the
second order of peA becomes important.

Elastic X-ray scattering tensor: second-order correction with peA

fi,j(Qa kin) — fO(Q)5i,j
S [ it et ey
T 1

X

E + win — BN 4 e
(U] [ A @t
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Dispersive correction to elastic X-ray scattering

Elastic X-ray scattering in the forward direction

Scalar scattering factor f(wy,, €,) = fO(O) + f(win, €in) + 1f" (Win, €n)
Total number of electrons fO(O) — Nel

Relationship between imaginary ., Win
part of scattering factor and [ (Win, €n) = T Ara § 0F(Win, €in)
absorption cross section

/ f”(wi/nv Gm)

1
Kramers-Kronig relation f/(win, Ein) — —Pr dwin /
-

win T wln

(@)
|-|'|
—
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Dispersive correction (anomalous scattering)
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X-ray scattering

elastic vs. inelastic without M vs. with VI

7)) =[TF) |97 # [UF) (A?) (p°A)

> Elastic X-ray scattering

= Non-resonant elastic X-ray scattering via A2

= Resonant elastic X-ray scattering via p*A (Dispersion correction)
> Inelastic X-ray scattering

= Non-resonant inelastic X-ray scattering via A2 (Compton scattering)

= Resonant inelastic X-ray scattering via p*A (RIXS or resonant X-ray Raman)
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X-ray crystallography

Protein crystal X-ray diffraction pattern Molecular structure

of a protein
I~ [(Q) o
Q) = p'V(w)
FT
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Summary
Double core hole

Photoionization /
photoabsorption
B
formation

Scattering ‘s rs] Q 3
high X-ray intensity

éJ\j\,\,
Auger-Meitner decay

FIuorescence

> Theoretical aspects of X-ray-induced processes
> Many-electron system: mean-field approach
> o and I calculated within the same framework (QED and TDPT)
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