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Vorlesung: 4 SWS: Dienstag und Donnerstag
Ubungen: 2 SWS: Dienstag (wenn vereinbart)
Proseminar: fur Batchelor Studierende

8 Leistungspunkte fur dieses Modul im Masterstudiengang

Tuesdays 12.45 - 14.15:
Thursdays 8.30 — 10.00: starting April 4, 2013

Tuesdays 14:30 — 16:00: Tutorials/Ubungen
Organisation-15t meeting: April 9, 2013 in SemRm 4
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Gerhard Grubel (GG), Thomas Schneider (TS), Oliver Seeck (OS),
Stephan Roth (SR), Hermann Franz (HF)

4.4. —14.5. Basics of X-ray physics
16.5. Site Visit
28.5.-13.6. Surfaces and Interfaces
18.6.-27.6. Biology
2.7.-11.7. Soft Matter
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Lecture Notes

http://photon-science.desy.de/research/
studentsteaching/lectures_seminars/ss13/
roentgenphysik_streuung_und_abbildung/index_eng.html
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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
Snell’s law, Fresnel equations,

Kinematical Diffraction (I)
Diffraction from an atom, molecule, liquids, glasses,..

Kinematical Diffraction (1)
Diffraction from a crystal, reciprocal lattice, structure factor,..
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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 Absorption
Absorption and Reflection
Coherence Properties
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* Set-Up for Scattering Experiments

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

source parameters: source
size, N, AN, ...

coherence properties:
(incoherent, partially coherent,

coherent) _— detector

. T sample scattering angle 20

interacts with radiation
(e.g. x-rays)
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- X-rays: Electromagnetic waves and photons

X-rays are electromagnetic waves with AE o

wavelengths in the region of Angstroms VR oY .
(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. /\/\/ b=

with
Neglecting the H field one may write: €  polarization vector
|k| = 211/A; E=hv = hw = hc/A
E(r,t) = € Eo exp{i(kr-wt)} A[A] = hc/E = 12.398 / E[keV]
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. Scattering of X-rays

consider a monochromatic plane (electromagnetic) wave with
wavevector k:

E(r,t) = € Eo exp{i(kr-wt)} with |k|=2T11/A

elastic scattering: K’ a
h k’ =h k+hQ / \

k

Scattering by a single electron:
Erad(th)/Ein =

-(e?/41re_mc?)exp(ikR)/R cosy

‘ spherical wave

thomson scattering length r,

(=2.82*10°5 A)

phase shift of  btw. incident and radiated field
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1

AQ

scattered intensity:

|E,.q|> R°AQ AQ:  solid angle seen by detector
lg/lg = R?AQ: cross sectional area scattered beam
E. [° A, A,: incident beam size

Is/l, = (do/dQ) (AQ/A,)

with (do/dQ) being the differential cross section (for Thomson scattering):
(# photons scattered/s into AQ: Is/AQ / incident flux: 1,/A,)

1 vertical
(do/dQ)=r2P P =<cos?y horizontal
V2(1+cos?y) unpolarized

note: Oy, = J (do/dQ) = (811/3) r,2
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scattering by a single atom: scattering amplitude A(Q) = —r,f(Q)

phase factor

= scattering amplitude by -r.fo(Q) = —r, er exp(iQr)
an ensemble of electrons 1 1
(atomic) formfactor position of scatterers

{P(Q20)=2 P(Q>x) =0}

form factor of an atom: f(Q,hw) =f(Q) +f’ (hw) + if” (hw)
dispersion corrections: level structure absorption effects
scattering intensity: .= A(QQAQ)*=r2f(Q)f*(Q)P
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" scattering by a single atom:

form factor of an atom:

f(Q,hw) = (Q) +f’ (hw) + i f” (hw)

P

or [877d/3]

Total scattering cross-section

- dispersion corrections: level structure absorption effects
5 8 _
£
[=S. ]
[
I

Tmaginary part of
refractive index, n

10 10 10'
Photon energy [fw /Two)
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scattering by a crystal:

=R+,
._ lattice vector + atomic position in lattice
i /A
s ' Feostal (Q) = Z; f(Q)exp(iQr) Zg,exp(iQR,)
Rn
O unit cell structure factor lattice sum

s =r> F(Q F*(Q)P
lattice sum = phase factor of order unity or N (number of unit cells) if

Q eR, =21 x integer and Q=G
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unit cell structure factor:

e.q. fcc lattice: r, =0

r,= "2 (a;+a,)

r; =72 (ay+a,)

ry= 72 (az*ay)

aj=ax; a;=ay; a;=az; V. = a’ a,*=(2m/a)x ; a,*=(2m/a)y ; a;*=(2m/a)z

Foa®® = f(Q) Zexp(iQr) with Q=G =ha* + k a,* + | a5*
= f(Q) {1 + emh*k) + gin(k+) + gim(i+h) } (£)
4 if h,k,l are all even or odd
= f(Q) x 1
0 otherwise
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. Compton Scattering

consider photon with momentum energy conservation:

= h k scattered by a electron, , ,
i?]itially at rest ’ moc? + hck = sqrt{(myc?)*+ (heq')’} + hek

with A, = hc/ myc? :compton wavelength

E q? = (k-k')? +2(k-k’')/Aq (1)
f\ﬁi,’ft/\/’ ¥
N\ momentum conservation: ' =k — K’
/ \ q*q’ = q2 = (k-k')e(k-K’) = k2+k'2-2kk’cosy (2)
: (1) =(2)
I | k/k’ = 1+A_k(1-cosy) = E/E’ = N’/
100 keV
Wlw 0.5 L
=» origin of background
1000 keV
=» determine electronic momentum
(O > g

0 T R LT distribution of materials

Scattering angle
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Photoelectric absorption

-dl =1(z) ydz
(a) Photoelectric absorption
- ()
Continuum 4 —_— _—
sl Energy
———§—MN —_—>
\’\:i?'*L dz
i - > z
(b) Fluorescent X-ray emission I(Z) =lo exp(-pz)
Continuum Continuum “ = paoa = (pmNA/A) Ga
— e T W
BIE 5 gk
I‘ Ko % tomi ber densit
o K = 8 p, atomic number density
(c) Auger electron emission o, = 0,(E) absorption cross section
Contmuum‘ pm maSS denSIty
_I:::f’ N, Avogadro’s number
A atomic mass number
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Refraction
nN=1-8+ip <1
o

10-° absorption (<<d)

(a) Refraction and reflection of light and X-rays

Light X-rays

am\%
s : o

Snell’s law:

B COSO = N cosa’

Total external reflection

note: total external reflexion
for x-rays (a’ = 0)

n <1

a. = sqrt (20)

18 Methoden moderner Roentgenphysik Il - Vorlesung im Haupt/Masterstudiengang Physik, Universitaet Hamburg, SS2013 G. Gruebel



* Coherence

Longitudinal coherence:

(a) Longitudinal coherence length, L,
2L,=N \ Two waves are in phase at point P. How far

i A ' can one proceed until the two waves have
e a phase difference of :

& = (M2) (MAN)

Transverse coherence:

—— B
A—-AL _
Two waves are in phase at P. How far does

A one have to proceed along A to produce a

(b) Transverse coherence length, L,

B\‘  hoo| phase difference of r:
e | = 2E, AB =A
- \ \“ \|\
ey & = (M2) (R/D)
A
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* Fraunhofer Diffraction

Fraunhofer diffraction of a
rectangular aperture 8 x 7 mm?,

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

Fraunhofer diffraction of a
circular aperture, taken with

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

monochromator mirror | ‘
Collimating pinhole Analyzer pinhole
7L , 4 1 w1 ) |
10 o 10 pm pinhole ? o 10 um pinhole k
a 7 pm pinhecle | o 7 um-pinhole
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* Speckle pattern

N v teseess
: ;:ﬁg;;ft: i ’:;!:.g' 835 Q‘R t“#"
peo PR EETEY
random arrangement of regular arrangement of
apertures: speckle apertures
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" Experimental Set-Up for Scattering Experimgnts

50F

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

source parameters: source
size, N, AN, ...

coherence properties:
(incoherent, partially coherent,

coherent) _— detector

. T sample scattering angle 20

interacts with radiation
(e.g. x-rays)
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* Sources of X-Rays

1895  discovered by W.C. Rontgen , .
Coolidge Tube  Rotating Anode

1912  First diffraction experiment . b
(V Laue) /"é‘ E: t | rotating
] S : anode

1912 COOI|dge tube \ \&""f water
(W.D. Coolidge,GE) — Hm z

- o AE T
X-rays N\ /
¢lectrons

BN < anode N o
W | X-rays (SIS
Filament e ,,, Hm e o

cathode

1946 Radiation from electrons in a

synchrotron, GE,
Physical Review, 71,829(1947)

Al A - i

cathode

Filament

¥ 3
z o
< L
]
=
)
g ’ >
i K, K
Bremssirahlung
» K

Energy
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+ X-ray Tube
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+ X-ray Tube
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- X-ray Tube
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- X-ray Tube
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* Rotating Anode
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- Synchrotron Radiation Storage Ring

Synchrotron
storage ring

Spectrometer

Pr Monochromator Undulator

device S nY

\
¥
| el
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. Photos machines

The three largest and most powerful synchrotrons in the world

APS, USA ESRF, Europe-France
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The most recent third generation machine:

Petra lll at DESY/Hamburg



