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Nobel Prices

1901 W.C. Rontgen in Physik fiir die Entdeckung der Rontgenstrahlen

1914 M. von Laue in Physik fiir Rontgenbeugung an Kristallen

1915  W.H. Bragg und W.L. Bragg in Physik fiir Bestimmung der Kristallstruktur mit Rontgenbeugung

1917 C.G. Barkla in Physik fiir die charakteristische Strahlung der Elemente

1924  K.M.G. Siegbahn in Physik fiir Rontgenspektroskopie

1927 A.H. Compton in Physik fiir Streuung von Rontgenstrahlen durch Elektronen

1936 P. Debye in Chemie fiir Beugung von Rontgenstrahlen und Elektronen in Gasen

1946  H.J. Muller in Medizin fiir die Entdeckung von Mutationen durch Rontgenstrahlung

1954 L. Pauling in Chemie fiir Entwicklungen in der Strukturchemie

1956 A.F. Cournand, W. Forssmann und D.W. Richards in Medizin fiir die Entwicklung des
Herzkatheters unter Rontgenkontrolle

1962 J. Watson, M. Wilkins und F. Crick in Medizin fiir die Strukturaufklirung des DNA-Molekiils

1962 M. Perutz und J. Kendrew in Chemie fiir die Strukturaufklirung von Himoglobin

1964 D.C. Hodgkin in Chemie fiir die Rontgenstrukturanalyse von Penicillin und wichtigen
biochemischen Substanzen

1976  W.N. Lipscomb in Chemie fiir Rontgenstrukturuntersuchungen an Boranen

1979  A.M. Cormack und G.N. Hounsfield in Medizin fiir Computertomographie

1981 K.M. Siegbahn in Physik fiir hochaufgeloste Elektronenspektroskopie

1985  H.A. Hauptman und J. Karle in Chemie fiir die Entwicklung direkter Methoden
zur Bestimmung von Rontgenstrukturen

1988  J. Deisenhofer, R. Huber und H. Michel in Chemie fiir die Bestimmung der dreidimensionalen
Struktur von Proteinen fiir die Photosynthese

1997  P.D. Boyer, J.E. Walker und J.C. Skou in Chemie fiir Aufklarung der Funktion des Enzyms ATP

2002 R. Giacconi in Physik fiir die Entwicklung der Rontgenastronomie

2003 R. MacKinnon in Chemie fiir Rontgenstrukturbestimmung von Ionenkaniilen in Zellmembranen
2009 V. Ramakrishnan, T. A. Steitz, A. E. Yonath in Chemie fiir Studies of the Structure and Function of the Ribosome
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Laue, Friedrich und Knipping 1912
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Bragg's Law

Scattering intensity only if: 1A = 2d sm(®)
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Watson & Crick 1953
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Rosalind Franklin's Famous X-ray that
provided enough evidence to establish that
DNA was a helix.
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Hamoglobin und Myoglobin
Struktur mit Rontgenstrahlen

John Cowdery Kendrew
Max Perutz
MNobelpreis 1962

Oxygen Binding and Unloading
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X-ray Scattering Research Today
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Modern Protein Crystallography

BioCARS 14-1D-B station of APS using an undulator with a gap of 25 mm from a crystal of the
M37V mutant of CO-bound dimeric clam hemoglobin.
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Made Possible by Storage-Rings
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Rear pnCCD
(z =564 mm)

WS K

Interaction Front pnCCD
point (z = 68 mm)
Figure 1
Experimental set-up for serial femtosecond crystallography. First published in Mature 470, 73— 78
(2011).

Henry N. Chapman et al., NATURE 470, 73 (2011)
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Figure 3
Electron density map of the photosystem | protein complex obtained from the LCLS diffraction data.

First pubiished in Mature 470, 73— 78 (2011). Nanocrystals were grown by Petra Fromme of Arizona
State Liniversity
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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—ob)

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

Is _ |Erad|2RZAQ
I0 |Ein|2

Iy _ do, A0
2= (GG

with (do | d2) being the differential cross section (for Thomson scattering):
(# photons scattered/s into AQ : I,/AQ [/ incident flux: I,/A,)

AQ)

R%2AQ: cross sectional area scattered beam
Ap:

2 .
(E) = rZp p={cos“y vertical
dQ 1 2 :
5 (1 + cosy) horizontal
unpolarized
. . do) 8_Tt 2
Note: Ototal = f(dﬂ) - ( 3 )1'0
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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 " (Aw)

I I

dispersion corrections: level structure absorption effects

scattering intensity: I, = A(QA(Q)* = r¢f(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.
. |® lattice vector + atomic position in lattice
J @ ® -~ @
@ ® crystal 1Qr; IQR
| Fsal(Q) = % f(Qel® ) el
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(33 +a;)

2 2T . 2T . 21T
a =ax;a;=ay;azg=az;ve=a’;a =|—Jx;a;=|—|y;a3=(—)z
F{kal:f(Q)zeier withQ =G =haj] +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
28
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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

29 Methoden Moderner Rontgenphysik - Vorlesung im Haupt-/Masterstudiengang, Universitat Hamburg,

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—k')e(k— k') = k? + k' — 2Kk’ cos
1 =@

K 14k _e_A

- 1A ( —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! — Z8/6! ...

31 Methoden Moderner Rontgenphysik - Vorlesung im Haupt-/Masterstudiengang, Universitat Hamburg,

‘PM
. Y.

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:
P oo edfener foEEL 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
e 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 m:
R \ \
26 | irer i
o] R 28, A8 = A
L
* 5 =2 (5)
t7 2%
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Fraunhofer Diffraction

Fraunhofer diffraction of a Fraunhofer diffraction of a
rectangular aperture 8 x 7 mm?, 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 | o 7 pm.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
] 10' b i YA X0
aft bt
R Ay A
Vi 10" WV ! 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 angle28
""""" Interacts with radiation
(e.g. x-rays)
L
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Source of X-Rays
1895 Discovered by W.C. Rontgen Cowlidis Tiibs
1912  First diffraction experiment vt i
(v. Laue) .W/// | 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 Ka
E
o «— —
S K Kp
Bremsstrahlung
B K
Energy
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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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