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Vorlesungszeit: 4.4. - 16.7.
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13.6 — 24.6.

Methoden moderner Roentgenphysik I
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Do: 10.15-11.45 ”

Beginn: 5.4.

Uebungen

Di: 16:00-17.30 SemRm3 ab ?7?7?.
ProSeminar (for Batchelor students)

Vorbesprechung 5.4. 15:30 SemRm 3
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*5.4.-19.4. 2011 Wiederholung + Koharenz
«21.4.-3.5. 2011 Weiche Materie

«5.5. 2011 Glass Physik
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«17.5.- 14.7.2011 FestkOrperspektroskopie
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Elements of X—RAY
Modern X-Ray Physics
SOFT X-RAYS AND T DIFFRACTION
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Students@Teaching Welcome to the student portal for Photon Science at DESY!
Foxbineirs . Inside you will find all the information you need about the light sources themselves and your opportunities to take part in this
Oppertunities booming area of research.

Open Fositions (Bachel...
Lectures

Primers

In this section, you can find outf mere about the facilities
themselves and about the theory that iz behind the generafion of
synchrotron light at a storage ring and the actual experiments.

Opportunities

Glick here to find more about the opportunities that DESY has in
store for your academic career in photon science.

Graduate Schools

Graduate schools offer special programmes for parficipating PhD
students. This indludes lectures, colloquia, and workshaps with
experts from univeristy and DESY.

Open Positions

Several groups at HASYLAB / DESY are seeking bachaion’
diploma / master / PhD students for photon science ressarch
projects. The supervision of the theces will be done in cogperation
with the Uiniversity of Hamburg.
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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|=21T/A

elastic scattering: K’ s

h k’ =h k+hQ / \
k

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

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

[ | [ ]
‘ spherical wave

thomson scattering length r

(=2.82*105 A)

phase shift of  btw. incident and radiated field



Bragg's Law

scattering intensity only if:  nA = 2d sin(®)



scattering by a crystal:

r = R, + I
lattice vector + atomic position in lattice
N
% Fevstal (Q) = 2., f(Q)exp(iQr)Zg,exp(iQR))
RI'I
O unit cell structure factor lattice sum

s =12 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



Reciprocal Lattice

1-D: defined by (iia): a;ea;* = 211 5;;

2-D and 3-D:
a,* = (2mf/v,) a, X a,
a,* = (2m/v,) a; x a
a,” = (2m/v,) a, xa,
with v, = a, e (a, X a;)

note: in 2-D a, is chosen to be a
unit vector normal to the 2-D plane
spanned by a, and a,.
Example: fcc lattice
a,=(al2)(y'+z'), a,=(al2)(z'+x),

a,=(a/2)(x+y)
a,*= (4T/a) (y/2+2/2-x/2)
a,*= (411/a) (z/2+x/2-y/2)
a,*= (411/a) (x/2+2/2-y/2)

2D

3D
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- The Ewald shere

Visualisation of diffraction effects in reciprocal
space (a).

Laue condition requires Q = G = ha,* +ka,”

Design sphere with radius k pointing to origin (b).

If any reciprocal lattice point falls on the circle
then the Laue conditions is fulfilled (c).

Intensity is observed if the detector is placed in
the direction of k' ().

A rotation about O corresponds to a rotation of
the crystal.

Note: More than one reciprocal lattice point can
lie on the sphere = multiple scattering.

If the beam is not monochromatic the sphere
adopts the corresponding width. In the white
beam case all spots are ultimately detected.

@ [///[/]




unit cell structure factor: 2, £i(Q)exp(iQr;)

N

e.qg. fcc lattice: r, =0
ry= 72 (a4%a,)
r3= 72 (a%a,)

r,= "2 (az+a,)

2m/a

a,=ax;a,=ay;as;=az; v, = a3 a,*=(2m/a)x; a,*=(2m/a)y ; a,*=(21m/a)z

Fra®® = f(Q) Zexp(iQr,) withQ =G =ha* +ka,* +1a;3”
= (Q) {1 + &) + gimke) + gimen) } (£)
4 If h,k,l are all even or odd
= f(Q) x 1
0 otherwise




Modern Protein Crystallography




- Sources of X-Rays

1895  discovered by W.C. Réntgen

Coolidge Tube  Rotating Anode

1912  First diffraction experiment b _.
(v. Laue) P ] R
1912 Coolidge tube X.Y\ Gooe = HC
(WD COO“dge,GE) ; ‘HT\; in out
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HochleistungsRontgenrohren
@ Einfach zu handhaben
@ Einsetzbar in fast jedem Labor

@ Tpyisch nur zwei Anregungsenergien:
Mg Ka (1.2 keV) und Al Ka (1.4 keV)

@ Nicht durchstimmbar

@ geringe Leistung

@ schlechte Auflosung; AE 1-2 eV (natdrliche Linienbreite der
atomaren Ubergange)




Synchrotronstrahlung

@ Photonenenergie frei wahlbar zwischen dem Infraroten (THz
Strahlung) und harter Rontgenstrahlung (>100 keV)

@ Sehr hohe Photonenzahlen
@ Polarisation der Strahlung frei wahlbar
@ GrofB3gerat

Freie Elektronen Laser (FEL)
@ Laserstrahlung im Rontgenbereich
@ Extrem hohe Photonendichten
@ Sehr kurze Lichtpulse (einige 10 fs)
@ Photonenenergien in der Zukunft bis zu 14 keV




Aufbau eines Synchrotrons

Baschleunigungs-
sﬂecke

hm- B8 =
- o LINAC H Elekironen-
(h} kanone
Klystron-

sender



Insertion Devices (IDs)







Undulator Parameter

Charakteristischer Abstrahlwinkel der SR: 0 = 1/~, 0, = K/~

K < 1 Undulator

Abstrahlkegel der einzelnen Magnetpole Uberlappen — koharente
Uberlagerung — Interferenzeffekie

K > 1 Wiggler

Abstrahlkegel der einzelnen Magnetpole uberlappen nicht — Nicht
koharente Uberlagerung — Emittierte Strahlung entspricht weitgehend
der eines Dipols, aber mit 2 - N facher Intensitat.




Wellenlange X\ der Undulatorstrahlung:

AU AU .1
2,},*2 2,},2

K2
+7—|—’Y

A= oo (1 +47267) =

292)

Vergleich der verschiedenen Quellen

Dipol: =
Wiggler: N - P
Undulator: N2 - P

Beim FEL werden wir sehen, daf3 fur diesen dann
N= N

gilt




@ Eine wichtige GrofR3e zur Charakterisierung von
Synchrotronstrahlung ist die Brillianz
AP

5= AA AD

Spektrale Brillianz

B AP
Awfw T AAAQ - Aw/w

@ Dichte der Photonen im transversalen Phasenraum

@ Um eine moglichst hohe Photonendichte am Ort des
Experimentes zu erreichen, muf3 die Brillianz so grof3 wie moglich
sein

@ GroRtmoglich Brillianz — Laser

@ Einheit

B e Photonen
Aw/el ™ s "mm?2 . mrad? - 0.1%BW




Brillianz

Irsl=9a == b= =il = =

103 TESLA, Freie-Elektronen-Laser

1030

10%6

BT T Ty T T U0

@ Entwicklung der Brillianz
verschiedener
Rontgenquellen mit der Zeit

101'
1 OM
1010

108




Das FEL Prinzip

Elektronen

strahl

Strahlungsleistung

Undulator

Elektronenpaket
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Aufbau eines FEL

@ Elektronenquelle: Erzeugung eines Elektronenbunches
@ Beschleuniger: Beschleunigung auf relativistische Energien

@ Magnetstruktiur: Erzeugung der Rontgenstrahlung —
Synchrotronstrahlung

@ Rontgenoptik: Transport der FEL-Strahlung zum Experiment

Experiment
4MeV 16MeV 120 MeV 230 MeV
Bunch
Elektronen Kompressor e
Kanone naulator FEL

Vor

Beschleuniger Supraleitende Cavities

Elektronen
Dump




Realisierung eines FEL

Erster VUV-FEL
FLASH am Hasylab/DESY

Eigenschaften XFEL

@ Typische Lange des
Beschleunigers: 30-2000 m

@ Lange der Magnetstruktur:
30-300 m

@ Photonenenergiebereich
10 eV - 10 keV

@ Pulslangen 10 — 100 fs (jetzt)




@ Zahl der Photonen, die man an aktuellen Synchrotronquellen in
1 s bekommt, erzeugt ein FEL in 50 fs !

FEL | 4
10"~ Photonen/Puls

50 fs

Synchrotron
10'2 Photonen/s 50 ps
L~ E—

—
Zeit



