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A Light far Science

“X-rays and their interaction with matter”

1 — Synchrotron radiation properties
2 — Waves and photons

3 — X-ray Scattering

4 — Photon Absorption

5 — Optical properties
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WHAT THE SYNCHROTRON RADIATION?  q ight for science

Electromagnetic radiation emitted when charge particles moving at ultra-relativistic
energies are forced to change direction under the action of a magnetic field.

E>m,c?~0.511 MeV y= E/m,c? y~1957 E[GeV]

Relativistic emission when v~ c

Classical emission v,<< c it .
N Forward direction emittance cone 1/y~1mrad

Lorenz Force F=q vxB

electron isotropic dipole
, emission
B e e e

trajectory
emittance cone

Ex: Radio waves Synchrotron emission
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A Light far Science

The radiation emitted by an accelerated charge particle appear shifted in
frequency from an observer sit in the tangent of trajectory.

Time interval At between the Wreloni il ki
two flash emitted in A and B at the electron was at bend A

the observer position:
Al = (1 = B, cosa)Ar’

At'= electron time interval between

two flashes in Aand B

] ] i e’ |
v = electron velocity x+

observer

/\. %

¢ = light speed ¥ COSI _\r'a—r-
B=Vic {c-v cos a A
: , Maximum Doppler effect when a=0
.. and because o is small: At ~ 1/(2y2) AL ~ 106 At
B [lf)’}: When o=1/y Doppler effect decrease of 2
Ar = | — Im’
2y° Most of the radiation is then contained in

a solid angle 1/y
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SYNCHROTRON RADIATION IN ASTRONOMY  atight for Science

Emission of Synchrotron Radiation
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Synchrotron light was first detected in a
jet emitted by M87 in 1956 by Geoffrey R.
Burbidge.

Gas emission (red) and synchrotron light
(blu) produced by high energy electrons in
the magnetic field of a neutron star (Crab
nebula)
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ELECTROMAGNETIC SPECTRUM s ugnt for science

Small wavelength probe small objects

Electromagnetic waves

Large wavelengths Small wavelengths

radio microwaves infrared visible ultraviolet X-rays
10° 102 10% 0.510% 10% ton  Sammarays
Buildings Human body Insects Needle Cells Molecules Atoms Nuclei/quark
"
a:l l' f'
P TRV 5
Radio waves Microscopes Synchrotrons Large accellerators
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ELECTROMAGNETIC WAVES  «ughtforscience

The synchrotron radiation delivered by insertion devices is a polarized
electromagnetic wave with polarization vector ¢ parallel to the electric field E and

lying in the synchrotron orbit plane.

Transverse EM waves A\ wavelength

k=2mx/A wavenumber

A~ ¥ . v=w/27 frequency

L

— ¢ polarization
Energy
£ [keV] =hw=hc/A =12.398 / A [A] % [A] = hc/g=12.398/E[keV]
Spectral intensity ex. 1 A =12.398 keV

lo() = <E2> =N(w) ho
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% SYNCHROTRON RADIATION PROPERTIES st forscience

, High brillance
\ - Easy focusing, fast detection
\ Short Wavelengths .
- Comparable with atomic distances
N Energy resolution and tuning £
- Core-hole electron transitions energies
\ Polarization /
- Magnetic and electronic symmetries

Time structure
- Pump probe experiments

— e
Coherence
- Photon correlation spectroscopies
__-/“ 1\

Quantum matter
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QUANTUM FROBES A Light far Science

Neutron and x-ray magnetic scattering are a powerfull probe to study the
electronic interactions at atomic scale in bulk and nanostructured materials
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Neutron scattering (Cold-Thermal) X-ray scattering (3-30 keV)
- Bulk sensitivity (low absorp., ~10 cm) - Surface sensitivity (high absorp., ~10 um)
- Amplitudes: Nuclear/Magnetic ~ 1 - Amplitudes: Charge/Magnetic ~ 10°
- High E-resolution - High Q-resolution
- Unpolarized source - Polarized source
- Soft interaction neutron-sample - Easy Focusing
- Well established sample environment - Hard probe (T-heating, sample damage)...
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X-RAYS / MATTER INTERACTIONS  #tight for science

Absorption processes

Fluorescence  Photo-electron Auger

: emission electrons
h F -
e EA
o o
hy
iﬁcﬂming heam attenuated ﬂutgﬂing beam
Elastic Inelastic
scattering scattering
hv hv'

Scattering processes
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CLASSICAL AND QUANTUM ASPECTS  atight for science

Electromagnetic waves Photons
Far from the emission sources Near the emission sources
Large length scales and forces strengths Atomic length scales
Classical electromagnetism Quantum mechanics
: % . \ i
R T M\
- Maxwell equations - Plank laws
- Optics laws: - Quantum electrodynamics
- Reflection - Absorption/emission processes
- Refraction - Elastic and inelastic scattering
- Diffraction
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THE DUALISM: PARTICLES OR WAVES?  atight for science

sk Heisenberg uncertainly principle:
Wi Cannot define both A and A to an arbitrary accuracy
_-:‘m L :-,;La'i':':'_ Oscillations =2 wave
-~ T h Envelope = particle
- = .
Classical: A>>)\ Quantum: A<<)
e T ".- ._Hl_ |.'..-—-'ﬁ'_71-_-"-_ T e d,-i:.ﬁ\}\_
e SRV RV S s N

Decreasing A to define better the position, but we lose information on A

Kinematics
Energy: E =hv=hw h= Planck’s constant
Momentum: p=h/\ = hk where v=frequency

k=wavevector
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“QUANTUM” PLANE AND SPHERICAL WAVES A Light for Science

Assumption of quantum mechanics:

(i) Particle is represented mathematically by a wavefunction, y(r)
(ii) |w(r)]?dV= Probability of finding a particle in a (infinitesimal) volume dV

Flux of particles

I = No. of particles incident normally on unit area per second =
= particle density x velocity
= |ylPx v =|y|* hk/m  (m?Zs™)

Infinite plane wave:

W(z) = ek = cos(kz) + i sin(kz)

|W|2 = py* = eizgrikz =1

1 particle per unit volume everywhere!
Spherical wave:

]
W(r) = bir el i
|(n)[*= b?r2 L

Density of particles falls as 1/r2 \
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TOTAL CROSS SECTION A Light far Science

Definition: Total cross section

Total no. particles scattered in all the directions per second

g = _
Incident fiux (1)
Classical case: Incident flu, |,
no. particles scattered per second = |, x a2 o s
/ \ ﬂl . Sphere
- radius a
= 2 e
g=Tma Particles per unit  Cross-sectional ___ *
area per sec. area of sphere
Quantum case:
; Incident wave, g,

Incident wave  y, = ek Incident fux, =gy W / ; rsin;ﬁ:-:ralwm
Incident flux l=|wol2v =V | o it W

Scattered wave . = b/r el e o .
Scattered flux I, .=|peJ? v = b2v/r? , LA
no. particles scattered per second = I x 41r2 ¥ <N

Effective area viewed by scattering particles!

= 2
0 = 4mb b is the scattering amplitude
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DIFFERENTIAL CROSS SECTION A Light for Science

Definition: differential cross section

do _ no. particles scattered into solid angle dQ per sec.

do - Iy x dQ

Solid angle subtended by the detector:
AQ = A/L?

No. particles detected per sec.:
lg AQ do/dQ2 = |y |? v XA

/ N

Flux Detector area

lpol?

(barns/steradian) 1 barn=10-28 m?

dQ

Notice that vy, is a spherical wave |y, |? = b?/L2
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A Light far Science

X-RAYS SCATTERING
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,T::, X-RAYS SCATTERING BY A FREE ELECTRON ntignt for science

*The electric field E;, of the incident x-rays forces the motion of the
electron which radiates a spherical wave E__,.
+Electron at rest: Electric Force F=Eq

Radiated spherical field E  :
- proportional to the electron acceleration

- anti-phase with respect E;,
- decreases with cos(y)

E _.(R,t) ( e? ghkR
—t——t = - . Cos 1
E;. Ameame* | R
Thomson scattering length: o
Transverse

F’E Brbibiing welivn A

: =5 1 af fnat et
Rp=l——sl= 2.82x 107 ﬁ velocity of wave

amegme* R =

Notice that b=r,
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POLARIZATION DEPENDENCE OF I
THOMSON SCATTERING i

The differential cross section for the Thomson scattering depends
from the incident and scattered photon polarizations

1 synchrotron: vertical scattering plane
dﬂ- B Y b e v 3 d
E = ?'u [E . ' P= |8' E [ = {COS~ i synchrotron: horizontal scattering plane
% (1 + cos? {b) unpolarized source
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THOMSON SCATTERING CROSS SECTION  atignt for science

Def.: Thomson differential cross section

(1-!'(? ) _ (Number of X-rays scattered per second into AQ)
Q) (Incident flux)(AQ)

Mumber density

3 REAR
. . % [Brad]” Sl ™
Thomson scattering cross section ’ %
d)  (l/A)AQ  |E, | = rj COS" ¢

an

% e o6 o (RPAG) (Braad”

4
Wumber density o [E® /i
K 2
e - -
.-E'J Beattiring
&y o o |By ! Sl Ohbjees
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ELASTIC SCATTERING BY TWO ELECTRONS A Light for Science

- Interference between scattered X-rays observed in the direction k’ and at
large distances (far field limit), with |k|= |K’|= 2x/A.

- The incident wave k arrives at the second electron at r, with a phase shift ¢;,.
- The phase difference between the two scattered X-rays is Ap=(k-K’) - r=Q-r

Iy, )2
bo e j2- 2% [1+cos(@r))]l  Elastic scattering cross section
dQ P

detector

k
n
AP Ap=(k-K)-r=Q-r
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RANDOM DISTRIBUTION OF TWO ELECTRONS  Light for Science

The scattering intensity depends from the relative orientation of scattering
vector Q and the vectorr,.

Scattering intensity (two electrons)

= 2r O T A ;
" ' ih WA
j;; .'.* ‘n" "-.I ;i
= NS AT AT B
B eeeey ] : (i
E . ’ . ’
Bl s ) ]
Scattering intensity (two electrons): 2.1 *"-1,.,-” \JJ

orientational average

aa - : e
{j}nr.n\r_ - 21‘;1:[1 + {th.rl}nr.n\r.} % ‘\'\ ___,--"'" ﬂr'i o
df} 3 (
E lgil.“'!l -'H.“"'.‘"'Iiill"ﬂ
(iQr) _ smn(Qr) E 'l
{{ Jorav. = (?1" z

it Y 1 14
Waveverter tramalfer ) [umils of 2/
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e

poE SCATTERING BY MANY ELECTRONS A tight for Science

In general if we have a random distribution of electrons, the scattering function
is obtained sum coherently all the individual terms

Yo
K
e ) P i do :
¥ = 2= hp A
2] n i dQ _ D ’
1 kR 1 ik (R ] L
R e
'L mn . n

Electron form factor

Obs.: We neglect polarization factor (e’ )

.'fl'i'l'ﬂ
= sy Z =Tt
L T
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SCATTERING BY ONE ATOM: THE FORM FACTOR & tight for science

ESRF

The form factor is related to the Fourier transform of charge density distribution:

P@ == fotjeir {2 10

0 forQQ—

The Q dependence is due to the fact that the Thomson scattering is produced by
all atomic electrons, which have a spatial extent of the same order of magnitude as
the X-ray wavelength.

1s Wavefunction Form factor

|

| Fy = 1
[} = tem———
fQ [0+ (/21
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SCATTERING BY TWO ATOM A Light for Science

The scattering of two atoms which have a spatial extent of electron distribution of
the same order of magnitude as the X-ray wavelength.

% g '
I !) . =fi+fi+2 (c‘”") .
( Q onent. av. f1 fl f‘ 'fz onent. av.
5 : : : f(Q) 4 Atomic form factor
— Orientational average
8o Zry -
5 — W
g , z-1 7.9 -
[ 7 \
g @ o©6-® L
g 2L _ I'l._' \ T aQ
g A e S
2L - "
g A—.
w I .
1] 1 1 . L o
1} 05 1 15 2 ‘ ‘D “__.,i o
Wavevector transfer Q [units of 2a/r] S Electron distribution
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SCATTERING FROM A MOLECULE A light for Science

D UM

Mo Form factor
(Mo=42 electrons)

CF, molecule

| S0}
|Fmoli|2

T

L ||:mo||2
A e | B LT
F=fluorine= 9e- C % 2 4 6 8 10
C=Ca|’bon= 6e' Wavevectar transfer (J (A )

Molecular structure factors g™y = z £i(Q)e' e
!

Q // C-F bond F™(Q) = fS(Q) + f5(Q) [3e:fQR;3 4 e:tiQR]
. . Fmolf? _ 2 412 4 8 =sin(QR) 12|12 sin(Q v/8/3R)
Orientational average |F™']" = |[F°]" + 4|75 + 87 Rt 7] QiR
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SCATTERING FROM SOLIDS A light for Science

Cristalline solids exhibit long range structural order and sit on a regular array.
Amorphous materials present a degree of randomness in the position of the
atoms and the structural order, if present at all, can only be described in a

statistical sense.

Radial density Crystalline solid Amorphous solids or liquids
2D N(r)/2zrdr . p " Ly
3D N(r)/4sr2dr

Radial distribution function
a(n=p(r)/pa

9(N—=1  p(N=pa

The radial distribution function r i
can be obtained from the 7 #8894 9 4 .
Fourier transform of the - A T
observed intensity as a function T2 TS O I VR T
of wavevector transform Q. by B T SRR
g *5'._4'-.7':5_;'?_ W 3 4 & & N
Radius, r R iz
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i SCATTERING FROM CRYSTAL LATTICES atignt for science

A two-dimensional crystal structure is built from the convolution of a lattice and
a basis.

Lattice Basis

The Structure factor could be written as a product between the lattice sum
and the unit cell structure factor.

- Lattice Unit cell

atoms - - iy

P‘ﬂ-gnI{Q] = Z fp[Q]CmI{HH‘n] - Z ei().““ Z ﬁ{Q}Ejuln
Ry+r) n J
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CRYSTAL STRUCTURE FACTOR A Light for Science

The Fourier transform of the crystal (the crystal structure factor) is equal to
the product of the FT of lattice and the basis

all atoms

Fcrystai(q) = —rg Z fj{q)eiq-{ﬂﬂ+rﬂ
Ry+rj
lattice unit cell

T

= —Tp Z g Z fj(Q)EiQ'rj
J

FT Lattice FT Basis

- //
lattice ey The lattice sum is non vanishing only when:
Sv(Q) = Z € Q - R, = 27 x integer
Ghui - R, = 27 x integer = 2w(hny + kna + Ins) Laue conditions
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THE RECIPROCAL SPACE A light for Science

Real Reciprocal Definition of reciprocal space
1D '
—a——a—a—0— T T TN ST S
a, ar

a,—-a}ZZJ’rﬁfj G2h3;+kﬂ§+fﬂ§

D
...l;._t_qp.. .
| 5 a5
| 2nin . 2 : I .l i
iy XA l.l——--ﬂ!'ﬂ:
v 3 v
) I

= —m Xk =

b

Laue condition for x-ray diffraction

Q=G
G- R, = 2x(hny + kny + In3)

Europaan Bynchrotron Radiation Facility L. Paolasini - Interaction X-Ray Matter 2016

EQUIVALENCE OF BRAGG AND LAUE CONDITIONS & tight for science

Bragg condition for x-ray elastic diffraction:
the path length difference between the incident k and reflected k’ waves is an

integer multiple of their wavelength A.

The Bragg and Laue conditions are equivalent:
- G, is perpendicular to the planes with Miller indices (hkl).
- |Gl is equal to the inverse of lattice spacing d,, of (hkl) planes

Bragg Laue
)=2dsing Gy=Q j-u. 6 _ 2x
3 (0.1) (1.1) k161G
G - k = Gksiné
2n/d
(0,0) (1.0)

Real Reciprocal

Bgropean Synchrotron Radiation Facility L. Paolasini - Interaction X-Ray Matter 2016



THE STRUCTURE FACTOR A Light far Science

- The Structure factor F(hkl) describes the interference between the resultatant
waves diffused from each atom in the unit cell for any given reciprocal lattice
vector Q=G i.e.:

(%) = N{Eﬂ-}a > 6(Q — Gui) | F(hKD))?
t Bray

e E

N° unit cell unit cell volume Laue’s condition

LT G -ds—We Structure factor: information about the
F(h.ﬁ..i) o Z fs e atom distribution inside the unit cell

. Ne—iQ gy f, = atomic scattering amplitude for the atoms s
fe= [n Pl )€ 4L related to the Fourier transform of the atomic
electron density
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UNIT CELL STRUCTURE FACTOR A Light for Science

Example: FCC lattice
Composed by four atoms at (000), (?2720), (0%27%2) and (2072) unit cell positions

Flii = £(G) ) e
i

if h, k, I are all even or all odd

4
= f(G)x {0

otherwise

Example: AsGa (Zinc-blende)
convolution of a FCC lattice and a “motif’ of two atoms at (000) and (V4V4%)

F&Ta.s = (1 + im0 4 ginlksd 4 oin(ith)y
2 U;-Ga(G) " fAS(G}eJ’Zn{hM+kM+U4)) (= ] L

®o
FGas = 4(£94(2,0,0)— £4%(2,0,0))
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COHERENT ELASTIC SCATTERING PROCESSES  aight for science

Scattering processes conserve the number of photons
If the photon energy is conserved, the scattering is elastic

= Sl Structure factors
one atom ~ S

—1o f2(Q) = -1, "p{ﬂe"}r dr

a molecule

F‘lmrll:Q:i A Zf;':@-:' ei"u'.rj
7

a crYStaI Unit cell structure factor Latlice sum
e | e e

Fﬂ}-\ml[Q}: Z _‘F}{Q}E'qurf Z E,-(.'I-Ru
!

n
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E:f; INELASTIC SCATTERING BY FREE ELECTRONS A Light for Science

Compton scattering:

Inelastic collision between a photon and an electron at the rest in which part of the
the photon energy is transferred to the electron.
This scattering is incoherent!

k v
F = I + :Ick[l b C“S lﬁ] — § - i "‘"l:' ] % — -i-h“ﬁ g ]“—;1- ."Iil.

'\\ ﬁ.q E&J Ly 05F

0 50 100 150

Scattering angle i
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INELASTIC SCATTERING BY FREE ELECTRONS  Light for Science

The inelastic scattering dominates at high Q vectors and for low Z elements
Thomson scattering intensity approach Z2 when Q=0

Compton scattering approaches Z when Q= «

Elastic and inelastic scattering in noble gas Compton scattering in a Kapton foil
o R AR S : | &e : T T =
(b He x 16 : b M i i i [ IElastic
: 1 I o, Dekneroe : [ et |
E Y Ak i + + 1
£ |__ Compton scattering \ .3 @,\ coon
= ol ,n,_ E S . \“h‘_\r T E" . il ?la'
F T B s N ik
.- eQ\SltIC scattering - —— | £ [-20 kY o |
) i s N 1 =it : 4 1 | i S | 5%
LY E E : g i B il iy
10t o 4 E e Py zennds saspansmsaash +) 'F: & 'i
e i) AT H-L"‘“ﬂ-,__ gy Kr EI o e 15 | :'. X e
:.:. iy T i H i ._-:--.._‘_\_\_h__ :-E i f i !
1 T o= B 5 i ;
= hiae ]| BTN (S ] B e 3
= [ v %
T o i =
1 i i} ! 9 Ml i |
Q1A ] Qa7 Photon exergy [ke'V]
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A Light for Science

PHOTON ABSORPTION

3.3 mm (microwaves)

25 pm ~ 10-%mm

0.4-0.7um (visible)
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A Light far Science

PHOTON INTERACTION WITH BOUND ELECTRONS

Photons are adsorbed or re-emitted by atomic electrons at discrete energies.
Determination of elemental composition by its electromagnetic response.

-~ =4
£ emmma
.rrf "'f- -__“
’
S o n=3
1 Lymann senes e ™
{ (ulim-nckai) -
T -

Hydrogen absorption spectrum

Hydrogen emission spectrum

NI oo

-
e == TG i - e
r

Bohr model
AE=hn=13.8 [1/,& 1ing]

T
LS

410 - ik

[
S 4341 nim - Buaiviohst

#4861 nm - Dlsaignean

sodum

Cd
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X-RAYS ABSORPTION/EMISSION PROCESSES
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A Light far Science

Absorption and emission processes are tools for basic analysis of the electronic
structure of atom, molecules and solids over different energy scales.

Photo-electric absorption

Photon absorbed and electron emitted

in the continuum

Fluorescent emission

An electron from the outer
shell fill the hole and emit a
photon

Continuum f
5 Energy

—o—0— M
O —E L

-K
Luntmul.lm { oo Inum
f'\ O "_. M
O {0 f:-

Auger electron emission

The atom relax into the ground
emitting an electron
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X-RAY ABSORPTION EDGES A tight for Science

X-rays energies are able to extract atomic electrons from the atomic core!
The element-specific energies of the discontinuous jumps in the x-rays
absorption spectra are called absorption edges.

4
10 ¥ o E 3 Combimumm
Lu 2ps/2 r SR o
31 Ly 2p1s2 T v 5k A
— 10 F L| 2s +* w (3edy 4]
o ¥ ¥ M m [3pa )
C\IE n [y e 1?
8 102 | K 1s / 1 [
< My 3ds,, My 3ps/, :
= T | My 3d3,2 M, 3py,2 u I
101 3 M, 3s L III .Jh i
1 65-Tb,
100 —t———++ -+ . :
1 10 100 X! oy
ho (keV) s (e
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Because the electrons are bound in atoms with discrete energies, a more
elaborate model than that of a cloud of free electrons must be invoked.

The scattering amplitude includes two energy dependent term f(»w) and f'(w)
which are called “dispersion corrections”.

FQ,w) = fA(Q) + f(w) + i f(w)

The dispersion corrections are derived by treating atomic electrons as harmonic
oscillators. The absorption cross section o, is a superposition of oscillators with
relative weights, so-called oscillator strengths, g(ws), proportional to o,(w= w,).

Photon energy
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RESONANT SCATTERING:

A Light far Science

CLASSICAL OSCILLATOR MODEL

We suppose the electron be subject to the electric field E;, of an incident X-ray
beam and to a damping term proportional to the electron velocity I'x which
represents dissipation of energy.

Classical Quantum

< Resonant
E .4(R,t) ec X(i-R/c 2 2
Ein it SER) absorption/emission
EF
I : k > A
: 1) o
’ : %—i—
? nucleus KLM
I'= damping factor 1/T'= core-hole lifetime
ws= resonant frequency ho = resonant energy
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o ] BOUND ELECTRONS:

# Light Tor Science

SR

I THE CLASSICAL FORCED OSCILLATOR MODEL

The amplitude of the forced oscillations:

Xg=— [F E”) . { : I'= damping factor
m | (wy - w* —iwl) = resonant frequency

The radiated field E 4 is proportional to the acceleration of the electron X(t-R/c)
at the detector position R and at retarded time t'=t-R/c:

F— R fe)=—wlz g et Wik

Ea(R.1) er”f)
B, R
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Europ2an Synchiotron Radiation Facility L. Paolasini - Interaction X-Ray Matter 2016



DISPERSION CORRECTIONS AND CROSS SECTION  a ight for science

Real and imaginary part of dispersion Total scattering cross section for
correction to the scattering factor a bound electron
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SCATTERING AND DIFFRACTION INDEX A Light for Science

Scattering and refraction are alternative ways
to view the same physical phenomenon.

(b}
The existence of resonant scattering terms =
arising from the dispersion corrections can ; g
therefore be expected to lead to a frequency & el
dependence of the refractive index n(w). 23
£ n>1 n<1
fl : ] S >
n =1+ £ - — [c)
egm | (ws — w* = iwl)
5
R
For w<<wg =>n>1 Vvisible light TR
For o>>w, =>n<1 x-rays € 5
= 8
5%
Notice that if w>>wg >>T
1 &p 2npro TN 10" 10"
na ]l == =1- Photon energy [/ g

2 gmi? k?

Europ2an Synchiotron Radiation Facility L. Paolasini - Interaction X-Ray Matter 2016



REFRACTION: VISIBLE LIGHT VS X-RAYS A Light for Science

Snell law: n,cosa=n,cosa’

Visible light X-rays Refraction index
e g e i for X-rays:
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REFLECTION OF X-RAYS A light for Science

The critical angle for the total reflection:

Source Image

—’/[ a, = V26 ~ 5mrad

High quality mirrors are required for x-rays focusing and a large radius
tangential focusing rald

Ex: silicon mirror with toroidal shape
Distance from source p=76m,
Distance mirror object g=26m

6=2.7 mrad

psagital=27 cm ptang=27 km
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REFRACTIVE INDEX AND ABSORPTION A Light for Science

The attenuation of x-rays in a medium depends from the imaginary part 3 of
refraction index:
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Including dispersion corrections:
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ABSORPTION CROSS SECTION A light for Science

The absorption cross section can be measured by a transmission method.
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BEYOND FREE ELECTRON APPROXIMATION A Light for Science

The transitions from core electron levels to empty states produce

in the absorption spectrum simple threshold structures in the case of isolated atoms
or modulated structures well above the threshold when the atom is embedded in a
crystalline environment.

Kr gas 2D crystalline Kr
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EXAFS AND NEAR-EDGE STRUCTURE A Light for Science
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X'RAYS METHODS A Light far Science

Abgorption
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LIGHT POLARIZATIONS A tight for science

Reflected
Sun light

Direct
Sun light

Single light ray with
| Ight uihn'allng in all

The light ray passes
through a filter which has a

slngla, prefarrad vibration
direction

through a filter which

has two  wvibration

directions, such that
A= 145,

Birifrangence
in calcite
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POLARIZATION DEPENDENT ABSORPTION  Light for Science

Linear dichroism
Produced by the preferential absorption of one of the two orthogonal photon

polarization

Linearly oriented polimers

When the electric field is parallel to
the preferential molecular axis, it is
absorbed

g

Circular dichroism
Produced by the preferential absorption of one of the two circular photon

polarization

Combination of A/4 and linear
polarized filters have the different
effect on circular polarization.
Circular dichroism is found also in
chiral molecules which select only
one circular polarization (ex. sugar)
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CIRCULAR MAGNETIC DICHROISM A Light for Science
Quantum description of a a z . _ Ei | ;
circular polarised photon beam: ) RCP. : | ey angular
T =+h =R omentum
RCP and LCP eigenstates of J, operator J,

The sum rule for the conservation of angular momentum in electronic transition
produces a difference in the absorption of RCP and LCP photons.

|€, m)

Ex.: Dipole electric transitions | — oY) T R e
. splitting
in Oxygen (8 electrons) — - ) 4 @

=0 —ap - ::'. — LN
selection rule: Al+1 ><
(odd function for coordinate exch.) Am=+1 / © Am=-1

CE=t ;o e
Transition allowed: GRS . Y
Am=+1 for RCP . J RCP A | | LCP
Am=-1 for LCP ] b T
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CIRCULAR MAGNETIC DICHROISM EXPERIMENTS 4 ight for science

Absorption coefficients -
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The difference between Au=pu*-u- is enhanced across the absorption edge
because the electronic transitions to final states are strongly magnetically polarized
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CIRCULAR MAGNETIC DICHROISM SUM RULES  aight for science

Thole et al., Phys. Rev .Lett. 68 (1992) 1943; Carra et al., Phys. Rev .Lett. 70 (1993) 694

Orbital and spin magnetic moment determination in 3d electron systems
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X-RAYS A POWERFUL NANOPROBE A Light for Science

Sample

raster scanned
Aperture \

X-ray lens '

+ Spatial resolution : 0.05-2pm
* Spectral resolution : AE/E ~ 102 - 10+
» Averaged flux : 10'? — 10 photons/s/pm?
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