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X- ray free- electron lasers (XFELs) are conceived as user 
facilities that enable scientific applications complemen-
tary to those of well- established synchrotron radiation 
X- ray sources. The first hard X- ray user facility started 
operation in 2009 at SLAC, USA, followed by XFELs in 
Japan (SACLA, 2011), South Korea (Pohang Accelerator 
Laboratory, 2016) and Switzerland (SwissFEL, 2018). 
These facilities operate room- temperature accelera-
tors with repetition rates of 50–120 Hz. In 2017, the 
European XFEL started user operation, being the first 
hard XFEL (~18 keV) with a MHz repetition rate using 
a superconducting accelerator1.

With the high repetition rate came new challenges 
that are mainly linked to detector performance, data 
transfer, visualization, analysis and interaction with the 
user community (Fig. 1). Although the first experiments 
were successful and produced scientific results, the full 
exploitation and ‘roll- out’ of the technologies needed to 
harness the MHz repetition capabilities require further 
planning and implementation.

The facility
The European XFEL was formally established in late 
2009 by the agreement between an initial group of ten 
countries, and the foundation of the European X- Ray 
Free- Electron Laser Facility GmbH, a non- profit com-
pany in charge of the construction and operation of the 
European XFEL facility. By the end of 2011, 12 partner 
countries had signed the convention. The construction 
and operation costs are shared by the governments of all 
the international partners, with the largest shareholders 
being Germany (57%) and Russia (26%). A defining 
feature of the European XFEL is its international char-
acter, and the creation, in all its member states, of a 
vibrant scientific community stemming from X- ray 
and free- electron laser science is part of the vision of 
the facility.

Owing to its high electron energy of up to 17.5 GeV, 
the European XFEL enables experiments at photon 
energies well above 20 keV. FEL radiation in the funda-
mental at up to 30 keV has also been demonstrated. The 

European XFEL operates several FEL undulators, pres-
ently delivering X- rays to a total of six instruments each 
specialized in a scientific domain. These include ultrafast 
structural and electronic dynamics in atoms and mole-
cules; dynamics in liquid solutions of chemical and cata-
lytic compounds; dynamics in complex soft and hard 
materials and nanomaterials; high- energy dense matter; 
and static structures and kinetics of biomolecules and 
complex biosystems. These are areas in which scientific 
breakthroughs will inevitably lead to new technologies 
important not only for industry, but also potentially deci-
sive for future developments in health, transportation, 
communication, energy and sustainability.

With the simultaneous operation of three instru-
ments and a target X- ray delivery per year of 4,000 h, 
a total of 12,000 h of operation will be offered by the 
European XFEL to its ‘open science’ user programme. 
Beamtime is allocated, free of charge, to scientists world-
wide through a peer- review proposal selection process. 
Besides scientific excellence, the only condition for 
access is the publication of all results in peer- reviewed 
journals. This programme is expected to boost the 
availability and accessibility of hard XFEL radiation 
experiments for the international user community.

A high- repetition source
High- repetition- rate hard XFELs are needed to study 
how matter behaves under extreme conditions of time, 
pressure, temperature or magnetic field. What all these 
conditions have in common is that they are transient, 
change over ultrashort timescales of femtoseconds to 
microseconds and require corresponding time- resolved 
probing methods. Often one- shot signals are weak, 
requiring measurements with high- repetition rates to 
retrieve a significant signal.

The stochastic nature of the FEL process, the extreme 
pulse energies and the ultrashort pulse durations make 
FEL experiments very different from synchrotron 
radiation experiments. Typically, experiments require 
pulse- resolved data acquisition and analysis methods 
that consider the fluctuation of various X- ray or 

Creating a diverse international  
user facility
Sakura Pascarelli ✉, Serguei Molodtsov and Thomas Tschentscher

The European XFEL is the first hard X- ray high- repetition- rate free- electron laser facility. Sakura 
Pascarelli, Serguei Molodtsov and Thomas Tschentscher, scientific directors of the European XFEL, 
discuss the challenges that lie ahead before the European XFEL can reach its full potential and 
cater for an international and diverse community of users.

European XFEL, Schenefeld, 
Germany.

✉e- mail: sakura.pascarelli@
xfel.eu

https://doi.org/10.1038/ 
s42254-020-0201-9

https://www.xfel.eu/organization/partner_countries/index_eng.html
https://www.xfel.eu/organization/partner_countries/index_eng.html
mailto:sakura.pascarelli@xfel.eu
mailto:sakura.pascarelli@xfel.eu
https://doi.org/10.1038/s42254-020-0201-9
https://doi.org/10.1038/s42254-020-0201-9
http://crossmark.crossref.org/dialog/?doi=10.1038/s42254-020-0201-9&domain=pdf


www.nature.com/natrevphys

sample- dependent parameters. This challenge was first 
mastered for the low- repetition- rate facilities with event 
rates not exceeding 120 Hz. For the European XFEL, new 
technologies were developed to cope with event rates of 
up to 4.5 MHz. These included completely new X- ray 
detector concepts and new data acquisition and analysis 
strategies.

The first results
The first applications to exploit the MHz X- ray pulse 
delivery at the European XFEL successfully demon-
strated the potential of such experiments. In struc-
tural biology studies, the high pulse rate allowed a 
more efficient use of the often precious samples. The 
first serial femtosecond crystallography applications 
at MHz repe tition rate, meant as proof- of- principle, 
successfully provided high- quality structures of sys-
tems ranging from lysozyme2,3, a well- known model 
system in crystallography, and uncharacterized com-
plex systems such as jack bean proteins3 to unknown 
complexes involved in anti biotic resistance2 and large 
membrane protein complexes4. The MHz repetition 
rate enabled new applications, such as high- resolution 
imaging of stochastic processes by X- ray phase contrast 
microscopy. For example, laser- induced dynamic pro-
cesses in water- filled glass capillaries, such as high- speed 
jets, cavitation formation and annihilation, and glass 
explosions, were imaged with micrometre spatial reso-
lution, with superior contrast and spatial resolution over 
synchrotron studies5.

Combining the MHz repetition rate with hard X- rays 
allowed the first investigation of the melting curves and 
recrystallization of metals such as Ta, Mo, Au and Fe, 
compressed to high pressures within diamond anvil cells. 
Soft X- rays are also generated at the European XFEL and 
are characterized by an unprecedented peak intensity. 
When these hit a molecule, they almost instantaneously 
remove many electrons. The Coulomb repulsion of the 
generated atomic ions triggers complete fragmentation 
of the molecule. By measuring the emission directions 
and velocities of all fragments, the molecular geometry 
can be inferred. Coupled to the MHz repetition rate, 
femtosecond soft X- ray pulses have been exploited 
to produce so- called ‘Coulomb explosion images’ of 

unequalled quality, providing detailed information on 
the charging and break- up of molecules.

The challenges
FEL experiments are, in general, much more demand-
ing than synchrotron radiation experiments. Their 
complexity follows from many different elements. For 
example, in many studies, the high pulse energy destroys 
the sample, which hence requires constant replacement. 
The signal level can be so high that after a few minutes, 
or even only a few pulses, sufficient data are obtained 
and the experimental configuration can be changed. The 
involvement of a second femtosecond light source to 
pump the system under study leads to increased set- up 
and diagnostic needs. Last, but not least, the measure-
ment techniques and observations enter unchartered 
territory. In addition, high- repetition- rate FELs produce 
enormous amounts of data, which need to be acquired, 
visualized to obtain an understanding of the ongoing  
experiment and analysed by being reduced to the wanted 
parameter variation and condensed to the physical 
information included (Fig. 1).

Catering for an interdisciplinary community of sci-
entists, from structural biologists to plasma physicists, 
means fulfilling the requirements of diverse experi-
mental set-ups. Scientific staff on the instruments 
must have the expertise to handle complex sample 
delivery, such as ultrafast liquid jet delivery systems, 
or sample excitation sources (‘pumps’), such as pulsed 
high magnetic fields and various optical laser systems, 
including ultrahigh- intensity femtosecond lasers for 
plasma gene ration and high- energy nanosecond lasers 
for shock compression.

Over the past decade, this complexity has led to 
FEL experiments being performed by relatively large 
user groups that bring together the different expertise 
required to master all aspects of an experiment. New 
groups have difficulty in accessing beamtime, and  
one of the big challenges ahead is to lower the access 
barriers to inexperienced users. Through the creation 
of centralized support groups, the facility provides 
additional scienti fic and engineering assistance in the 
different areas to ensure both operation and further 
development of advanced and unique experimental 
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Fig. 1 | The Mhz challenge. Scheme showing the repetition rates and data rates that occur from electron- bunch 
generation through to the analysis of scientific data and the publication of results. The numbers are estimated for the 
European XFEL in the various facility sections, assuming simultaneous operation of three pulsed 4.5 MHz free-electron 
lasers and experiment stations1.
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equipment. Support groups also develop and provide 
custom-designed highly sophisticated instrument con-
trols, electronics and mechanics, to reach the required 
experimental specifications. For example, the sample, 
the excitation pump and the X- ray probe need to overlap 
both in space — often within a fraction of a micrometre 
— and in time — within a few femtoseconds.

The solutions
The goal at the European XFEL is to enable the use of 
the facility for scientific studies proposed by individual 
research groups without the need to form big teams to 
deal with the challenges mentioned above. To achieve 
this goal, various developments are necessary: establish-
ing standard methods and experimental techniques, pro-
viding data pipelines from detection to reduced data sets, 
data analysis methods as a service to users and increased 
staff support before, during and after the experiment.

The international character of the European XFEL 
is unique among FEL facilities and implies cooperation 
between groups and individuals from different 
countries, with often very disparate levels of involvement 
in FEL- related research. Expanding the rather small 
number of experienced user groups towards the larger 
scientific community unfamiliar with FEL methods is 
one of the priorities of the management of the European 
XFEL.

In an early strategic step towards this goal, the 
European XFEL invited contributions by user consortia, 
formed by universities and research institutes from 
different shareholder countries sharing a common 
scientific goal. User consortia contribute significantly 
to the European XFEL instrumentation. Most contri-
butions include the provision of hardware, personnel 
and the general technical infrastructure. Some pro-
posals include the provision of funding for personnel 
and consumables during the operation phase of the 
facility. With the start of user operation, a successful 

strategy has been to encourage the submission of ‘com-
munity’ proposals led by renowned users with a broad 
parti cipation of interested scientists. Such collaborations 
help inexperi enced users to develop their own strategy 
for future individual and independent applications. In 
addition, thematic workshops that bring together scien-
tists inexperienced in FEL experiments and expert FEL 
users are expected to fertilize new collaborations.

It will take several years to reach the full potential 
of the European XFEL. At present, the facility is grad-
ually mastering the new technologies, instrumentation 
and data handling aspects that follow from the high 
repetition rate. Realizing that, from both a techno logical 
and a managerial viewpoint, the transition from con-
struction to full operation is taking much longer than 
anticipated. We are currently starting to look into a 
next phase that would see the establishment of better 
adapted instrumentation and data analysis platforms, 
as well as new ways to broaden the international user 
community and to develop methods for introducing new 
user groups.
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