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ÂUltrafast Structural Dynamics at the European XFEL

ÁGeneral motivation

ÂStatus of the SASE 2 instruments

ÁSASE 2 source

ÁFemtosecond X-ray Experiments (FXE) instrument

ÂScientific Application at the European XFEL

ÁX-ray Absorption Spectroscopy (XAS)

ÁX-ray Emission Spectroscopy (XES)
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Nature is complexé 3
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The famous time-resolved beté 4

Leland StanfordEadweardMuybridge

The question was: 

Does a horse lift all four hooves off 

the ground at the same time during a 

gallop?

More than 50 cameras with electrical 

triggers were used along the horse-

racing track

E. Muybridge,  Animals in Motion, ed. by L. S. Brown (Dover Pub. Co., New York 1957).
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(Francis Crick)

ñIf you donôt understand function, 

study structureò

Function= a sequence of events over time, 

characterised by structural modifications

ñIf you want to understand function, study 

time-dependent structuresò

Time resolution Spatial resolution
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What are the fundamental timescales? 6

Time /seconds

Strings, 
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Molecular Rotations

Protein Folding

Molecular

Vibrations

Electron dynamics

Particle 

Collisions

Photosynthesis

Vision

Chemistry and Biochemistry
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Fundamental timescales in photoexcited solids 7

time /s

10-15

Energy absorption

by electrons
Optical

phonons

Acoustic

phonons

Strain

propagation

10-14 10-13 10-12 10-11 10-10

Solid excited by a short laser pulse at the energy below 

melting threshold

Optical Phonons: 

first response of  nucleus to fast excitation of  electrons

Coherent Phonon Dynamics: 

Laser-induced òin-phaseó excitation of the lattice 

followed by coherent vibration
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Structural Dynamics of Photoexcited States 8

Internuclear Distance
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Probe

Knowledge of  molecular structure 

becomes inherently difficult when 

system increases in size!

Tools: FemtosecondPump-Probe Spectroscopy
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éTime-Resolved Structural Techniques

Ultrafast Electron Scattering and 

Diffraction 

Ultrafast X-ray Scattering and 

Diffraction

From Time-Resolved Optical Spectroscopy toé

Ultrafast X-ray Absorption/Emission 

Spectroscopy
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X-ray Absorption/Emission Spectroscopy

ÂAny media: Liquids, Solids, Gasesé

ÂElement specific: Absorption Edge

ÂElectronics structure: Valence orbitals, spin

ÂGeometric structure: Bond distances/angles, ligands

10

Both electronic and geometric structures !!
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Ultrafast processes in condensed phase media 11

éĄca 100-1000 Solvent Molecules involved

X-Ray Absorption/Emission Spectroscopy 

Singles Out Reaction Center ...

Speed of Sound: >10 Å/ps
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Towards ultrashort x-ray pulses 12

Short Probe

Slow 
Detector

Pump

Sample

Long Probe

Fast 
Detector

Pump

Sample

ÂFemtosecond X-ray Streak Cameras

V2-10 ps ñroutineò resolution

V0.7 ps ñcommercialò

V150-300 fs in lab

ÂFemtosecond X-ray Sources

VLaser plasma sources ( 100 fs)

V3rd generation SR sources:

Femtosecond electron bunch slicing

VX-Ray Free Electron Lasers
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G. Ingold: previous talk 13

Resolution:200 ± 25 fs [FWHM]

P. Beaud, S.L. Johnson et al. PRL (2007)
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ÂUltrafast Structural Dynamics at the European XFEL
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ÁFemtosecond X-ray Experiments (FXE) instrument
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15The European XFEL

Â Some specifications

ÁPhoton energy 0.4ï12.4 keV

ÁPulse duration <100 fs

ÁPulse energy few mJ

Ásuper-conducting accelerator 

Á10 Hz/4.5 MHz (27.000 b/s)

Á5 beamlines/10 instruments

Č start version with 3 BLs

and 6 instruments

ÁVarious extensions possible

Č seeding

Č more instruments

Â First beam   2014

Â Start of user operation   2015 
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SASE 3 
tunable, planar 

0.4 ï 1.6 nm 

e
-
  

SASE 2 
tunable, planar 

~0.15 ï 0.4 nm 

1.2 ï 4.9 nm (10 GeV) 

accelerator ~1700 m

undulator ~200 m

beam transport & instruments ~1000 m
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European XFEL layout 16

Source Instruments Photon beam line characeristics

SASE 1 SPB, MID FEL radiation ~12 keV; High coherence; Spont. radiation (3rd, 5th harm.)

SASE 2 FXE, HED FEL radiation 3-12 keV; High time-resolution; Spont. radiation (3rd, 5th harm.)

SASE 3 SQS, SCS FEL radiation 0.4 ï3 keV; High flux

FEL radiation 0.4 ï3 keV; High resolution
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Time pattern of the accelerator 17

Electron bunch delivery

ÂPulse distance 

220 ns == 4.5 Mhz

Â27.000 pulses/s

Advantages for user operation

ÂEnables intra-bunch feedback

ÂSimultaneous user experiments

ÂLarge number of delivered FEL pulses

Č Combination of peak & average brilliance

linac bunch train
dump 

switch

beamline 

switch

beam line #2

beam line #1

dump XS1 BL2 & Inst BL1 & Inst feedback
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Alternative  filling (timing) patterns 18

Courtesy: Alke Meents (PETRA-3, DESY)
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FXE Instrument: Overview

Â Application Areas

- ultrafast chemical dynamics (biology)

- solid state dynamics (phase transitions, spin conversion)

Â Combine XRD with x-ray spectroscopies

- global (local) structural information

- electronic and spin information

- all with fs time resolution

Â Flexible incoming beam 

- 0.1 ï0.5 mm diameter (gas phase/cluster Ą Xtals)

- rectangular profile (liquid jets, dispersive XANES)

Â Endstation should simultaneously allow

- XRD (LPD, AGIPD)

- XES/XAS/IXS (1D suitable)

Â and include all-optical diagnostics (pp, fs-fluor,é)

19
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FXE Instrument: complementary observables 20
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Possible ingredients to the FXE endstation 21

ÂXANES received a quite 

large demand, thus a 1 % 

dispersive setup would be 

mostly appreciated
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Challenges and opportunities with XFEL pulses 22
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Valence XES

K  XES

Fluorescence XAFS

Transmission XAFS

Towards more complex systems

(Nanostructures, Surfaces/Interfaces, Biology in Physiological Media, é)
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X-ray Absorption : quick reminder 24
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X-ray Absorption Near Edge Structure 25

7100 7150 7200 7250 7300

0.0

0.5

1.0

1.5

 

 
N

o
rm

a
liz

e
d
 A

b
s
o
rp

ti
o
n
 C

o
e
ff
ic

ie
n
t 
/a

.u
.

X-Ray Photon Energy /eV

XANES EXAFS

0

XANES

1) Element specific:

Absorption edge

2) Electronic structure:

Density of  unoccupied 

states

Valence orbitals

Degree of  oxidation

Local symmetry
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X-ray Absorption Near Edge Structure 26
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3) Bond distances/angles:

Multiple scattering

(low-energy photoelectrons) 

Resonances above ionization 

threshold

XANES
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Extended X-ray Absorption Fine Structureé27
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éand extension to time-dependent regime!
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Laser-pump X-ray-probe Setup (SLS) 28

Laser (1 kHz)

Trigger
(2 kHz)

Computer

Swiss Light Source
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29Laser-pump X-ray-probe Setup (SLS)

Gawelda et al., 
AIP conf. proc. 881, 31 (2007)

KB x-rays
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ÂWork in disordered/dilute systems

ÂSample refreshed for each laser shot
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Light-induced spin crossover in Fe(II) complexes 30

Ground (Singlet) StateExcited (Quintet) State

S=0S=2
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Low-spin high-spin transition (and back) 31
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Gawelda et al., Phys.Rev.Lett. 98, 057401 (2007)

EXAFS analysis

665 ps

70 ps


