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Methoden moderner Rontgenphysik I
Streuung und Abbildung

Part I:
Basics of X-ray Physics
by Gerhard Grubel (GG)

Introduction
Overview, Introduction to X-ray Scattering

X-ray Scattering Primer —
Elements of X-ray Scattering

Sources of X-rays, Synchrotron Radiation
Laboratory Sources, Accelerator Bases Sources

Reflection and Refraction from Interfaces
Snell’'s Law, Fresnel Equations

Kinematical Diffraction ()
Diffraction from an Atom, a Molecule, from Liquids, Glasses, ...

Kinematical Diffraction (Il)
Diffraction from a Crystal, Reciprocal Lattice, Structure Factor, ...
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Methoden moderner Rontgenphysik II:
Streuung und Abbildung

Small Angle Scattering, and Soft Matter
Introduction, Form Factor, Structure Factor, Applications, ...

Anomalous Diffraction
Introduction into Anomalous Scattering, ...

Introduction into Coherence
Concept, First Order Coherence, ...

Coherent Scattering
Spatial Coherence, Second Order Coherence, ...

Applications of Coherent Scattering
Imaging and Correlation Spectroscopy, ...
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X-ray Scattering: A Primer

Scattering From a Single Electron
Scattering From a Single Atom
Scattering From a Crystal
Compton Scattering
Photoelectric Scattering
Photoelectric Absorption
Absorption and Reflection

Coherence Properties
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Set-up for Scattering Experiments

source (visible light, x-rays,..)

source parameters: source
size, A =
A=

250 300

coherence properties:
(incoherent, partially coherent,

coherent) detector

‘ e sample scattering angle20

interacts with radiation
(e.g. x-rays)
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X-rays Electromagnetic \Waves and Photons

E
I/\ 2=2n/k
- —-
/‘\

X-rays are electromagnetic waves with
wavelengths in the region of Angstroms
(10-19 m). X-rays are transverse electro-
magnetic waves, where the electric and
magnetic fields E and H are perpen-
dicular to each other and to the propa-
gation direction k.

Neglecting the H field one may write:

E(r,t) = g Ejel(kr—«b)

2 [ A] hC 12.398
E[keV]
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E: polarization vector

2T
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Scattering of X-rays

Consider a monochromatic plane (electromagnetic) wave with wave
vector k:

E(r,t) = & Eyel(r—ot) with [k| = =

Elastic scattering:

hK'=hk+nh ’
Q et

Scattering by a Single Electron: k
Erad(RE) _  e? etkR
Ein o 4megmc? R COSLlJ
]

1

spherical wave

Thomson scattering length

(= 2.82x 107°A)
phase shift of & btw. incident and radiated field
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Scattered intensity:

AQ: solid angle seen by detector
I |E+aq|?R%2AQ .
I_S — ral‘é 2 R2AQ: cross sectional area scattered beam
0 in

Ay incident beam size
Is _ (doy A0
L= @@ &)

Intensity
I,

with (do / d2) being the differential cross section (for Thomson scattering):

(# photons scattered/s into AQ : I,/AQ /[ incident flux: I,/A)

1
(g_g) = r3P P = cos?y vertical
1
~ (1 + cos*y) horizontal

unpolarized

d 8
Note: ororar = [ (5) = (518
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Scattering by a Single Atom: scattering amplitude A(Q) = —ryf(Q)

phase factor

- scattering amplitude by —1of%(Q) = —rp Y€’ ¢
an ensemble of electrons 1 I

(atomic) form factor  position of scatterers

{f*Q-0)=2  f*(Q- ) =0}

form factor of an atom: f(Q, iw) = f°(Q) + f'(Aw) + i f" (Aw)

I I

dispersion corrections: level structure absorption effects

scattering intensity: I, = A(QA(Q)* = rf(Q)f*(Q)P
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Scattering by a Single Atom:

form factor of an atom:

or [87r§/3]

£(Q, hw) = f°(Q) + f'(hw) + i ' (hw)

Total scattering cross-section

dispersion corrections: level structure absorption effects

Real part of
refractive index, n

Tmaginary part of

refractive index, n

10 10 10
Photon energy [Tw /Tawg)
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Scattering by a Crystal:

! — .
: ®- ®- @ =Rn+15
G .’_,- l;_.L.

0% o® o® : - TP, -
. |® lattice vector + atomic position in lattice
J @ ® -~ @

@ - @ crystal 1Qr; IQR
| Fsal(Q) = Y f(Qel® ) et
I'j Rp
unit cell structure factor lattice sum

= r§F(QF*(Q)P

lattice sum = phase factor of order unity or N (hnumber of unit cells) if:

Qe R, =2m Xintegerand Q = G
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Unit cell structure factor:

e.q. fcc lattice:

I‘1=O
1
ry :5(314‘32)

1
rz = 5(32 + a3)

1
ry =5 (az +ag)

2 PAL . 2T . 21T
a =ax;a;=ay;ag=az;ve=a’;a =|—Jx;a;=|—|y;a3=(—)z
F{kal:f(Q)zeier withQ =G =ha] +ka; +1a5

= £(Q) {1 1§ elm(h+k) 4 gim(k+D) 4 eiﬂ(l+h)}

(£)
— f(Q) x {g if h, k, [ are all even or odd

otherwise
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SC

Compton Scattering

Consider photon with momentum
initially at rest

Figure 1.7: Compton scattering. A photon with energy £ = fick and momentum hk scatters
from an electron at rest with energy mc?. The electron recoils with a momentum hq'=
h(k — k') as indicated in the scattering triangle in the bottom half of the figure.

Wlw 0.58

0 50 100 150
Scattering angle
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p = h K scattered by a electron,

Energy conservation:
moc? + hek = [{(moc?)? + (heq')?} + hek’

with A, = mh—ccz : Compton wavelength
0
qrz — (k _ kI)Z +2 (k_)tk )

Momentum conservation: p’ = k — k’

q'eq’ = q'% = (k—Kk')e(k — k') = k? + k'? — 2Kk’ cos §s
1 =@

K 14k _E_A

o = 1+ AK( —COSW)—E—I

=» origin of background

(1)

(2)

=» determine electronic momentum distribution

of materials
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Photoelectric Absorption

—dl = I(z)p dz
(a) Photoelectric absorption
| — I(2)
Continuum ¢ - > - >
[ g Energy
— M —
\,\:L 1 dz
- > Z
(b) Fluorescent X-ray emission I(z) =1 ge M
ontinuum niinuum p NA
Contint u : Co tm ‘ ll — paGa — ( mA Ga

i "\IJ Pa atomic number density

o, = 0,(E) absorption cross section

(c) Auger electron emission

\'_Conﬁﬁum_,.oJ Pm mass density
—_— M ,
TL Na Avogadro’s number
: K A atomic mass number
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(a) Refraction and reflection of light and X-rays

Light X-rays

Total external reflection

Note: cos z = 1-z2/2! +z4/4! — Zz8/6! ...
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n=1-58+ip <1
T

10> absorption (<< §)

Snell’s law:
cosa =ncosa’

Note: total external reflection
for x-rays (a' = 0)
n<-1

a. =26
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Longitudinal coherence:
Rt s e cobaience I Two waves are in phase at point P. How far
ﬁ L can one proceed until the two waves have
A X a phase difference of m:
1 A%
P 1 | | I | | 1 I El : -
L 2 AA
+— B
1Al Transverse coherence:
b) T h length, L, :
D . Two waves are in phase at P. How far does
o o one have to proceed along A to produce a
phase difference of T :
R \ \
26 | irer i
? 26,40 = 2
L
: 5 =2 (o)
t 7 2%
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Fraunhofer diffraction of a
rectangular aperture 8 x 7 mm?,

UNG

Fraunhofer Diffraction

Fraunhofer diffraction of a
circular aperture, taken with

taken with mercury light A=579nm mercury light A=579nm
(from Born&Wolf, chap. 8) (from Born&Wolf, chap. 8)
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Fraunhofer Diffraction (A = 0.1nm)

monochromator mirror | ‘
Collimating pinhole Analyzer pinhole
T ™ ’ 2 Y
7L A 1 7 = =
g o 10 pm pinhole oy o 10 um pinhole
o 7 gm pinhole | a 7 um.pi
108 o 4 pm pinhole 105 e 4 pum
1 10° -
= =
§ -
8 1 o 10* .
n Y oy s
a y a0t |
1] n
5 S .2
8 5 10° R’ .
Al I
1 10" b af PN, X0 -
afy bt
x0.1 Ay ° ;
Y AN i 4}_:;- ¥
AT 100 VY ¥ 3 ID10 (ESRF)
. . _ , : l : E=11.8 keV,
-200 ‘—-100 0 100 200 -200 -100 0 100 200 %=1 05:&
Horizontal Deflection (urads) Vertical Deflection (urads) )
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Speckle Pattern

N vl teseess
: ’:si;;;k}‘ ;s‘: &'s %%
% 33 'ém' 4 8’5 "s ‘a s’s itﬁa .'c ‘ax
random arrangement of regular arrangement of
apertures: speckle apertures
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Experimental Set-up for Scattering Experiments

source (visible light, x-rays,..) "

source parameters: source
size, A =
A=

150 200 250 300

coherence properties:
(incoherent, partially coherent,

coherent) . detector
‘ P sample scattering angle26
""""" iInteracts with radiation
(e.g. x-rays)
L
22 Methoden Moderner Réntgenphysik Il - Vorlesung im Haupt-/Masterstudiengang, Universitat Hamburg,
SoSe 2017, G. Gribel




UH
i
M| Universitdt Hamburg
DER LEHRE | DER BILI

Source of X-Rays
1895 Discovered by W.C. Rontgen Cowlidis Tiibs
1912  First diffraction experiment vt i
(v. Laue) _%j// | e
X-rays /a’;o : flfr —
1912 Coolidge tube - S H e = C
(W.D. Coolidge, GE) S HTH Liaass

X-rays ¢ 2 X-rays

= e

1946 Radiation from electrons in a
synchrotron, GE,

Filament

Filament

Physical Review, 71,829 (1947) -

F 3
z Ko
E
o «— —
S K Kp
Bremsstrahlung
B K
Energy
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X-Ray Tube
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X-Ray Tube
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X-Ray Tube

B 1 T LJ L l 1 L L 1 I L L 1 1 ’ 1 1 L L l 1 L] L 1 I L L 1 L ' L 1 1 L l 1 T L 1 I L L 1 1 5
21000 = CuKa -
- WL =
- i .
18000 - f ; -
15000 - | ‘ -
-~ B |
4 1200 | ‘ | -
g B Bremsstrahlung ]
& 9000 |- 1 0 1 -
6000 = | ‘ -
- 'l. i! ‘d ! =1
3000 — -
E. [ j ' 1 L 1 1 ' ] 1 1 L ’ ] 1 L 1 ' 1 1 1 1 ' 'l 1 1 L ‘ 1 1 ] 1 ' 1 L 1 1 ' ] 1
5 11 17 23 29 35 41 47 53 59
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X-Ray Tube

o Neutron
. Proton
. Elektron
Unbesetzes
Elektron
La
[ |
heraus- D 1]—3
geschlagenes s n=
externe -, Elektron L) -
Anregung . Ti=
¥ 7 ¥ =1
R
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Rotating Anode

W
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Synchrotron Radiation Storage Ring

Synchrotron
storage ring

Spectrometer E
Monochromator

Undulator
Focusing
deyicer. o i atdn R NS o s b
--""**-F
,,,,,,,,, 30 m
,,,,,,,, g 2 m
a===77 0 i
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Photon Machines

The three largest and most powerful synchrotrons in the world
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The most recent third generation machine:

Petra lll at DESY/Hamburg
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Petra lll at DESY/Hamburg
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