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Third Generation Synchrotron Sources 
Diamond, Didcot, UK 

ESRF, Grenoble, France 
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Brilliance/Spectral Brightness 

FLUX OF PHOTONS IN UNIT SPECTRAL RANGE 
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Units: photons/s/mm2/mrad2/0.1%BW 
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Nobel Prizes to Synchrotron Radiation Work 

1997 John E. Walker 

Structure of F1-ATPase 

2003 Roderick McKinnon 

Structure of Cellular Ion Channels 

2006 Roger D. Kronberg 

Structure of RNA polimerase 
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Ribosome: the Protein factory of the  cell 6 

From the home 
page of Ada 
Yonath 
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          Time Scales for Dynamics 7 
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WT MbCO at 100 ps B helix Leu29 

His64 

E helix 

F helix 

CO 

Fe2+ 

G helix 

Ile107 

heme 

H helix 

His93 
Leu104 

before photolysis 

after photolysis 

10 Å 

After Ph. Afinrud 

ESRF ID09 
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Photolyzed 

Unphotolyzed 

Color-coded maps superimposed: MbCO at 100 ps 
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      Exploring the Configuration Space Landscape 10 
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Ultrafast electron diffraction 

  Tools for sub-ps structural dynamics 11 
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   Tools for ultrafast structural dynamics: x-rays 

Laser-based: laser-plasma, 
plasma-wiggler, HHG,… 

Accelerator-based:  

Storage rings:  

!!bunch-slicing,  

!!bunch-rotation 
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Wanted…A more brilliant X-ray source, with: 
 wavelength down to ~ 0.1 nm ==> atomic-scale resolution 

!!      ultrashort (<1 ps) pulses  
!!      ==> “molecular movies” 

!!        

ultra-high peak brightness  

==>investigation of matter 

under extreme conditions… 

   
transverse spatial coherence  

  ==> imaging of single nanoscale objects, possibly down to 
individual macromolecules (no crystals) 
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Fourth Generation: spatially coherent  sources 

Compression of electron bunches to ~100 fs preserving (or 
even increasing) the brilliance and number of photons per 
bunch is impossible in a storage ring configuration, where 
the same electrons run through the undulators 105 to 106 
times per second. 

This can however be achieved in a single-pass machine 
such as a linear accelerator, with suitable bunch 
compressors. 

In addition, in a linac, emittance ! is NOT conserved, but !n 
= "! ! const., with " = E/mc2. It is then possible to reach the 
condition in which !!#. 
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       Spontaneous vs. coherent rad. in Undulators 

        (after T. Shintake) 
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Origin of Microbunching 

&#

Radiation electric field has a small 
component parallel to electron 
velocity, which can accelerate or 
decelerate electrons 

Undulator axis 

Electron trajectory 
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Peak brilliance of X-ray Sources vs. time 
Free Electron Lasers: 

- Based on Linear Accelerators 

- Deliver ultrashort pulses 

(100 fs = 0.1 ps= 10-13 s or  less) 

- (Transversely) Spatially coherent 
(laser-like) radiation 
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Today’s state of the art 

!! FLASH – Ultraviolet and soft x-ray FEL user facility in 
Hamburg (down to ' ~ 6.5 nm)   1012 Ph/pulse 

!! SCSS Test Accelerator – Ultraviolet and soft x-ray FEL 
user facility at Spring 8, Japan ( ' ~ 30 – 60 nm) 

!! First beam from LCLS (Linac Coherent Light Source), the 
X-ray FEL using 13.6 GeV electrons from SLAC Linac, 
Stanford, CA, on April 10, 2009  1012 Ph/pulse 
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FLASH at DESY 

The first SASE FEL 
operating in the soft X-
rays, down to  6.5 nm  

(+3rd, 5th harmonic!) 

1 GeV Superconducting  

Linear Accelerator 
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!!300 

m!

!!Jan 2005: first lasing at 32 nm 

!!Aug 2005: first user exper. 

!!E=450 MeV 

!!L=30 m 
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Comparison of 3rd and  4th generation sources 

108! 

21 

Trieste, 06.05.2010                                                                                                                                                                   

Massimo Altarelli, European XFEL GmbH, Hamburg 



Scientific Use of Hard X-ray FEL’s 

FLASH at DESY 

The first SASE FEL 
operating in the soft X-
rays, down to  6.5 nm  

(+3rd, 5th harmonic!) 

1 GeV Superconducting  

Linear Accelerator 
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  FLASH Experimental Hall 23 
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    Single-shot (~25 fs, ' ~ 32 nm) imaging 

H. Chapman, J. Hajdu et al., Nature Physics 2, 

839 - 843 (2006) 
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    Reconstructed Image - 62 nm resolution 25 
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!!13.5 nm 

!!~10 fs 

!!PICOPLANKTON are the most  

abundant photosynthetic cells in  

the oceans (discovered in 1988) 

!!This cell was injected into vacuum  

from solution, and shot through the  

beam at 200 m/s 

Imaging picoplankton organism “on the fly” 

single shot  

diffraction pattern 

1 micron 

reconstruction 

!!J. Hajdu, I. Andersson, M. Svenda, M. Seibert (Uppsala)"

!!S. Boutet (SLAC)"

!!M. Bogan, H. Benner, U. Rohner, H. Chapman (LLNL)"
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Laser generated harmonics at 32 nm catch up!! 27 
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HHG seeding demonstrated at SCSS test facility 
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SASE at the SCSS test facility 
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Experimental Layout for HHG 
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Lambert et al. 
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April 10, 2009: the big news from LCLS! 32 
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1.5 Å 

Coherent 

X-rays!! 
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The European XFEL in the International Context 
!!LINAC COHERENT LIGHT SOURCE 

LCLS  

2011-60 p/s  

!!SCSS  

SPring-8 Compact SASE Source 

2009 -120 p/s 

!!European XFEL Facility 

2014 - 27 000 p/s 
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Hard x-ray FEL Projects 



Scientific Use of Hard X-ray FEL’s 

The European XFEL 34 
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Superconducting  “TESLA” Technology 
36 

Niobium Cavities 

Module: 8 X 
Cavities  

100 8-Cavity modules, 1.4 km, 
17.5 GeV Electron Energy 
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Photo: 

D. Kostin, 
DESY 

Module PXFEL1 on the test bench 

China 

France 

Germany 

Italy 

Spain  
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100 ms 

t 

Electron bunch trains  (with up to 2700 bunches à 1 nC) 

100 ms!

!t = 220 ns!

t 

600  µs!

t 

188 fs 

t 

100 fs 

Photon pulses!

FEL!

process!

European XFEL Project - Time Structure 
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Alternatively: 20 bunch trains / second, 300 $s long, with up 
to 1350 bunches each…  
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         Comparison of the X-ray FEL Projects 39 
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Scientific applications of X-ray FEL’s 

!! Time-resolved, pump-and-probe experiments 

!! Coherent-diffraction imaging of nanoscale objects, down 
to single macromolecules 

!! Speckle Scattering and Photon-Correlation Spectroscopy 

!! High Energy-Density science 
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Scientific applications of hard X-ray FEL’s 

!! Time-resolved, pump-and-probe  

experiments 

!! Coherent-diffraction imaging of nanoscale objects, down 
to single macromolecules 
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Today:  study (structure) and dynamics on a 

   ns to ps timescale 

XFEL: study (structure) and dynamics on a 

 ps to fs scale  

Pump and Probe Experiments 
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InSb inertial dynamics at SPPS 

(220) Reflection 
intensity as a function 
of time 

Position along detector 

A.M. Lindenberg et al., Science 308, 392 (2005)  
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D.M. Fritz et al., Science, 315, 633 (2007) 

Ultrafast bond-softening in Bi (SPPS) 

x 
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What do protein crystallographers dream of ? 

Nature 459, 24 (7 May 2009) 

….Wayne Hendrickson of Columbia University in New York says there 
is also a lot of excitement about technologies that might be possible at 
facilities such as the European XFEL (X-Ray Free Electron Laser) 
under construction in Hamburg, Germany …The idea here is that an 
extremely short burst of X-rays could be scattered off a single protein 
molecule, blowing it apart but revealing something about its structure 
before the disintegration. “You are in principle able to capture the 
molecule in action,” Hendrickson says.... 
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(…After J. Hajdu) 
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Single-Molecule X-ray Imaging 47 
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Moves are afoot to illuminate particles in 
flight with powerful X-ray bursts, to 
determine the structure of single 
molecules, viruses and nanoparticles. …
Using a new approach, we demonstrate 
the recovery of the structure of a weakly 
scattering macromolecule at the 
anticipated next-generation X-ray source 
intensities. Our work closes a critical gap 
in determining the structure of single 
molecules and nanoparticles by X-ray 
methods, and opens the way to 
reconstructing the structure of spinning, 
or randomly oriented objects at extremely 
low signal levels. 
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Average Brilliance: Single-Particle Imaging 49 
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M.J. Bogan et al., NanoLetters 8, 310 (2008) 

How many molecules 
are hit per second? 

aerosol concentration of 
3 X104 particles/cm3 

e.g. 

FEL beam diam. 1 !m 

Particle beam  ~200 !m 

XFEL : ~ 0.1 hits per s 

LCLS: < 10-3 hits per s 
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Exploitation of repetition rate 

!!Detectors allowing acquisition of images at 5 MHz 

 3 Development projects under way for 

acquisition of up to 512 successive 1 M Pixel images 

at 5 MHz 

!!Lasers allowing Pump and Probe at 5 MHz 

 Plan launch of a development initiative in 

partnership with other institutes 
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R&D projects of the European XFEL 
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Split-and-delay unit (Rosenker, Grübel et al.) 

ps to ns delays 
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Scientific applications of hard X-ray FEL’s 

!! Speckle Scattering and  

Photon-Correlation  

Spectroscopy 
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Coherent  

Beam  

P. Wochner et al. PNAS (2009) 
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The formation of solid materials from liquids 
XFEL allows “snapshots”! 
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? 

? 

   Liquid 

Crystalline Solid 

? Directly to 
equilibrium 
state 

Via intermediate states? 

Amorphous? Different bonding 
symmetries? 
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Plasma States by Pump-Probe Techniques 
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Isochoric heating of plasmas 

Solid density plasmas 

Te up to few 100 eV 

Warm dense matter 

Pressure up to Gbar  

Plasma phase transitions 

X-ray FEL  
 

radiation 

 

detector 

  Laser 

interferometer 
Plasma generation 

Schlegel et al., (2000)! R.W. Lee & coworkers 

Warm Dense Matter 
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Overall layout of the European XFEL 
3.4km 
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European XFEL Undulator Layout 

Initial configuration: SASE1, SASE2, SASE3 (planar) 

plus six instruments 
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Parameter Unit SASE 1 SASE 2 SASE 3 

Electron energy GeV 17.5 17.5 17.5 17.5 17.5 10.0** 

Wavelength nm 0.1 0.1 0.4 0.4 1.6 6.4 

Photon energy keV 12.4 12.4 3.1 3.1 0.8 0.2 

Peak power GW 20 20 80 80 130 135 

Average power* W 65 65 260 260 420 580 

Photon beam size 
(FWHM) 

!m 70 85 55 60 70 95 

Photon beam 
divergence (FWHM) 

!rad 1 0.84 3.4 3.4 11.4 27 

Coherence time fs 0.2 0.22 0.38 0.34 0.88 1.9 

Spectral bandwidth % 0.08 0.08 0.18 0.2 0.3 0.73 

Pulse duration fs 100 100 100 100 100 100 

Photons per pulse # 1012 1012 1.6 " 1013 1.6 " 1013 1.0" 1014 4.3 " 1014 

Average flux #/s 3.3 " 1016 3.3 " 1016 5.2 " 1017 5.2 " 1017 3.4 " 1018 1.4 " 1019 

Peak brilliance B 5.0 " 1033 5.0 " 1033 2.2 " 1033 2.0 " 1033 5.0 " 1032 0.6 " 1032 

Average brilliance* B 1.6 " 1025 1.6 " 1025 7.1 " 1024 6.4 " 1024 1.6 " 1024 2.0 " 1023 

Photon Beam Parameters 62 
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Selection of first instruments 

Instrument Brief description of the instrument 
SPB Ultrafast Coherent Diffraction Imaging of Single Particles, Clusters, and 

Biomolecules – Structure determination of single particles: atomic 
clusters, bio-molecules, virus particles, cells. 

MID Materials Imaging & Dynamics –Structure determination of nano- 
devices and dynamics at the nanoscale. 

FDE Femtosecond Diffraction Experiments – Time-resolved investigations 
of the dynamics of solids, liquids, gases 

HED High Energy Density Matter – Investigation of matter under extreme 
conditions using hard x-rays, e.g. probing dense plasmas. 

SQS Small Quantum Systems – Investigation of atoms, ions, molecules 
and clusters in intense fields and non-linear phenomena. 

SCS Soft x-ray Coherent Scattering –Structure and dynamics of nano-
systems and of non-reproducible biological objects using soft X-
rays.  
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Facing the competition 

!!Ensure exploitation of repetition rate at best 

!!Provide “simultaneous” beam time to  

 different users’ groups 

!! Ensure high reliability and stability, top level 
 experimental facilities 
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The End 

Thank you for your attention! 

And thanks to my colleagues: 

 Reinhard Brinkmann 

 Serguei Molodtsov 

 Andreas Schwarz 

 Mikhail Yurkov 
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