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Stars 

Extreme heat and pressure; 

pathways toward fusion energy 

Biology 

Proteins and enzymes in 

action; biological magnetic 

sensing 

Materials 

Enhancing durability, conductivity, 

and key functionalities 

Planets and exoplanets  

Interiors, magnetic fields, 

and diamond rain 

Vision 

From light on the retina to 

neural signals and sight 
Water research 

Atomic structure and 

ultrafast dynamics of water 

Information technology 

Ultrafast data storage for 

faster read and write 

Artificial Photosynthesis 

Learning from plants  

to turn sunlight into fuels 

 

 

 

 

What does European XFEL do? 

 

Humans 

Structures and functions  

of human proteins and enzymes 

Catalysis 

Catalysts observed in action  

for cleaner reactions 



At a glance 
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electron beam energy 6 - 17.5 GeV 

# of bunches/second 27,000 

bunch charge 0.02 – 1 nC 

electron bunch length after compression (FWHM) 0.2 – 180 fs 

normalized slice emittance 0.4 mm mrad @ 0.25 nC 

0.2 keV 

8.5 GeV 

12.0 GeV 

14.0 GeV 

17.5 GeV 

1 keV 10 keV 2 keV 20 keV 

Electron energy 

Photon energy 







European XFEL –  

a research facility of superlatives 

Non-profit company with 12 shareholding countries:  
 
Germany (Bund, Hamburg and Schleswig-Holstein) 

covers 57% shares, Russia 26%  
 

Other shareholders at 1–3% each 
 
 
Construction costs: 1.54 billion € (as of 2018) 
 
Annual budget: about 150 million €  
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A big facility for studying tiny objects! 

 

X-ray light: reach atomic resolution 

 

Ultrashort flashes:  

film (bio-)chemical reactions 

 

 

 

 

 

What does European XFEL do? 
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Scientific instruments 

 

FXE (film very fast reactions) SPB/SFX (focus on biomolecules) SCS (look at processes of materials and   

liquids) 

SQS (basis research of reactions of  

molecules and small clusters) 

SXP (look at electrons and chemical  

reactions) 

HED (matter under extreme conditions) MID (diverse applications in materials  

research) 

HXS (material research) 

under construction 

 

 

 



A user facility 

 

User groups has an 

experiment idea 

 

Handing in of experiment 

proposal to the User Office 

 

Selection of experiments 

by international Proposal 

Review Panel 

 

Successful applications 

come for up to one week 

for experiments 

 

In 2024, 1252 users from 27 countries 

participated in experiments at EuXFEL 

 

Ca. 1/3 of proposals receive beamtime 

 



Prof. Dr. Thomas Feurer  Welcome to European XFEL 

7 
instruments, plus 1 under construction 

27000 
electron bunces per second 

580 
staff members incl. guests 

>1500 
total publications 

>30 
 PB of raw data collected per year 

28000 
cups of coffee served per year in the 
campus restaurant BeamStop 

1252 
individual annual users 

96 
user experiments per year 

May 2025 
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The light source 





A free-electron laser is a classical amplifier 

An amplifier with no input amplifies shot noise 

within its gain curve. The output is a noisy, 

incoherent spectrum (SASE). 



The first amplifier produces amplified noise 

(SASE) within its gain curve. The output is 

filtered and amplified further. Saturation 

reduces amplitude fluctuations (Self Seeding). 

Increasing spectral brightness 

… 



From an amplifier to an oscillator 

When part of the output is filtered and fed back 

to the input, a well defined (by feedback) 

coherent output is generated (Laser). 



XFELO demonstrator project 

XFELO 

XFELO = X-ray Free Electron Laser Oscillator 

Four undulator cells Resonator : 66m long 

@ 7 keV :  3.7 1011 l 

Rep rate :  2.25 MHz 

HR @ 7 keV 

HR @ 7 keV 



The first ever hard X-ray laser oscillator 



A fantastic team effort and a fantastic piece of mechanical 

engineering 



Resonant excitation of the nuclear clock isomer 45Sc 

Resonant oscillators with stable frequencies 

Nuclear oscillators surpass their atomic counterparts by 

higher quality factors and resilience against external 

perturbations 

The 12.4 keV nuclear transition in 45Sc 

Ultranarrow transition linewidth: 1.4 feV 

Nuclear clocks are the 

world’s most accurate 

timekeepers, required for 

functionalities such as 

precise positioning using 

satellite navigation 

 

Nature 622 (2024)  



Scientific  
examples 

Quantum world 



Rebecca Boll 



Imaging of small quantum systems 

Equilibrium  

ground state structure 

ground state (quantum, thermal) fluctuations 

Out-of-equilibrium (perturbative) 

reactions with environment 

nuclei and electron dynamics (adiabatic and non-adiabatic) 

photo-excitation (photo-cycle) 

coherent control 

Out-of-equilibrium (non-perturbative) 

strong-field ionization 

light-matter states 

strong-field control 

 



Imaging via x-ray induced Coulomb explosion 

Has been done before with molecules transiting thin foils or 

intense ultrafast laser systems 

Destroys the quantum system to retrieve structure 

Retrieving structure from individual 3d momenta of all ions 

X-rays strip electrons from all atoms 

Challenge is to charge molecule before it can do anything else 

X-ray Free Electron Laser 



X-ray induced Coulomb explosion 



Intense x-ray pulses 
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Photon energy [keV] 

Very highly charged states via 

multiple inner-shell processes 

Up to > 40 photons are absorbed 

with up to 6 core holes generated 

simultaneously  

1200 eV 

Xe+ 1% 

Xe2+ 6% 

Xe3+ 6% 

Xe4+ 28% 

Xe5+ 24% 

Xe6+ 21% 

Xe7+ 10% 

Xe8+ 5% 



Coulomb explosion imaging – CEI 

molecular structure is very well reflected in measured momenta 

no evidence of deformation or rotation before breakup 

3-fold ion coincidences are sufficient to image the entire molecule 

CEI has the same sensitivity for hydrogen as for any other species – contrary to diffraction methods 

Iodopyridine 



Imaging collective quantum fluctuations of the structure of a complex 

molecule 

Even in the ground state molecules are not static 

but undergo collective structural motions 

These motions are extremely small, but momentum 

imaging is an exquisitely sensitive tool to observe 

such small motions 
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Imaging collective quantum fluctuations of the structure of a complex 

molecule 

The emission directions of the 

atoms are correlated 

Coincidence analysis reveals 

correlations of the emission 

directions of hydrogen and 

carbon atoms perpendicular to 

the iodine and nitrogen momenta 

which result from ground state 

fluctuations 

C3 C4 C5 C6 

I+ N+ 



Scientific  
examples 

High energy 

density science 



Zuzana Konôpková Karen Appel 
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Center 

Sun 

Center 

Earth 

Warm dense matter 

Classical plasma 

Atomic gas 

Condensed matter 

Quantum plasma 
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The power of European XFEL 
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What do we know about the inner part of Earth 

P-wave shadow 

P-wave shadow 

Non-direct 

S-waves 

S-wave 

P-wave 

P-wave shadow:   Solid mantel and liquid core 

 

Non-direct S-waves:  Liquid outer and solid inner core 

Source at north pole:  Waves travel faster -> Anisotropic 

      inner core 
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Rock planets in our solar system 
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By now thousands of exoplanets have been discovered 

Geosciences 2019, 9(3), 105; https://doi.org/10.3390/geosciences9030105  
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Phase diagram of water 

Theoretical prediction: Ice from superionic 

water 

 

At pressures > 35 GPa superionic ice should 

appear 

 

In superionic ice Hydrogen ions move freely 

through an Oxygen lattice exhibiting solid as 

well as liquid properties 

 

At even higher pressures of around 1.55 TPa,  

ice should develop metallic properties 
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Nature Communications 15, 8256 (2024)  
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An excursion to nuclear physics 
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Overcoming the repulsive Coulomb force 
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Building little suns 
Ablator 

(plastic) 

DT gas 

DT solid European XFEL is the only 

facility worldwide able to 

observe the details of this 

process 

 

We are committed to 

contribute to the quest for a 

new energy source 

 

Currently, we are discussing 

with stakeholders and are in 

the planning phase 



Electricity budget 

Electricity generator 

(efficiency 45 %) 

Laser system  

(efficiency 10 %) 

Target gain = 160 

750 kJ 

10 Hz 75 MW 

Auxiliary power 25 MW 
Recirculated power  

100 MW (17 %) 

Electricity  

515 MW 
Grid 

425 MW 

800 MW 



Already the ablator is full of surprises 

C8H8 

Nature Astronomy (2024) doi.org/10.1038/s41550-023-02147-x 

laser 

laser 

laser 

Between 19 and 27 GPa:  formation of diamond 

 

Temperature:    above 2‘500 K for 30 to 40 us 



Image: Tobias Wüstefeld / European XFEL / dpa 



The mysterious liquid carbon 

Nature (2025) https://doi.org/10.1038/s41586-025-09035-6 

graphite laser 

laser 

laser 

Above 50 Gpa:  formation of diamond 

 

Above 150 GPa:  carbon melts 



Thank you for your attention 


