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Overview

0 Attenuation of x-rays

» Classical Thomson scattering

> Basic interference phenomenon
» Scattering: deviations from classical behaviour

» Photoelectric absorption



Attenuation of X-rays
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Interaction of x-rays with matter
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® Scattering from a free charge

classical treatment (Thomson scattering)




Charge acceleration

Incoming electric field Charge acceleration

Ein (t) = Eo cos(wt) a(r) = %EO cos(wt)
Ei T T a
vV VvV V V

Magnetic field effects are negligible
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Electrons .vs. protons
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Dipole emission of radiation
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Accelerating charge = electromagnetic field

echarge velocity: V<<C
. . . e -
Dipole approximation: ®charge distribution: d << A a(l‘) = —— FE, cos(wt)
eobserver distance: >> A m

Electron: q = —€ > Eout(?,t) _ ed, (t )

Ame, rc’
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TEm . \ Eout TE
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Outgoing electric field
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Thomson scattering length
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Energy of a uniformly charged:
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> spherical shell U=— q
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3( 1 2
> spherical volume U =— q
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Electron>
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Classical electron radius

Relativistic
.\ rest energy
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Radiated power

Incoming power flux

I, = %SOEgc [W/mz]

En—polarized bearﬂ

Emitted power

v )
P(0)dO = [1 +cos’(20)1) 4o
26
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Y
v

Polarisation factor

Independent from radiation wavelength
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‘ Polarisation factor
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7t polarisation O polarisation

Un-polarised beab [

Laboratory x-ray sources




Total electron cross-section
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Incoming power flux

I, = %SOEgc [W/mz]

En—polarized bearﬂ

Total radiated power

P=§nﬂ

I/
3 e |0

Electron cross-section

o, =6.66x10"m”’

Independent from radiation wavelength




Beyond classical treatment
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Thomson scattering:

4 )

Free electron

Elastic scattering @

r, << A

Free electron = Inelastic scattering (Compton)

Electrons are bound in atoms

Probabilistic distribution of e- charge

Interference




® Interference
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Scattering from many electrons
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Depending on radiation wavelength




Scattering vector
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Incoming Wave Fornasini
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7t polarisation

' )} <« Complex notation

Ay Input amplitude




Outgoing wave
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Geometrical triCkS Fornasini
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7t polarisation
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Scattered amplitude
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7t polarisation

Scattered
amplitude
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Amplitude and intensity

N —ik o R . o (7 polarisation)
A(K) _ _EO re € Lt ezK'r
R
We measure: (
B2
R
- |2
I=|AK) = | < T
» 5 1 [1+cos™(20)
ESr
0 "e o)
R 2

Eqoq =Re{A(K)}

Cannot be measured !

(m polarisation)

un-polarized beam




Basic interference effect (a)
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1 electron (xt polarisation)

out

-~ e_ik R . oo
A(K) _ [_EO re R ela)ﬂ ezK-r

iKF
A, le

2 electrons (& polarisation)

A(K) = A (K)+ Ay (K)

_ K7 | KT,
4, [ 4 %]
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Basic interference effect (b)
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n electrons (x polarisation)

A(K)=Ay » e

Continuous charge distribution
(p = number density)

AK)=A f 0,(F) X7 dv
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Fourier transform
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The scattered amplitude is the Fourier transform of the electron density

A, f eX 7 dv

(number density)
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Amplitude and intensity (b)
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Amplitude
o -\ iK'
A(K) = Ael f P, (7‘) e dV Cannot be measured !
Intensity
) Is measured,
but
( ) ‘A(K)‘ ‘ 1‘ fpe dV phase information
is lost !
/ Structural info
> 5 o 1||1+cos*(26)
‘Ael‘ =1, Ly — .
R 2 Polarisation factor
- =71 for unpolarised beam




® Deviations from classical treatment

a) Electronic distribution







Interference effects
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Interference depends on wavelength
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Hydrogen scattering factor
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Electron cloud

1.(K)= [ p.(7) &< av 02

Z=

point-like electronT

1, hydrogen

dr

- 4J'L'f: rzpe(r)

A Kr

/

for spherical symmetry

sin Kr 0
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K = 4 sino/n (A




Atomic scattering factor (a)
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sum over electrons

/

total
electronic
density

—

oK) = 2 feal K]
= Efpen eX7av

/

_ 4»7Tfoor2pe(l") sin Kr dr

4 0 Kr

/

for spherical symmetry




Atomic scattering factor (b)
f (e.u.)
80_????!????!????!????
L -\ iKF
fO(K)=fp(r)e dVv 60
40 1 79 - Au
o0 1 32 - Ge
18-0
0\. ,,,,,,,,,,,,,,
0 5 10 15 20

G=4nsind/x (A7)




® Deviations from classical treatment

b) Compton effect
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Compton experiment (1922)
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Compton effect .

Intensity Intensity

4 6=90
N\
?»io A

A= A+£(1—cos@)

me
=A+A.(1-cos) E'keV]= E[keV]
1+0.001957 E (1-cos6)
0.002426 A

(Compton wavelength)




Modified scattering - 1 electron
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Modified scattering - atoms
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Thomson .
7 2 coherent scattering
(sum of amplitudes)
Iunmod = Efe,n @
n=1
Compton

Imod - E(Ie,mod)n
=y aA-£2)

—7— S /2
2 G

uncoherent scattering
(sum of intensities)




Thomson .vs. Compton L
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Scattering of X-rays from an electron
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Thomson scattering Compton scattering

Inelastic
(“incoherent”, “modified”)

Elastic
(“coherent”, “unmodified”)

. )
n Classical treatment Free electron | Quantum treatment ;’,

ﬁ, Tightly bound | Loosely bound ﬁ'
< Electron in atom 4
4 ?




® Deviations from classical treatment

c) Electron bonding
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Effect of electron bonding (a) e
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Free electron

Complex
dzl_’: € = ot dzl_’: dr 7 € = ot 4_
3= Ege Yo+ = —— Ege
4 m dt dt m
i I —
E field Damping || Elastic E field
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Model of bound electron

Spherical distribution of negative charge
centered on the positive nucleus
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Restoring force

Fl ocx




Effect of electron bonding (b)
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Free electron
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d e
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dr  ,. e -

—+y—+w,F =—— Ee'”

dt m 1 r dl‘ dt m
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Amplitude
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Complex
notation

~ eEO |
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Effect of electron bonding (c)
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Free electron
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2
m

Complex
notation
v

AK) = Ay £.(K) | 4=

H_J

Scattering
factor

Amplitude
of
oscillation

spatial
distribution

Amplitude
of
scattering
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D .
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- /
V

Anomalous
scattering factor




“Anomalous” terms (1 electron)
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“Anomalous” scattering factor (atoms) o
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(for forward scattering)
40_:----:----:----:----:----:----_:_

Real part
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@ Photo-electric absorption

a) Phenomenology




Attenuation of X-rays
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Exponential attenuation D =P, exp[—,u(a)) x]

1
Attenuation coefficient u(w) = = In




Atomic cross sections

u(w) = == u,(w)
_»
Photoelectric .
absorption N
o L Pair prod.
< 5], nucl. field 1
c 10 :Coherent > \elec. field |
QO 1 . . S R 1
) LIncoherent sc. o
@ 10704
o 1
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10 10° 10 10* 10°
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Excitation and ionization

Energy

lonization
A

Excitation

X-rays

Un-occupied
free levels

Un-occupied
bound levels
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Photoelectric absorption (a) P

Hydrogen Copper
yarog E (eV) PP
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X-ray absorption spectroscopy
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\ sample /4
source monochromator detectors

® Exponential attenuation

D=0>, exp[—u(a)) x]

® Attenuation coefficient

1 D
= — |n—%
u(w) —In

1 10 100
Photon energy 1w (keV)




X-ray absorption edges
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Fine Structure: Atoms
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hv < binding energy

Core electron

unoccupied levels .

= Edge Fine Structure

hv > binding energy

Core electron

continuum N

= Smooth n

u (a.u.)

u (a.u.)

[ Ar E, =32059¢eV |

Photon energy (keV)




Fine Structure: Molecules and Condensed systems e
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hv = binding energy T Ge i
Core electron o, = | |
a8 O FEi = -

unoccupied levels Sl I ]

= Edge Fine Structure == : | : | ]

11 11.5 12
Photon energy (keV)

hv > binding energy

Core electron

T continuum —» Outgoing wave-function

/ Extended
: INTERFERENCE ~—»> Fine
Back-scattering Structure

from
neighbouring atoms \‘ Incoming wave-function
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XAFS: X-ray Absorption Fine Structure
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X-ray Absorption Near Edge Structure
Near Edge X-ray Absorption Fine Structure

Electronic transitions
Photo-electron multiple scattering

I Extended X-ray Absorption
XANES Fine Structure
NEXAFS Mainly photo-electron single scattering

o
EXAFS
>
< Edge
'-_J. . . . | . . . . |
11 11.5 12

Photon energy (keV)




@ Photo-electric absorption

b) Theory
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Transition probability Wi T

n = atomic density
A, = vector potential amplit.

u(w) =20 SW,

2
EoWA, 5
Initial atomic state Interaction Final atomic state
o
,,,,,,, .
@) w () @)
Stationary ground state Stationary excited state




Approximations

Weak interactio>

Initial state

Electric dipole approximatior>

1st order

Time-dependent perturbation theory

Final state




Absorption coefficient

1 active electron
A

'

(@) < (wli- Pl )| o(E+hw-E,) (W ey

X-ray

polarization

g

N 7

Energy conservation

Electron
position

¢

(w7, )

Initial
state

Final
state

passive electrons
A

2

Superposition integral

~
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Electric dipole approximation T




De-excitation mechanisms
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Radiative: fluorescence X

Fluorescence yield




Core-hole lifetime
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Lifetime

of the excited state

T,~10-16-10-15 s

of the excited state

20 T

Energy width

L,

Fh (eV)

TR S — -

10

.«*"é"lr;’edgesé

80

Contribution to

photo-electron life-time

Energy resolution
of XAFS spectra




@ Summary

Attenuation: scattering and absorption
Thomson scattering from a free electron (classical)

Limits of the classical treatment

Basic interference phenomenon

Electronic and atomic structure factors

Comtpon effect

Anomalous (or ‘resonant’) scattering

Absorption coefficient and absorption edges

Fine structure at absorption edges

Introduction to theory of photoelectric absorption
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Dolomite mountains at sunset (near Trento, ItaI)Q




