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The year 2022 
at DESY
Chairman’s foreword

Helmut Dosch
Chairman of the DESY Board of Directors

The Hamburg Senate had invited DESY to present 

the PETRA IV project at the city’s town hall. Nobel Laureate 

Stefan Hell (left), Science Senator Katharina Fegebank and 

DESY Director Helmut Dosch (right). 

A look into the future: 

The DESY campus in Zeuthen 

with the SDMC building. 

(Visualisation: Heinle, Wischer 

und Partner | Freie Architekten)

The geopolitical conflict calls into question much of what 
we have hitherto taken for granted and poses enormous 
challenges to us. Our main concerns remain the suffering 
people in Ukraine and the families who have fled from the 
war which is now also affecting research at DESY. Our 
problems at the moment are the general uncontrolled price 
development on the energy market and in the construction 
sector and the enormous inflation trend as well as the 
shaky supply chains worldwide. All of this poses unprece-
dented challenges for the research centre that we have 
not previously known on this scale in Europe and beyond. 

The DESY management has been working in crisis mode 
since the outbreak of the Covid pandemic in March 2020. 
In our current deliberations we assume that we will have 

another three very difficult years ahead of us and will 
therefore have to implement massive cost-cutting meas-
ures. This includes cuts in the operation of our major 
research infrastructures, if we do not get financial relief, 
and painful personnel decisions. Here, the DESY Directorate 
sees a particularly highly sensitive area in the next generation 
of scientists and engineers whom we must not abandon under 
any circumstances. However, we are not giving up hope 
that the German government will also focus more strongly 
on rescuing the nation´s future innovation potential. The 
current signals from politicians to set up a rescue package 
also for science give us cause for cautious optimism.

In a high-tech nation like Germany, research and innovation 
are the decisive – if not the only – levers to lead us out of 
the crisis and secure our long-term sovereignty in key 
technologies. Against the background of the most acute 
problems in energy supply, we must not forget that the 
main threat to our survival on this planet is man-made 
climate change which we have to counter with new energy 
concepts. Nor must we lose sight of the constant threat of 
viral or bacterial pandemics. At DESY, we are all working at 
full steam to play our part in finding solutions to these 
complex challenges. This is also reflected in our strategy 
loop, on which we are currently working intensively – in 
addition to daily crisis management.

We have now identified three pillars for the future 
development of the research centre:

• the cross-divisional DESY Transformation Project (DTP) 
which is to prepare the future strategy of our "solution 
ecosystem" and which requires profound conceptual 
changes in how we organise research and innovation in 
the future,

• the National Analytics Center (NAC) with PETRA IV, 
FLASH2020+ and the Plasma Accelerator as well as an 
integrated data management structure as the core 
research infrastructures of the research centre and

• the increased focus in particle physics on medium-sized 
"dark matter" projects on the DESY campus and the 
exploration of the new opportunities that the Science 
Data Management Centre (SDMC) of the Cherenkov 
Telescope Array Observatory (CTAO) and the German 
Center for Astrophysics (DZA) offer in the field of 
astroparticle physics.

Sustainable concepts play a very central role in all planning. 
The Directorate has a clear vision for DESY's path towards 
energy-saving and climate-friendly operation. This year, 
we published our first sustainability report which will 
appear at regular intervals in the future.

In September, we presented the PETRA IV project, the 
upgrade of PETRA III to a 3D X-ray microscope, to a 
broader public with representatives from science, politics 
and industry at a major event. I was very pleased that the 
project was also supported by Professor Stefan Hell (MPI 
Göttingen and Heidelberg), Nobel Laureate and one of the 
world's most renowned representative of new microscopy 
concepts. In the evening of that event he gave an impressive 
talk in the great hall of Hamburg's City Hall, demonstrating 
the innovative power that new types of high-performance 
microscopes can unleash. 

Under the leadership of Harald Reichert and Riccardo 
Bartolini, the preparation of the PETRA IV project continues 
to make great progress. The technical design is essentially 
complete, and the team is currently working on the applica-
tion for the national roadmap for research infrastructures. 
PETRA IV will be a key building block in the transformation 
process of DESY we have been designing over the past 
few months. This involves not only the technical design of 
the facility which will be an interdisciplinary ‘discovery and 
solution engine‘ that includes AI-assisted operations, an 
adopted new access model and the comprehensive 

involvement of the broad user community. Although this 
will increase construction and operational costs of the 
facility, the expected socio-economic impact will outweigh 
this investment many times over. In view of the competing 
Chinese High Energy Photon Sources (HEPS) project in 
Beijing for instance, which is already at an advanced stage, 
we must not lose any valuable time now in implementing it. 

We have noted with great pleasure the positive decision 
from the Federal Ministery of Education and Research 
(BMBF) to realise the German Center for Astrophysics 
(DZA) which was prominently promoted by European 
Space Agency (ESA) and DESY. On the DESY side, Christian 
Stegmann and Arik Willner were instrumental in the appli-
cation. This development is a new piece of the puzzle in 
our 2022/23 strategy loop which fits perfectly into DESY's 
aspiration to build an international lighthouse in astroparticle 
physics at its Zeuthen site.

It is gratifying to see that ALPS II is developing very well. 
We are currently working on implementing the campus 
projects BabyIAXO and LUXE also for Axion research. 
Under the given circumstances, this is a major challenge 
that we hope to master.

We live in difficult times and so does our research centre. 
Therefore, my special thanks go to the DESY staff and all 
our national and international users and partners for their 
reliable support at all times. I hope you can see from read-
ing this annual report that, despite the current challenges 
that occupy us on a daily basis, we keep DESY on course 
for a bright future development!
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Photon Science 
at DESY
Introduction

In the foreground, the DESY site in Hamburg (September 2021).

less, DESY might be asked to temporarily reduce its elec-
tricity consumption by pausing the operation of its accel-
erators for the unlikely event that the power grid might 
become unstable. 
The energy price is not the only problem in this crisis. For 
example, the helium needed for the operation of our 
superconducting linear accelerator and for many low-
temperature experiments has not only become extremely 
expensive but there are hardly any suppliers, who can 
deliver the required amounts. The same holds for neon. 
Furthermore, the price of liquid nitrogen, which is used to 
cool the X-ray monochromators at PETRA III and samples 
at the experiments, has also increased significantly, as has 
the price of many other consumables that we need to run 
our experiments. These cost increases and the anticipated 
increase of personnel costs will expose DESY and many 
other research institutions to severe financial pressure for 
the next years.

Dear Colleagues and Friends of DESY Photon Science,

During the last three years we learned how to carry out 
experiments under the conditions of a pandemic in a safe 
and effective manner. I am very grateful to all DESY staff 
and the entire user community for their efforts to keep our 
science programs running and to adapt to our safety 
concepts. However, with the aggression of Russia against 
Ukraine, the geopolitical and economic situation has 
changed so dramatically that this might affect DESY’s 
activities much more than the pandemic. Energy costs 
went up by large factors, such as it will not be possible to 
operate our facilities for the complete scheduled times for 
the next years without additional support by our funding 
bodies. In the meantime, the Federal Ministry of Education 
and Research (BMBF) has announced special crisis funds to 
cushion the rise in energy prices and there is some hope 
that this threat can be brought under control. Neverthe-

Despite these challenging circumstances, user operation at 
the synchrotron radiation source PETRA III was running 
quite smoothly with an availability of more than 98%. After 
officially finishing the PETRA III extension project in 2021, 
the design and construction of the remaining free undulator 
beamlines is still ongoing. Also, during this year for the first 
time we carried out pilot studies for new access modes. 
Users had the opportunity to submit proposals for which 
the immediate socio-economic impact in addition to scien-
tific excellence was evaluated for allocating beamtime. In 
addition, a call for targeted challenge-driven proposals for 
molecular water science in the frame of the Center for 
Molecular Water Science (CMWS) was issued allowing users 
to apply for cooperative research projects using several 
different beamlines for a period of two years.  

After extensive discussion of the science case and the 
beamline portfolio with the user community and DESY 
advisory bodies, the preparation of the proposal for the 
PETRA IV project, the upgrade of PETRA III, was continu-
ously pushed forward in 2022. Harald Reichert, the former 
ESRF director for physical sciences, has taken over the 
project lead. Riccardo Bartolini is acting as deputy project 
head and is leading the accelerator part of the project. In 
September, the very successful kickoff meeting for the 
PETRA IV project took place. 

The present timeline foresees to finalise the project 
proposal in the first quarter of 2023 and to present a full 
‘Technical Design Report’ (TDR) by the end of 2023. The 
main goal of PETRA IV will be to deliver beams with 
unprecedented brightness in the hard X-ray regime. In 
addition, in a so called ‘transformation project’, DESY will 
also introduce new modes for the user access. The aim of 
this transformation is to provide more services to non-
expert synchrotron radiation users starting from the 
planning of the experiment all the way through to the final 
data evaluation. This should come with a ‘rolling access’ 
scheme for faster access for both academic and industrial 
users during the whole year, which will be explored already 
at PETRA III in a pilot-phase. 

Most of the year 2022, the free-electron laser FLASH was 
in shutdown for the first phase of the upgrade project 
FLASH2020+. In this time, two of the superconducting 
modules of the linear accelerator were replaced by ones 
with higher gradients. This should bring FLASH up to an 

electron energy of 1.35 GeV, enabling the produced light 
beams to cover the nitrogen K-edge with the first 
harmonic and all L-edges of the transition metals with the 
third harmonic. Despite the pandemic and supply chain 
issues, the shutdown work could be completed in time and 
user operation could start in November as planned. The 
second upgrade phase of the project is scheduled for mid 
2024 to mid 2025. It will comprise the installation of 
tunable helical undulators and external seeding in FLASH1. 
Since the beginning of October, Markus Gühr, former 
Professor at the University Potsdam, has taken over the 
scientific leadership of the FLASH facility.

In April, the new building for the Center for X-ray and 
Nano-Science (CXNS) was inaugurated in presence of three 
German research ministers as well as other distinguished 
guests. This new office and laboratory building also houses 
the DESY outstation of Hereon, the Ruprecht-Haensel-
Laboratory of the Christian-Albrechts-Universität zu Kiel 
(CAU Kiel), and colleagues from the Hamburg University of 
Technology (TU Hamburg) and the Leibniz-Institut für 
Kristallzüchtung (IKZ) in Berlin.

Scientists from DESY are contributing to three major user 
consortia at European XFEL. The SFX station has already 
been very productive for several years. Meanwhile, also 
the hRIXS and HiBEF experimental stations have started 
regular operation and are producing first exciting results.   

Unfortunately, 2022 turned out to be even more difficult 
than the years before due to a significant change in the 
geopolitical and economic situation. Therefore, I would like 
to sincerely thank all who have contributed to excellent 
science in many ways for their commitment. Certainly, we 
still have 2-3 difficult years ahead of us, but I hope that we 
will manage them together in such a way that our science 
programs and the development of our young scientists and 
engineers are not seriously compromised.

Edgar Weckert
Director DESY Photon Science 
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News and 
Events
A busy year 2022

January

26 January:
DESY Photon Science Users' Meeting 2022 
– Online for the second time

From 21 to 28 January 2022, the DESY 
Photon Science Users' Meeting took 
place parallel with the users' meeting 
of the European XFEL. In total, more 
than 2000 researchers from all over 
the world registered to join the online 
event to discuss latest research 
results and to learn about new devel-
opments at DESY Photon Science and 
its facilities. At the meeting, the direc-
tors of the two centres presented a 
‘Joint Declaration of DESY and Euro-
pean XFEL’, with which the two 
research centres want to put them-
selves even more at the service of 
solving acute societal problems, 
such as climate change or the Corona 
pandemic.

More than 90 researchers from uni-
versities and research institutions 
throughout many countries worldwide 
attended the 762th WE-Heraeus semi-
nar on ‘Diffraction Limited Synchro-
tron Light Sources and Next Genera-
tion Free Electron Lasers‘. It took 
place at the Physikzentrum in Bad 
Honnef in Germany from 7 to 11 March 
2022. This WE-Heraeus seminar – in a 

March

14 March:
Journal designated Christoph Heyl an 
‘Emerging Leader’

Christoph Heyl, junior research group 
leader at DESY and the Helmholtz-
Institute Jena, has been identified by 
the Editorial Board of JPhys Photonics 
as one of the most exciting research-
ers in his generation in the field of 
photonics. Every year the different 
members of the Journal of Physics 
group invite works from the best 
early-career researchers to be pub-
lished in an ‘Emerging leader’ special 
issue. Christoph Heyl‘s invited contri-
bution, titled ‘High-energy bow tie 
multi-pass cells for nonlinear spectral 
broadening applications', describes 
how to overcome pulse energy limita-
tion of novel laser concepts based on 
multi-pass cells (MPCs) by introducing 
a novel MPC geometry. Christoph Heyl 
and his team are using MPCs for spec-
tral broadening and temporal com-
pression of ultrashort laser pulses.

February

16 February:
Junior professorship for Andrea Trabattoni

There are very few people in the 
world who take a stab at watching 
and manipulating nuclear transitions 
by exploiting the surrounding elec-
trons and tailored lasers. DESY’s 
Helmholtz Young Investigators Group 
leader Andrea Trabattoni is one of 
them. He accepted a call as junior 
professor in Ultrafast Photoelectron 
Science at Leibniz University Hannover 
where he will join forces with their 
Ultrafast Laser Lab at the Institute of 
Quantum Optics. The research field 
Trabattoni and his colleagues are 
working on is extremely ambitious – 
but very promising. The ultimate goal 
is to use lasers to control and manipu-
late electrons in processes connected 
with atomic nuclei.

28 March:
SRI conference kicks off virtually with more 
than 1160 participants

The SRI 2021 was back in Hamburg 
after 40 years, albeit virtually. 
Scientists from all over the world 
have been meeting every three years 
since 1982 for the SRI – the Interna-
tional Conference on Synchrotron 
Radiation Instrumentation. At one of 
the largest exchange forums in this 
field of research, participants discuss 
the latest developments in technolo-
gies, instrumentation, and research. 
SRI 2021 had originally been sched-
uled to take place in summer 2021 in 
Hamburg. However, due to the pan-
demic, it was postponed until spring 
2022. With the pandemic still not over, 
the organisers and the international 
conference committee took the 
difficult decision not to postpone the 
conference again, but to hold it online 
instead.

hybrid format – addressed the scien-
tific opportunities opened by modern 
accelerator-based light sources as well 
as the technical issues, both on the 
side of the accelerators and the experi-
ments, in order to develop this field 
even further. The scientific organisers 
were Robert Feidenhans‘l (European 
XFEL), Wim Leemans and Edgar Weck-
ert (DESY). 

18 March:
WE-Heraeus seminar on Novel Light Sources
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June

13 June:
Royal honour for DESY scientist Henry 
Chapman

Henry Chapman, DESY lead scientist at 
CFEL, has received the 2021 Gregori 
Aminoff Prize for Crystallography 
from the hands of Sweden's King 
Carl XVI Gustaf. Aminoff Prize winners 
from three years were honoured at 
the ceremony in Stockholm's City Hall, 
where the annual Nobel Prize banquet 
is also held. Because of the Corona 
pandemic, the presentation had to be 
postponed each time. Henry Chapman, 
who is also a professor at the Univer-
sity of Hamburg and a member of the 
Hamburg Cluster of Excellence ‘CUI: 
Advanced Imaging of Matter’, was 
awarded by the Royal Swedish Acad-
emy of Sciences together with Janos 
Hajdu from the University of Uppsala 
and John Spence from Arizona State 
University ‘for pioneering contribu-
tions to the development of structural 
biology at free-electron X-ray lasers‘.

14 June:
Inauguration of the Helmholtz Experimental 
Station at the X-ray source SESAME in Jordan

A new experimental station has been 
opened at the SESAME X-ray source in 
Jordan: the Helmholtz-SESAME Beam-
line (HESEB) had been designed by five 
research centres of the Helmholtz Asso-
ciation under the leadership of DESY 
and considerably extends the experi-
mental possibilities of the facility. It will 
make so-called soft X-ray light available 
for research at SESAME, which has less 
energy than hard X-rays. The project 
involves Forschungszentrum Jülich, 
Helmholtz-Zentrum Berlin, Helmholtz-
Zentrum Dresden-Rossendorf, Karls-
ruhe Institute of Technology and DESY.

24 June:
Academy of Sciences and Humanities in 
Göttingen appoints Melanie Schnell as 
member

Melanie Schnell, Lead Scientist at 
DESY and Professor of Physical 
Chemistry at Kiel University, has been 
appointed a full member of the 
‘Mathematical and Natural Sciences 
Class of the Göttingen Academy of 
Sciences and Humanities’. She shares 
this honour with three other scientists 
from very different disciplines. Every 
one of them is regarded as a world-
wide expert in their field. The 
ceremony to welcome the new 
members took place on 24 June 2022 
in Göttingen. Melanie Schnell is 
working to understand chemical 
processes at the molecular level with 
the objective to eventually control 
and manipulate these processes.

August

12 August:
Students from around the world try their 
hands at real research

After a cancellation in 2020 and one 
year of a very restricted hybrid 
summer student programme, a total 
of 84 students from around the world 
took part in this year’s ‘DESY summer 
student course’ – either in person or 

remotely. The students spent 7.5 
weeks working on real research 
projects with DESY supervisors from 
different research areas, including 
particle and astroparticle physics, 
photon science and accelerator physics. 

12 April:
Three research ministers open Centre for 
X-ray and Nano Science at DESY

A symbol of cutting-edge research: 
no fewer than three research minis-
ters opened the Centre for X-ray 
and Nano Science (CXNS) at DESY 
on 12 April 2022. Federal Research 
Minister Bettina Stark-Watzinger, 
Hamburg’s Science Senator Katharina 
Fegebank and Schleswig-Holstein’s 
Minister of Education Karin Prien 
handed over the keys to the new 
multistate research building to its 
new occupants: Kiel University (CAU), 
the Helmholtz Centre Hereon and 
DESY. The CXNS is a multi-institu-
tional, interdisciplinary platform for 
research using X-rays in combination 
with nano and material sciences 
and is one of a kind. 29 August:

DESY scientist Sebastian Trippel has been 
awarded the Zdenek Herman MOLEC Young 
Scientist Prize

Sebastian Trippel has been awarded 
the 'Zdenek Herman MOLEC Young 
Scientist Prize' at the 'European Confer-
ence on the Dynamics of Molecular 
Systems' (MOLEC 2022) for his work 
on ’Electric-field control of molecular 
clusters and the imaging of their chemi-
cal dynamics’. Established in 2016, the 
prestigious prize is named after the 
pioneering scientist Zdeněk Herman 
(1934-2021) and is awarded to the top 
young scientists in the field of molecu-
lar dynamics. At the same event, the 
'MOLEC Senior Prize' was awarded to 
Professor Javier Aoiz from Universidad 
Complutense de Madrid in Spain for his 
seminal contributions to the theoretical 
description of elementary chemical 
reactions.

April

6 April:
SAXFELS project receives funding from 
the Röntgen-Ångström Cluster

Charlotte Uetrecht is an expert in 
viruses, and on how they assemble 
and replicate. The new group leader 
at the Centre for Structural Systems 
Biology (CSSB) together with collabo-
rators Erik Marklund from Uppsala 
University and Carl Caleman from 
Uppsala University and DESY (CFEL) 
will receive funding from the Röntgen-
Ångström Cluster (RÅC), a Swedish-
German research collaboration, for 
their Small Angle X-ray Free Electron 
Laser Scattering (SAXFELS) project. 
This four-year project, with a com-
bined funding of 1.75 million Euro, will 
develop a new method for examining 
macromolecular structures by inte-
grating and developing powerful tech-
niques for gas-phase sample manipu-
lation with X-ray diffraction imaging.

14 April:
Nature's handedness in the focus of 
free-electron lasers

A research collaboration led by 
Markus Ilchen and Sadia Bari (both 
DESY) and Swedish researchers Vitali 
Zhaunerchyk (Gothenburg University) 
and Mats Larsson (Stockholm Univer-
sity) has received approximately 
1.5 million Euro for four years from 
the Röntgen-Ångström Cluster (RÅC), 
a Swedish-German science collabora-
tion. The team will use the funding to 
use free-electron lasers to get closer 
to the mystery of nature's handed-
ness and its dynamics on timescales 
of electron movements.
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15 November:
Hamburg scientists win the Norddeutschen 
Wissenschaftspreis 2022

The ‘Norddeutscher Wissenschaftspreis‘ 
2022 was awarded on 15 November 
2022 in Hamburg. The first prize, 
worth 150,000 Euro, goes to the 
'CIMMS’ joint project. The project net-
works national research in the field 
of materials science in a research 
approach that is unique in Germany: 
scientists from the Technical Uni-
versity of Hamburg, the Universität 
Hamburg, DESY and the Helmholtz 
Center Hereon conduct research 
together. The joint project ’Homeo-
Hirn’ from the Technical University 
of Braunschweig received the second 
prize of 100,000 Euro. The award is 
presented every two years by the 
North German Science Ministers' 
Conference (NWMK).

16 November:
Saša Bajt has been awarded the DESY 
Innovation Award 2022

DESY researcher Saša Bajt has been 
awarded the DESY Innovation Award 
2022 for her outstanding contribu-
tions to extreme ultraviolet and X-ray 
optics. Already in December 2021, she 
was awarded one of the highest 
national prizes of the Republic of 
Slovenia for her scientific achieve-
ments and her intensive collaboration 
with researchers and students from 
Slovenia: the title ‘Ambassador of 
Science of the Republic of Slovenia’.

November

2 November:
Theory meets FELs workshop

X-ray free-electron lasers (XFELs) 
offer state-of-the-art capabilities for 
experimental research with X-rays. 
Modern theory and simulations play 
an essential role here as they are not 
only applied to explain the experimen-
tal observations but they are also 
instrumental to generate new ideas 
for designing new experiments. The 
aim of the Workshop ‘Theory meets 
XFELs‘ held at DESY and European 
XFEL was to foster collaborations 
between theorists and experimental-
ists interested in research with XFELs.

16 November:
Alke Meents has been awarded the Bjørn H. 
Wiik Prize 2022

During the early stages of the pan-
demic, the DESY physicist Alke Meents 
had already launched a promising and 
internationally acclaimed research 
project at DESY’s X-ray source 
PETRA III in search of a drug against 
Covid. This year, Alke Meents is being 
awarded the Bjørn H. Wiik Prize for his 
achievement that goes far beyond 
this project alone.

October

1 October:
Markus Gühr became Leading Scientist 
of FLASH

On 1 October 2022, Markus Gühr 
started as lead scientist of the 
free-electron laser FLASH. Jointly 
appointed professor with the Faculty 
of Chemistry at the Universät 
Hamburg, the X-ray laser expert will 
then be in charge as a lead scientist 
at DESY and responsible for the 
fortunes of the world´s first SASE 
X-ray laser, which has been operating 
as a user facility since 2005 and is 
currently being made future-proof 
with the FLASH2020+ expansion 
project.

December

5 December:
Laser Prize for Franz Kärtner

DESY researcher Franz Kärtner has 
been awarded the Laser Instrumen-
tation Award by the Institute of Elec-
trical and Electronics Engineers (IEEE). 
The group leader at the Center for 
Free-Electron Laser Science (CFEL) at 
DESY is being recognised for his tech-
niques for synchronising large 
research facilities with femtosecond 
precision, the IEEE Photonics Society 
explained.

10 October:
Official handover finally possible: Francesca 
Calegari received the ICO prize 2017

Francesca Calegari, lead scientist at 
DESY and Professor at the Universität 
Hamburg, received the prestigious ICO 
Prize 2017 of the International Com-
mission for Optics (ICO). Due to the 
pandemic, the official handover had to 
be postponed and could finally take 
place during the ICO-25-OWLS-16 
Congress (5-9 September 2022) in 
Dresden, Germany. She was awarded 
the prize ‘for her innovative and pio-
neering research on the generation of 
isolated XUV attosecond pulses at the 
nJ-energy level and their application 
to the study of the electron dynamics 
in complex molecules‘.

19 September:
Science@FELS 2022 held at European XFEL

The 2022 Science@FELs conference 
was held at DESY and European XFEL 
in Hamburg in September 2022 and 
was attended by more than 100 par-
ticipants from 12 countries. It is held 
every two years by FELs of Europe, a 
collaboration of all free-electron laser 
facilities in Europe, and has evolved 
into one of the most important inter-
national meetings in FEL science. This 
year also marks the 10th anniversary 
of the FELs of Europe collaboration.

September

15 September:
PETRA IV – Setting out into a new era of 
research and innovation

The world’s best X-ray microscope is 
to be built in Hamburg. The upgrade 
of PETRA III to PETRA IV will provide 
3D images of the nanocosm and offer 
insights into materials and biological 
structures with unprecedented preci-
sion – from the structure of patho-
gens, through catalysts, to innovative 
microchips and quantum materials. 
The Hamburg Senate had invited 
DESY to present the project at the 
city’s town hall. Representatives from 
science, politics and industry attended 
this major event.
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Phase transitions are present in many aspects of condensed matter physics: from water freezing to the 
formation of Cooper pairs in a super-conductor. Their macroscopic phenomenology is linked to microscopic 
properties like atomic forces and electronic structure. Magnetism is intrinsically bound to the concept of 
phase transitions: an established ferromagnetic order can be destroyed simply by increasing the system 
temperature. In peculiar cases, temperature promotes the change of magnetic order. Metallic FeRh under-
goes a metamagnetic first-order phase transition from antiferromagnetic to ferromagnetic order at 360 K, 
with coupled structural, magnetic and electronic order parameters. We show that the phase transition 
triggered by ultrafast laser pulses is complete within 300 fs from the electronic structure perspective.

The originality of our approach consists in tracing the anti-
ferromagnetic (AFM) or the ferromagnetic (FM) orders by 
directly exploiting specific features of the electronic struc-
ture. Those manifest in terms of spin unbalance and the 
appearance of majority and minority spin bands in the elec-
tronic structure [1]. This is independent of spin alignment 
along a particular direction, and thus allows inspecting FM 
order via valence band photoemission [2]. The fingerprint 
of the FM phase in FeRh consists of a narrow peak in the 
electronic density of states, located about 150 meV below 
the Fermi energy EF (Fig. 1). We used the state-of-art 
momentum microscope (HEXTOF end station) to perform 
pump-probe experiments at the monochromatised PG2 
beamline of the FLASH free-electron laser (FEL) using near-
infrared (800 nm, 1.55 eV) pulses of 90 fs coupled with 130 
fs soft X-ray pulses with a photon energy of ħω = 123.5 eV.

shifting toward its final position at 150 meV below EF. The 
intensity at the position of the Fe-minority peak starts to 
grow as early as the laser excitation (filled blue circles), due 
to both the modification of the electronic structure and the 
Fermi level smearing. More specifically, this modest inten-
sity growth starting at t = 0 is linked to the presence of 
an instantaneous increase in the density of states peaking 
right above the Fermi level and can be considered as a 
precursor of the FM phase. However, it is only about 300 fs 
after the excitation that the electronic density corresponding 
to the minority band peak displays a sharp increase, 
associated with a persistent band structure modification. 
So far this established the fastest timescale related to the 
meta-magnetic phase transition in FeRh.

Time-dependent density functional theory calculations of 
the electronic structure of FeRh [3] are used to interpret 
the laser-induced dynamics near the zero-time delay. In 
particular, they suggest that a significant charge and spin 
transfer from the Fe atoms toward the Rh ones, together 
with intra-atomic electron redistributions, are the ultimate 
origin of the phase transition. The overall very good agree-
ment between theory and experiment indicates that the 
changes in the band structure are as important as changes 
in the electron population for describing ultrafast dynamics 
of phase transitions.

Our findings supported by theoretical calculations demon-
strate that the microscopic manifestation of this magnetic 
first order phase transition resides in particular features of 
the electronic structure. During the ultrafast laser pumping, 
hot electron excitation triggers a significant charge and 
spin redistribution, resulting in the establishment of the FM 
phase. Our proposed explanation of this process can 

We measured electron energy distribution curves (EDC) as a 
function of the delay between the optical pump and X-ray 
probe pulses (Fig. 2a). One can clearly identify the temporal 
overlap between the optical and X-ray pulses (about 100 fs 
around t0) where the electrons are excited into unoccupied 
states. The relaxation of electrons toward the Fermi energy 
and the subsequent changes in the electron density near 
the Fermi level at different time delays are better identified 
from the differential matrix, presented in Fig. 2b. We 
selected three energy ranges marked by the red, blue and 
black bars placed on the right-hand side of Fig. 2b. The first 
(red) identifies the total number of electrons injected into 
the unoccupied states upon photoexcitation. The second 
(blue) monitors the formation of the Fe-minority peak across 
the phase transition, and the third (black) follows the modifi-
cation of deeper bands. The time evolution of the integrated 
signals in each range is shown in Fig. 2c. The injection of 
electrons into the unoccupied states takes place near zero 
delay and then rapidly decays (red empty circles), the process 
being finished by about 500 fs. The data represented by 
black diamonds in Fig. 4c nearly mirror the population of the 
unoccupied levels up to 300 fs, with a fast depletion and 
recovery. The curve stabilises thereafter at a finite value, 
implying permanent modifications of the deeper bands after 
300 fs, already, during which the Fe minority peak is still 

Hot electrons driving change 
in magnetic order 
The sub-picosecond metamagnetic phase transition in FeRh

potentially be used to interpret similar phase transitions 
involving a magnetic order change in metallic systems. 

Figure 1

Measured X-ray photoelectron spectra of FeRh in the AFM (black dots) and FM (red dots) 

phase. The solid curve at the bottom of the graph is the difference between the two 

spectra which allows to appreciate the relative electron density change across the 

transition. The data correspond to quasi-static thermal cycling experiments prior to the 

time-resolved measurements. Inset: Calculated spin-resolved electronic density of states 

in the AFM and FM phases. The filled areas represent the electronic occupation at thermal 

equilibrium, with the green area highlighting the position of the Fe minority band.

Original publication
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Figure 2

a) Energy- and delay-dependent matrix of the measured spectra. The appearance of electronic density above the Fermi level 

indicates the laser excitation of hot electrons. b) Energy- and delay-dependent differential matrix. We subtracted the average of 

unpumped spectra (between −1 ps and −0.5 ps) from each measured spectrum. The laser-induced increase in the electronic 

density close to the Fermi level is observed at positive time delays. The red, blue and black bars on the right-hand side mark the 

representative integration regions for tracking the electronic dynamics. c) Temporal evolution of the electronic density in the

three characteristic energy regions marked in b). The electronic density slightly below EF (filled blue circles) shows a pronounced 

increase due to the change in the magnetic order at a time delay of 350 fs. After this delay the FM phase is established.



20 | News and Events News and Events | 2120 | Science Highlights | Nano and materials science Science Highlights | Nano and materials science | 21

Figure 1

Soft X-ray imaging absorption spectroscopy of VO2 microstructures. The sample 

consisting of (30 × 30) µm² VO2 structures on an Al2O3 substrate is shown on the 

left. The vertical rainbow-coloured line symbolises the incident X-ray line focus 

along which the photon energy varies. The horizontal rainbow fan symbolises 

X-ray (oxygen K-edge) fluorescence from the sample which is dispersed across 

the detector (shown on the right). The coupling of imaging and spectroscopy is 

also apparent on the exemplary detector image on the right: spatial information 

is encoded on the vertical axis, emitted X-ray energy (spectroscopic information) 

on the horizontal. (Figure adapted from original publication licensed under 

CC-BY 4.0.)

Figure 3

Metallic fraction extracted from edge (red) and centre (black) regions of 

(30 × 30) µm² VO2 structures at temperatures around the insulator-metal 

transition (see text). The difference (blue) indicates that the edge regions have 

on average proceeded further along the phase transition at a given temperature. 

(Figure adapted from original publication licensed under CC-BY 4.0.)

Figure 2

X-ray absorption spectra from VO2 micro square centre and edge regions allow 

tracking the progression of the insulator-metal transition with few-micrometre 

precision. The degree of red-shift of the π* edge and the intensity at the d||

shoulder are a direct measure for how far the phase transition has progressed. 

(Figure adapted from original publication licensed under CC-BY 4.0.)

Smart devices of tomorrow will be small and exploit quantum phenomena for novel functionalities. 
Promising candidates for these devices are compounds which undergo an insulator-metal transition (IMT). 
The change of properties accompanying this transition can, for example, be used to switch electric currents 
or to selectively transmit optical pulses for modern communication. But do the characteristics of the IMT 
remain the same as those of the bulk if a material is patterned on the micro- or nanoscale? Here, we present 
an investigation of the IMT of microstructured vanadium dioxide (VO2) to answer the question whether 
the transition occurs homogeneously throughout an entire thin-film micro square.

This study exploits a novel experimental setup for imaging 
soft X-ray absorption spectroscopy with a resolution down 
to 2 µm at the PETRA III beamline P04 [1]. Incoming X-rays 
are focused to an approximately 500 µm long line, illuminat-
ing several of the VO2 microsquares (see Fig. 1), each meas-
uring (30 × 30) µm². X-ray fluorescence from these squares 
is imaged and dispersed by an off-axis Fresnel zone plate 
onto a 2D CCD detector. The zone plate is designed so that 
it resolves the spatial structure of the sample along the 
illuminated line onto one dimension of the detector while 
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red rectangles, respectively). In total, the signal from five 
different VO2 microsquares was averaged. Using published 
data as a reference [4], the characteristic changes in the 
XAS spectra were related to a metallic fraction at a given 
temperature. Thus, an average metallic fraction for each 
temperature could be derived for the centre and edge 
regions, which is shown in Fig. 3 in black and red, respec-
tively. It is apparent that the metallic fraction in the edge 
regions is consistently above that in the centre regions of 
the VO2 microsquares, proving that the edge regions 
progress earlier through the phase transition in comparison 
to the centre regions.

Importantly, the edge regions of the squares, from which 
the XAS signal was integrated, measure 4.5 µm. We can 
thus exclude any effects which are limited to a few layers 
on the surface, like e.g. increased defect density on the 
surface. However, during the phase transition, strain builds 
up due to the lattice rearrangement. We propose that this 
strain is more easily released close to the edge regions of 
the microsquares and relaxes the lattice across micrometre 
dimensions. This might be responsible for promoting the 
phase transition near the edges at lower temperatures.

To conclude, we found that the IMT in VO2 proceeds earlier 
at the edges of thin-film microsquares. This demonstrates 
that properties of quantum materials may change upon 
downscaling and highlights the importance of experimental 
methods which can be conducted to study electronic 
properties on micrometre length scales.

dispersing the photons emitted from the sample along the 
orthogonal direction. From the total number of emitted 
photons per excitation energy, we obtain partial fluores-
cence yield absorption spectra.

The IMT in VO2 occurs at temperatures around 70 °C, which 
is conveniently close to room temperature for various 
applications. Upon heating across the transition tempera-
ture Tt, the electronic structure around the Fermi level 
changes which can be tracked with X-ray absorption 
spectroscopy (XAS): The shift of the π* bands to lower 
energies can be observed as a red-shift, and the d|| feature 
disappears [2]. Around the transition temperature Tt, both 
metal and insulating phases coexist in domains with lateral 
sizes of a few hundred nanometres [3].

The X-ray absorption spectra acquired from (30 × 30) µm² 
VO2 squares (see Fig. 2) provide a measure for the average 
fraction of metallic phase present at a given experimental 
temperature. Figure 2 shows the spectra extracted from 
centre and edge regions (highlighted in Fig. 1 with black and 

Size matters in functional materials
Transition from insulating to metallic phase occurs earlier near the microstructure edges
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Nanomaterials with well controllable shape are of particular interest in several fields of research, and the knowledge on their 
formation mechanism is essential for developing precise chemical synthesis routes. In many cases, however, understanding 
and manipulating the course of the underlying morphological changes remains a major challenge. The main difficulty is to 
observe the latter in situ in a bulk solution under relevant conditions, such as high temperature and pressure. Visual insights 
into the formation dynamics of nanomaterials are thus rare. Even though liquid-cell transmission electron microscopy (TEM) 
can provide spatial resolution down to the atomic scale, its applicability to solution-based processes is limited to thin layers 
of liquid. Here, we demonstrate the applicability of X-ray ptychography for in-solution imaging, overcoming the limitations of 
in situ TEM. Using the ‘Ptychographic Nanoanalytical Microscope’ (PtyNAMi) [1] at the PETRA III beamline P06, we observe the 
growth and hollowing of Cu2O nanocubes inside a chemical reactor with a thickness of 1 mm.

The Cu2O nanocubes [2] nucleate mostly heterogeneously 
on the walls of the reactor (Fig. 1a) which immobilises them 
for long-term imaging. Ptychography allows to reconstruct 
separate 2D images of particles growing on the entrance 
and exit windows of the reactor by applying the multi-slice 
model [3]. This way, we track the growth and hollowing of 
individual nanocubes at a spatial resolution of 66 nm and 
with a time resolution of 22 min (Fig. 1b). Interestingly, 
new nanocubes successively appear in the images in addi-
tion to those particles that have nucleated on the reactor 
windows and have thus been visible from the beginning 
of the reaction. The new particles must have nucleated 

homogeneously in solution and attached to the windows at 
some point during their growth process.

To investigate the influence of the nucleation behaviour on 
the shape of the final nanocubes, we make use of the 
quantitative information of the ptychographic images 
which contain the local phase shift induced by the sample. 
The phase shift gives access to physical parameters such 
as the area density or thickness of the material, if the com-
position of the sample is known. We calculate the thickness 
of the nanocubes by taking the average of the pixel values 
across individual particles. Since the sizes of the nanocubes 
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vary, we use the aspect ratio rather than the absolute 
thickness to describe the particle shape (Fig. 1c). This 
allows us to infer the full growth process in 3D: The aspect 
ratio of individual nanocubes remains nearly constant. 
However, a systematic trend is visible with regard to the 
time a particle attaches to the window which is highlighted 
by colour in Fig. 1c. Those particles that attach when growth 
has almost finished at late reaction times (yellow data points) 
are cubic, while particles growing on the reactor windows 
(black data points) are cuboids with an aspect ratio of 0.5. 
Thus, the window material hinders the growth of the parti-
cles in the direction perpendicular to the window.

In a second reaction stage, the nanocubes are reduced to 
metallic copper in a solid-state reaction. Voids form in the 
centre of the particles and expand towards the surface, 
resulting in hollow nanocuboids (Fig. 2a-c). We conclude 
that the mass reduction due to the depletion of oxygen 
from the crystal lattice and, more importantly, the increase 
in density from 6.0 g/cm³ (Cu2O) to 8.9 g/cm³ (Cu) are 
compensated by the formation of a void instead of 
shrinking of the outer particle dimension. The interaction at 
the particle-substrate interface and the binding of solvent 
molecules to the nanocuboids’ surface make it energetical-
ly favourable to maintain their outer dimensions at the 
cost of an additional internal surface. The false-coloured 
SEM image in Fig. 2d shows that the particles in fact have 
the shape of rectangular bowls, revealing the role of the 
substrate in the hollowing process. Due to their flatness, 
it is reasonable to assume that the hollowing starts at the 
particle-substrate interface, and then carves into the 
particle in the direction away from the substrate.

Our study demonstrates how imaging in solution with X-ray 
ptychography enables a direct visualisation of complex 
transformations of shape and size at the nanoscale. This 
method can be applied to a wide range of materials and 
reaction conditions, complementing the capabilities of 

Imaging Cu2O nanocube
hollowing in solution 
In situ X-ray ptychography reveals the shape of nanoparticles in 3D

Figure 1

a) Schematic illustration of the experimental setup. b) In situ ptychographic image highlighting the in-plane dimension of the nanocuboids by green rectangles. The out-of-

plane thickness is calculated from the phase shift within the area highlighted by blue rectangles. The grey scale indicates the quantitative phase shift of the image in radian. 

c) Evolution of the aspect ratio of the nanocuboids calculated as the quotient of their in-plane dimension and out-of-plane thickness. Yellow color indicates the time when a 

particle attaches to the substrate. (Adapted from the original publication. Figures from the original publication are licensed under the Creative Commons Attribution 4.0 

International License.)

Figure 2

Hollowing process of the nanocuboids. a)-c) Ptychographic images of the hollowing process between 12.2 h and 14.4 h reaction time. The grey scale indicates the phase 

shift of the images in radian. d) False-coloured SEM image of bowl-shaped hollow nanocuboids (orange) taken from the same sample used for the in situ imaging in 

a)-c). (Adapted from the original publication. Figures from the original publication are licensed under the Creative Commons Attribution 4.0 International License.)

liquid-cell TEM. Such visual insights into structural changes 
in solution are important to deepen our understanding of 
the origins of nanomaterials morphology which is a key 
factor for the future design of highly active catalysts and 
functional devices.

Original publication
‘Imaging Cu2O nanocube hollowing in solution by quantitative 
in situ X-ray ptychography’, Nature Communication 13, 4971 (2022). 
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One of today’s challenges is to stop global warming and related earth climate change. A possible route is the 
reduction of greenhouse gases by the establishment of a hydrogen economy accompanied by the use of renewable
energy for ‘green‘ hydrogen production [1]. One of the main challenges on the way to substitute conventional fuels 
by hydrogen is connected to the inconvenience of hydrogen storage. Recent research aiming towards an optimised 
gravimetric energy density of hydrogen storage media is attributed to palladium nanoparticles on carbon supports. 
The palladium nanoparticles can provide storage of atomic hydrogen which then can diffuse to the carbon support 
via so-called spillover. These complex systems are possible candidates for future hydrogen storage solutions.

Among the metal hydrides, the Pd−H system has attracted 
intense research activities which is attributed to the high 
hydrogen solubility at convenient pressures and tempera-
tures. Therefore, the Pd−H system serves as an interesting 
model system in order to understand the relationship 
between hydrogen solubility and the atomic and electronic 
structure of the hydrogen hosting crystal lattice and the 
role of confinement for the case of Pd nanoparticles. The 
loading and unloading of palladium with hydrogen is 
accompanied by hysteresis effects which hinder the easy 

Furthermore, it was predicted by theoretical calculations 
that Pd clusters anchored on graphene exhibit extraordi-
nary properties for hydrogen storage. So far it is unclear, if 
the decrease in hysteresis effects in palladium nanoparti-
cles during hydrogen loading/unloading can be attributed 
to a different crystal structure and the nanoparticle size. 
These fundamental questions are strongly connected to 
the atomic structure of Pd NPs which is a prerequisite for 
an in-depth understanding of the hydrogen loading 
mechanisms. In order to address the atomic structure of 
ultra-small Pd nanoclusters in the 1−2 nm size regime and 
its evolution under hydrogen exposure, we investigated as 
a model system Ir-seeded Pd nanoclusters on graphene/
Ir(111). This template allows the preparation of a two-
dimensional, highly ordered crystalline nanocluster super-
lattice with a well-defined period of 2.5 nm and a narrow 
size distribution. Figure 1a shows a scanning tunnelling 
microscopy image of a nearly perfect Pd nanoparticle array 
that has been grown by thermal evaporation of Pd after 
deposition of Ir seed clusters consisting of 12 atoms only. 
The detailed structural analysis of the surface X-ray 
diffraction data collected at PETRA III, beamline P09, gives 
evidence that three atomic layers high nanoparticles with a 
Pd shell are formed, as pictured in Fig. 1b. Further on, the 
detailed analysis shows that the nanoparticles are strongly 
compressed due to the interaction with the graphene 
support. In addition, we find that the nanoparticles form a 
crystalline superlattice which can be inferred from the 
satellite rods at integer reciprocal lattice coordinates H in 
Fig. 2a. The superlattice formation is the trick to perform 
in-depth crystallography of the nanoparticles with 1-2 nm 
size [3]. Under exposure to 1 bar hydrogen, the Ir seeded 
Pd nanoparticles get unpinned from the graphene/Ir 
support by the hydrogen interaction with the surface, but 
they only slightly increase their size. The unpinning can 
be recognized from Fig. 2b, in which a weakening of the 
satellite rods is observed together with the appearance of 
a broad diffraction signal of uncorrelated nanoparticles. 
Based on the determined nanoparticle lattice parameters, 
there is evidence for dissolved hydrogen in the correlated 
and the unpinned clusters during exposure to 10 mbar 
which gets released when the clusters remain in ultra-high 
vacuum (UHV) at room temperature. Our detailed structural 
analysis shows that hydrogen is also dissolved in the Ir 
seeds, but our analysis is not sensitive enough to address 
hydrogen enrichment at the Pd−Ir interface. In case of the 
correlated clusters, only the out of plane lattice parameter 
increases because of their strong attachment to the 
substrate. We can, therefore, conclude that small strained 
Pd nanoparticles represent a system interesting for 
hydrogen storage, since they provide a large surface area 
for chemisorbed hydrogen with 71% of the atoms sitting 
at the surface of the nanoclusters. It can be more rapidly 
released than hydrogen in the bulk of larger nanoparticles. 
On the other hand, the compressive strain and finite size 
suppresses the high hydrogen concentration PdHx α´ phase 
formation in the nanoparticle bulk which is at the origin of 
hysteresis in hydrogen release. Even at 1 bar, we observe 

release of hydrogen and are therefore subject of intense 
research. The microscopic origin of this behaviour is not 
yet fully understood [2]. A perfect hydrogen storage 
material should provide high hydrogen storage capacity 
and easy hydrogen release. To address these needs, 
palladium nanoparticles have attracted attention, because 
decreasing particle size leads to reduced hysteresis effects 
by a reduction of the so-called miscibility gap for H in Pd. In 
addition, it was reported that the hydrogen solubility is 
increased for small Pd nanoparticles (NPs).

Supported Pd nanoclusters 
served on a tray
Extraordinary stability of iridium-seeded 1.2 nm Pd clusters

Figure 2

a) Reciprocal space map of the Pd(Ir) nanoparticle superlattice at 10 mbar H2

pressure and room temperature showing the nanoparticle superlattice 

reflections. b) After 1 bar H2 exposure the superlattice signal is strongly reduced, 

and a broad reflection from small, unpinned nanoparticles appears.

Figure 1

a) High-resolution scanning tunneling microscopy image of iridium-seeded palladium clusters on a graphene/Ir(111) template with 2.5 nm mesh. b) Structural model of 

the Pd(Ir) nanoparticle superlattice as determined by surface X-ray diffraction.

Author contact: Andreas Stierle, andreas.stierle@desy.de

only moderate hydrogen-induced sintering of Pd nanopar-
ticles with ∼1.2 nm diameter, rendering ultra-small Pd 
nanoparticles suitable for hydrogen storage applications 
with fast hydrogen release at room temperature.
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Catalysts are materials that promote chemical reactions without being consumed 
themselves. Today, catalysts are used in numerous industrial processes, from fertiliser 
production to manufacturing plastics. Because of this, catalysts are of huge economic 
importance. A well-known example is the catalytic converter installed in the exhaust 
systems of cars. These contain precious metals such as platinum (Pt), rhodium (Rh) and 
palladium (Pd) which allow highly toxic carbon monoxide (CO) to be converted into 
carbon dioxide (CO2) and reduce the amount of harmful nitrogen oxides (NOx).

Despite the widespread use and great importance of 
heterogeneous catalysts, many questions remain regard-
ing how various catalysts work [1]. It is difficult to study 
real catalysts while in operation as the catalysts are typi-
cally used in the form of tiny nanoparticles in order to 
make the active surface as large as possible and the 
changes that affect their activity occur on their surface [2]. 
Here we report X-ray diffraction imaging results of a single 
catalyst nanoparticle at work, revealing for the first time 
how the chemical composition of the surface of an individ-
ual nanoparticle changes under reaction conditions. This 
study marks an important step towards a better under-
standing of industrial catalytic materials.

The experiment is based on a new technique developed at 
DESY NanoLab for labelling individual nanoparticles and 
thereby identifying them in a sample. We grew nanoparti-

function and efficiency. It is still not completely understood 
how these are connected and how to control the structure 
and composition of the nanoparticles. However, CXDI 
made it possible to detect changes of as little as 0.1 in a 
thousand in the strain, corresponding to a precision of 
about 0.0003 nm in this work.

Our work shows that the details of the structural changes 
in such alloy catalyst nanoparticles can be observed while 
in operation. This is a major step forward in the under-
standing of an entire class of catalysts, namely, in all 
reactions that make use of alloy nanoparticles. This 
investigation is also an important step towards analysing 
industrial catalytic materials. Until now, model systems 
have had to be grown in the laboratory in order to conduct 
such investigations. Future work aims to study individual 
particles that are ten times smaller – in real catalysts and 
under reaction conditions.
              

cles of a PtRh alloy on a SrTiO3 substrate, and we selected 
one specific particle for characterisation with a Pt60Rh40

composition, which was around 100 nm in diameter, 
similar to the particles used in a car’s catalytic converter. 
We carried out a coherent X-ray diffraction imaging (CXDI) 
experiment under operando CO oxidation reaction condi-
tions (Fig. 1) at beamline ID01 at the European Synchrotron 
Radiation Facility (ESRF-EBS). From the data analysis we 
created a detailed image of the nanoparticle morphology, 
and we determined the mechanical strain within its surface 
(Fig. 2) [3]. Since the surface strain is related to the surface 
composition — in particular the ratio of platinum to rhodium 
atoms — the strain was computed as a function of surface 
composition by ab initio methods. By comparing the 
observed and computed facet-dependent strain, we could 
draw, for the first time, conclusions concerning the chemical 
composition at a single alloy nanoparticle surface.

When the nanoparticle is grown, its surface consists mainly 
of platinum atoms, as this configuration is energetically 
favoured under the growth conditions. However, the shape 
of the particle and its surface strain were studied under 
different gas conditions, including the operating conditions 
of an automotive catalytic converter, created by heating 
the particle to around 430°C and allowing carbon monoxide 
and oxygen molecules to pass over it. Under these reaction 
conditions, the rhodium inside the particle becomes mobile 
and migrates to the surface because it interacts more 
strongly with oxygen than the platinum. This is also 
predicted by theory. As a result, the surface strain and 
the shape of the particle change. We find that a facet-
orientation dependent rhodium enrichment takes place, 
whereby additional corners and edges are formed. The 
chemical composition of the surface and the shape and 
size of the particles have a significant effect on their 

X-rays reveal single catalyst 
nanoparticle at work 
How a catalytic converter works in the exhaust systems of cars 

Figure 1

The X-ray investigation not only provided a complete image of a single catalyst 

nanoparticle, but also shows changes in the chemical composition of its surface 

during operation. Author contact: Andreas Stierle, andreas.stierle@desy.de
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Figure 2

Nanoparticle shape and surface strain for different gas conditions. a) Top and side views of the reconstructed nanoparticle and b) strain field εzz at the nanoparticle 

surface for gas conditions (I) to (IV). The position of the surface is defined as a cut at 55% of the reconstructed crystalline electron density from its maximum value. 

c) Inlet gas composition and mass spectrometer signal during the experiment: CO (blue), O2 (black), and CO2 (red). (Adapted from the original publication licensed under 

the Creative Commons Attribution License 4.0 (CC BY))
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The movement of tectonic plates on Earth’s surface is causing earthquakes and changes the shapes of 
continents over geological time. A key component of plate tectonics is the subduction of plates at convergent 
plate margins where the oceanic plate dives deep into Earth’s mantle. The subduction of tectonic plates is a 
major driving force of plate tectonic movements as the descending plate pulls downwards. Subduction is also 
the key process connecting Earth’s inner layers with the surface and atmosphere, facilitating the deep 
cycling of chemical elements, including those essential for life like H2O. 

A subducting plate contains two major rock types: Oceanic 
crust sits on top of Earth’s mantle rocks. The plastic 
strength behaviour of the minerals present in both rock 
types determines the behaviour of the subducting plates 
in the deeper parts of the Earth's mantle. One of the most 
important minerals in subducted oceanic crust is a cubic 
CaSiO3 perovskite, the so-called davemaoite. This mineral’s 
existence has been predicted for decades, although a first 
natural sample was only found this year. The strength of 
davemaoite in the deeper mantle, and thus its role in the 
subduction processes, remained unclear. A common as-
sumption was that davemaoite is a very strong mineral in 
Earth’s mantle which led researchers to think that it plays a 
minor role for the dynamics of subduction processes. How-
ever, the effect of high pressure and high temperature, as 
present in Earth’s interior, on the strength of davemaoite 

could not be quantified so far, largely due to experimental 
difficulties in measuring its strength at relevant conditions. 

A novel setup (Fig. 1), developed and optimised at the 
Extreme Conditions Beamline (ECB, P02.2) at PETRA III, 
DESY [1], has now enabled the first in situ measurement of 
the strength of davemaoite under pressure-temperature 
conditions expected in a subducting slab at mantle depths 
of up to 1300 km. The experiments were conducted under 
the leadership of University of Oxford by an international 
team of scientists from the University of Bayreuth, DESY 
and the University of Utah.

To everyone’s surprise, the scientists found that davemaoite 
becomes very weak at temperatures of the deep mantle 
[2]. In particular, it was found to be much weaker than the 

Author contact: Hauke Marquardt, 
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mineral (Mg,Fe)O ferropericlase which was previously 
measured at DESY’s ECB [3]. Davemaoite can thus be 
considered one of the weakest lower mantle minerals 
(Fig. 2). The weakness of davemaoite could play a decisive 
role in the subduction process, by strongly decreasing the 
overall strength of the oceanic crust and thereby allowing 
it to deform while diving into the mantle. The oceanic crust 
could behave similarly to a mixture of rock and honey 
where the strength of the mixture is governed by that of 
the weak honey rather than the rock.

The possibility for this type of deformation behaviour has 
been demonstrated in principle in previous modelling 
studies focusing on other mineral mixtures [4]. However, 
the possibility that davemaoite could be such a weak mantle 
mineral was not considered or anticipated. The novel 
finding thus sheds a completely new light on deformation 
processes in subducting plates. A particularly interesting 
scenario that should be explored in follow-up studies is the 
possibility that the strength of the oceanic crust decreases 
abruptly after the formation of davemaoite from the mineral 
garnet, which occurs at a depth of about 550 km. Thus, it 
seems possible that the crust is comparatively hard above 
this transition depth but becomes very weak below it.

The finding has the potential to completely change our 
understanding of the dynamic behaviour of subducting 
plates in the deep mantle. In particular, the weakness of 
the oceanic crust due to the formation of davemaoite 
could provide an explanation for the long-hypothesised 
delamination of subducted oceanic crust from the under-
lying mantle. If the detached crust is less dense than the 
surrounding mantle, it could accumulate below a depth of 
about 600-700 km after separating from the mantle. 
Furthermore, if this crust is denser than the mantle, it could 
behave as an “upside-down” mantle plume and sink all the 
way to the core-mantle boundary at 2900 km depths 
which has been observed in earthquake wave studies. 

In either case, it could provide an explanation for physical 
anomalies observed by the analysis of earthquake waves 
travelling through Earth’s mantle [5-7], and play a key role 
for the global cycling of geochemical elements. The experi-
mental results promise to have far-reaching geophysical 
significance, and the findings call for follow-up studies de-
signed to quantify a range of possible geodynamic effects 

Subducted oceanic crust may weaken 
in Earth’s deep mantle
The strength of subducted oceanic crust has been constrained by novel 
high-pressure/-temperature experiments at DESY
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Figure 1

Experimental setup 

to measure the high-

pressure/-temperature 

strength by synchro-

tron radial X-ray 

diffraction at the ECB, 

DESY. The hot, glowing 

sample is contained in 

a water-cooled vacuum 

chamber while being 

compressed, deformed 

and probed by synchro-

tron X-ray radiation.

Figure 2

Experimentally measured strength 

of major lower mantle phases; red: 

davemaoite, blue: derropericlase, 

orange: bridgmanite. 

of weak davemaoite on the behaviour of subducting plates 
in the Earth’s mantle and their relevance to understand 
deep material cycles.
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The seismic wave velocities abruptly increase at depths around 660 km everywhere in the Earth’s interiors, 
referred to as the 660-km seismic discontinuity (D660) which separates the Earth’s upper and lower mantles. 
From the mineralogical point of view, this discontinuity was commonly interpreted as the dissociation of 
ringwoodite to bridgmanite plus ferropericlase (RBP transition). Cold subduction zones, however, 
feature a doubling and significant depression of the D660 down to 750 km, which cannot be explained by 
the ringwoodite dissociation since it has a minimal temperature dependence. Thus, another strongly 
temperature-dependent transition should cause this discontinuity.

Author contact: 
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Takayuki Ishii, takayuki.ishii@hpstar.ac.cn

Our results confirm previous studies showing that the RBP 
boundary has almost zero temperature dependence at 
23.2–23.7 GPa (≈660 km depth). In contrast, our data ob-
tained at PETRA III beamline P61 show that the AB boundary 
has a steep convex curve with a variable but strong tem-
perature dependence. These results suggest the following 
explanation of the doubling and depression of the D660 in 
cold subduction zones: in subducted cold slabs (the main 
parts of the subducted body), ringwoodite, being most 
abundant, first dissociates into akimotoite plus periclase at 
660–670 km depths which causes the first discontinuity. 
After the further sinking, this akimotoite transforms to 
bridgmanite at 680–740 km depth, which causes the second 
discontinuity (Fig. 2) being far deeper than 660 km depth, 
thereby producing the depression of the D660. In contrast, 
the discontinuity at 660 km in warm subduction zones and 
the ambient mantle results from the RBP transition (Fig. 2).

Seismological observations support our suggestions. For 
example, in the coldest subduction zone on earth, Tonga 
slab, seismological studies revealed double discontinuities 
at depths of 738 km and 669 km [1], which is consistent 
with our suggestion of ringwoodite → akimotoite + 
periclase → bridgmanite + periclase transformation. An 
opposite example is the Peru slab, which is about 300 K 
warmer and characterised by a single discontinuity at 
around 656 km depth [2], which can be easily interpreted 
as the RBP transition. 

Our results have significant geodynamic implications, since 
steep phase-transition boundaries produce large buoyancy 
forces [3]. When the upward buoyancy produced by a ne-
gative phase boundary exceeds the downward force due 
to thermal expansion, slabs stagnate above the discontinuity. 
Therefore, the steep negative boundary of the AB transition 

Origin of depressed 660-km 
discontinuity in cold mantle 
Experimental mineralogy explains the structure of Earth’s 
mantle and the geodynamics of subduction zones
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Figure 1

An example of the change of intensity ratio bet-

ween akimotoite and bridgmanite at 1448 K and 

22.14(7) GPa measured at PETRA III beamline P61. 

The first diffraction pattern is shown in pink and the 

second pattern in dark grey. The upward and 

downward arrows indicate the peaks with increased 

and decreased intensities in the second diffraction 

patterns, respectively. (Figure adopted from the 

original publication, licensed under CC BY 4.0).

Figure 2

Comparison of the RBP and AB phase 

transition boundaries. Ak – MgSiO3 akimotoite, 

Brg – MgSiO3 bridgmanite, Pc – MgO periclase, 

Rw – Mg2SiO4 ringwoodite. Green and red circles 

indicate Rw→Ak+Pc dissociation at 670 km 

depth and AB transition at 730-740 km depth, 

respectively. The blue circle represents the 

commonly accepted RBP transition causing the 

D660 in warm slabs. The dotted lines represent 

a linear extrapolation of the RBP and AB 

boundaries to lower temperatures. 

(Figure adopted from the original publication, 

licensed under CC BY 4.0). 

should result in cold-slab stagnation, whereas the neutral 
RBP transition should enhance slab penetration deeper 
into the mantle. These conclusions are also supported by 
the seismic tomography studies, showing that that cold 
slabs (for example Izu-Bonin, South Kurile and Japan 
regions) stagnate above the discontinuities and warm slabs 
(for example Peru, the Marianas and Central America 
regions) penetrate the lower mantle.

Researchers proposed the akimotoite−bridgmanite (AB) 
transition as cause of the above-mentioned observations 
in cold subduction zones where an old oceanic plate sinks 
into the mantle underneath a continental plate. Akimotoite 
is supposed to be a major constituent together with ring-
woodite in the subduction zones above 660 km depth. 
Based on recent experimental and computational studies, 
the AB transition occurs at similar pressures to the RBP 
transition, i.e. at depths similar to the D660. However, 
previous experimental studies faced the challenge of 
accurately determining the transition pressure. Moreover, 
experimental data were lacking for the AB transition at 
lower temperatures typical of cold subduction zones. 
Therefore, we determined both the RBP and AB transitions 

using advanced multi-anvil techniques with in situ X-ray 
diffraction. 

Our advanced techniques include the determination of a 
stable mineral phase by observing relative changes in the 
ratio of coexisting higher- and lower-pressure phases at 
spontaneously and gradually decreasing pressure and at a 
constant temperature using in situ X-ray diffraction (Fig. 1). 
Our strategy was based on the principle of phase equilibrium, 
i.e. the balance between forward (akimotoite transforms to 
bridgmanite) and reverse (bridgmanite transforms to aki-
motoite) reactions. It avoids problems in phase stability de-
termination caused by sluggish kinetics and excess 
surface energy.
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Mercury is the only planet of the inner solar system besides Earth to have a global magnetic field 
whose origins remain enigmatic. As Mercury’s iron-alloy core represents nearly 85% of the total 
radius of the planet, not only the generation of the magnetic field, but also many global aspects of 
the planet are controlled by the properties of the core. In our study, we have examined the effect 
of silicon on the melting and stable crystal structures of the iron alloy expected to form Mercury’s 
core over a pressure and temperature range directly pertinent to the deep interior of the planet. 

Mercury is an unlikely candidate for an active, dynamic 
planet. As the planet closest to the sun, its surface exhibits 
dayside and nightside temperatures of between 430 and 
-180°C, and the surface itself is largely stagnant, albeit ex-
hibiting evidence for past volcanic activity [1]. However, 
Mercury has a weak global magnetic field indicating that 
some part of its core is convecting, likely due to the 
crystallisation of solid iron alloys [2]. A wealth of different 
crystallisation regimes have been suggested for Mercury’s 
core, based on various estimates of its composition and 
temperature and the expected thermodynamic properties 
of these materials. Depending on the composition and 
temperature, the core may start to grow solid crystallites 
from its top near the core-mantle boundary (CMB) or 

nucleate at the centre of the core to form a solid inner core 
(IC). Both scenarios are illustrated in Fig. 1. Constraining the 
structure of the core and its evolution with time is 
not only important for understanding the properties of 
Mercury’s magnetic field but also to interpret observations 
of Mercury’s surface and data concerning its interior such 
as those provided by instruments aboard MESSENGER 
(NASA) and BepiColombo (ESA/JAXA).

While the iron core of Mercury is likely to be enriched with 
both sulphur and silicon, much of the previous models 
focused exclusively on the effect of sulphur alloying [e.g. 3]. 
Indeed, due to the lack of experiments, the effect of silicon 
on the stable structures and phase relations between solid 
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and liquid iron-silicon alloys was not well understood. In 
our study, we investigated the structure and phase 
transformations of iron-silicon alloys at high pressures and 
temperatures in order to determine the phase diagram of 
the iron-silicon system at the conditions of Mercury’s 
interior, and by doing so clarify the structure and internal 
dynamics of Mercury’s core. 

In order to exert pressures of tens of GPa on iron-silicon 
samples (1 GPa is about 10000 times atmospheric pressure 
on Earth), samples were compressed between diamond 
anvils and subsequently heated to temperatures up to 
3200 °C using high power infrared lasers. Sample dimen-
sions were on the order of five microns thick and in excess 
of 100 microns across. Thanks to the high flux and tight 
focus of the X-ray beam available at beamline P02.2 of 
PETRA III, it was possible to collect X-ray diffraction patterns 
from the heated samples. This allowed us to determine the 
structural evolution of the investigated iron-silicon alloys 
as a function of pressure, temperature and composition, 
tracking structural transitions in solid phases and ultimate-
ly the melting of the sample. These observations were 
coupled with chemical analysis of the recovered samples 
by electron microscopy and used to construct for the first 
time the phase diagram for the iron-silicon system at 
conditions encompassing those of Mercury’s core (Fig. 2). 
The so-established phase diagram has unveiled new 
crystallisation regimes for the core of Mercury. Notably, 
for relatively low silicon concentration, we observed the 
formation of a high-temperature body-centred cubic 
structure stable below melting, indicating that a cooling 
solid inner core may exhibit internal layering due to 
structural transitions taking place over geologic time. 
Alternatively, if the core is more enriched in silicon, the 
crystallising solid may be more buoyant than the remaining 
liquid and floats towards the CMB before melting again, 

Shedding light on Mercury’s 
inner dynamo
Uncovering the structure and melting characteristics of Mercury’s 
core-forming metallic alloys
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Figure 1

Representative crystallisation regimes for 

Mercury. Black and red lines indicate a 

temperature profile for Mercury and 

representative melting curves for the 

iron-silicon and iron-sulphur systems after 

refs. [3,4]. Green dashed lines indicate the 

crossing point that separates areas of the 

core where solids are crystallising from 

areas where they are not. a) An iron-silicon 

core is shown which results in the growth 

of an inner core. b) An iron-sulphur core is 

shown where ‘iron snow’ forms near the 

core-mantle boundary and remelts deep 

within Mercury’s interior. 

Figure 2

Phase diagram of the iron-silicon 

system and new crystallisation regimes 

for a silicon-rich core [4]. It is shown 

that the effect of silicon abundance 

leads to a substantially different picture 

for crystallisation and the dynamo 

mechanism active in Mercury’s core. 

providing a new mechanism to drive Mercury’s dynamo 
without actual formation of a solid inner core. Ultimately, 
this type of laboratory experiment provides one of the few 
windows available for studying the deep interiors of the 
planets within the solar system and are a necessary 
complement to space missions and telescope observations.
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Fossils provide the only direct insight into the history of evolution. Using the PETRA III beamline P05, 
an international team of scientists has discovered a new –  yet extinct – species of ant from an about 
20-million-year-old Ethiopian amber. Named after DESY, this new fossil, Desyopone hereon, reveals the 
past diversity of life in unprecedented detail. The fossil itself required revision to the classification of ants 
while also providing insight into the deep evolutionary history of phenotypic plasticity. The study, published 
in the journal Insects, shows that the imaging capacity of synchrotron radiation is ushering in a new 
paradigm for the life sciences, one mediated by genomics and the emerging field of phenomics.

Although ants are ubiquitous and familiar, their diversity and 
abundance are staggering, with more species than birds (over 
14,000 ant species vs about 11,000 bird species [1,2]) and 
about 2.5 million individuals per each living human, for a 
total of over 20 quadrillion ants wandering the Earth’s 
surface [3]. The fossil record of ants is also rich, with nearly 
as many described species as non-avian dinosaurs [4]. Two 
of the principal limitations of ant and insect palaeontology 
more broadly are the vagaries of preservation and the 
technology for observing anatomical detail, as the genomes 
of multi-million-year-old specimens cannot be sequenced. 
With the submicron scale resolution of X-rays scans, 
however, it is possible to document and observe hidden 
or internal anatomical evidence, allowing researchers to 
test many evolutionary hypotheses for the first time.

Through direct examination of the new fossils under 
standard light stereomicroscopes (Fig. 1), the scientists 
hypothesised that these Ethiopian amber specimens 
belonged to the relictual ant subfamily Aneuretinae which 
is represented today by only a single species that is 
restricted to the island nation Sri Lanka. They then brought 
the amber piece to DESY for micro-computed tomography 
(µ-CT) using the PETRA III beamline P05. The resultant 3D 
reconstructions revealed numerous anatomical details that 
could not be discerned via traditional light microscopy 
(Fig. 2). The scientists observed that the waist of the ant 
was “primitive”, having a complex of exoskeletal plates 
that were lost in the early evolution of the Aneuretinae 
and their closest relatives. In contrast, the mandibles were 
found to be rudimentary in form – an evolutionarily derived 
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condition not observed in living or extinct aneuretines. 
These observations allowed the scientists to reject the 
hypothesis that these fossil ants were related to Aneuretinae.

As a consequence, the scientists were faced with a new 
problem: To which lineage of ants do the fossils actually 
belong? A special challenge was that all of the fossil speci-
mens are male, while the classification of ants is dependent 
on workers, which are all female. To resolve this problem, 
the scientists relied on recent genomic estimates of the 
branching order of the ant tree of life to trace evolutionary 
patterns of male anatomy across a representative sample of 
ant diversity. Between the reciprocally illuminating sources 
of data, genomics (sequencing) of living species and fossil 
phenomics (µ-CT), the authors were able to identify the fossils 
as close relatives of the small, predatory and underground-
dwelling ant genus Cryptopone. As the fossils also displayed 
an exceptional combination of ancestral and derived ana-
tomical characteristics, it was clear that they represented an 
evolutionary excursion that did not survive to the present 
day, i.e., the 20-million-year-old fossils are an extinct lineage 
of ants. The scientists, therefore, christened the fossils 
Desyopone hereon, in recognition of the resources and instru-
mentation provided by DESY and the support of the Helm-
holtz-Zentrum Hereon which were key for this discovery.

However, the study of Desyopone hereon has further 
evolutionary implications. In addition to requiring a revision 
of ant systematics, Desyopone provides evidence for the 
developmental decoupling of male and female ants. Since 
male ants are direct, haploid clones of their diploid mothers, 
to evolve sexual dimorphism in structures such as the 
mandibles requires differential regulation patterns of the 
same genome. The scientists compared male and female 
ants, including Desyopone, finding that while male mandible 
form usually tracks that of females, there was an apparent 
parallel series of male-specific evolutionary reductions in 
the Poneria, a highly diverse lineage of predatory ants, 
comprising over 1500 species.

Untangling the molecular mechanisms underpinning the 
development of sexual dimorphism in ants will be a major 
task in this research field in the coming decades. For 
nearly the entire history of ant research, males have been 
ignored because of their distinct morphologies which 
makes it difficult to identify them. This distinctness itself is 

20 million years to today 
X-ray scans reveal extinct ant species in exquisite detail 
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Figure 1

The about 20-million-year-old piece 

of Ethiopian amber that contains 

13 individuals of the new fossil ant 

species Desyopone hereon. Direct 

examination of these extinct 

insects indicated a relationship with 

the relictual subfamily Aneuretinae, 

a hypothesis that was tested using 

the PETRA III beamline P05. 

(Credit: Vincent Perrichot)

a most interesting phenomenon, however, and thanks to 
Desyopone, it is clear that X-ray imaging technologies will 
provide a meaningful pathway for tracing the evolutionary 
patterns of development across both living and extinct 
species. Future work to automate the processing µ-CT data 
will undoubtedly lead to more breakthroughs. In the 
meantime, it is imperative to scan more fossils and devel-
opmental series of living species.

Figure 2

Micro-computed tomography of the best-preserved Desyopone hereon

specimen revealed anatomical details that were critical for rejecting the 

hypothesis derived from traditional methodology and for placing the fossil in 

the correct evolutionary context. (Credit: Brendon Boudinot)
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Figure 2

Evolution of the Cu NCs under pulsed CO2RR. a) 

Periodic changes in the concentrations of Cu(0) 

and Cu(I) species, as obtained from linear com-

bination analysis of Cu K-edge XANES data and 

oscillations of the area of the Cu(3111) Bragg 

peak (reflecting the amount of metallic copper) 

as well as in the coherence length of the 

copper domains (obtained from the Cu(311) 

Bragg peak widths). The applied potential E(t) 

and detected current I(t) are also shown. CL0

and w0 denote the coherence length (CL) and 

Cu species concentrations (w) at the beginning 

of pulse sequence. Here Δtc = Δta = 10 s. b) 

Schematic depiction of the catalyst surface 

structure and composition under potential 

pulses of different duration as deduced from 

XAS and XRD data. The main CO2RR reaction 

products for each regime are also shown. 

Structural, chemical and morphological changes in catalysts under actual working conditions pose significant challenges 
for the experimental and theoretical understanding of their working mechanisms. These alterations of the material 
hamper our ability to establish the link between the pristine catalyst structure and its functionality (activity, stability, 
distribution of reaction products). On the other hand, these transformations provide new exciting possibilities to tailor 
the catalyst properties not through expensive and time-consuming modifications in the catalyst composition and 
synthesis procedure but through a rational design of dynamic reaction protocols.

In this work we focus on CO2 electroreduction reaction 
(CO2RR) over copper catalysts, derived from size- and 
shape-selected Cu2O nanocubes (NCs) (Fig. 1a). Already 
under static CO2RR, this catalyst shows good activity for 
CO2 conversion to valuable, energy-dense multi-carbon 
products, such as ethylene and ethanol (EtOH) [1], but the 
distribution of reaction products is broad. For practical 
applications, it is important to develop facile approaches 
for tuning the catalyst selectivity on demand. Furthermore, 
an ability to tailor the catalyst surface is desirable for 
fundamental understanding of the electrocatalytic 
processes and decoupling the roles of structural motifs 
that coexist in catalysts under reaction conditions. The 
attempts to control the catalyst composition and structure 
under operating conditions, however, require validation 
and guidance from operando experimental studies.
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cathodic pulse durations of ca. 4 s, the EtOH production 
was enhanced 1.7 times with respect to that under static 
CO2RR.

To understand the origins of such intriguing changes, we 
employed two complementary synchrotron-based 
approaches: high energy X-ray diffraction (XRD), carried 
out at beamline P21.2 and operando quick X-ray absorp-
tion fine structure (QXAFS) spectroscopy, carried out, in 
part, at beamline P64 at PETRA III. XRD and QXAFS 
allowed us to track the structural and chemical changes 
experienced by Cu NCs with subsecond time resolution 
(Fig. 2a). In particular, QXAFS enabled us to track the 
periodic oscillations in the Cu oxidation state in response 
to the changes in the applied potential. Unexpectedly, we 
have found that not only Cu(I) but also small amounts of 
Cu(II) species are generated under such a reaction proto-
col. At the same time, XRD provided key information 
about the crystallographic structure of the oxide species 
formed. Taken together, QXAFS and XRD results allowed 
us to establish characteristic time scales for the formation 
of different Cu species and, thus, to rationalise the 
dependency of the catalyst selectivity on the durations 
of potential pulses (Fig. 2b). In particular, we observed 
that long anodic pulses result in the formation of a thick 
bulk-like Cu2O shell in our catalyst; it is favourable for the 
CO formation but does not promote multi-carbon pro-
ducts. At the same time, a combination of anodic pulses 
shorter than 2 s, with cathodic pulses of ca. 4 s results 
in a formation of unique multivalent surface oxides (as 
revealed by XAS) with a (not yet) crystalline and distorted 
Cu oxide phase (as probed by XRD). An optimal balance 
between these oxide species and the metallic Cu on the 
catalyst surface favours C–C coupling and explains the 
observed boost in EtOH production.

Our study is a good example of how operando techniques 
provide insight into the complexity of the processes in the 
working heterogeneous catalysts. It particularly highlights 
the importance of non-equilibrium structures and dynamics 
that are often overlooked in the studies of functional 
materials. This study showcases an elegant approach for 
understanding the fundamental aspects of structure-
properties relationships in evolving catalytic materials 
which paves the road toward practical optimisation and 
rational design of catalytic protocols.

Our approach to steer the catalyst functionality relied on 
a pulsed reaction protocol where the cathodic (working) 
potential was intermitted with pulses of an anodic poten-
tial (Fig. 1b). The latter are expected to perturb the oxida-
tion state and the structure of Cu species on the catalyst 
surface [2,3]. Such a reaction protocol with pulse dura-
tions between 0.5 and 32 s resulted in remarkable 
changes in the reaction product distribution, such as the 
suppression of the parasitic hydrogen evolution and an 
enhancement in CO and methane production. Our most 
striking observation, however, was that the catalyst 
selectivity towards EtOH strongly depends on the dura-
tion of the applied pulses (Fig. 1c). With anodic pulses 
longer than 2–3 s, or with cathodic pulses shorter than 
1–2 s, EtOH production was suppressed. At the same 
time, with anodic pulse durations of ca. 0.5–1 s, and 
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and functionality
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Figure 1

Cu nanocubes (NCs) and their selectivity under pulsed CO2RR. 

a) TEM image of the as-prepared Cu NCs. b) Schematic 

depiction of the applied potential pulse protocol. c) Faradaic 

efficiency (FE) for ethanol under pulsed CO2RR with different 

duration of cathodic (Δtc) and anodic (Δta) potential pulses. 

The values of cathodic and anodic potentials are Ec = -1.0 V 

(RHE) and Ea = 0.6 V, respectively. Depicted quantity is the 

difference between FE values under pulsed CO2RR and under 

static CO2RR at -1.0 V. 0.1 M KHCO3 is used as an electrolyte.
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Figure 1

Illustration of a sustainable energy system to 

produce base chemicals for the industry and 

transportation fuel based on catalysis. Key 

processes are electrochemical water splitting 

and thermal and electrochemical CO2 and N2

reduction (Credit: Jakob Kibsgaard, DTU).

Figure 2

a) X-rays impinge on the Zn/ZnO/Cu 

surface under grazing incidence conditions 

(θ1) and above the critical angle (θ2), 

causing electron emission. The surface is 

kept at elevated temperature and in a vir-

tual pressure cell containing CO, CO2 and 

H2 gas. The emitted electrons are trans-

mitted into the electron analyser and en-

able a chemical quantification of the 

surface while methanol synthesis condi-

tions are applied. b) and c) C compare CO 

and CO2 hydrogenation conditions at 180 

mbar at 140 °C and 500 mbar at 230 °C.

Synthetic methanol is believed to be one of the key base chemicals and fuels to mitigate climate change and abolishing 
the use of fossil fuels. Consequently, the processes of making artificial fuels are at the heart of a change in our society. 
Industrially, methanol is synthesised over catalyst materials at high pressure and temperature. What exactly happens 
during this reaction has been unknown. In our contribution we have managed to gain a view into methanol synthesis as 
the reaction is occurring using PETRA III beamline P22 and the POLARIS instrument. Here, we report about our findings of 
the promoting mechanism of zinc in methanol synthesis and lay out a vision what questions science needs to address to 
aid the ongoing transformation of the chemical industry towards a fossil-free future.

Currently, the feedstock for the chemical industry is 
entirely based on fossil sources with an emittance of 8% of 
the world’s footprint of greenhouse gases (not including 
when fuel is being burned). There is an urgency to trans-
form the chemical industry away from fossil sources and 
towards captured CO2 and H2 from water electrolysis (see 
Fig. 1). This might include systems where wind or solar 
energy drives electrolytic cells for hydrogen production 
from water. For instance, the annual production of chemical 
methanol is around 110 million tons [1] which is then trans-
formed to tens of thousands of different products includ-
ing plastics, pharmaceuticals, fuels or detergents. 
Even though methanol production is a century-old reaction, 
knowledge of the chemical state of the catalysts is sparse, 
since methods that probe the surface during the reaction 
have been lacking. One technique that is able to quantify 
this is photoelectron spectroscopy, traditionally a vacuum-
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the total pressure is 500 mbar at 230°C. We record the Zn 
3d core-valence electron, the region that is consistently 
characterised by four peaks at 10.9, 10.3, 9.8 and 9.5 eV 
throughout the accumulated dataset. The low-binding 
energy peaks at 9.5 and 9.8 eV (green) correspond to the 
spin-orbit split states of metallic Zn 3d3/2 and Zn 3d5/2. The 
broad structure at 10.9 eV (gray) is associated with zinc in 
the +2 oxidation state related to bulk-like ZnO. The compo-
nent at ~10.3 eV (light blue) is assigned to a Znδ+ oxidation 
state species related to zinc interacting with formate and 
methoxy reaction intermediates as well as ZnOH. Thus, we 
identify the preferential states of zinc directly from the 
spectra under gas phase composition-dependent reaction 
conditions. Under CO-rich conditions, the metallic zinc sig-
nal is more dominant, whereas under CO2-rich conditions, 
ZnO is strongly enhanced. This trend intensifies at higher 
pressure as depicted in Fig. 2c. 

Taking this evidence and combining it with the information 
from the observed adsorbed stable reaction intermediates 
(not pictured), we reach an understanding of the active 
phase of methanol production on this zinc-promoted Cu 
catalyst. Balancing CO and CO2 to stabilise the metallic 
surface state allows the reaction to progress more rapidly 
through the availability of surface near Zn-Cu alloy sites 
for the reduction of CO2 and thereby optimises the reac-
tion. ZnO is not regarded as an active participant of the 
reaction, and thus minimising this by the admixture of CO 
produces the desired effect of preventing the zinc oxida-
tion. In this sense the correct mixing of CO and CO2 leads 
to emergent behaviour, as the reaction progresses faster 
than with any of the two original components alone.
Naturally, the catalysts in use today have been developed 
for over a century with fossil resources in mind. In view of 
the coming future we expect that the reality of hydrogen 
production will not allow as high-pressure reactions as 

methanol synthesis is done today. Instead, the hydrogen 
pressure from electrolysis cells are expected to be on the 
scale of ambient conditions (1–10 bar, 300 K). This effort 
needs to be met with studies of the chemical state of the 
catalyst material and the reaction intermediates during 
reaction conditions in order to give feedback for the 
catalyst development and is partially addressable with the 
current instrument. In view of the upcoming improvements 
through PETRA IV, we expect the a smaller beam footprint 
to enable us to increase the accessible pressures from 1 to 
at least 10 bar and to meet coming needs efficiently.

based technique. Therefore, applying this technique 
in pressures of several hundred mbar has called for signifi-
cant technological development. To this end, the POLARIS 
end station has been built by Stockholm University and is 
operated at the PETRA III beamline P22. Using it, we have 
enabled operando studies of the Zn/ZnO/Cu(211) surface 
under condition (Fig. 1a) approximating industrial condi-
tions of methanol synthesis [2]. We aim to address the 
question regarding the state of zinc on the surface under 
operating conditions and elucidate the role of CO as as 
admixture. It has been shown in the literature that the 
reaction progresses more efficiently from CO2 than from 
CO but a certain mixture of both yields an optimum. 

We show the main results of our study in Fig. 2. The meas-
urements in (b) are taken at a total pressure of 180 mbar 
at 140 °C with the indicated zinc coverage as Θ while in c) 

Observing a Zn/Cu catalyst 
during methanol production
Live view into catalysis opens a vision for a greener future 
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Figure 1

Schematic diagram projecting different lattice dynamics and phase stability when 

perovskite solar cells are operated under vacuum and nitrogen.

Figure 2

a) Scheme to illustrate the improved strength of the perovskite film to suppress 

further deformation through the increase of grain boundaries due to broken 

crystals. b) Schematic diagram of nitrogen molecules diffusing through the 

spiro-OMeTAD layer expressed by a pink (side chains) and grey (intermolecular 

π-π stacking) mixed space frame during the operation of solar cells under nitrogen. 

Figure 3

Evolution of Fill Factor, JSC, VOC, 

and PCE for perovskite solar 

cells operated under a) 

vacuum and b) nitrogen.

Constant research efforts have intensely increased the power conversion efficiencies of perovskite solar cells. 
This makes this new class of solar cells competitive with single-crystal silicon solar cells. However, today’s 
stability issues are a remaining barrier towards industrialisation. Although scientists established a consensus 
statement stability assessment and reporting for perovskite cells (PSCs), conflicting results are reported, since 
a small detail in the experiments may lead to a large discrepancy in the results. For example, most scientists 
could consider nitrogen and vacuum conditions as similar inert conditions. Typically, researchers select them to 
avoid the effects of water or oxygen from air. However, our recent results confirm that this simplification is not 
valid and the effects of the atmosphere should not be overlooked, even if it is inert.
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which harm the performance of the devices, while, in 
nitrogen, the morphology of the perovskite layer remains 
stable. The loose space structure of spiro-OMeTAD offers 
physical pathways for such results. In vacuum, an outgassing 
process of MA molecules from the perovskite layer causes 
broken crystals when the perovskite solar cells are oper-
ated. In nitrogen, such a loose space structure allows for 
the diffusion of nitrogen molecules into the active layer 
underneath (Fig. 2b). This process can decrease the free 
energy via an exothermic process. Such physical adsorption 
of nitrogen could play an important role in reducing the film 
strain and maintaining the lattice and phase stability which 
is also related to a larger activation energy barrier for 
phase segregation.

The aforementioned different behaviours under vacuum 
and nitrogen, in turn, cause a different degree of device 
performance loss. Given that more stable lattice, structure 
and morphology behaviours when perovskite solar cells 
are operated under nitrogen, the perovskite solar cells 
show better stability compared with those solar cells 
operated under vacuum (Fig. 3). 

In summary, our discoveries could offer scientists new 
insights for degradation studies on next-generation solar 
cells. Moreover, researchers, who use vacuum or nitrogen 
to avoid the effects of water and oxygen from air, should 
care about how a vacuum or nitrogen condition would 
affect their experimental results obtained from different 
characterisation methods like scattering, spectroscopy and 
microscopy.  

Solution-processed hybrid halide perovskite materials 
have attracted high interest for next-generation thin-film 
photovoltaic applications due to their outstanding power 
conversion efficiency (PCE) and low fabrication costs 
compared to silicon photovoltaics [1]. Although there is 
such a rapid increase in the PCE, more research effort is 
required on the stability studies of these materials and on 
the longevity of the devices, since long-term operational 
stability remains the main challenge for real-world applica-
tions [2]. Thus, we investigate the degradation mechanisms 
of perovskite solar cells under different atmospheres.

Integrating operando experiments of solar cells with 
synchrotron radiation-based grazing incidence X-ray 
scattering methods at beamline P03 at PETRA III allows 
for the understanding of the intermediate degradation 

Atmosphere effects on solar cells 
during degradation process
Revealing the degradation mechanisms of solar cells under operation 
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processes of solar cells under operational conditions [3]. 
We find that perovskite solar cells experience a significant 
lattice shrinkage, a phase segregation into a FAPbI3
phase as the minority phase and a large amount of 
(MAPbBr3)0.17+x(FAPbI3)0.83-x (MA, methylammonium; FA, 
formamidinium) as the majority phase for the perovskite 
layer under standard one-sun illumination (AM1.5 G) in 
vacuum. In contrast, continuous operation in nitrogen 
under the same illumination intensity induces only a slight 
lattice shrinkage of the perovskite materials (Fig. 1).

Moreover, grazing incident small-angle X-ray scattering 
technology enables us to discover that crystals inside the 
perovskite film with diameters lower than 40 nm break into 
smaller crystals during the operation under vacuum 
(Fig. 2a). These small crystals act as pinholes in the PSCs 
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Figure 1

A schematic representation of the 

mechanochemical synthesis of 

calcium urea sulfate (URCASU) from 

gypsum and urea. The fertiliser 

synthesis is optimised to be efficient, 

waste-free and applicable on a large 

scale. The product has better soil 

retention properties and a beneficial 

nitrogen release profile compared to 

pure urea.

Figure 2

a) The experimental setup for high-energy synchrotron X-ray diffraction (XRD) monitoring of mechanochemical reactions. Reaction profiles obtained from operando

monitoring by XRD for the reactions of urea with b) calcium sulfate hemihydrate and c) calcium sulfate dihydrate (gypsum). The white arrows indicate the beginning of 

the conversion from reactants to products.

Artificial fertilisers are crucial for future global food security but present an important sustainability 
challenge. While sustainably producing enough nitrogen fertiliser to feed the world is already difficult, a 
lot of it gets lost through decomposition or washing out from the soil. This requires more fertiliser to be 
added and uses a lot of resources and energy. With the help of direct and real-time monitoring of the 
mechanochemical synthesis of calcium urea sulfate, we devised a green, solvent-free, economical and 
scalable procedure for preparing a more efficient and stable fertiliser candidate from gypsum and urea. 

Direct operando monitoring of mechanochemical reactions 
by high-energy synchrotron X-ray diffraction (XRD) at 
beamline P02.1 of PETRA III provided real-time insight into 
the solvent-free synthesis of a highly potent fertiliser, 
calcium urea sulfate (URCASU), from gypsum and urea 
(Fig. 1). In situ XRD and variable temperature experiments 
allowed us to optimise the mechanochemical process and 
transfer it to large-scale production. The procedure can 
also be applied to construction gypsum, allowing for the 
transformation of construction waste into an added-value 
product.

Urea is one of the most essential and ubiquitous nitrogen 
fertilisers. However, when used in real-world conditions, 
its high solubility as well as moisture- and photo-sensitivity 
result in significant losses. One solution is the preparation 
of urea-containing compounds that degrade and dissolve 
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synthetic procedures with many advantages, such as 
higher yields, lower energy and time demands and the 
stabilisation of some products not available by other tech-
niques [2]. Importantly, mechanochemical reactions are 
well known for converting poorly soluble reactants into the 
desired products. However, as mechanochemical processing 
is conducted in rapidly oscillating vessels containing hard 
milling media, it is hard to monitor the progress of reactions 
and optimise them for processing at larger scales. Direct 
insight into the solid phases occurring during milling was 
only recently enabled through advanced monitoring tech-
niques such as XRD, sometimes complemented with Raman 
spectroscopy [3]. P02.1 is one of the few beamlines in the 
world equipped for operando monitoring mechanochemical 
reactions by X-ray diffraction. 

We monitored the mechanochemical formation of URCASU 
from different forms of calcium sulfate and at different 
temperatures using XRD (Fig. 2). Combined with Raman 
spectroscopy, this enabled us to determine that the 
reaction highly depends on the amount of crystallised 
water in the calcium sulfate reactant: Only the most 
hydrated form, gypsum, reacts to the target product 
quantitatively, and adding external water to the synthesis, 
inhibits the transformation. The optimised method, 
therefore, requires no added water and the only ‘waste 
product‘ is water generated in the reaction.

Based on these results, we transferred the process to 
larger scales. A large-scale batch synthesis was performed 
in a planetary mill, producing URCASU in hectogram
quantities. A continuous mechanochemical process using 
a twin-screw extruder enabled the kilogram scale 
production of the target fertiliser with a much lower 

relative energy consumption than batch processing. The 
continuation of this study has shown that construction 
waste gypsum can be used as a reactant.

The mechanochemically prepared URCASU proved to have 
superior stability, solubility and release properties com-
pared to urea and other calcium urea adducts, positioning 
itself as a strong candidate for agricultural applications.

more slowly, increasing the retention and availability of 
urea in the soil. Importantly, these materials must be 
affordable and accessible at large scales. A good candidate 
is URCASU [1], an adduct of urea and calcium sulfate whose 
dihydrate form, gypsum, is a ubiquitous construction 
material and one of the major components of construction 
waste. Unfortunately, due to the low solubility of gypsum, 
an excess of water and urea are needed in the traditional 
solution synthesis process. At a larger scale, such a 
solution-based approach is costly, energetically demanding 
and generates a considerable amount of waste. To address 
these issues, we devised a robust and efficient green 
procedure for preparing this fertiliser candidate using 
mechanochemistry. 

In the last two decades, mechanochemistry has developed 
into a powerful green chemistry alternative to conventional 

From the beamline to the field
Green and solventless synthesis of a stable and efficient urea fertiliser 
developed with the help of direct synchrotron X-ray monitoring
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Figure 1

Spatially resolved fluorescence and lifetime imaging. a) Optical micrograph of a 

CsPbBr2Cl NC supercrystal. b)The corresponding normalized spectra. 

c) Fluorescence lifetime τ map of a CsPbBr2Cl NC supercrystal. d) Fluorescence 

lifetime values τ obtained at each pixel inside the supercrystal as a function of 

the distance to the nearest edge. (Adapted from a figure in the original publica-

tion licensed under CC BY 4.0.)

Figure 2

Spatially resolved X-ray nanodiffraction 

experiment performed on a CsPbBr2Cl NC 

supercrystal: a) Average diffraction pattern for 

a supercrystal. b) Enlarged SAXS region of the 

averaged diffraction pattern. c) Diffraction map 

for a scan based on the integrated intensity of 

the SAXS diffraction patterns at q < 2 nm−1. 

d) Spatially resolved SAXS. An extracted 

average unit parameter ⟨a⟩ is shown. e) Atomic 

lattice distortion gq extracted from the 

Williamson–Hall method. f) The same value 

gq for each pixel plotted against the distance 

from this pixel to the nearest edge of the 

supercrystal. (Adapted from a figure in the 

original publication licensed under CC BY 4.0.)

Advances of the self-assembly of colloidal nanocrystals (NCs) from solution into three-dimensional 
arrays with long-range order have enabled the design of microscopic supercrystals that approach the 
structural precision of atomic single crystals [1]. As the building blocks of a supercrystal, the individual 
NCs are often regarded as ‘artificial atoms‘. A large structural coherence of these supercrystals 
facilitates new collective optoelectronic properties, which makes them prospective materials for 
electronics and photovoltaics. However, a critical question remains: whether this artificial atom analogy 
can also be transferred to the corresponding optical properties of NC supercrystals? 

To answer the question on these metamaterials and their 
unique optical properties [2-4], we studied self-assembled 
supercrystals consisting of perovskite nanocrystals with 
two different chemical compositions: CsPbBr2Cl and 
CsPbBr3. The NCs are monodisperse cubes with a diameter 
of 7 nm for CsPbBr2Cl and 9 nm for CsPbBr3. Spatially 
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we find a difference in the radial width of the WAXS Bragg 
peaks at different locations. By the Williamson–Hall method, 
we extract the atomic lattice distortion gq = δaAL/aAL at 
each spatial point. We find a clear trend of increasing 
atomic lattice distortion towards the edges of the super-
crystal with a maximum of 2% at the edge, as shown in 
Fig. 2 (e,f). This indicates that, during the process of self-
assembly into supercrystals from colloidal solution by slow 
drying, not only the superlattice exhibits distortions at the 
edges of supercrystal [5], but also the individual NCs are 
highly strained at the edges.

To rationalise the experimental trend of increased 
fluorescence energies at the edges of the supercrystal as 
compared to its centre, we carried out density functional 
modeling of the system. Overall, our computational 
modeling suggests that the spectral blueshift of the 
fluorescence from the edges of the supercrystal can be 
caused mainly due to a reduced NC coordination number 
at the edges as well as the compressive atomic lattice 
strain. 

In conclusion, supercrystals of lead halide perovskite NCs 
self-assembled from solution exhibit a loss in structural 
coherence, an increasing atomic misalignment between 
adjacent NCs and compressive strain near their surfaces. 
These structural distortions are strongly correlated with a 
blueshifted fluorescence and decreased radiative lifetimes. 
Our results emphasise the importance of minimising strain 
during the self-assembly of perovskite nanocrystals into 
supercrystals for photovoltaic applications such as super-
fluorescent emitters. The correlations between structure 
and fluorescence in supercrystals revealed here are thus 
another example for the analogy between atoms and NCs 
as so-called quasi-atoms.

resolved photoluminescence spectra of the 2.5 μm thick 
CsPbBr2Cl NC supercrystal samples on glass substrate 
under 405 nm excitation in a confocal laser scanning 
microscope are shown in Fig. 1 (a,b). When approaching 
an edge of the supercrystal, a continuous blueshift of the 
emission peak wavelength takes place. This blueshift is 
strongest for relatively small and highly faceted supercrys-
tals, where it reaches energies up to 20 meV. In the case 
of supercrystals composed of CsPbBr2Cl NCs, we measure 
typical fluorescence lifetimes (τ) around 2.1 ns in the 
centre which decrease by approximately 20% when 
scanning from the centre of a supercrystal towards its 
edges (see Fig. 1 (c,d)).

To find out the origin of these differences in the fluores-
cence spectra, which change from the centre of the super-
crystal to its edges, we investigated its structure and 
carried out a synchrotron X-ray diffraction experiment at 
the PETRA III beamline P10. Using an X-ray beam focused 
to approximately 400 nm × 400 nm on the sample, we 
performed a spatially resolved scan of a typical CsPbBr2Cl 
NC supercrystal on a Kapton substrate. The averaged 
wide-angle X-ray scattering pattern (WAXS) is shown in 
Fig. 2a. The small-angle X-ray scattering (SAXS) region 
(Fig. 2b) displays several orders of Bragg peaks, corre-
sponding to a simple cubic structure. A real space map 
of the scan based on the integrated SAXS intensity, 
corresponding to a single supercrystal is shown in Fig. 2c. 
Analysing individual SAXS patterns from different locations 
on the supercrystal, we find that the lattice parameter 
decreases from the value of a = 10.7 nm in the centre of 
the supercrystal down to a = 7.8 nm at the edges (Fig. 2d).

Despite the fact that the atomic average lattice parameter 
of the NCs aAL is constant throughout the whole supercrystal, 

Quasi-atomic behaviour of 
nanocrystals in superlattices
Variation of optical properties and structure of caesium lead 
halide perovskite nanoparticles in a supercrystal  
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The initial stage of drug discovery is often compared to the search for a ‘needle in a haystack’. The ‘haystack’ is a 
library of small molecules which is screened against a protein target. The ‘needle’ is a molecule that shows activity 
in an assay against the protein and structural biology is used to confirm its binding on the molecular level. In our 
work, we turn this paradigm upside down and propose a new strategy to perform fragment-based drug discovery 
(FBDD). We demonstrate the effectiveness of the approach to retrieve active molecules from vast chemical spaces 
containing billions of candidate molecules by starting with structural biology first. 

The goal of any pre-clinical drug discovery phase is to 
develop molecules matching the desired properties of a 
drug. One such property is the strong binding of the 
molecule to its protein target. To prioritise binding strength, 
assays have been established in the drug industry in order 
to detect such strong binders. High-throughput screening 
(HTS) campaigns test thousands to millions of molecules. 
Active molecules are named hits. Hits serve as starting 
points for chemical optimisation. Structural biology is 
applied afterward and hits are prioritised by their binding 
strength. Although HTS is a frequently applied method, it 
has limitations: low hit rates compared to enormous costs 
and often hits of too large a molecular size. This process 
is depicted in Fig. 1a. 

In our work, we followed a ‘crystal structure first’ approach 
instead [1]. Our strategy starts with experimental data 
from crystallographic screenings of very small probe-like 
molecules, termed ‘fragments’, to identify their usually 
very weak binding. The result is an experimentally validated 

3D structure showing the interactions and binding pose. 
This workflow is depicted in Fig. 1b. Such weak binders can 
hardly be detected in a binding assay or will not be consid-
ered as promising candidates. In addition, our approach 
provides structural validation at the same time.

We started with four crystal structures of fragment 
complexes with protein kinase A (PKA). Based on these 
structures, a virtual library of 2.8 billion synthetically 
accessible molecules was enumerated by embedding the 
fragments into bigger molecules. In the next step, the 
library was subjected to template docking. About two 
million compounds were scored and filtered. This step is 
called ‘chemical space docking‘ (Fig. 2). Out of 106 selected 
compounds, 93 were successfully synthesised and tested 
for their inhibition of the target protein. Our candidates, 
resulting from the computational expansion, have the 
usual size of compounds used in HTS. But the major 
difference is that our candidates are pre-selected, based 
on solid data from structural biology. 
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Overall, about 40% of the 93 compounds exhibited activity 
in the assays, a hit rate not achievable using HTS. The most 
potent compounds were co-crystallised and measured at 
the P11 beamline. The complex structures confirmed that 
these candidates exhibited the desired binding modes. They 
aligned well with the binding modes of the starting frag-
ments. Electron densities of the complex structures for the 
fragment and the most potent compound are shown in Fig. 3.

This campaign was accomplished in nine weeks, highlight-
ing the efficiency and effectiveness of our approach. It also 
indicates potential deficiencies in HTS-driven approaches: 
The third most active compound in the assays did not bind 
to the protein in the crystal structure and represented a 
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in giant haystacks   
A powerful approach to accelerate drug discovery 
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Figure 1

a) Workflow of general HTS drug discovery 

campaigns. b) Workflow of herein proposed 

‘crystal-structure first’ approach.

false positive. Additionally, the four starting fragments 
used for the computational expansion did not show any 
significant activity in either assay. Thus, the screening 
setup in HTS would have missed these fragments as 
promising starting points. 

Since this approach uses structural data, the determination 
of crystallographic information is essential. Access to high 
throughput structure determination at a synchrotron is 
therefore crucial. P11 at PETRA III provides the possibility 
to measure crystals in an efficient manner and facilitates 
such ‘crystal structure first’ campaigns. 

Figure 2

A top-to-bottom overview of the ‘chemical space docking‘ method including the 

used post-processing exercise and number of enumerated molecules in each step.

Figure 3

a) Experimentally determined electron density of the most potent compound EN093 (affinity ~ 700 nM). b) The fragment (Frag 2, no significant affinity) which was used 

as a template. 
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It is a well-established principle in physics and chemistry that equal charges repel each other, whereas 
opposite charges attract. It was long assumed that this principle also holds when enzymes – the biological 
catalysts in all living organisms – make or break chemical bonds. Scientists thought that enzymes place 
charges in their ‘active sites’, that is where the chemical reactions actually take place, in such a way that they 
repel similar charges from molecules binding them. This concept is called ‘electrostatic stress’. If the 
substrate (the molecule upon which an enzyme acts) would, e.g. carry a negative charge, the enzyme could 
use a negative charge to ‘stress’ the substrate and thus facilitate the reaction.

We analysed the enzyme orotidine-5-monophosphate 
decarboxylase (OMPDC) which has been studied extensively 
and actually serves as a textbook example of enzyme 
catalysis. In the absence of the enzyme, the reaction 
proceeds extremely slowly: in fact, it would take 78 million 
years for half of the substrate to react [1]. The enzyme 
accelerates this reaction by a factor of 1017, just by correctly 
positioning positive and negative charges in the reaction 
chamber. Since the substrate contains a negatively charged 
group that is split off as carbon dioxide, it was assumed for 
decades that the negative charges of the enzyme serve to 

stress the substrate, which is also negatively charged and 
accelerate the reaction [2]. However, this hypothetical 
mechanism remained unproven because the structure of 
the reaction was too fast to be observed.

Using protein X-ray crystallography at EMBL beamline P14 at 
PETRA III, we have now succeeded for the first time to obtain 
a structural snapshot of the substrate shortly before the 
chemical reaction takes place. The structure of the enzyme 
with bound substrate could be captured at the very high 
resolution of 0.99 Å, allowing us to disclose fine-structural 
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details including bond distortions and protonation states. 
Unexpectedly, the two negative charges of enzyme and sub-
strate did not repel each other as predicted by the electro-
static stress concept (Fig. 1). Instead, they shared a proton in 
a low-barrier hydrogen bond in an attractive interaction. Also, 
the substrate is physically distorted by the enzyme resulting 
in a selective bond activation of the scissile substrate bond.

In addition, we determined a series of structural snapshots 
along the pathway including enzyme complexes with 
substrate analogues, transition-state analogues and the 
product, all at true atomic resolution (Fig. 2). These structural 
data were combined with extensive quantum chemical cal-
culations and allowed us to define the governing principles 
of enzyme action. Apparently, OMPDC has evolved an 
effective transition-state stabilisation by an architecture 
that provides multiple favourable electrostatic interactions 
in a network of alternating charges.

Taken together, our structural analysis of OMPDC catalysis 
has unexpectedly revealed that electrostatic repulsion 
between substrate and enzyme, as one proposed form of 
ground-state destabilisation, is not a driving force for this 
reaction. While enzymes are capable of stressing their 
substrates by binding them in physically distorted confor-
mations and thus selectively destabilise scissile substrate 
bonds as also observed in our study, charge-charge interac-
tions are exploited productively and are central to effective 
transition-state stabilisation. The active site architecture of 
OMPDC, also referred to as ‘the most proficient enzyme’ [1], 
highlights the use of a dedicated network of alternating 
charges and dipoles that perfectly embrace the reacting 
substrate and stabilise the charges evolving in the transition 
state. The enzyme-catalysed decarboxylation is facilitated 
by hydrogen bond interactions between the substrate 

How equal charges in enzymes 
control biochemical reactions
Fundamental principles of enzyme catalysis disclosed            

Figure 1

Structural snapshot of substrate binding in the enzyme orotidine-5-monophosphate decarboxylase. a) Structure of substrate OMP (orotidine-5’-monophosphate) bound to 

human orotidine-5’-monophosphate decarboxylase at 0.99 Å resolution highlighting critical hydrogen bond interactions with protein groups. Note the short, strong H-bond 

between the substrate carboxylate and residue Asp312 that is incompatible with the proposed electrostatic repulsion between the two carboxylate groups. The structural 

models of substrate OMP, interacting residue Asp312 and mutated residue 314 are superposed with the corresponding 2mFo-DFc electron density map at a contour level of 

3σ. b) Structural features of enzyme-bound substrate highlighting the out-of-plane distortion of the scissile bond and of the substrate carboxylate relative to the pyrimidine 

ring plane shown in grey, suggesting a selective bond activation of the scissile substrate bond. 

Figure 2

Structure of orotidine-5-monophosphate decarboxylase in com-

plex with a transition-state analogue and implications for the 

mechanism. a) Structure of transition-state analogue BMP bound 

to the active site of the human enzyme at a resolution of 0.90 Å 

highlighting critical H-bonding interactions with protein groups. 

The structural model is superposed with the corresponding 2mFo-

DFc electron density map (blue, contour level 5.3σ). Peaks in the 

H-omit mFo-DFc difference electron density map (magenta, con-

tour level 3σ) indicate the positions of hydrogen atoms shown in 

cyan. b) Suggested chemical and electronic structure of the en-

zyme: transition-state complex showing the corresponding ionisa-

tion states as well as H-bond and electrostatic interactions. c) Mo-

lecular electrostatic potentials (isosurface value of 0.005 e/Bohr3, 

colour coding scale in atomic units) for substrate, the genuine tran-

sition state and product computed at the B3LYP-D3(BJ)/def2-

SVP(IEPFPCM) level of theory suggest that the catalytic prowess 

of orotidine-5-monophosphate decarboxylase – its preferential 

binding of the transition state - predominantly results from the 

development and spread of charge in the transition state.

carboxylate and acidic side chains of the protein that ensure 
differential binding of the transition state and reactant state 
in line with Pauling’s famous proposal that enzymes stabilise 
the transition-state of biochemical reactions. 

We are optimistic that these newly described principles of 
enzyme catalysis will help in the development of new 
chemical catalysts. Since the enzyme we studied releases 
carbon dioxide, the most important greenhouse gas pro-
duced by human activities, our results could help develop 
new chemical strategies for carbon dioxide fixation.
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Which changes in brain tissue are associated with neurodegenerative diseases? How does the structure of 
the neurons change? Some pathological changes in the tissue are easy to identify using standard microscopy. 
For example, protein deposits known as ‘plaques’, which occur in Alzheimer's disease, can be observed with 
staining techniques. However, pathological changes may also be very subtle and can easily be missed without 
a complete analysis of the three-dimensional structure. Here, we present a new approach to measure and 
quantify neuronal tissue architecture in three dimensions at high resolution, which enables us to identify 
previously unknown structural neuronal changes in Alzheimer’s dementia. 

Neurons are excitable cells that use electrical impulses and 
chemical signals to send and process information. In order 
to understand the physiology and pathologies of the brain, 
one wants to understand how neurons are located with 
respect to each other, how they are shaped, and if and how 
this cytoarchitecture changes in the course of neuro-de-
generative diseases such as Alzheimer’s dementia (AD). 
We are asking to which extent the cytoarchitecture of the 
human brain correlated to its function, and how can we 
quantify such structure-function relationships? Which mor-
phometric parameters can reveal the pathway from healthy 
to pathological states of the brain? How do we find these 
parameters without narrowing our search space to the initial 
hypothesis? Should we only screen for structural altera-
tions for which we can already formulate a disease-related 

hypothesis, or should we try to perform a broader structural 
data mining? And finally, how much inter-subject diversity is 
found in healthy subjects or patients suffering from neuro-
degenerative diseases such as Alzheimer’s disease? 

In this work, we present methods and workflows to answer 
these questions. In particular, we use high-resolution and 
multi-scale phase contrast X-ray tomography to assess the 
cytoarchitecture of the dentate gyrus of the hippocampus 
with sub-cellular resolution in post mortem brain tissue of 
AD patients and healthy controls. The hippocampus is 
known as a brain region where memories are transferred 
from short-term to long-term memory. Chemically fixed tis-
sue samples were available in paraffin blocks, the standard 
conservation of tissue in clinical pathology. Pieces with a 
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few millimetres diameter were punched out of the tissue 
blocks and then scanned by phase-contrast tomography in 
parallel and in cone beam geometry at the GINIX endstation 
of beamline P10 at PETRA III [2]. The recordings and phase 
retrievals were optimised for soft unstained tissue which 
only weakly absorbs X-rays. 

In this way, tissue volumes with millions of neurons can be 
reconstructed without damaging the samples, in particular, 
without histological sectioning and without time-consuming 
preparation. The X-ray projection images are first processed 
using advanced phase retrieval algorithms. The three-
dimensional structure is then tomographically reconstructed 
at different magnifications, with voxel sizes ranging between 
650 nm and 50 nm. Following quantitative phase retrieval 
and tomographic reconstruction, neuron and nuclei are 
segmented based on machine learning, and - for each 
patient - represented as multi-dimensional histograms in 
a structural ‘feature space’. Figure 2 shows an example 
illustrating the automated segmentation of neurons and 
their representation in a feature space, which can be 
regarded as a multi-dimensional histogram over axes repre-
senting different structural parameters of the neurons. For 
visual inspection, only a two-dimensional cross section is 
depicted, showing volume and density. Within tools of 
optimal transport theory [3], we use metrics to construct a 
subject (patient) space for classification and in order to 
identify prototypical structural variations from healthy to 
control states. The combination of segmentation by machine 
learning and methods from optimal transport theory allows 
us to compare the cell population of different individuals. 
This can also be done without prior hypothesis and knowl-
edge whether samples belong to a particular patient group. 
Furthermore, the comparison of the structural features 
takes every single detected cell of each individual into 
account and not just the average values of each individual. 

Structural high-resolution X-ray imaging 
of neurodegenerative diseases
Phase-contrast tomography identifies changes of neuronal structures in 
Alzheimer’s dementia

Figure 1

Three-dimensional visualisation 

of human neuronal tissue recon-

structed by multi-scale X-ray 

phase contrast tomography. 

Neuronal cell nuclei are shown in 

yellow for the granule neurons in 

the dentate gyrus region of the 

hippocampus. Blood vessels are 

shown in red. By changing the 

X-ray optical magnification in the 

multi-scale recordings, one can 

zoom into regions-of-interest 

(red ovals). In these scans the 

resolution is high enough to 

resolve sub-structures of the 

nucleus associated with different 

DNA packing regimes.

Figure 2

Segmentation of cellular nuclei and feature extraction. (a) Tomographic reconstruction yields 3D maps of the electron density in which the neurons are identified using 

machine learning. (b) The nuclei of granule neurons in human hippocampus rendered within a volume corresponding to a high-resolution recording. (c) Each neuron 

corresponds to a point in a higher dimensional feature space. Here, projections into the plane spanned by the parameters volume and density are shown for a sample 

from the AD group (red) and the control group (green). These distributions differ between patients and shift during disease progression of AD. The following 

prototypical changes along the transition from physiological to pathological structure are observed: The nuclei become denser, smaller and more heterogeneous in AD.

We find that the cellular nuclei of specific neurons, the 
granules in the dentate gyrus region of the hippocampus 
become more compact and heterogeneous in AD. The 
more compact structure observed can be explained by an 
increase of hetero-chromatin to euchromatin in these 
nuclei, i.e. a higher proportion of densely packed DNA. 
This happens when transcription, i.e. the read-out of 
genetic information is down-regulated in these neurons. 
The findings underline a nuclear involvement or nucleopathic 
character of AD. Whether the observed changes in the 
cell nucleus also play a causal role in the development of 
the disease remains to be investigated.
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Homologous recombination is a fundamental cellular process involved in maintenance of genetic integrity and 
generation of genetic diversity across all domains of life. One of the first discovered molecular machines 
contributing to the process of DNA recombination in bacteria was an AAA+ RuvAB Holliday junction branch migration 
motor. Our work answers long-standing questions about the architecture, oligomeric organisation and underlying 
mechanisms of this motor. Our data decipher the molecular principles of homologous recombination by the 
RuvAB complex, elucidate discrete and sequential transition-state intermediates for chemo-mechanical coupling of 
hexameric AAA+ motors and provide a blueprint for the design of state-specific compounds targeting AAA+ motors.

The key DNA intermediate in homologous recombination 
is a four-way DNA structure called Holliday junction (HJ) 
which was discovered by Robin Holliday in 1964 [1]. In 
bacteria, the HJ is processed by two homo-hexameric AAA+ 
ATPase RuvB (ATPase associated with various cellular 
activities) motors which, together with the RuvA–Holliday 
junction, assemble to energise the ATP-dependent strand-
exchange reaction [2]. Prior biochemical and structural 
evidence suggests that branch migration is facilitated by a 
tripartite complex [3]. Despite its importance for chromo-

some maintenance, the structure and mechanism by which 
this motor complex facilitates branch migration were 
previously unknown. 

To uncover the core mechanisms energising the RuvAB 
motor, it was essential to decode the molecular dynamics 
of the process in atomic detail. Using time-resolved cryo-
electron microscopy (cryo-EM), we obtained structures 
of the entire ATP-hydrolysing RuvAB branch complex in 
seven distinct conformational states at high resolution 
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(~3 A), captured during assembly and actively processing 
the HJ for the first time. All cryo-EM data were collected at 
the Cryo-EM Facility at CSSB located at the DESY campus. 
Using the high-performance computing facility at DESY, we 
were then able to classify all specific states and combine 
them together to generate a high-resolution movie detail-
ing how the RuvAB complex functions. 

Five structures together resolve the complete nucleotide 
cycle and reveal the spatiotemporal relationship between 
ATP hydrolysis, nucleotide exchange and context-specific 
conformational changes in RuvB. Our structural data estab-
lishes that the nucleotide cycle progresses around the ring 
in RuvB motors, thus providing proof-of-concept for a 
conserved core mechanistic principle in hexameric AAA+ 
translocases. We show, for the first time, the critical role of 
substrate-disengaged protomers within hexameric AAA+ 
translocases (a unifying feature across ring-forming AAA+ 
motors) which form a converter module. Coordinated mo-
tions in the converter allosterically stimulate hydrolysis 
and nucleotide exchange. In addition, we demonstrate 
that the chemical energy released from ATP hydrolysis is 
directly transformed through the immobilised converter 
(through RuvAD3) into a lever action which generates the 
pulling force driving the branch migration. We establish 
that RuvB motors rotate together with the DNA substrate, 
which, together with a progressing nucleotide cycle 
powering the lever mechanism, forms the mechanistic 
basis for DNA recombination by continuous branch 
migration.

In summary, our data decipher the molecular principles of 
homologous recombination by the RuvAB complex and 
elucidate discrete and sequential transition-state interme-
diates for chemo-mechanical coupling of hexameric AAA+ 
motors. Additionally, the translocation of DNA, RNA and 
protein substrates is thought to be powered by a common 
sequential nucleotide cycle. Based on the shared geometrical 
and mechanistic properties between the ring-shaped 
ATPase, we suggest that the majority of translocases may 
function as molecular levers that convert a concerted wave 
of conformational changes associated with their nucleotide 
cycles into a defined lift-height of their central pores. 
These molecular levers are most likely a basic mechanism 
used to facilitate substrate translocation.

The resolved intermediates covering the full nucleotide 
cycle of the AAA+ RuvAB provide a critical piece of 
structural information necessary for understanding a 
conserved core mechanistic principle in hexameric AAA+ 
ATPase translocases. By demonstrating how RuvB con-
verts chemical energy into mechanical work and serves as 
a molecular lever that translocates the substrate, we 
present the basic principles of AAA+ motors.

Energising molecular machines
Elucidating the details of homologous recombination in bacteria

Figure 1

Illustration of the RuvAB-Holliday junction complex 

where the RuvB motors rotate together with the 

DNA substrate during recombination. 

Figure 2

Resolving the RuvAB 

complex in distinct 

conformational states 

describing the entire 

nucleotide cycle at 

high resolution 

allowed us to assem-

ble a ’molecular 

movie’ of the Holliday 

junction branch 

migration.

References
1. R. Holliday, ‘A mechanism for gene conversion in fungi’, Genet. Res. 5, 282–304 (1964).
2. S. C. West, ‘Processing of recombination intermediates by the RuvABC proteins’, 

Annu. Rev. Genet. 31, 213–244 (1997).
3. K. Yamada et al., ‘Crystal structure of the RuvA-RuvB complex: A structural basis for 

the Holliday junction migrating motor machinery’, Mol. Cell 10, 671–681 (2002).

Original publication
‘Mechanism of AAA+ ATPase-mediated RuvAB–Holliday junction 
branch migration’, Nature 609, 630–639 (2022). 
DOI: 10.1038/s41586-022-05121-1

Jiri Wald1,2,3,4,5, Dirk Fahrenkamp1,2,3, Nikolaus Goessweiner-Mohr1,2,3,4,5, 
Wolfgang Lugmayr1,2,3,4,5, Luciano Ciccarelli1,2,3,4,5, Oliver Vesper1,2,3,4,5 and 
Thomas C. Marlovits1,2,3,4,5

1. Institute of Structural and Systems Biology, University Medical Center 

Hamburg-Eppendorf, Hamburg, Germany 

2. Centre for Structural Systems Biology (CSSB) c/o DESY, Hamburg, Germany

3. Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany 

4. Institute of Molecular Biotechnology GmbH (IMBA), Austrian Academy of Sciences, 

Vienna, Austria 

5. Research Institute of Molecular Pathology (IMP), Vienna, Austria



54 | News and Events News and Events | 5554 | Science Highlights | Health and life science Science Highlights | Health and life science | 55

During digestion, the proteins we eat are broken down into tinier pieces called peptides which consist 
of amino acids that our body later uses to build its own proteins. Before that happens, peptides must first 
be taken up from the gut. This task is performed by a protein called peptide transporter 1 (PepT1) which 
resides in the cell membrane of the intestinal wall and moves small peptides across the cell membrane. 
This highly promiscuous transporter is also responsible for the uptake of various drug molecules.

There are more than 900 transport systems in the human 
body dedicated to the uptake of different sorts of solutes 
and nutrients. Many of them are very specialised. For ex-
ample, certain sugar transporters can recognise only one 
type of sugar. However, PepT1 is different – it can trans-
port almost any type of short peptide. This ability is 
referred to as ‘promiscuity’. In a collaborative effort, we 
determined the molecular structures of human PepT1 and 
its relative PepT2 which is present mainly in the kidney for 

nutrient resorption. Since these proteins are hard to 
crystallise, we used single-particle cryo-electron microscopy 
(cryo-EM) instead to image individual transport proteins in 
a thin layer of ice.

The promiscuity of PepT1 enables it to transport not only 
nutritious peptides but also various types of drugs, including 
certain antibiotics, antivirals and drugs against hyperten-
sion [1, 2]. However, PepT1 transports drugs less efficiently 
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than it shuttles many of the natural peptides across the 
membrane. As a consequence, often only a fraction of the 
drugs we take in end up in the human body. The rest is 
exposed to the microbiome of the human gut which may 
lead to various side effects. Increasing the dosage of drugs 
to make up for inefficient transport is particularly danger-
ous in the case of antibiotics because it may lead to the 
generation of antibiotic-resistant bacteria.

The molecular model of the PepT1 structure (Fig. 1) now 
allows us to design new drugs or modify existing molecules 
that exploit PepT1 to cross the gut wall much more efficient-
ly than before. Currently, it is almost impossible to predict 
whether a drug candidate can cross the gut wall via this 
transport system. Many potentially effective drug candidates 
have failed in preclinical and clinical studies because they 
were poorly absorbed. With the help of the structural infor-
mation for PepT1, some of those failed candidates could be 
redesigned so they can take the uptake route via PepT1.

To generate an atomic model of PepT1, it was necessary 
to collect thousands of images of the frozen transporter at 
the cryo-EM facility at CSSB. Several millions of individual 
randomly oriented particles needed to be aligned to allow 
a full 3D reconstruction of the transport molecule. PepT1 is 
among the smallest monomeric protein structures deter-
mined by cryo-EM to date. It resembles a clamp that opens 
and closes alongside the gut. When a peptide binds to 
PepT1, the clamp closes around it and then opens to the 
other side of the membrane to release it (Fig. 1,2) [3]. We 
did not only determine the structure in a single state but 
could also freeze the transporter in various states along 
the transport cycle and determine its structure. This al-
lowed us to stitch the individual structures together and 
visualise the entire transport cycle in molecular detail, like 
in a movie.

Nutrient and drug uptake 
in stop-motion
Unravelling the structure of the intestinal peptide transporters 
paves the way for improved drug absorption

Figure 1

3D reconstructions of a) PepT1 and b) PepT2 with corresponding 2D-class averages and surface representations 

highlighting the outward and inward facing conformations of the transporter. The bound dipeptide is illustrated in red. 

(Credit: Maxime Killer/EMBL.)

Figure 2

Schematic representation of the alternate 

transport mechanisms of PepT1 and PepT2. 

The transporter is open to the intestinal lumen 

and recognises a short peptide (illustrated as 

red dot). The nutrient can be released on the 

other side of the membrane after different 

conformational changes have taken place. 

(Credit: Maxime Killer/EMBL.)

Figure 3

The human peptide transporter PepT1 

(shown in blue), mainly expressed in 

the small intestine, is open to the outside 

and inside of a cell in an alternating 

fashion. This allows the bulk uptake of 

peptide nutrients and selected drug 

molecules across the lipid bilayer. 

(Credit: Isabel Romero Calvo/EMBL.)

This work presents a significant step forward in studying 
membrane transport proteins on a molecular level (Fig. 3). 
Protocols and techniques developed to study PepT1 and 
PepT2 will help other scientists to determine structures of 
similar proteins in the future. Furthermore, our structures 
create the framework to understand molecular transport 
mechanism of peptide transporters which in turn will accel-
erate structure-based design approaches to increase the 
bioavailability of various compounds in the human body.
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It is a long-standing goal of surface and interface science to visualise electronic dynamics during reactions. Flow 
of charge and energy across the interface is the driving force of the emergent dynamics that generally involves a 
complex interplay between the atomic and electronic structure. Here, we are imaging the frontier orbitals with 
time-resolved momentum microscopy at a free-electron laser and follow the charge and energy flow across the 
interface at their fundamental dimensions. 

In the last decade, orbital tomography has emerged as an 
exciting extension of the photoemission technique for 
imaging localised electronic wave functions in thin film 
molecules [1]. Expanding the orbital tomography technique 
into the time domain requires XUV or X-ray photon energies 
and ultrashort pulses with sufficient flux, presently only 
provided by self-amplified spontaneous emission (SASE) 
free-electron lasers (FELs) or high harmonics generation 
(HHG) sources. The common stroboscopic experimental 
approach to molecular movie making is to switch on the 
dynamics with a femtosecond laser pump pulse and film 
the subsequent temporal evolution by taking snapshots 
with femtosecond probe pulses at specified pump-probe 
time delays [2, 3]. 

Here, we investigate the ultrafast charge transfer 
dynamics between a bilayer of pentacene deposited on 
Ag(110). Consider a molecule in contact with a surface and 

charge transfer as a primary fundamental process, as, 
e.g. in the initial step of a molecule-surface reaction or a 
molecular electronics device function. Upon receiving a 
charge from the substrate, the atomic positions as well 
as electronic orbitals and energy levels of the adsorbed 
molecule may rearrange significantly, while the local 
charge build-up will in turn initiate the movement of 
mobile charge carriers in the substrate and modify the 
local atomic structure at the adsorption site and its global 
surface electronic structure by shifting, distorting or 
splitting of bands.

The pump-probe experiment was performed with a momen-
tum microscope at the PG2 beamline at FLASH. We pumped 
the organic film with an optical pump laser at 400 nm wave-
length and probed the response with FEL at a photon 
wavelength of 35 nm. Figure 1 displays the experimental 
and theoretical time-integrated photoelectron momentum 
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maps of the bilayer pentacene film. We can unambiguously 
identify the molecular orbitals, e.g. LUMO1st, HOMO1st, 
HOMO2nd and HOMO-11st using ab initio calculations. In addi-
tion to the momentum distribution of molecular orbitals, a 
feature close to normal emission is present in all experi-
mental measurements. Calculations on a model system of 
pentacene on a cluster of silver atoms reveals hybridised 
bonds between the molecule and the substrate. 

In the time-resolved momentum distribution of the molecular 
orbitals we observe that the intensity around the centre 
increases after time zero and drops after 200 fs (see Fig. 2). 
The dynamics can be explained in the framework of charge 
transfer between molecule and substrate and a charge 
redistribution from the HOMO1st to the partly filled LUMO1st. 
Due to the strong interaction with the substrate, the mole-
cule can also move relative to the surface after optical exci-
tation which is confirmed by our computational calculations. 

Our work shows the feasibility of sub-picosecond time-
resolved orbital tomography of molecular thin films at 
SASE FELs. We identify the molecular orbitals and observe 
transient changes due to charge transfer between the 
molecule and the substrate. With the upcoming improve-
ments in the temporal resolution and full polarisation 
control at FEL light sources alongside with progress in the 
theoretical framework based on quantum electrodynamics, 
time-resolved tomography of molecular wave functions 
during chemical reactions will become feasible [4].

Ultrafast electron dynamics 
in space and time
Orbital tomography of a pentacene film using time-resolved 
momentum microscopy at a FEL

Figure 1

Comparison of experimental and simulated mo-

mentum maps of bilayer pentacene on Ag(110). 

Time-integrated measured a)–d) photoelectron 

momentum maps (PMMs) for the pentacene va-

lence orbitals. The partly filled LUMO1st a), the 

HOMO1st b), HOMO2nd c) and the HOMO-11st d) can 

be clearly distinguished from one another and 

identified by comparison to the simulations f)–i) 

and k)–m). Simulated PMMs for the f) LUMO, g) 

and h) HOMO and i) HOMO-1 orbitals and j) 

Hartree-Fock energies of occupied molecular 

orbitals of isolated pentacene. j)–l) Simulated 

PMMs for the pentacene on Ag(110) cluster. n) 

Hartree-Fock energies of the pentacene on 

Ag(110) cluster. Nature Communications articles 

are published OA under a CC BY license (Creative 

Commons Attribution 4.0 International license).

Figure 2  

Time evolution of experimental photoelectron 

momentum maps (PMMs) and comparison to 

theory. Time evolution of PMMs of pentacene 

of the a)–c) LUMO1st, e)–g) HOMO1st and i)–k) 

HOMO2nd at EB =0.2eV, EB =1.2eV and EB =1.8eV 

binding energy, respectively. Momentum 

distribution curves for (d) LUMO1st, (h) HOMO1st

and (l) HOMO2nd (bottom) in the direction as 

indicated by the dashed lines in the corres-

ponding PMMs. Calculated PMMs for a 

pentacene molecule excited to the first singlet 

state m) in the ground-state geometry and n) 

excited-state geometry. o) Schematic 

representation of the proposed molecular 

dynamics in the second layer after excitation. 

Nature Communications articles are published 

OA under a CC BY license (Creative Commons 

Attribution 4.0 International license).
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Nucleobases are the information carrier of life. Almost contradicting their relevance in nature is their strong 
absorption of highly energetic UV light. However, the concerted motion of electrons and nuclei quickly funnels 
the UV energy into heat which contributes to their stability and selection of life's information carrier. Upon 
substitution of one of the nucleobases’ oxygen atoms by sulfur, this mechanism changes drastically, creating 
molecules that store part of the light energy in the excitation of spins [1]. We investigated the ultrafast 
dynamics of UV-excited sulfur-substituted nucleobases. The molecules exhibit an efficient and long-lasting 
population of spin-excited states, determining their behaviour in biochemical and medical applications. 

The common medical use of so-called thionucleobases 
as immunosuppressants is somewhat compromised by 
the spin-excited states. They create damages in tissue 
which lead to an increased skin cancer risk. On the other 
hand, the spin-excitations also lead to further applications 
as molecular cross-markers and in photodynamic tumor 
therapy. We shed light on the sulfur-substitution effect 
that changes the molecular behaviour drastically by study-
ing the ultrafast path of 2-thiouracil into the spin-excited 

state using X-ray probe photoelectron spectroscopy at 
the free-electron laser FLASH. 

We utilise FLASH as an ultrafast camera providing snap-
shots of the UV optical laser-triggered electron motion 
in 2-thiouracil. As shown in Fig. 1, a UV pulse starts the 
molecular dynamics by inducing electronic motion and 
coupled changes in the molecular geometry. An X-ray 
pulse from FLASH probes the electron dynamics by 
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emitting photoelectrons from the sulfur 2p core levels. 
The energy needed to eject the 2p electrons and thus its 
kinetic energy is influenced by the local valence electron 
charge on the sulfur atom [2]. We use an electron spectro-
meter to determine the 2p electrons’ kinetic energy as a 
function of the delay between UV and X-ray pulse.

Figure 2a shows the changes in the kinetic energy of the 
ejected sulfur core electrons. Right after UV excitation, 
the electron kinetic energy diminishes. This indicates a 
UV-induced flow of charge away from sulfur. At about 
300 fs after UV excitation, the electrons turn partially 
back to the sulfur, and the electron kinetic energy shifts 
again towards higher kinetic energies. The oscillation 
repeats afterwards. The calculated molecular valence 
charge maps, showing a difference in charge between 
UV-excited and non-excited molecules, confirm the 
observation. The UV irradiation induces a periodic flow 
of charge from the sulfur to the molecular ring and back 
with the experimentally observed period. The oscillation 
of the charge is due to the coupling of electrons and the 
molecular geometry. As the nuclei change position, the 
electrons are periodically driven into different states, 
being more or less localised on the sulfur atom.

Our results show that we are able to image the electronic 
motion on a femtosecond level from the local perspective 
of a single atom within the molecule. This information, 
together with the changes in molecular geometry, is 
required to fully understand the conversion of light energy 
within molecules. In the future, we will extend this study 
to observe several atoms within one molecule, thus 
obtaining a complete molecular electronic movie.

Tracking charge in motion
Femtosecond electronic movies of light-excited nucleobases

Figure 1

2-Thiouracil is excited with a UV 

pulse initiating a charge flow away 

from the sulfur atom (yellow). A soft 

X-ray pulse tuned on the sulfur 2p 

core electrons ionises the excited 

molecule. The electrons are emitted 

with a distinct kinetic energy which 

is shifted by the charge sitting on 

the sulfur atom.

Figure 2

a) The photoelectron spectrum 

shows a shift to lower kinetic 

energies indicating a higher 

binding energy after UV excitation. 

On top of the signal, small 

modulations can be seen which 

we attribute to changes of the 

electronic state. b) Charge 

difference map, with and without 

UV excitation, at different times 

after UV excitation. Red indicates 

less electrons, blue more. The 

charge on the sulfur atom oscil-

lates which leads to oscillations in 

the core electron kinetic energy.
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Intramolecular charge transfer plays a key role in photochemical reactions of biorelevant molecules. Here, 
we use X-rays to create and monitor the quantum mechanically evolving electron charge distribution in the 
amino acid glycine via direct real-time measurements. Better knowledge of the quantum effects in the 
motion of electrons at the molecular level can pave the way to controlling, optimising, and engineering 
ionising radiation to be used, for example, in radiotherapy for cancer treatment.

Since the pioneering experiments by Weinkauf and Schlag 
on electron mobility and dissociation in peptide cations [1], 
the interplay between local ionisation and molecular reac-
tivity is of considerable interest in many areas of physics, 
chemistry and biology [2]. The amino acid glycine is an 
abundant basic building block of proteins and plays a part 
in the recognition sites on cell membranes and enzymes. 
Due to its compact nature and tendencies to form hydrogen 
bonds, it facilitates protein folding in biomolecular reactions. 
Stand-alone, it is utilised as an inhibiting neurotransmitter 
in the central nervous system.

When energetic radiation hits a glycine molecule, often one 
of its electrons gets knocked out. In the resulting glycine 
ion, the remaining electronic charge begins to redistribute 
itself, resulting in a time-dependent oscillation of the 

charge density. To ionise glycine, we used the ultrashort 
soft X-ray pulses from the free-electron laser FLASH, each 
lasting less than five femtoseconds (fs). With these flashes 
and by applying sophisticated post-analysis data process-
ing algorithms, we could look at the behaviour of one 
specific of glycine’s 40 electrons from a particular orbital. 
In the applied experimental scheme depicted in Fig. 1a-d, 
events featuring electrons from the 10a’ inner-valence 
orbital are of interest. The 10a’ orbital spans nearly the full 
molecular backbone, and in consequence, the transient 
local electron hole density moves to the same extent, thus 
making this orbital an excellent candidate for the study of 
charge-induced chemical dynamics [3]. While the initial 
knockout of the electron results in a positive charge at a 
specific atom in the molecule, the following charge oscilla-
tion creates a force field that makes the nuclei move as well.
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Quantum mechanically, the outgoing electron leaves the 
molecular ion in a so-called coherent superposition of 
eigenstates, i.e. an electronic wave packet. The electronic 
coherence influences the way the molecule reacts chemi-
cally. Understanding this quantum behaviour may open a 
path to make biomolecules act in a desired way. A prere-
quisite for any control of electronic and nuclear dynamics 
towards specific molecular reaction pathways is a detailed 
analysis of structural properties when the molecule is driven 
out of equilibrium. In particular, the analysis and control of 
time-dependent electronic structure defining the potential 
energy landscape in which the nuclei move is of high relevance.

Employing a ‘pump-probe’ experimental scheme, delayed 
soft X-ray pulses track the induced wave packet dynamics 
through resonant X-ray absorption that induces Auger de-
cay. We collect three or more particle events per FEL probe 
pulse, comprising the photoelectron at the kinetic energy 
corresponding to valence ionisation of 10a‘ under investi-
gation, the final Gly2+ parent ion and pump-probe events 
including Auger decay. Figure 2a shows the result of this 
kinematically complete experiment, spanning a 175 fs time 
window. We observed an electronic coherence which is 
preserved for the first 55 fs after the initial photoionisation 
with nearly no loss of intensity and an oscillation time 
period of 19.6  fs. After the first three oscillations, 
coupling between electronic and nuclear degrees of freedom 
sets in, slowly destroying the electronic coherence and 
giving rise to a presumably C-C stretch oscillation with a 
period of 29.3  fs. The temporal evolution of the two 
dominant oscillation periods can be seen in Fig. 2b.

Advanced ab initio many-electron simulations by collabora-
tive researchers from the Imperial College London allow us 
to explain the first 25 fs of the detected coherent quantum 
evolution in terms of the electronic coherence. However, 
the full coherence brought to life by the few-fs ionisation 
of glycine in the inner-valence region is, in all probability, 
of mixed electronic and vibrational character. A full theo-
retical characterisation of this coherence within the highly 
computationally demanding inner-valence energy region is 
currently beyond reach and should be the subject of future 
theoretical studies.

Quantum dance of electrons 
in a biomolecule
Watching the charge density motion in the amino acid glycine 
with ultrashort X-ray pulses in real time

Figure 1

A single-color, X-ray pump-probe scheme is applied 

to track charge dynamics initiated by photoelectron 

emission from the 10a‘ molecular orbital. The total 

cascade involves several different processes: 

a) photoionisation, b) charge migration triggered by 

coherent population of ionised states during 

photoionisation, c) resonant carbon 1s core-hole 

excitation and d) Auger decay.

Figure 2

a) Relative change of the detected correlated yield of 10a’ photoelectrons, 

Auger electrons and Gly2+ ions in relation to the average yield as a function 

of pump-probe time delay Δt. b) Continuous wavelet transform of the 

above signal showing the period-resolved magnitude evolution of the 

nonstationary signal. The ‘cone of influence’ is given as a darker-shaded 

area. Here, artificial edge effects disturb the frequency analysis, and 

therefore, peak structures in the shaded area of the colour plot are likely 

underestimated. The two dominant oscillation periods identified in the 

kinematically complete experiment are 19.6 fs and 29.3  fs.
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Figure 1

Top: Equilibrium structure of 

iodopyridine (C5H4NI). Bottom: 

Molecular-frame momentum maps of 

nitrogen ions (green), hydrogen ions 

(magenta, left panel), and carbon ions 

(red, right panel). The emission 

direction of the iodine ion defines the 

positive z-axis, and the y/z-plane is 

spanned by emission direction of the 

iodine and the nitrogen ion. All ions 

are singly charged. 

Many different methods to explore the microscopic realm of atoms and molecules exist nowadays. A method, 
which – compared to other experimental approaches – is still in its infancy, is the so-called Coulomb explosion 
imaging. As the name already implies, molecules are rapidly charged up, for example via ion bombardment, 
femtosecond laser pulses, or, more recently, free-electron laser pulses. As a result, the molecules fragment in 
a violent Coulomb explosion driven by the mutual repulsion of the generated charges. By imaging the momenta 
of the molecular fragments in a coincidence measurement, the molecule can be studied in great detail. 

Coulomb explosion imaging has already come a long way. 
While initially performed by stripping off electrons from 
molecular ions by means of thin foils in the 1980’s, its next 
level was achieved when powerful, femtosecond laser 
sources emerged (see [1] for a recent review). During the 
last decade, X-ray free-electron lasers have also been used 
to trigger the charge up via absorption of several photons 
and subsequent ultrafast Auger-Meitner decay (cascades). 

The present study was performed at the European XFEL 
using the COLTRIMS reaction microscope available at the 
SQS scientific instrument. Via reaction microscopy, single 
molecules in the gas phase may be addressed by determining 
the momenta (and the mass and charge) of reaction prod-
ucts in a coincidence measurement [2]. We employed the 
intense X-rays provided by the European XFEL to multiply 
ionise iodopyridine (C5H4NI) and molecules (see Fig. 1 top). 
While the majority of the photoabsorption processes hap-
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position space. This becomes clear when inspecting 
the carbon ion momenta in Fig. 1 bottom right. The five 
carbon atoms (C2 to C6) can also be clearly assigned, but 
the C2 ion appears to be ’out of place’ at almost zero 
momentum. This behaviour can be understood with the 
help of state-of-the-art theoretical modelling of the 
fragmentation dynamics. 

Figure 2 shows the temporal evolution of the X-ray 
induced Coulomb explosion in momentum space (Fig. 2a) 
and position space (Fig. 2b), calculated with the XMDYN 
tool kit [3]. This reveals that the C2 ion is temporarily 
trapped between the heavy iodine ion and the repelling 
charges of the other atoms of the molecule’s ring, which 
even leads to a significantly reduced C-I distance after 
~30 fs and results in almost zero momentum of the C2 
atom after the explosion. It also highlights the extremely 
fast emission of the hydrogen ions, followed by a some-
what slower explosion involving the heavier atoms.

The very clean momentum-space images of the fragmen-
ted molecules suggest that Coulomb explosion imaging has 
huge potential as a tool for studying ultrafast photochemical 
processes in gas-phase molecules in future pump-probe 
experiments. In particular, the ability to image every 
individual hydrogen atom is a key advantage over many 
other methods. The atomic positions can be determined 
through comparison with quantitative simulations, such as 
those provided by XMDYN. In addition, the momentum-
space data obtained by Coulomb explosion imaging provides 
information on the dynamics of the charge up and frag-
mentation process itself and (as we show in our original 
publication) even insight into the evolution of molecular 
charge rearrangement.

pen at the iodine atom, the charge rapidly spreads to the 
other atoms and additional charge is created by secondary 
electron emission. This very rapid charge up yields at least 
one charge on each atom, thus triggering a rapid fragmen-
tation into atomic ions which already starts during the 
ultrashort X-ray pulse. 

Figure 1 shows the structure of iodopyridine (top) and the 
momenta of the measured N+, H+, and C+ ions (bottom). 
Molecules in the gas phase are randomly oriented. There-
fore, a molecular frame of reference was constructed from 
the coincident ion momenta recorded in the laboratory 
frame. In Fig. 1 bottom left the momenta of the protons 
and the nitrogen ion are shown in this molecular frame. 
The distribution shows an astonishing resemblance to the 
equilibrium structure of the molecule, and the four different 
hydrogen atoms H3 to H6 can be identified at first glance. 
However, Coulomb explosion imaging does not map the 

An explosive insight
En route to acquiring movies of photochemical reactions  
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Figure 2

Temporal evolution of 

the fragmentation of 

iodopyridine molecules 

during and after the 

X-ray pulse, simulated 

with the XMDYN toolkit. 

Red: iodine; blue: nitro-

gen; black: carbon; grey: 

hydrogen. a) momen-

tum space (representa-

tion analogue to Fig. 1). 

b) position space. 
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in liquid water, since such a low oxygen momentum may 
increase the reactivity for further reactions in an aqueous 
environment.

Figure 1

a) After the absorption of an X-ray photon (flash 

left), the water molecule can bend up so far that 

after only about ten femtoseconds both hydrogen 

atoms (grey) are facing each other, with the 

oxygen atom (orange) in the middle. This motion 

can be studied by absorbing a second X-ray 

photon (flash right) which triggers a Coulomb 

explosion of the molecule. b) Newton diagrams 

(left to right: scheme, experiment and theory) of 

the ion momenta for O2+ and two H+ ions detected 

in coincidence, where the oxygen momentum 

defines the x-axis. On the left, the employed 

momentum coordinate system is shown. The red 

dots mark the expected momenta for the case of 

an instantaneous Coulomb explosion. 

Figure 2

a,c) Scatter plots showing the angles of the final 

proton momenta with respect to the final oxygen 

momentum (experiment and simulation). In the 

simulation scatter plot a large HOH bond angle at 

the time of the second photoionisation is 

indicated by green. b,d) Scatter plots showing the 

magnitudes of the final proton momenta 

(experiment and simulation). In the simulation 

scatter plot a large structural asymmetry at the 

time of the second photoionisation is indicated 

by pink. The relevant momentum- and real-space 

coordinates are also shown on the right.

Since water is present in every known living organism, the breakup of H2O by radiation, i.e. the photolysis of water,
is often the starting point for radiation damage. However, the chain of reactions that can be triggered in the body 
by high-energy radiation is still not fully understood. Even just observing the formation of individual ions and reactive 
radicals in water upon absorption of high-energy radiation is already very difficult. High-intensity X-ray light 
generated by X-ray free-electron lasers (XFELs) provides new opportunities to investigate these ultrafast processes.

To study X-ray ionisation-induced dynamics of water, we 
have exposed water molecules to the very intense and 
ultrashort light pulses from the European XFEL such that a 
single water molecule can absorb more than one X-ray 
photon during a light pulse. In this case, the first photon 
induces the break-up of the molecule, and the absorption 
of a further photon shortly afterwards provides a detailed 
fingerprint of its fragmentation pattern. By carefully 
analysing this fingerprint in combination with detailed 
simulations [1,2], we were able to draw conclusions about 
the ultrafast dynamics of H2O occurring after X-ray 
absorption. We captured in a sense a ‘film‘ of the 
disintegration of the water molecule (which lasted only a 
few femtoseconds) and found that the breakup process 
is much more complicated than initially expected.

Figure 1a shows an example of the relevant dynamics of 
the water molecule. At first, the X-ray light creates a 
dicationic water molecule by core-shell ionisation and a 
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pointing towards the emission direction of O2+ can be 
attributed to a scenario where the delay between the two 
photoabsorption events is sufficiently large to allow the 
molecule to evolve before being ripped apart by the 
Coulomb repulsion.

Further insight into the underlying dynamics is provided by 
the scatter plots in Fig. 2. Figure 2a shows that in a number 
of events the angles of the two H+ momenta with respect 
to the O2+ momentum are strongly anti-correlated, summing 
up to almost 180°. Our simulations (Fig. 2c) indicate that 
this signal must be attributed to an unbending motion, 
where the water molecule reaches an almost linear 
geometry before the second photoabsorption triggers the 
final Coulomb explosion. Absolute momenta of the two H+

are shown in Fig. 2b. Although most of the H+ momenta 
show similar magnitude, a significant fraction is asymmetric. 
Through the simulations (Fig. 2d), we can clearly assign 
these cases to asymmetric dissociation of H2O2+ into OH+

and H+.

Our simulations reveal that the overall kinetic energy 
release (KER) decreases when the time delay between the 
two photoabsorptions is larger. Thus, temporal information 
is encoded in the KER, and sorting our results according to 
the KER allows us to inspect the discussed fragmentation 
patterns as a function of time. Although only based on a 
single X-ray pulse, this methodology can be hence 
considered an effective pump-probe method.

Our study succeeded for the first time in taking a closer 
look at the dynamics of a water molecule after it absorbs 
high-energy radiation, characterising the formation of the 
oxygen and hydrogen ions and radicals, as well as the way 
this process unfolds over time. In particular, we reveal that 
X-ray irradiation leads to a significant unbending motion 
that results in the neutral oxygen almost at rest. This 
finding can have consequences for the radiation chemistry 

subsequent Auger decay. The H2O2+ ion starts to deform 
and break apart, and the evolution of the system continues 
until a second photon is absorbed. This absorption ionises 
the molecule further and also triggers a further Auger 
decay. As the total charge of the molecule is +4 now, the 
strong Coulomb repulsion induces a violent fragmentation. 
The momenta of the three ions (O2+, H+, H+) preserve 
information on the structural dynamics undergone 
in-between the absorptions of the two photons.

By using the COLTRIMS reaction microscope of the SQS 
instrument at European XFEL [3, 4], these momenta have 
been measured in coincidence. Figure 1b shows Newton 
diagrams of the ion momenta with two dominant peaks 
and pronounced tails. The main peaks result mostly from 
an almost instantaneous Coulomb explosion, where the 
final charge of +4 is reached before the dicationic molecular 
ion has time to undergo a substantial structural rearrange-
ment. In contrast, the pronounced tail in the H+ momenta 

X-ray laser reveals how radiation 
damage arises
Double bombardment exposes the detailed dynamics of how water 
molecules break apart  
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The functional properties of many biomolecules are determined by light-induced structural dynamics. 
These dynamics often involve conical intersections, defining regions in the space of molecular geometries 
with divergent coupling between electronic and vibrational degrees of freedom. This enables ultrafast 
electronic transitions initiated solely by geometric deformations. Experimental investigations, however, 
are hampered by the required spatial and temporal resolutions. Machine learning techniques can 
significantly enhance the time resolution of noisy data, providing new insights into femtosecond 
de-excitation dynamics of photoactive molecules and the topography of the involved conical intersection.

The structural dynamics of a molecule are determined by 
the underlying potential energy surfaces (PESs), assigning 
potential energies to all possible geometric configurations 
of the atomic nuclei. When two PESs intersect, the coupling 
between the involved electronic states diverges. This 
precludes a separate treatment of electronic and nuclear 
degrees of freedom. Instead, dynamical changes of the 
molecular geometry give rise to an ultrafast, non-radiative 
transition from one electronic state to another. A conical 
intersection (CI) is a region of such potential energy 
degeneracy and concomitant divergent coupling. A prime 
example of a process predominately determined by a CI is 

the light-induced trans-to-cis isomerisation, a collective 
internal rotation, in photoactive yellow protein (PYP).

The level of complexity involved in treating thousands of 
atoms in a macromolecule such as PYP renders electronic 
structure calculations for an accurate description of the 
PESs, on which the structural dynamics unfold, unfeasible. 
In addition, experimental observation of the ultrafast 
structural dynamics and electronic de-excitation via CIs has 
remained elusive due to the required high spatial and tem-
poral resolutions. The latter is limited by uncertainties in 
the time delay between the excitation pump and the probe Author contact: Niels Breckwoldt, niels.breckwoldt@cfel.de
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pulse, called timing jitter. Machine learning techniques can 
recover high-resolution dynamics from noisy data with 
substantial timing uncertainties by incorporating the fact 
that a system’s time evolution is constrained by the 
underlying laws of motion. Learning these constraints based 
on experimental data allows highly accurate time-series 
reconstruction, even for substantial timing uncertainties [1,2].

Applying this technique to a time series of diffraction images 
with an estimated timing jitter of 100 fs, obtained in a time-
resolved X-ray crystallographic study of photo-excited PYP 
[3], allowed the reconstruction of highly accurate, jitter-
suppressed difference electron density (DED) maps, revealing 
the dynamics of the charge distribution and the underlying 
atomic structure. Similar to finding a suitable basis in a vector 
space, the DED dynamics can be decomposed into structure-
dynamical modes which, in combination, define the total 
dynamics. Each mode consists of a characteristic DED map, 
referred to as topogram, evolving in time as prescribed by a 
time-dependent weight, called chronogram (Fig. 1). The 
detection of previously unreported high-frequency oscilla-
tions in the chronograms implies a time resolution of the 
reconstructed DED dynamics of better than 10 fs, much 
shorter than the timing jitter in the experiment. 

The DED decomposition in topograms and chronograms 
can be used to gain insights into the local CI topography 
involved in the de-excitation dynamics. The close vicinity 
of the CI can be considered a 2D subspace of collective 
modes, each of which is associated with a topogram. 
Hence, a dynamical trajectory in this subspace, i.e., a time 
series of 2D position vectors, corresponds to a pairwise 
combination of chronograms. Incorporating various CI 
topographies and initial conditions in exact quantum 
dynamics simulations of de-excitation trajectories, a 
subsequent comparison with pairwise combinations of 

Molecular movie with a twist
Revealing the femtosecond dynamics of a photoactive protein 
traversing a conical intersection

Figure 1

a) Chronograms of the DED dynamics in 

PYP. The sharp turning point at 615 fs 

visible in all chronograms coincides with 

the passage through the conical 

intersection. b) Time evolution of the 

DED. Mode 1 (not shown) represents 

the moving average and has been 

added to all other modes. The DED 

maps near the top of the oval region 

are associated with the trans-to-cis 

isomerisation. The patterns near the 

bottom of the oval region show strong 

oscillatory charge dynamics. 

(Copyright © 2021, Springer Nature 

Limited)

Figure 2

a) Reconstructed local potential energy surface topography in the close vicinity of the conical intersection. Touching of the two PESs constitutes the conical 

intersection. The normal modes x and y refer to collective modes, each associated with a topogram. b)–e) Time evolution of a Gaussian wave packet on the 

electronically excited state (top panels) and electronic ground state (bottom panels) in the vicinity of the reconstructed conical intersection. 

(Copyright © 2021, Springer Nature Limited)
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experimental chronograms yields direct information on the 
local topography of the underlying PESs experienced by the 
structure-dynamical modes when traversing the CI (Fig. 2). 

In summary, the presented combination of machine learning 
to recover dynamics from noisy experimental data with 
substantial timing uncertainty and quantum dynamical 
model simulations provides a powerful data-driven route 
to studying ultrafast processes in complex molecular 
systems inaccessible by first-principles calculations.
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Molecules in the gas phase are oriented isotropically. To fully decipher ultrafast photochemical reactions, the 
molecules’ axes need to be fixed in the laboratory frame. Laser alignment is an established technique to 
accomplish this [1], requiring TW/cm2 intensities. However, such intensities can be detrimental to molecular 
dynamics investigations; suppressing the laser field is highly beneficial. We show that using a sharply truncated 
laser pulse, a strongly aligned sample of the prototypical biomolecule indole can be prepared and detected in a 
field-free environment. Our approach is general and can be applied to any molecule. 

We studied the prototypical gas-phase asymmetric top-
molecule indole, cooled to ~1 K, as our target. Indole 
consists of only H, C and N atoms, the most common 
constituents of organic biomolecules. With respect to most 
experimental investigations aiming to induce and probe 
field-free alignment of asymmetric-top molecules, indole is 
missing marker atoms, e.g. halogen atoms or similar ligands 
which are usually used to determine molecular alignment. 
Using an off-resonant-wavelength (800 nm) laser pulse of 
suitable intensity, polarisation and duration, we forced the 

molecule’s axes to align to those of the laboratory frame 
(Fig. 1). Using phase and amplitude shaping, the laser puls-
es were rapidly truncated once the molecular alignment 
reached its maximum. The truncation was more rapid than 
the rotational dephasing rate, governed by the 
molecule’s inertia, and alignment thus persisted for some 
time in the absence of significant laser intensity.

To determine the spatial alignment of the indole molecules, 
we utilised strong-field ionisation, resulting in a Coulomb 

Author contact: Jochen Küpper, jochen.kuepper@cfel.de

explosion. Fragment ions were imaged onto a position-
sensitive detector using a velocity-map-imaging spectro-
meter. The projected 2D angular distribution is an easily 
accessible, but incomplete, measure of alignment. By 
careful fitting of the velocity maps’ temporal evolution to 
calibrated time-dependent quantum mechanical calcula-
tions in the rigid rotor approximation, we determined the 
true 3D distribution from the measured 2D distributions.

The alignment dynamics <cos2θeff> extracted from the 
measured C2+ velocity maps, with θeff as the detected
emission angle of the C2+ fragments, is shown in Fig. 2 
(blue line), together with the temporal profile of the align-
ment laser pulse (red area). For comparison, the dashed 
line indicates the extracted alignment without alignment 
laser pulse, showing the geometric effect of our detection 
technique. The alignment reached its maximum ~3 ps 
after the peak laser intensity and persisted for a few 
picoseconds – more than sufficient for studies on molecular-
dynamics timescales – even though the constraining 
potential of the laser field was no longer present. 

The increased alignment after truncation shows that our 
exact pulse-shaping method was optimised to even 
enhance the molecular alignment, compared to standard 
adiabatic alignment techniques that make use of nanosec-
ond laser pulses [2].

In addition, quantum beats were also observed at longer 
delays from the coherently populated rotational states. 
The quantum beat/rotational wave packet dynamics are 
well reproduced by our 3D quantum mechanical model and 
allowed us to quantify the alignment of the molecules at 
the time the laser intensity was truncated, as well as how 
rapidly the turn-off occurred. The reconstructed 3D align-

Into the molecule’s perspective
Field-free alignment of a prototypical biomolecule

Figure 1

An elliptically polarised laser pulse 

constrains all three molecular axes 

to the laboratory frame. The laser 

pulse is truncated at a fixed time. 

After truncation, rotational quantum 

dynamics lead to beats which act 

as a fingerprint of the molecular 

wave packet and the alignment. 

A second short laser pulse, with 

variable delay, multiply ionises the 

molecules, leading to Coulomb 

explosion. Projections of ionic 

fragments are detected using a 

velocity map imaging spectrometer.

Figure 2

The measured truncation profile of the alignment 

pulse (red) and the C2+ fragment 2D alignment 

dynamics, <cos2θeff> (blue), in the vicinity of the 

truncation. Error bars are shown only for selected 

points for clarity. In the 2D distributions, 

<cos2θeff> =1 corresponds to a perfectly aligned 

2D projection, <cos2θeff> =0.5 corresponds 

to an isotropic 2D projection. The laser intensity 

was significantly suppressed at +3 ps, at which time 

the practically field-free alignment was maximised.
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ment values extracted from these simulations were 
<cos2θZz>=0.88, <cos2θYy>=0.83, and <cos2θ\Xx>=0.85 at 
3 ps after truncation, which indicate the very strong 
alignment of all three axes.

Our results show that it is possible to both field-free 3D 
align and characterise the alignment of unadulterated 
biomolecules in the gas phase for durations suitable for 
structure determination and dynamics experiments.
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Free-electron laser sources are shifting the limits for non-linear spectroscopy into the extreme ultraviolet (XUV) 
and X-ray spectral ranges, where inner shell electrons become involved in the non-linear processes [1,2]. 
Exemplarily, we studied the influence of core excitons in a lithium fluoride single crystal on sum- and difference-
frequency mixing by employing XUV free-electron and optical laser pulses. This allows probing charge localisation 
with atomic specificity and gives access to otherwise forbidden, dark transitions.

Lithium fluoride (LiF) is an ionic crystal of cubic symmetry. 
Photoexciting one of the Li 1s electrons with photons 
beyond 64 eV can transfer it to the conduction band, 
where it may freely roam the crystal. Excitation may also 
form an exciton, with the electron staying colocalised with 
the core hole at an excitation energy of just 62 eV. This 
exciton is evidenced by a narrow maximum in linear spec-
troscopy (Fig. 1b) [3]. The energetically close (1s)(2s) Li+ 
configuration may also give rise to an exciton but cannot 
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The main experimental result, i.e. the yield of radiation 
generated by FWM, is shown in Fig. 2a with the FEL photon 
energy on the horizontal axis and the energy shift of the 
emitted photons on the vertical axis. A region in the 
vicinity of the FEL photon energy was blanked out to 
protect the detector. The integration of the signal over 
positive (blue) and negative (orange) energy shifts results 
in the total yield of SFG and DFG, respectively (Fig. 2b).

Significant frequency conversion was only observable with 
the FEL tuned to the exciton transition (Eexc = 62 eV) or 
offset from Eexc by twice the IR photon energy, i.e. ± 3.1 eV 
(Fig. 2b) and with temporal overlap of both pulses. This 
verifies the nature of the observed FWM signal. In contrast, 
no frequency conversion was observed with the FEL tuned 
to the conduction band, including the 70.5 eV feature, 
which has been debated to be due to an electron polaron 
bound to a core hole [6].

The strong influence of the exciton, with its colocalised 
electron and hole, in the FWM processes suggests a 
simplified approach to model χ(3) of LiF. We used an atomic 
model with two excitons based on the (1s)(2p) and (1s)(2s) 
electron configurations. It turned out that both excitons, 
dipole coupled, are necessary to reasonably reproduce 
the experimental yields (see Fig. 2c). This indicates the 
presence of an s-type exciton as suspected based on 
linear spectroscopy [4].

Our work shows that non-linear XUV spectroscopy under 
resonant conditions is a sensitive probe of charge localisa-
tion, enabling atomic specificity even when using wave-
lengths substantially larger than the unit cell (see also [7]). 
FWM allows identifying localised excitations, like excitons, 
even when they are ‘optically dark’. More generally, the 
presence of excited states, inaccessible or suppressed 
owing to crystal symmetry in linear spectroscopy, can be 
uncovered. With the FEL pulse widths decreasing, non-
linear spectroscopy will soon be able to probe the dynamical 
evolution of these excitations. As the dynamics of transient 
localisation and delocalisation of charge at different atomic 
species is of fundamental importance for a multitude of 
processes in physics, chemistry and biology, we expect 
wave mixing processes in resonance with inner shell 
excitations to become a particularly fruitful approach for 
future time-domain studies at FELs.

be excited in linear spectroscopy due to dipole selection 
rules. However, the small shoulder on the low energy side 
of the pronounced structure in Fig. 1b has been suspected 
to be based on just this electron configuration, made 
accessible by breaking the cubic crystal symmetry [4]. 
Non-linear spectroscopy may help clarify this proposition.

Owing to the symmetry of LiF, the lowest order non-
linear process is of third order: four-wave mixing (FWM) 
governed by the susceptibility χ(3). Specifically, we studied 
sum- (SFG) and difference-frequency (DFG) mixing using 
extreme ultraviolet free-electron (photon energy EX) and 
infrared (IR) laser radiation (photon energy EIR). We were 
then looking for generated radiation at photon energies 
EX + 2EIR (SFG) and EX - 2EIR (DFG), emitted in reflection off 
the LiF crystal surface as sketched in Fig. 1c.

The measurements were conducted at the FLASH2 beamline 
FL24 using the MUSIX endstation [5] with the free-electron 
laser (FEL) photon energy scanned between EX = 58 eV and 
72 eV. The IR laser pulses had a fixed photon energy of 
EIR = 1.55 eV. The sum- and difference frequency gener-
ated in reflection is separated from the driving IR and FEL 
beams by a grating spectrometer. Please note that this 
geometry also allows the investigation of thick samples.

A new mix of extreme ultraviolet 
and optical light
Probing electron and hole colocalisation by resonant four-wave 
mixing spectroscopy 

Figure 2

a) Density map of the FWM yield. DFG and SFG signals are only 

observed when in one- or three-photon resonance with the 

Li (1s)(2p) exciton at around 62 eV. The corresponding photon 

energy shift is ± 2EIR. The experimental SFG and DGF yields 

shown in b) are in good agreement with the simple atomic model 

for the non-linear susceptibility χ(3) of LiF as shown in panel c).
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Figure 1

a) Schematic of the LiF energy levels relevant for the FWM experiment. 

The horizontal arrows represent the SFG and DFG generation if in one- or 

three-photon resonance with the LiF (1s)(2p) exciton at around 62 eV. b) Linear 

reflectivity spectrum in the relevant photon energy range. The dots represent 

the experimental data and the solid line is a calculation based on a linear model 

for the dielectric constant of LiF. c) Sketch of the experimental setup showing 

the XUV and IR laser beams impinging nearly collinear on the LiF crystal surface. 

The reflected IR light is blocked by an Al filter, while the XUV radiation is 

spectrally dispersed by a grating and detected by a CCD camera. The strong 

XUV fundamental is blocked by a beamstop (BS) to avoid saturation.
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Polarisation microscopy is a common method in visible optics that has many applications in, e.g. geoscience 
for the identification of minerals, in biology for the analysis of the organisation of cells and tissues and in 
materials science for residual stress measurements. Especially in modern fields of optics, such as laser optics, 
nonlinear optics and ultrafast time-resolved processes of chemical, structural and biological processes, the 
combination of polarimetry and imaging is the basic method to study fundamental processes in matter and 
life. Such methods are still missing in modern X-ray techniques but they will become important for future 
applications of new XFEL sources. We show that an ultra-sensitive X-ray polarimeter with a dynamic range 
of 11 orders of magnitude can be combined with a refractive confocal X-ray imaging system.

The extreme sensitivity of today's X-ray polarimeters 
allows to detect tiniest changes of the X-ray’s polarisation 
in materials. At the same time, however, this sensitivity 
poses a great challenge to any optics which are inserted 
into the polarimeter. In order to combine X-ray polarimetry 
with microscopy, it is necessary to introduce focusing and 
recollimating optics between the polariser and the analyser, 
as the latter forfeits the extreme degree of polarisation 
purity with increasing beam divergence. For the realisation 
of an X-ray polarisation microscope, compound refractive 
lenses (CRLs) of various materials were used as focussing 
and collimation elements and tested for their suitability.

The polarisation microscope (Fig. 1) was set up at the 
PETRA III beamline P01 because this beamline provides a 
high photon flux and a narrow beam divergence. The heart 
of the polarisation microscope is the polarimeter, consisting 

Author contact: Berit Marx-Glowna, berit.marx@uni-jena.de

There are several refractive lens materials available. Their 
manufacturing process and material properties differ which 
influences the achievable focal sizes and thus the spatial 
resolution of the polarisation microscope. We tested four 
different lens materials: single-crystal diamond lenses, 
polycrystalline beryllium lenses, amorphous polymer lenses 
(SU-8), and glassy carbon lenses. We succeeded in realising 
a highly sensitive polarisation microscope with the polymer 
lenses. With a degree of polarisation purity of 10-11 of the 
incoming beam, no change of the polarisation purity was 
measurable. The achieved focus size was 7 μm  × 28 μm. 
Both, the spatial resolution and the degree of polarisation 
purity, can be further improved by reducing the focal 
length and by using the new ultra-low emittance sources in 
the future.

The performance of the polarimeter was demonstrated by 
scanning a beryllium foil of 500 µm thickness through the 
focus of the polarised beam (Fig. 2). The result shows 
intensity changes of 2.5 orders of magnitude. The range of 
intensity change correlates with the crystallite size of the 
sample material, indicating that the polarisation change is 
caused by Bragg reflections of the crystallites. Compared 
to X-ray polarimetry alone, polarisation microscopy makes 
it possible to observe polarisation changes with high 
spatial resolution. Knowing the spatial extension of polari-
sation-changing in a material can strongly facilitate 
conclusions about their origin. 

The successful combination of highly sensitive X-ray 
polarimeters with polarisation-preserving X-ray lenses is a 
new method that makes polarisation changes visible on the 

of a polariser and an analyser crystal made of silicon single 
crystals. These make use of the suppression of the pi-com-
ponent of the incident radiation at a Bragg reflection angle 
of 45°. In order to improve the suppression of the pi-com-
ponent further, a channel is cut into the crystal to realise 
multiple reflections at 45° (see Fig. 1, polariser). Such a 
channel-cut crystal enables a suppression of the pi-compo-
nent versus the sigma-component of up to 11 orders of 
magnitude [1]. To carry out the polarisation analysis, the 
analyser can be rotated around the diffraction plane of the 
first polariser crystal, allowing for an analysis of the X-ray 
beam which has propagated through a potential sample 
material. Two-dimensional focusing is achieved by refractive 
X-ray lenses. Due to the small refractive index decrement, 
the deflection angles are small, and several lens elements 
with small radius of curvature have to be aligned in one 
row to achieve a short focal length. 

Introducing an X-ray polarisation 
microscope
Precision polarimetry meets microscopy

Figure 2

Result of the polarisation microscopy 

scan of a 500 µm beryllium foil. The 

step size was 20 µm × 5 µm in 

horizontal and vertical direction. 
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µm-scale and has the potential to result in new insight in 
many disciplines like spectroscopic polarimetry [2], nuclear 
resonant scattering, pump-probe setups for ultrafast time-
dependent studies [3] and the detection of the vacuum 

Figure 1

Experimental setup of the X-ray polarisation microscope. The incoming beam from the left is filtered by a double crystal monochromator (DCM) to the photon energy of 

12.9 keV. Next, the beam size is restricted by a slit to the aperture of the lenses. Silicon channel-cut crystals are used to polarise and analyse the beam. Two lens 

stacks are placed in between the crystals before and after the sample to focus and re-collimate the beam. Ionisation chambers (IC), a diode and avalanche photodiodes 

(APDs) are used for detection.



74 | News and Events News and Events | 7574 | Science Highlights | Science of laser and X-ray sources — methods and developments Science Highlights | Science of laser and X-ray sources — methods and developments | 75

X-ray microscopy has evolved into an indispensable tool for materials and life sciences, enabling images at high 
resolution, in bulk samples and in challenging environments [1]. In the past, progress in X-ray microscopy was driven 
either by improvements in X-ray optics or by improvements in image reconstruction, notably by algorithms of coherent 
diffractive imaging which have replaced the lens by numerical computation. In this work we combine both – up to now 
antagonistic – approaches for full-field X-ray microscopy. We show that an X-ray microscope using both, advanced 
optics and iterative phase retrieval algorithms, is neither limited by flawed optics nor by constraints imposed by 
reconstruction algorithms.

When larger specimens need to be covered by X-ray 
microscopy without scanning in a single acquisition, i.e. in 
a full-field view, one basically has three choices: one can 
use the classical transmission X-ray microscope (TXM) 
with Fresnel zone plates (FZP) as objective lenses to 
directly image and magnify the sample structure. With 
increasing photon energies, however, the FZPs rapidly 
lose performance, as low diffraction efficiencies and 

Notwithstanding the advantages of lensless coherent 
imaging techniques, nanofabrication has also seen much 
progress recently, resulting in high-resolution and high-
efficiency zone plate optics. In particular, multilayer zone 
plates (MZPs) and one-dimensional multilayer Laue lenses 
(MLLs) which can now focus an X-ray beam to a size below 
10 nm [2,3]. Unfortunately, however, this focusing capabil-
ity does not directly translate to an equivalent resolution 
in full-field imaging due to a number of complications asso-
ciated with multiple diffraction orders, volume diffraction, 
remaining aberrations and the need of Zernike phase rings 
for phase contrast. We have therefore combined concep-
tional aspects of all three major approaches to full-field 
X-ray microscopy. We use an MZP as an objective lens to 
achieve high resolution but do not content ourselves with a 
sharp intensity image; instead, we use a fully quantitative 
and iterative phase retrieval scheme to reconstruct the 
sample transmission function. To this end, we use the 
measured MZP transfer function. This liberates us from 
the requirement to use perfectly aligned, aberration- and 
distortion-free optics, and allows us to exploit the full 
information and numerical aperture (NA) of the recorded 
diffraction pattern with the sample encoded in near- and 
far-field intensity distributions.

The novel scheme has been demonstrated at the coherence 
beamline P10 at PETRA III by imaging InP-nanowires (NW) 
which are of particular interest as new materials for photo-
voltaics. The NWs had a diameter of 200 nm and a length 
of 2.8 μm, were terminated by an Au tip at one end and 
deposited on a Si3N4 window. The sample was illuminated 
by a mildly focused beam (Beryllium CRLs) with an X-ray 
energy of 8 keV. An MZP was positioned about 900 μm 
behind the sample - close to the imaging plane, while a 
photon-counting pixel detector (Eiger 4M, Dectris) was 
positioned at about 5 m behind the sample. The MZP was 

imperfect FZP lenses deteriorate the image quality. 
Therefore, lens-based image formation can be replaced 
by an iterative phase retrieval algorithm which is known 
as coherent diffraction imaging (CDI). Finally, for a non-
compact extended object, single-shot acquisitions are 
also possible with inline holography in a cone-beam 
geometry, again without any lenses or optics between 
object and detector planes.

Sharp X-ray images despite 
imperfect lenses 
Multilayer zone plate objective lenses teamed with advanced phase 
retrieval enable sub-10 nm resolution in single-shot imaging 

Figure 1

Experimental method. a) Artistic rendering of the experimental setup with nanowires (NW), multilayer zone-plate (MZP) lens used in an 

off-centre configuration and the pixel detector 5 m behind. b) The empty divided detector image indicating the three different sample (NW) signals: 

two holograms (top and bottom) and one CDI signal recorded in a single measurement (linear gray scale). The holographic signal components are 

associated with the +1 and -1 diffraction orders of the MZP. c) The intensity measurement with the sample (NW) in the beam. This single 

measurement is used for the sample reconstruction (logarithmic color scale). d) Outline of the phase retrieval algorithm with the measured 

transfer function of the MZP fed into the propagation. Scale bars: 250 pixels, corresponding to a scattering vector of q = 0.15 nm-1.

Figure 2

X-ray microscopy results of the nanowire (NW) 

sample. a) Reconstructed NWs using the detec-

tor image shown in Fig. 1(c). 

The NWs have a 200 nm diameter and an 

Au tip at one end. b) Enlarged region 

of one NW tip. c) Error fit of the material edge 

indicated in b), resulting in a resolution 

(half-period) of 9.8 nm. Black scale bars: 250 nm.
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composed of 784 zones with a diameter of 16.9 µm, an 
optical depth of 1.2 µm, an outermost zone width of only 
5 nm and a focal length of 530 μm. Using this scheme (see 
Fig. 1), we experimentally demonstrated a sub-10 nm reso-
lution and a quantitative contrast of the measured sample 
(see Fig. 2). For this solution to work, it was crucial to 
precisely measure the MZP lens itself, which was far from 
perfect, and to completely dispense with the assumption 
that it could be ideal. The presence of multiple diffraction 
orders, which is conventionally a nuisance, now came as an 
advantage for the reconstruction and photon efficiency.  

Apart from the resolution, we are emphasising again that 
the most important advantage of this method is the fact that 
the object does not have to be scanned. This means that 
very fast microscopic processes in materials could be recor-
ded, if the scheme is extended to ultrafast X-ray sources, 
such as the European XFEL.  
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X-ray imaging is a key technique in various research areas such as medicine, biology and material science. 
Resolving structures in 3D down to the nanometre scale requires hard X-ray nanotomography. Although the 
imaging techniques are quite advanced, the acquired images are frequently obscured by noise. While the human 
eye can still distinguish different features, automated algorithms often fail. This restricts its applicability for 
automatic image analysis methods which are usually necessary for extracting quantitative information from 
a 3D volume. Conventional filtering methods for noise reduction often blur the finest structures in the images 
and decrease the spatial resolution. Here, a machine learning (ML) approach was used to resolve the tiny 
nanostructures in a butterfly scale which are responsible for the colours of the butterfly wing.

The nanotomography end station at the PETRA III Imaging 
beamline P05, operated by Helmholtz-Zentrum Hereon, 
offers high-performance full-field nanotomography methods 
with spatial resolutions down to below 50 nm in 3D. A 
transmission X-ray microscope (TXM) with optional Zernike 
phase contrast offers high-resolution and high-contrast 
3D images which can be acquired within seconds to a few 
minutes [1]. However, due to the high and often non-
uniform noise level in TXM images (e.g. caused by inhomo-
geneous illumination), standard methods of image noise 
reduction fail or lead to a loss of spatial resolution. In 
recent years, there has been a lot of progress in image 
filtering techniques. In particular, ML approaches optimised 

tions are now reconstructed, creating two 3D data sets 
(tomograms) (Fig. 1). These two tomograms are identical; 
the only difference between them is the noise, as it occurs 
randomly [3]. One of the two tomograms is now chosen as 
the input and the other one as the target for training a 
convolutional neural network (msdnet, CNN) [2]. If this 
trained network is then applied to one of the two tomo-
grams, the random noise is completely removed from the 
tomographic images. 

In this study, the efficiency of the self-supervised denoising 
ML approach is demonstrated on high-resolution nano-
tomographic data of a butterfly scale (Fig. 2), acquired 
using the TXM in Zernike phase contrast mode at the P05 
Imaging Beamline. The surface of a butterfly wing is 
covered with small scales. Each of these scales has a fine 
periodic structure, diffracting the light in such a way that 
the scale appears in a certain colour. Depending on the sizes 
of these nanostructures, the scale appears in a different 
colour [4]. Due to the presented ML approach it was possible 
to visualise these photonic crystals in 3D, determining the 
size of the periodic structure to be in the range of 250 nm. 
Even differently oriented domains of the 3D lattice become 
visible (Fig. 2, lower right, indicated by arrows), which 
results in an average and angle-independent colour.

One advantage of this method is that the trained network 
can be applied to a range of similar samples measured with 
the same noise profile. This enables to denoise a whole set 
of tomographic scans with the same trained network. Since 
the network needs only half of the acquired projection 
images for denoising, the scan time can even be reduced, 
resulting in a higher time resolution. In particular, for in situ
experiments, this approach is valuable: Here, the network 

for tomography data have a high potential to improve 
image quality. Several approaches have been made using 
ML for denoising tomographic data. However, those gener-
ally require a high-quality reference, e.g. a certain scanning 
protocol and cannot be used on data acquired without this 
protocol [2] or for in situ applications where time resolution 
is an issue.

The presented approach does not rely on a specific scan-
ning protocol. The ML network is tricked: In order to train 
neural networks, the projections of one tomographic scan 
are divided into two stacks, each containing every second 
projection image of the sample. The two stacks of projec-

Fighting noise with noise 
Machine learning filter reveals 3D nanostructures in butterfly wings

can be trained on a previously recorded scan and applied 
on shorter scans which are acquired during the in situ
experiment. Another advantage of this approach is that 
the ML filter can also be applied retrospectively on 
previously recorded data, where a sufficient number of 
projections was acquired. In summary, the ML approach 
proves to be a very powerful tool that outperforms 
conventional filters by eliminating noise without blurring 
relevant structural features, enabling efficient quantitative 
analysis in different scientific fields.
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Figure 1

Machine learning 

denoising approach. 

A stack of projections 

is split into two stacks, 

each containing every 

other projection. Both 

stacks are reconstructed 

separately to gain two 

independent tomograms. 

One of the tomograms 

is then used as an input 

and the other one as a 

target for a neural 

network. The trained 

network can be applied 

to one of the two 

tomograms, yielding a 

noise-free image. 

Figure 2

Denoising of a butterfly scale. The nanostructures of the scales on the butterfly wing are responsible for the colour of the wing. After denoising with the ML filter, the 

fine nanostructures become visible. Arrows point towards orientation changes of different domains. Note: The displayed butterfly species does not correspond to 

imaged structures. (Butterfly photography by K. H. Diddens)
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X-ray microscopy has become an indispensable non-invasive tool for studying objects' internal structures in many 
science fields from chemistry, catalysis and material science to cultural heritage. With the development of 
coherent synchrotron radiation sources of the 3rd and 4th generations, ptychography experienced an explosive 
development and reached nanometre resolution. In practice, one has to find a compromise between the field of 
view, spatial resolution and acquisition time. Multibeam ptychography can overcome these limitations and look at 
large samples with a high resolution quickly by parallelising the acquisition using several parallel beams.

The highest resolution in X-ray microscopy is achieved 
with a scanning method called ptychography [1]. In this 
technique the sample is raster scanned through a confined 
beam, recording the far-field diffraction signal at each 
position. The attenuation and refraction inside the sample 
can be reconstructed with high resolution from these data. 
Ptychography has a broad field of application, including 
multiscale imaging, multimodal imaging and in situ and
operando imaging. Nevertheless, for ptychography to 
work, only a coherent part of the X-ray beam can be used, 
e. g. by selecting a small fraction of the beam with narrow 
slits (Fig. 1 right). In this way, the major part of the beam is 
wasted. Due to the reduced flux, data accumulation is slow, 
the field of view is restricted or the spatial resolution is 
reduced. 
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coded and illuminated the sample differently, resulting 
in distinctive, unique diffraction patterns that the ptycho-
graphic algorithm can separate more easily. This leads 
to a robust reconstruction of the object without any 
artefacts. 

This new method can be applied to fast imaging of a 
microchip. This sample is very challenging for parallel beam 
ptychography because of its repeating structures. Thus, 
separating signals from different areas on the chip is 
difficult. Using three parallel coded beams, we performed 
the scan with a field of view of 100 µm × 100 µm and 
reconstructed it without any noticeable artefacts (Fig. 2).

In this case, parallel illumination with three beams allowed 
us to extend the field of view on the microchip by almost a 
factor of three, efficiently using a larger fraction of the 
beam. Multibeam ptychography with coded beams extends 
the applicability of ptychography, alleviating the restrictions 
on field of view, resolution and acquisition time. In terms 
of multiscale imaging, it extends the excellent spatial 
resolution achieved with ptychography to larger samples 
beyond the currently feasible limit. This can be applied, for 
example, to study pore networks in large solid catalyst 
bodies on the meso- and macroscale in a single acquisition 
and in a highly representative manner or to study solid 
hierarchical samples, e. g. as a microchip.

In terms of chemical in situ and operando imaging, multi-
beam ptychography retains the powerful characterisation 
potential in recovering the quantitative electron density 
of the sample but extends this to larger and more repre-
sentative length scales or relaxes the timeframe in which 
chemical or structural changes induced in the catalyst can 
be meaningfully observed. This can potentially be used to 
study catalyst stability and deactivation processes, including 

Recent improvements in instrumentation and algorithm 
developments overcome these limitations and allow parallel 
illumination for ptychography. Using the revolutionising new 
3D-printing technique based on two-photon absorption 
lithography [2], we created an array of lenses to irradiate 
the sample with several parallel beams (Fig. 1 left). This 
significantly speeds up the data acquisition, as the sample 
is scanned in parallel at several positions. The diffraction 
patterns on the detector overlap and need to be separated 
by the ptychographic algorithm. 

To support the algorithm and improve the reconstructed 
images' quality, we individually distorted the different 
beams in a characteristic way by adding special phase 
plates to each lens. In this way, the individual beams were 

Parallelising X-ray microscopy using
multibeam ptychography
Utilising partial coherence to speed-up microscopy

Figure 2

Multibeam ptychography of a microchip.

The reconstructed area has a size of 

100 × 100 μm².
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carbon deposition, catalyst poisoning by unwanted elemen-
tal deposition or pore structure collapse.

Moreover, the Röntgen-Ångström Cluster, a German-
Swedish research collaboration in structural biology and 
materials science, has supported further development of 
multibeam ptychography for application to in situ imaging of 
catalysts and funded the project: ‘HASTE: High-throughput 
multibeam ptychography supporting catalytic research’.

Figure 1

Comparison between 

state-of-the-art X-ray 

ptychography (right) 

and the coded multi-

beam ptychography 

(left). In single beam 

ptychography, a slit 

cuts out a tiny fraction 

of a beam which limits 

the size of a sample, 

while with parallel 

illumination, signals 

from different parts 

of a large sample are 

mixed in the diffraction 

pattern. 
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High peak power, high repetition rate and ultrafast light sources are becoming increasingly important in many scientific 
fields. They are used, e.g. as drivers for harmonic generation sources, laser-plasma accelerators, for free-electron laser 
pump-probe studies and many more. However, lasers typically cannot directly provide high average and high peak power 
simultaneously. Thus, post-compression schemes for temporal compression of ultrashort laser pulses become increas-
ingly attractive, enabling the generation of ultrafast, high-peak power light sources operating at high repetition rates. 
Common post-compression techniques suffer from the lack of scalability towards high pulse energies. Here we present 
a new technique for pulse energy scaling of multi-pass cell-based post compression. We numerically demonstrate 
post-compression of up to 1 Joule pulses in a table-top setup, prospectively achieving multiple terawatts of peak power.

The development of lasers has been an extraordinarily 
active research field for more than 60 years. Of particular 
interest for scientific applications are ultrafast coherent 
light sources, enabling the probing of ultrafast processes 
occurring in nature. These applications typically require 
ultrashort femtosecond laser pulses, high pulse energies 
and high repetition rates; a combination of parameters which 
is not easy to achieve. For example, ytterbium-based laser 
systems are becoming increasingly attractive due to their 
scalability in average power up to the kilowatt range. 
However, their pulse durations are typically limited to the 
100s of fs or even 1 ps range due to the limited gain-band  -
width of the laser medium. The problem of limited gain-band-
width can, however, be circumvented by employing external 
spectral-broadening and post-compression techniques. 

In recent years, Herriott-type multi-pass cell (MPC) based 
post-compression has been established as a flexible, 
efficient and rather simple technique for post-compression 
of laser pulses. Using bulk materials or gases as the nonlinear 
medium, pulses of a few µJ up to more than 100 mJ have 
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(Fig. 1). Typically, MPCs are operated at the stability edge, 
close to the so-called 4f-imaging condition (Fig. 1a). These 
standard MPCs are symmetric, meaning that the propagation 
length in one direction L1 has the same length as in the 
reverse direction L2. If we allow for asymmetric cavity designs, 
a whole new parameter space opens up. One very promising 
configuration is shown in Fig. 1b. In this configuration L2 is 
larger than L1, meaning that the propagation in one direction 
is longer than in the opposite direction. We call it the bow tie 
MPC. But why do we actually need such asymmetric cavities?

In the configuration shown at Fig. 1b we have a nearly 
collimated beam in the long arm L2, rendering the intensity 
almost constant over the whole propagation length. Using 
this to our advantage, we can send the beam onto addi-
tional flat mirrors in a V-shaped arrangement (Fig. 1b) with-
out the risk of damaging the mirrors. The length L2 is 
a parameter we can freely choose and by increasing L2 to 
a suitable length, the total cavity length increases and thus 
the mode size of the beam. This leads to a higher pulse-
energy acceptance of the MPC.

In our numerical study, we choose two 1 mm thick SiO2

plates as nonlinear media used for spectral broadening via 
self-phase modulation, placed symmetrically in the long 
MPC arm (Fig. 1b). The simulations of the system show a 
promising spectral broadening of 125 mJ pulses in a com-
pact 2-metre-long setup (Fig. 2b). Starting from a 1 ps 
Fourier-transform-limited (FTL) pulse, the output spectrum 
supports 50 fs FTL. While keeping the setup at 2 m length 
and increasing the folding ratio, we conduct further numer-
ical simulations for 1 J pulses. Here, the output spectrum 
supports 100 fs FTL (Fig. 2c). A typical MPC post-compres-
sion scheme including an MPC followed by a compressor is 
shown in Fig. 2a.

been successfully post-compressed [1], with compression 
factors up to about 40 in a single stage [2]. One of the main 
advantages lies in the scalability of this method: For exam-
ple, by simply scaling up the size of the setup, higher pulse 
energies can be coupled into the MPC without damaging 
the mirror coatings. However, scaling up an MPC setup in 
size does come with a price: at high pulse energies, the 
size of the setup can easily become unpractical. As an 
example, 10 mJ pulses at 1030 nm require an MPC length 
of about 2 m length. Scaling this up to the 100 mJ regime 
results in MPC lengths of 10s of metres.

Thus, there is a need for compact MPCs which are pulse 
energy scalable without the consequence of enormous setup 
sizes. Our aim here is to explore the possibilities of extending 
MPC post-compression to novel pulse energy regimes.

MPCs are fundamentally similar to optical cavities but 
featuring a spatial separation of multiple optical passes. 
Thus, possible MPC configurations can be characterised by 
so-called stability diagrams, analogous to optical cavities 

Compact, energy-scalable 
multi-pass cells
Exploring novel regimes for post-compression of high-energy 
laser pulses towards ultrashort pulse durations. Figure 2

Spectral broadening scheme and results of 

our numerical study. a) General, simplified 

MPC post-compression setup consisting of a 

bow tie MPC used for spectral broadening 

followed by a compressor. b) Numerical 

results for input pulses with 125 mJ pulse 

energy and 1 ps pulse duration. c) Numerical 

results for pulses with 1 J and 1 ps. The main 

graphs show the input pulse (blue) and 

the resulting compressed pulse (orange). 

The insets show the corresponding initial 

spectrum (blue) and the spectrally 

broadened spectrum (orange).
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Our work shows very promising results employing a novel 
energy-scalable MPC scheme. Pulse energy up-scaling of 
MPC post-compression towards the terawatt regime will 
enable a whole new realm of scientific applications, providing 
a route to high-field science at multi-kHz repetition rates as 
demanded, e.g. by laser-driven particle acceleration. The 
here discussed bow tie MPC may not be the only scalable 
MPC scheme, and likely there are other configurations to 
be discovered. 

Figure 1

Stability diagram and MPC configurations. The plot in the middle 

shows the stability regions of optical cavities and MPCs as a 

function of the optical propagation lengths L1 and L2, i.e. the 

optical path lengths between focusing mirrors. The stable regions, 

where cavity modes can be formed, are denoted in white, the 

unstable regions in grey. The dashed lines indicate typical example 

parameter regions, ensuring input-to-output imaging conditions. 

a) Symmetric cavity and the corresponding standard MPC configu-

ration. b) Asymmetric cavity and the corresponding bow tie MPC 

configuration. The positions of the SiO2 plates, which we use in our 

simulations as nonlinear media, are indicated in light blue.
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The fastest electronic dynamics occurring in matter can be revealed by probing with attosecond pulses 
that are flashes of XUV or soft X-ray radiation with duration in the 10-18 second range. New developments 
in the generation of such attosecond pulses via high-harmonic generation (HHG) come through parametric 
waveform synthesis, a technique that allows to tailor highly energetic light pulses with sub-cycle duration. 
We demonstrated that central energy, spectral bandwidth/shape and temporal duration of attosecond 
pulses can be controlled by shaping the optical waveform that drives the HHG process. These results 
promise to expand the experimental capabilities in attosecond science.

The generation of attosecond-duration flashes of light is 
undoubtedly a milestone for the development of time-
resolved techniques with sufficient resolution to observe 
charge dynamics occurring in atoms, molecules and solids 
on their natural timescale. The shortest man-made light 
pulses, lasting only few tens of attoseconds, are generated 
by laser pulses interacting with matter in the strong-field 
regime (>10 TW/cm2). This process, called high-harmonic 
generation (HHG), starts with the tunnel ionisation of a 
valence electron. This electron, after acceleration in the 
alternating laser field, recombines with the original atom 
and emits an attosecond-long flash of coherent radiation. 

Author contact: Roland E. Mainz, roland.mainz@desy.de

provide pulses with only one or even less oscillation of the 
electric field. Such short pulses in time require a spectral 
bandwidth significantly exceeding one octave and are 
often called optical waveforms due to their non-sinusoidal 
features. Few-cycle pulses over different spectral regions 
can be generated by using optical parametric amplifiers 
and coherently combined to yield a multi-octave spanning 
optical waveform. Such a synthesis scheme was realised 
with two carrier-envelope-phase (CEP) stable pulses that, 
once combined, cover an overall bandwidth spanning from 
650 nm to 2200 nm (1.7 octaves) with a pulse energy of 
~500 µJ (Fig. 1). This synthesis technique allows to modify 
the overall CEP and the relative phase (RP) between the 
combined pulses to shape the resulting waveform 
(Fig. 1 top). With this approach we were able to create a 
waveform below 3 fs in duration (FWHM) at a central 
wavelength of 1.4 µm. This corresponds to just 0.6 optical 
cycles, realising so-called sub-cycle duration.

The emission of HHG from such a pulse is highly dependent 
on the exact shape of the driving waveform. We observed a 
significant spectral tunability by performing synthesis scans 
during which we varied either the CEP of the synthesised 
pulse or the RP between the two sub-pulses (Fig. 2a–c). In 
argon as source gas, the generated attosecond pulses can 
be tuned to cover the spectral region of 35–110 eV with an 
isolated pulse energy up to 500 pJ. The synthesis setting 
allows us to generate either narrowband or broadband 
attosecond pulses. When the source gas is switched to neon, 
photon energies up to 200 eV were recorded exhibiting a 
similar tunability. Selected isolated attosecond pulses were 
temporally characterised by the attosecond streaking 

Depending on the parameters of the driving laser, the 
attosecond pulses are generated in the XUV or soft X-ray 
region.

Currently, there are two linked challenges to further 
develop attosecond sources based on HHG: increasing 
their photon flux and improving their spectral tunability. 
With the recently pioneered parallel parametric waveform 
synthesiser [1], we were able to address the tunability 
as demonstrated in the original publication. Due to the 
nature of the HHG process, an ideal laser source for the 
generation of intense isolated attosecond pulses should 

Tailoring XUV attosecond pulses
Spectral and temporal shapes of isolated attosecond pulses controlled 
by parametric waveform synthesis

Figure 2

a) HHG emission spectra from argon during a scan of the RP between the NIR and IR pulses. b) Detailed scan around the zero position with the CEP shifted by 180°. 

c) CEP scan with RP fixed at 0.1 rad. d,e,f) Attosecond streaking traces for three generated pulses from neon. g,h,i) Reconstructed attosecond pulse duration 

(red/black) and temporal phase (blue). Figure adapted from original publication licensed under CC-BY 4.0.
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technique (Fig. 2d–f) and we retrieved pulse durations tun-
able between 80 as and 240 as (Fig. 2g–i).

In conclusion, we demonstrated wide tunability of attosecond 
pulse parameters obtained by HHG. The tunability extends 
to the centre wavelength, bandwidth and temporal profile 
of isolated attosecond pulses. This is achieved by the 
synthesis of pulses generated by optical parametric ampli-
fiers. This represents a significant advance in attosecond 
source technology since conventional sources do not offer 
such high degree of tunability that can be exploited in 
sophisticated attosecond science experiments.

Figure 1

Left: Setup of the synthesiser currently consisting of two spectral (NIR and IR) channels that are coherently combined. With a phase meter at the point of combination, 

we can control the synthesis parameters (CEP and RP). Right: In the attosecond beamline, the synthesised pulses drive the HH-source while an electron time-of-flight 

spectrometer and an XUV spectrometer are used to perform attosecond streaking to characterise the isolated pulses and the optical waveform. (Figure adapted from

original publication licensed under CC-BY 4.0.)
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Figure 1

One of the two new superconducting accelerator modules (in yellow) installed in the FLASH tunnel replacing two old ones.

FLASH − on its way towards FLASH2020+
Reopening with new features in stock 

Figure 2

Laser heater undulator (yellow 

circle) and a large box with a laser 

table for optical components 

(right of it on green supports) 

to couple the laser pulses into 

the electron beamline. In the 

background at right, the yellow 

first accelerating module in the 

FLASH tunnel is visible.

At FLASH, the FLASH2020+ upgrade programme is in full 
swing now. For the first long upgrade shutdown, from 
November 2021 until mid of August 2022, the supercon-
ducting linear accelerator of FLASH, normally operating at 
2K, had been warmed up to room temperature and is now 
cold again. FLASH restarted operation with a lot of new 
features which are expected to further improve the free-
electron laser (FEL) performance for our scientific users. 
Despite the present situation in the world, also causing a 
shortness in supplies of many technical components, the 
shutdown was successfully completed, and FLASH was 
lasing again on 18 October 2022, only ten days later than 
originally planned in 2021. Thanks to a highly motivated 
team, performing all the maintenance and refurbishment 
work at the accelerator and installing many new compo-
nents within the FLASH2020+ upgrade programme, every-

End of October 2022, about four weeks after the start-up 
of the accelerator, the newly installed modules already 
operated at their design gradient, boosting the electron 
beam by additional 100 MeV. This proved to be essential 
for the first user experiment operating at a fundamental of 
3.8 nm at FLASH2 which required an energy of 1280 MeV 
and thus surpassed the former FLASH maximum (already) 
by 30 MeV. With some further conditioning of the other 
five accelerator modules, the expected 1350 MeV maxi-
mum electron energy will soon be reached. This additional 
headroom in energy is also expected to result in about one 
order of magnitude more FEL intensity at the very short 
wavelengths (below about 5 nm) on the FLASH2 side and 
a similar gain in the corresponding harmonics.

In the injector area, or more precisely shortly behind the 
first accelerator module, a so-called laser heater [1] has 
been installed (Fig. 2). Intense laser pulses are superim-
posed with the electron bunches and transfer energy onto 
the electrons, while these are travelling through an undulator. 
In doing so, the laser heater smears out the energy distri-
bution of the electrons. Increasing the energy spread of 
the electrons helps to counteract microbunching instabilities 
which otherwise would be detrimental, since they lead to 
a breakup of the charge distribution in the bunch and spoil 
the FEL amplification process. While keeping the smooth 
current profile of the electron bunches is also beneficial 
for the presently used SASE process, the laser heater is of 
particular importance for the future implementation of 
external seeding. External seeding – planned to be installed 

thing was implemented almost on time. The work com-
pleted during the shutdown brought many improvements 
for the accelerator operation in general and the photon 
science users in particular. The main ones are listed here:

A machine energy upgrade by installing two modern super-
conducting accelerator modules with a higher acceleration 
gradient replacing two old ones (Fig. 1). This will result in 
about 100 MeV higher maximum electron energy and 
hence widen the range of FEL tunability at the shortest 
wavelengths. The goal is to substantially pass the carbon 
K-absorption edge at 4.4 nm and to get closer to the nitro-
gen edge at 3 nm wavelength, or even reach this edge at 
FLASH2. This also particularly extends the range of the 
FEL harmonics in order to fully cover all the L-edges of the 
3d transition metals up to nickel.

in the next FLASH2020+ upgrade shutdown in 2024/25 – is 
intended to imprint periodic current modulations on the 
ideally smooth electron bunch. The early installation of the 
laser heater provides the opportunity to study beam 
dynamics and suppression of microbunching instabilities in 
the machine as of now.

Along with new bunch compressors in the injector area, 
fast orbit kickers were installed as well. The bunch com-
pressors will enable a more flexible and improved bunching 
scheme – an advantage for future external seeding and 
already now offering more options to compress the 
electron bunches. The fast orbit kickers will allow to 
precisely steer all electron bunches within a bunch train in 
order to make them all travel along an almost identical 
path. That way, intra-train FEL pulse fluctuations in photon 
energy, intensity and pointing can be substantially reduced.

A set of two new drive lasers for the photocathode electron 
gun was installed in a new air-conditioned laser building 
and will be commissioned in spring 2023. The laser systems 
(Fig. 3) were developed in-house, using a front-end, which 
is very similar to the one developed for the European XFEL 
[2], and commercial Yb:YAG gain blocks. Each of the two 
identical lasers allows flexible control of parameters, such 
as UV pulse duration, pulse energy, transverse beam size 
or intra-burst repetition rate. In combination, the systems 
can provide two individual burst segments, serving the 
FLASH1 and FLASH2 FEL beamline, respectively, with 
adjustable segment length and gap in between. The total 
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Figure 4

View of the rear section of the new FL23 pulse-length preserving monochromator beamline at FLASH (running from bottom right to top centre), with the frame of the 

new laser hutch for user experiments in the background and the metal hutch for modular optical delivery (MOD) of the optical laser pulses in the foreground (left). 

Figure 3

Front-end and power amplifier stages of the new photocathode lasers during installation in the laser laboratory adjacent to the FLASH electron gun. In the background, 

the vacuum beamline tube for transporting the laser pulses towards the electron gun is visible.

Contact (FLASH and FLASH2020+): 
Rolf Treusch, rolf.treusch@desy.de
Martin Beye, martin.beye@desy.de

length of both bursts combined, including gap, can be up to 
1 ms. Once the new lasers are fully commissioned, the 
presently used three different photocathode laser systems 
will be kept as spares as long as they are operational. It 
should be noted that these lasers have been in continuous 
operation for more than ten years.

With all these new features, FLASH will deliver an FEL 
performance which is more robust, extended towards the 
short wavelength end, and yields higher intensities at the 
short wavelengths and in the harmonics. One major item, 
the installation of the Apple III-type afterburner undulator 
at the FLASH2 side, had to be postponed into the second 
half of 2023. Some of its components could not be deliv-
ered in time to install it during the recent shutdown. This 
undulator is supposed to enhance the third harmonic and 
provide variable polarisation of the FEL. During the shut-
down, the last regular (planar) FLASH2 undulator has 
already been moved to the beginning of the undulator 
line. At its former position, the beamline vacuum chamber 
has been exchanged with the new filigree one with 6 mm 
inner diameter required for the afterburner. Hence, 
everything is ready for mounting the afterburner in 2023. 
During the two weeks which are required for the installation 

in the FLASH2 tunnel, FLASH1 can still be operated for 
users.

In the experimental hall ‘Kai Siegbahn’, the new FLASH2 
open-port beamline FL23 with its pulse-length preserving 
monochromator is also nearing completion (Fig. 4). The 
gratings for both monochromator stages were delivered 
by the end of November 2022, have been installed and are 
pre-aligned at the time of writing. After their mounting, the 
beamline is expected to see its first light in early 2023. In 
parallel, the FLASH2 optical laser connection to FL23 is 
being realised. Providing small FEL spectral bandwidth and 
ultrashort pulses, the new beamline will hence soon com-
plement the other two FLASH2 user beamlines, namely 
FL24 with its open port and FL26 with the reaction micro-
scope (REMI) end station. Once fully operational, the FL23 
beamline with its scientific opportunities will then allow to 
reduce the load at FL24 and also at the FLASH1 monochro-
mator beamline PG2, which at present are the two mostly 
booked beamlines at FLASH, hosting about 50-60 % of all 
user experiments.  

The first two FLASH2 beamlines, FL24 and FL26, which 
started operation in 2016, have been evaluated by external 

panels in October 2022:
FL24 has been in full swing for a few years, with more than 
twenty user publications plus numerous in-house publica-
tions by now. The panel emphasised the unique beamline 
capabilities, such as transporting high photon energies at 
FLASH2, including the FEL harmonics, providing a variable 
micro-focus and an open port, in combination with FLASH2 
features such as NEXAFS-like energy scans and two-colour 
FEL schemes, owing to the variable gap undulators. FL24 is 
considered to be the FLASH2 beamline that will take full 
advantage of the FLASH2020+ upgrades. This is due to the 
fact that science at FL24 profits from both, the energy 
upgrade and the push for using the harmonics at variable 
polarisation with the coming afterburner undulator.
FL26 with the REMI end station is still ramping up features. 
The combination of down to sub-10 fs extreme-ultraviolet 
(XUV) FEL pulses with a strong-field high-harmonic genera-
tion (HHG) laser source in the vacuum-ultraviolet (VUV) 
and a recently installed setup for transient absorption 
spectroscopy by the colleagues from MPIK Heidelberg (see 
last years’ annual reports) was considered by the panel to 
be unique in the world. It was recommended that the 
potential of this instrumentation for the AMO and femto-
chemistry community should be developed further, in 

particular with respect to the best temporal resolution for 
pump-probe experiments.

In the year 2023, FLASH will be fully devoted to user 
experiments again. Instead of the usual 26 to 27 weeks 
(~4500 hours) of user operation, it is planned to provide 
even 30 weeks for exciting new science. In parallel, the 
next big FLASH2020+ upgrade shutdown, starting in the 
middle of 2024, is being prepared in all its technical 
aspects. During this shutdown, FLASH1 will be converted 
into an externally seeded FEL at high repetition rate, 
including the installation of new variable gap undulators, 
a new laser system for seeding and new state-of-the-art 
FEL photon diagnostics.
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PETRA III
Last two PETRA III beamlines in planning and automation project funded

Figure 1

Scientist setting up an experiment at the PETRA III beamline P06 equipped with specially designed nanometer precision positioning mechanics and nano-focusing optics.

Figure 2

Drawing of the PETRA III beamline P25 design including the 

control hutch on the 1st floor (CH), the white beam test hutch 

(OH2) and the experimental hutch (EH) including the automatised 

powder diffraction station and the imaging station.

During the year 2022, the user operation of PETRA III was 
still affected by the worldwide SARS-CoV-2 pandemic 
although international and national restrictions concern-
ing travel and quarantine regulations were lifted to a 
great extent. In the course of the year, the user access to 
the beamlines and laboratories basically went back to 
regular operation and since June 2022 the number of 
participants for experiments was no longer limited. 
However, users were still requested to provide a negative 
antigen test result before starting their experiment and 
some beamtimes had to be cancelled or were carried out 
using the mail-in and/or remote options due to infections 
of the beamline personnel or the users. Experiments 
within the India@DESY cooperation have been supported 
by postdoctoral researchers from India permanently 
located at PETRA III since mid of 2021. This initiative led 
to a successful continuation of the programme although 
users from India could not travel as much as before the 

pandemic and requested the mail-in option for many 
experiments. 

More than 3400 individual users, including mail-in and 
remote access, performed experiments at PETRA III 
beamlines, which are even more than before the pan-
demic in 2019. As usual, the operation time of PETRA III 
was split in two run periods: one from mid of February 
until mid of July and a second from mid of August until 
end of December 2022. 

PETRA III – machine operation
During the first run, 2589 hours of machine operation 
were provided for users at 25 beamlines: P01–P14 in the 
PETRA III experimental hall ‘Max von Laue’, P21.1–P24 in 
the hall ‘Ada Yonath’, P61–P65 in the hall ‘Paul Peter 
Ewald’ and at P66 in building 47K. In total, 4196 hours of 

user X-ray beamtime were provided at PETRA III (as of 
11 November 2022), a total of 4896 hours is envisaged 
for the entire year which corresponds to about 85000 
hours for user proposals. 

In 2022, the PETRA III machine has been performing very 
well with an availability of 98,2% and a mean time 
between failures of 56 hours (as of 17 November 2022). 
This is a good result also in comparison to the perfor-
mance of recent years. The main reasons for the down 
time in descending order of total down time were a trans-
former failure, radio frequency issues and external power 
glitches from the Hamburg power net. 

As usual, two different bunch filling modes were offered 
in the PETRA III storage ring: a ‘timing’ mode for time 
resolved experiments with 40 bunches and a ‘multi bunch’ 
mode with 480 bunches, both with approximately the 
same share. This bunch mode distribution has proven to 
be an optimal scenario to provide a maximum number of 
‘timing’ mode shifts while minimising the radioactive acti-
vation of ring components as well as radiation damage of 
undulators. 

PETRA III – new beamlines and endstations in design and 
automation project funded
Two more new beamlines P25 and P63 are in preparation 
at the last two remaining slots in the PETRA III experimen-
tal halls ‘Ada Yonath’ and ‘Paul Peter Ewald’, respectively. 
The vacuum chambers for the undulators and the front-
end hardware for these two beamlines are already 

installed, and the beamlines will become operational in 
the next two to three years. 

Beamline P25 is a cooperation project of PETRA III and the 
group for Innovation and Technology Transfer (ITT) at 
DESY, with main funding from ITT. It will be serving cus-
tomers from industry and academic partners with imaging 
and powder diffraction applications located in the experi-
mental hutch for monochromatic X-ray beams (EH in Fig. 2). 
The powder diffraction end station will be designed for 
fully automated user operation and is expected to serve 
many industrial clients, e.g. from pharmaceutical industry 
using the mail-in option. The imaging end station will pro-
vide element-specific X-ray fluorescence microscopy and 
focus on biomedical applications in collaboration with the 
Medical Center Hamburg-Eppendorf (UKE). In addition, an 
end station for white and pink beam applications will be 
constructed in a separate hutch. Among others, this hutch 
will be used to test and commission components related 
to PETRA IV. The hutch design has been finished in 2022 
(see Fig. 2), and after completion of the call for tender the 
hutches are envisaged to be built in the summer shut-
down in 2023. The final design of the instruments is 
ongoing and installation can start in late summer of 2023. 
Beamline operation is planned to start in early 2024. 

The plans for beamline P63 at PETRA III became more 
concrete in 2022. After shifting the shutdown to upgrade 
PETRA III to PETRA IV by one year to 2027-2028 and 
realising that the expected beam path in the experimental 
hutch of P63 at PETRA IV matches the beam path at 
PETRA III, it was decided to start operation of this beam-
line still at PETRA III well before the shutdown for the 
upgrade. Beamline P63 is mainly funded by the Max-
Planck-Gesellschaft and planned in very close cooperation 
with the Fritz-Haber-Institut Berlin and the Max Planck 
Institute for Chemical Energy Conversion in Mühlheim, 
which in turn will be granted priority access for a large 
part of the beamtime provided at P63. It will be dedicated 
to combined XAS/SAXS/powder diffraction studies and 
partially adds to XAS capabilities already available at 
the highly requested XAS beamlines P64 and P65. First 
components like specialised high performance detectors 
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Figure 4

Experimental hutch of the PETRA III beamline P66 (building 47K) and the recently 

installed lift for heavy equipment adjacent to the experimental hall 'Max von 

Laue' on the left side.

Figure 3

Drawing of the envisaged High-throughput Pharmaceutical X-ray screening' (HiPhaX) setup at the PETRA III beamline P09. 

have already been delivered, the design of the experi-
mental hutch is nearly finalised and construction of the 
beamline is expected in 2024.

In 2023, two new instruments at beamlines P09 and P23 
are about to start user operation. 

Early in 2022, the setup of a new instrument for 'High-
throughput Pharmaceutical X-ray screening' (HiPhaX) at 
the beamline P09 started. Within the framework of struc-
ture-based drug design the X-ray-based structure analysis 
of proteins plays an important role. The goal of HiPhax is 
to fully automise the measurements using robotics and 
artificial intelligence (AI)-based decision processes. In 
combination with new sample holders, which can host 
hundreds to thousands of samples, a daily number of 
scanned samples of about 1000 is envisaged. Further-
more, a newly developed setup at HiPhax (see Fig. 3), 
which prevents samples from dry-out, will allow to 
perform measurements at room temperature instead 

of very low temperatures. During two commissioning 
campaigns in summer 2022, a roadrunner-goniometer 
was successfully brought into operation. In November 
2022, two screening projects in cooperation with the 
Bernhard-Nocht-Institut für Tropenmedizin in Hamburg 
and the Universität Hamburg were successfully per-
formed. In 2023, e.g. on the endonuclease of the Lassa 
virus, HiPhaX will be upgraded to perform low tempera-
ture measurements, and a cryogenic sample dewar will 
allow storage of about 800 samples at a time (see Fig. 3). 
After that, the instrument is foreseen to officially serve 
academic and industrial users.    

The operational start of the HIKA end station for hierar-
chical imaging planned in cooperation with the Karlsruhe 
Institute of Technology at PETRA III beamline P23 (see 
last years’ report) originally planned for 2022 has been 
delayed due to technical issues concerning the control 
hutch installation. First beam and user operation are now 
expected for early 2023.

In summer 2022, a lift for heavy equipment at P66 
(‘Superlumi’) was installed (Fig. 4). With this final installa-
tion, the beamline became fully and efficiently operational 
as, e.g. the large helium dewars needed for many experi-
ments can now be transported into the experimental 
hutch without major effort.

Together with partners from the Helmholtz-Zentrum 
Dresden-Rossendorf, Helmholtz-Zentrum Berlin and the 
Karlsruhe Institute of Technology, DESY successfully 
applied for Helmholtz funding for a demonstrator beam-
line focusing on automation of complex operando electro-
chemical studies, e.g. in catalysis. The 3-year project will 
start in 2023 and includes automation and remote control 
of the beamline but also optimisation of the chemical pro-
cesses of operando studies supported by online analysis 
using AI. In the frame of this project, the PETRA III beam-
line P65 for X-ray absorption spectroscopy will be 
upgraded. Besides some new instrumentation the main 
focus of the project lies on developing new control and 
analysis software and the AI code.    

PETRA III – new beamtime access schemes
Two additional routes for beamtime application have 
been implemented in 2022. A call for targeted challenge-
driven proposals (TCDs) has been launched. Moreover, for 
regular beamtime proposals the option of claiming socio-
economic impact was introduced. 

The latter allows to ask for beamtime based on a socio-
economic impact rather than on scientific excellence of a 
project. Practically, this impact is achieved if the project is 
a pre-commercial development showing a technical readi-
ness level (TRL) of minimum 4. These proposals are 
reviewed by DESY’s Innovation and Technology Transfer 
Group for the TRL, whereas the impact of the expected 
results is reviewed by the beamline Project Review Panel 
(PRP). In case of a positive evaluation, these proposals 
will receive beamtime. Otherwise the proposals are still 
reviewed in terms of their scientific excellence and com-
pete with other scientific proposals of the corresponding 
beamline. 

The TCDs offer a new access route for those users who 
aim at a strategic topic of significant scientific or societal 
value. The overarching themes are defined by DESY Pho-
ton Science management and published on the DESY Pho-
ton Science website and communicated along with the 
related call for proposals. The prerequisite for participa-
tion in the new TCD call is a dedicated collaboration of at 
least three distinct research groups asking for beamtime 
also at more than one PETRA III beamline for at least 
three subprojects. It is required that the participating 

groups address a common scientific question from differ-
ent angles and that they commit to collaborate, share 
measurement results and use synergies even before pub-
lication. The DESY Photon Science management antici-
pates that this early collaboration will enable faster pro-
gress and greater impact in the scientific field. 

The proposals are reviewed by a dedicated PRP depend-
ing on the scientific topic of the call. The first TCD call for 
proposals on ‘Molecular Water Science’ was opened in 
summer 2022. Based on the experience collected during 
this first TDC call, the procedures and regulations of the 
TDC calls will be carefully reviewed and revised by the 
DESY Photon Science management.

Contact: Oliver Seeck, oliver.seeck@desy.de
Hans-Christian Wille, hans.christian.wille@desy.de
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for the existing large community of academic users but also 
for non-experts in the use of synchrotron radiation mainly 
coming from the area of applied and industrial research and 
development. 

It is planned to increase the responsiveness to the demands 
of PETRA IV users by providing faster access to beamtime 
and dedicated laboratories like, e.g. wet chemistry, nano-
sample preparation, cryo-facilities, complementary light and 
electron microscopes. The other important element is an 
integrated data handling concept spanning from data acqui-
sition to storage, analysis and archiving. Moreover, this will 
be complemented by the establishment of a support team 
to assist non-expert users from the planning of experiments 
to data analysis and the extraction of solutions to their 
problems.

In order to work out and test these concepts for large-scale 
implementation at PETRA IV, it is planned to start pilot 
projects on a few selected beamlines until the final shut-
down of PETRA III. 

The planning for the new accelerators and storage ring is 
already well advanced. The conceptual design of the optical 
lattice has been ‘frozen’ in spring 2022. The main activity 
is now focused on the engineering design for the accelera-
tor complex. In the sector of the beamlines P11-P14 in the 
experimental hall ‘Max von Laue‘ (each with a total canting 
angle of 5 mrad) the existing experimental and infrastruc-
ture installations could be preserved. Furthermore, this 
applies also to the Swedish Materials Science Beamline in the 
experimental hall ‘Ada Yonath’. Here, a total canting angle 
of 1 mrad is required to preserve the current set-up. Since the 
H6BA lattice cell for the storage ring is very densely packed 

PETRA IV – The Ultimate 3D-X-Ray 
Microscope
Plans for the new light source PETRA IV are taking concrete shape 

PETRA IV is the planned upgrade of the PETRA III synchrotron radiation storage ring to the most brilliant 
high-energy light source which will be diffraction-limited up to a photon energy of to 10 keV (λ = 0.12 nm). 
It will push imaging techniques into the single-digit nanometre regime with enough brightness to enable 
time-resolved measurements from nanoseconds to seconds. The extreme brightness will be achieved 
by introducing a hybrid 6-bend achromat (H6BA) lattice cell for the electron storage ring with a targeted 
horizontal emittance of 20 pm rad. PETRA IV is a key element in the plan for a unique scientific 
environment far beyond the current activities on the campus – the Science City Hamburg Bahrenfeld. 

with magnets and other instrumentation, canting is a task 
besides that it spoils the emittance of the electron beam.

The design of the optical lattice for the new DESY IV booster 
synchrotron, part of in the pre-accelerator chain for PETRA IV,
has been ‘frozen’ in 2022. The next steps include the 
engineering integration into the existing building complex. 
Owing to its particular topology, the synchrotron DESY IV is 
planned to be mounted at the ceiling. By keeping it at the 
same height as the storage ring, unnecessary bends in the 
transfer line can be avoided which would otherwise spoil 
the quality of the accelerated electron bunches. DESY II, the 
current booster synchrotron for PETRA III, will be decommis-
sioned when DESY IV is installed. 

In order to achieve the world’s smallest horizontal emit-
tance of 20 pm rad of any storage-ring-based source and 
subsequently a focal spot size of the X-ray beams in the a 
few nanometre range, all components of the accelerator and 
photon science complex must be designed for maximum 
stability. Therefore, a topologically optimised design for 
the girders of the storage ring cell was chosen to minimise 
vibrations of the frame and the components mounted on it. 
This design shows higher stiffness at lower weight. It is also 
advantageous that this geometry can be readily adjusted to 
external constraints while maintaining the superior vibra-
tional response of the system. Moreover, this approach 
is beneficial, e.g. in the northern part of the storage ring 

where the beamlines of FLASH and the PETRA ring cross 
each other, and space for the various beam pipes of FLASH 
has to be provided through the PETRA IV girders. 

Starting with ideas collected from the user community via 
‘Scientific Instrument Proposals’ (SIPs), the beamline 
portfolio for PETRA IV has been further refined in 2022 (see 
Fig. 2). With the help of the beamline managers of PETRA III,
first optical concepts for the new beamlines have been 
developed and checked for their feasibility and possible 
performance. Aspects such as the influence of increased 
thermal load, vibrations of the optical components due to a 
noisy environment as well as defects in the optical quality 
have been considered in this design process. 

The special characteristics of PETRA IV are the unprecedented 
brilliance and coherence which will enable the exploration of 
new scientific territory. For the preservation of these proper-
ties from the source to the sample, wave-optical simulations 
are employed to optimise layout and design of the beamlines 
for PETRA IV. Wave-optical simulations require a suitable 
high-performance computing infrastructure which has been 
made available by the project. In turn, the conceptual and 
technical design of the beamlines could be well advanced.

For spring 2023, the project team plans to finalise the project 
proposal for eventual submission to funding agencies. In 
addition to the accelerator and photon science complex, the 

Figure 1

PETRA IV at DESY is conceived as a data-driven solution ecosystem 

providing, together with its partners, new services for expert users from 

academia as well as for users from applied and industrial research. In a 

wider context PETRA IV serves as a key element of a national analytics 

centre to be established in the planned Science City Hamburg Bahrenfeld.

Figure 2

Distribution of the currently planned PETRA IV beamlines in the new experimental hall (in blue-green, left) and in the already existing three experimental halls 

(in light green, right) in the eastern part of the storage ring (blue line). The beamlines in the eastern halls will be the first to be put back into operation after the 

PETRA IV accelerator complex is commissioned in 2029.

In addition to the technical upgrade of the PETRA III facility, 
the project aims to improve the experimental infrastructure 
for the full exploitation of the capabilities of the new light 
source. This includes a new experimental hall (PXW) on the 
western side of the PETRA IV complex to increase the range 
of experimental techniques and to expand laboratory space 
to provide new services to the user community (see Fig. 1). 

The new services will increase capacity as well as capabili-
ties for ground-breaking research and innovation not only 
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Figure 3

The Hamburg Senate had invited DESY to present the PETRA IV project at the city’s town hall to numerous representatives from science, politics and industry 

(September 2022). 

The Centre for X-ray and Nanoscience (CXNS), which also 
houses most of the DESY NanoLab laboratories, was 
ceremonially opened in April 2022. Already before this 
date, most of the NanoLab laboratories were operational 
and in use in the new building on the DESY campus. 
Looking back to the first year in the new interconnected 
environment of the CXNS, the DESY NanoLab research has 
already benefited from the new spacious state-of-the-art 
laboratories and especially from the short distances to 
other research facilities (Fig. 1). 

The DESY NanoLab offers on-site methods for nanoscience 
that complement techniques used at PETRA III, FLASH and 
the European XFEL. The goal is to implement various 
nanocharacterisation techniques for investigation of the 
atomic scale structure, chemistry and magnetism as well as 
nanostructuring and nanosynthesis techniques. It is open 
for external users from academia in the framework of 
accepted proposals, supports DESY in-house research as 
well as European users in the framework of the access 
programme NEP. Users from industry get access to these 
facilities via the DESY Innovation and Technology Transfer 
Department (ITT).

The DESY NanoLab consists of several strong pillars in 
nanoscience research:
microscopy and nanostructuring, spectroscopy, nanoparticle 
synthesis, in situ and operando X-ray diffraction, electro-

chemistry and magnetic characterisation. Further prepara-
tions for the establishment of a laser laboratory for the 
investigation of dynamics at the nanoscale in cooperation 
with the Leibniz-Institut für Kristallzüchtung (IKZ) in Berlin, 
also a partner of the CXNS, are underway. The opening 
is targeted for the second half of 2023. This laser lab is 
planned for the preparation of ultrafast pump-probe 
experiments that complement the existing NanoLab 
science fields. New instrumentation at the DESY NanoLab 
includes a scanning Auger microscope with chemical 
resolution at the nanoscale and e-beam lithography in 
cooperation with the Center for Hybrid Nanostructures 
(CHyN) of the Universität Hamburg.

Main research topics of the DESY NanoLab are catalytic 
reactions on nanomaterials, nanoscale phenomena like 
oxidation and corrosion and materials research and search 
for novel, nanostructured materials (Fig. 2), photo-catalytic 
reactions and research on oxide surfaces and interfaces 
as well as time- and spatially-resolved investigation of 
surfaces and nanostructures under in situ and operando
conditions. Future interest of NanoLab research also lies 
in the development of marker strategy and correlative 
multimodal imaging.

A detailed overview on the DESY NanoLab instrumentation 
can be found in the ‘Facts and Numbers’ section of this 
DESY Photon Science annual report. 

DESY NanoLab
Strengthening the interconnected approach in nanoscience

Figure 1

Guided tour through the CXNS laboratories during the opening celebration in April 

2022 with three German research ministers: Federal Research Minister Bettina 

Stark-Watzinger (4th from left), Karin Prien (6th from left) Minister of Science in 

Schleswig-Holstein and Katharina Fegebank (8th from left), Science Senator of the 

City of Hamburg as well as other distinguished guests. They visited the NanoLab 

spectroscopy lab hosting an improved transfer chamber and extended transport 

facilities under permanent UHV condition. (Image: Daniel Reinhardt DESY)

Figure 2

Detailed atomic structure of an oxide/organic acid interface.

(Image: Marcus Creutzburg, DESY)

Contact: Andreas Stierle, andreas.stierle@desy.de
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proposal incorporates a full account of the required infra-
structure modifications on the DESY campus as well as the 
logistics required for the realisation of PETRA IV. Plans for 
new buildings such as the PETRA extension hall West (PXW), 
the girder assembly building (GAB), a new RF hall and a set 
of smaller support buildings are being further developed as 
well as an assessment of the required refurbishment of 
existing structures like the DESY pre-accelerator complex 
and its transfer lines. All these activities have to be integrated 
into the larger campus development plans which include for 
instance a new visitor centre ‘DESYUM’ or the new innova-
tion centre ‘Integriertes Technologie und Gründerzentrum’ 
(ITGZ), among others. Further elements to be considered in 
the planning for PETRA IV are parallel upgrade programmes 
of existing machines: the second shut-down of FLASH in the 
framework of the FLASH2020+ programme and the mainte-
nance shut-down of the European XFEL. Both are planned 
for the middle of the decade. 

After more than two years of planning in mostly online 
meetings, it was finally possible to bring together the entire 
PETRA IV project team on campus for an all-hands meeting in 
summer 2022. In September 2022, the project team moved 
to its own office premises, bringing together core members 
from across many DESY divisions. Being able to work in 
close contact is crucial for the final stage of producing the 
PETRA IV Technical Design Report (TDR). 

Raising attention for and awareness of PETRA IV is the goal 
of a campaign which had its kick-off event in September 
2022 with a round-table talk on the DESY campus and a 
subsequent reception of the Senate of the City of Hamburg 
(see Fig. 3). The Deputy Mayor of Hamburg, Katharina 
Fegebank, welcomed the project team in the town hall of 
Hamburg together with representatives from science, politics 
and industry. The Nobel laureate Prof. Stefan Hell gave a 
talk on the importance of applied science and research and 
development for industry and innovation in Germany. 

PETRA IV as a key element of the planned Science City 
Hamburg Bahrenfeld, is set to foster innovation in Germany 
and contribute to the solution of grand societal challenges 
as adopted by the Helmholtz Association and the German 
government. Areas that will particulary benefit from research 
at PETRA IV are: health and drug development, new materials 
for catalysis and sustainable energy production and storage 
or new functional materials for the next generation of 
hardware for advanced computing and artificial intelligence. 

Contact: Harald Reichert, harald.reichert@desy.de  
Kai Bagschik, kai.bagschik@desy.de
Stephan Klumpp, stephan.klumpp@desy.de
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Obituary
The end of the last year brought sad news about the 
death of Prof. Ken Holmes, the founder of the EMBL 
Hamburg Unit in 1974. He was a true pioneer in X-ray-
based high-resolution molecular structural biology.

Training
In 2022, EMBL Hamburg organised a practical workshop 
‘Approaches for in cellulo structural biology’, practical course 
‘Membrane Protein Expression, Purification and Characteri-
sation (mPEPC2)’, and a MOSBRI course ‘ESC3: Quality 
control for Integral Membrane Proteins’ at the SPC Facility.

The European Molecular Biology 
Laboratory Hamburg Unit
Research and infrastructures for applications in the life sciences 

Figure 1

The new in-vacuum sample exposure unit SEU2B has been commissioned at the 

PETRA III beamline P12. It incorporates elements for optical devices and sample 

environments, such as microfluidic devices as well as scanning and rastering 

capabilities for mounted samples. (Credit: Shosho)

Figure 3

Model of the human nuclear pore complex’s core solved by the Kosinski 

Group at EMBL Hamburg and Beck Lab at Max-Planck Institute of Biophysics. 

The highest possible level of detail is achieved by combining AlphaFold 

with techniques such as cryo-electron tomography, single particle 

cryo-EM and integrative modelling. The complex consists of 1000 pieces 

- one of the largest complexes in the human body. (Credit: Agnieszka 

Obarska-Kosińska/EMBL and MPI of Biophysics)

Figure 2

EMBL Director General Prof. Edith Heard during a panel discussion at the 

PETRA IV campaign kick-off event. (Credit: DESY, Daniel Reinhardt)

The European Molecular Biology Laboratory Hamburg Unit 
(EMBL) in Hamburg carries out research with a specific 
focus on themes in infection biology by mainly applying 
structural biology and imaging tools at various scales. At 
present, EMBL Hamburg provides access to three beam-
lines at the PETRA III storage ring and a dedicated ‘Sample 
Preparation and Characterisation’ Facility for external 
researchers from academia and industry. During the last 
reporting period, EMBL Hamburg served 566 individual 
users at the beamlines and the SPC facility. EMBL’s portfolio 
also includes on-site training opportunities for users. 
External access to EMBL’s facilities is supported by a number 
of European consortia: INSTRUCT, iNEXT-Discovery, 
MOSBRI, ISIDORe and EOSC4Cancer.

Research infrastructure provision

EMBL’s Sample Preparation and Characterisation (SPC) Facility
offers a pipeline from the lab bench to the EMBL beam-
lines, helping optimise and prepare samples for structural 
studies. The SPC team has recently established a new 
online platform for analysing data from biophysical experi-
ments (eSPC) [1]. In 2022, a new tool for analysing mass 
photometry data was added [2].

Beamline P12
for Small-angle X-ray Scattering (BioSAXS) is dedicated to 
measuring weakly-scattering and low-contrast biological 
macromolecular samples and bio-composites. These 
features are combined with high-throughput automated 
sample delivery [3] and data acquisition/processing and 
deposition into the EMBL-operated open-access ‘Small 
Angle Biological Data Bank’ (SASBDB). SAXS services are 
spanning fundamental and applied research, such as the 
interrogation of structured and intrinsically disordered 
macromolecular systems, biologics/pharmaceutical 
formulations and delivery, vaccine, infection biology, 
antimicrobial and anti-inflammatory research.

Together with the company BioNTech and the Mainz 
University, EMBL is developing a new sample delivery 
approach at the PETRA III beamline P12. The BMBF-funded 
project ‘Pharma-SAXS’ aims to characterise lipid nanopar-
ticles for mRNA vaccines. A recently commissioned in-
vacuum sample exposure unit incorporates elements for 

Plans for EMBL at PETRA IV
EMBL is supporting DESY’s efforts related to PETRA IV, 
the upgrade of PETRA III. At the PETRA IV campaign 
kick-off event (Fig. 2), EMBL Director General Prof. Edith 
Heard stressed that PETRA IV will play an important role 
in the current EMBL programme ‘Molecules to Ecosystems 
2022-2026’ which aims at studying life in its context.

EMBL submitted the conceptional beamline design for 
three planned EMBL beamlines at PETRA IV which will also 
offer future opportunities for X-ray imaging of biological 
specimens. To strengthen joint efforts of EMBL and DESY 
and to explore future common perspectives, the new 
coordinator of the PETRA IV project Harald Reichert and 
leading scientist of PETRA III Christian Schroer visited 
EMBL’s Imaging Centre in Heidelberg in September.

To develop a future joint business case, EMBL and DESY 
have established a committee to foster innovation which 
had its first inaugural meeting in October 2022.

Research in X-ray-imaging
The new EMBL team leader Liz Duke is developing a 
pipeline for high-throughput X-ray imaging of soft biological 
tissues. Taking advantage of the excellent beam character-
istics on P14 and the well-established infrastructure for 
structural biology, the team is now able to collect, process 
and reconstruct a 3D data set in less than 10 minutes. 
Studied samples range from small marine organisms 
through biopsy samples taken from murine organs to 
organoids. The ultimate aim of this work is to establish 
X-ray imaging as one of the user facilities offered by 
EMBL Hamburg.

Contact: Dorota Badowska, 
dorota.badowska@embl-hamburg.de 

optical devices and sample environments, such as microfluidic 
devices and scanning/rastering capabilities for mounted 
samples (Fig. 1). 

Dmitri Svergun, who led EMBL BioSAXS activities for 
almost two decades, has recently retired. Under his leader-
ship, BioSAXS services and research at EMBL have become 
a hallmark in modern structural biology. The interim SAXS 
team under the leadership of Clement Blanchet together 
with Melissa Graewert and Cy Jeffries ensures that activities 
at P12 continue and further expand.

Beamlines P13 and P14 for macromolecular crystallography
have witnessed an increasing proportion of users visiting 
EMBL for in-person data collection. P14 was also used for 
pilot X-ray imaging experiments. To further improve the 
beam quality on P14 for crystallographic and X-ray imaging 
applications, the monochromator crystals were exchanged 
after more than a decade of continuous operation. After 
the installation of new beam intensity monitors, precise 
and accurate estimation of X-ray dose supports the collec-
tion of higher quality diffraction data. With next generation 
inhouse-developed data acquisition software, detectors 
can now be read out with frame rates above 1 kHz. For 
data storage, 1.6 PByte of high-performance storage was 
added to the beamline IT infrastructure in collaboration 
with the University of Hamburg.

AlphaFold: new opportunities for structural biology

AlphaFold2 is an AI-based program that predicts protein 
structures with unprecedented accuracy. Combining it 
with their own development for integrated modelling of 
structures using experimental and computational tech-
niques, scientists at EMBL Hamburg critically contributed 
to the structure of the human nuclear pore complex’s 
core in unprecedented detail and completeness [4] (Fig. 3).
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Helmholtz-Zentrum Hereon operates the German Engineering Materials Science Centre (GEMS). In summer 
2022, the inauguration of the GEMS wing of the new Centre for X-ray and Nano Science (CXNS) building was 
celebrated in a GEMS symposium with attendance of the Hereon supervisory board. In addition to office 
space, the new building provides six new labs which accommodate a suite of X-ray diffraction and imaging 
instruments as well as a scanning electron microscope (SEM) with a plasma-focused ion beam (FIB). The 
experimental stations of GEMS at PETRA III are being continuously developed and upgraded for engineering 
materials and materials science users from institutions in Germany and all over Europe. 

GEMS is also preparing to provide cutting-edge instrumen-
tation for new beamlines at PETRA IV, the upgrade project 
of PETRA III. Without the need for relocation, the new 
high-energy materials science beamline - now P07 - comes 
straightforward. On the other hand, the final design of the 
full-field imaging beamline, the successor to P05 and P07 
imaging instruments, is currently being finalised for the 
location in the new experimental hall. GEMS also pushes for 
a white-beam beamline at PETRA IV, as there is significant 
demand for it, and white-beam methods like residual stress 
analysis have high potential for serving industry. This also 
applies to high-spatial resolution diffraction, currently 
offered at the nanofocus endstation of beamline P03, for 
which GEMS intends to provide a setup at PETRA IV as well.

Diffraction
The engineering materials station P61A as part of the new 
white beam beamline at PETRA III gained momentum in 2022 
with an increasing number of proposals and experiments. 

standardisation of industrial residual stress characterisa-
tion at synchrotrons. Several reference samples were 
measured at P07 and P61A as part of a round-robin study. 
Combining both beamlines, four different methods of 
residual stress analysis can be offered to the scientific 
community as well as to industry. These methods are: 
monochromatic beam in transmission geometry (for thin 
sheets), monochromatic beam with conical slits (in the 
bulk), white-beam in reflection (near surface stresses) and 
white beam in transmission (bulk stresses). In addition, 
Hereon also provides neutron diffraction at the Heinz 
Maier-Leibnitz Zentrum (MLZ) in Garching as a powerful 
residual stress analysis tool. These methods cover a wide 
range of residual stress problems and make Hereon a 
unique provider of industrial service in this area. A soft-
ware developed in the project EASI-STRESS will support 
standardised reporting of results which is essential for 
industrial customers.

Imaging
Our imaging instruments at the beamlines P03, P05 and 
P07 provide a combination of high energy, abundant space 
to house in situ sample environments, phase contrast 
methods and a high range of spatial resolutions. Currently 
ongoing software developments include implementations 
of robust phase contrast reconstruction algorithms in 
order to achieve a high level of automation in the recon-
struction of tomographic data. Furthermore, recent devel-
opments in applying machine learning for denoising of 
nanotomography data at P05 were highlighted on the 
cover of the January issue of the Journal of Synchrotron 
Radiation. This specifically-trained network is eliminating 
the noise without changing the structural data of the 
tomographic scan. Based on these achievements, a 
network pre-trained on a specific sample type is able to 
denoise a range of tomographic data sets with the same 
signal-to-noise ratio, enabling scanning at high temporal 
resolution [4], (see hightlight section).

High-energy radiography at P07 helped to understand 
melting and mixing of the melt flow during laser welding of 
aluminium and copper, as shown in Fig. 3. The results gave 
valid input for building a model. The industrially relevant 
process was studied by researchers from the Fraunhofer 
ILT Institute in Aachen by using the high-energy imaging 
setup with a time resolution of 1 ms [5]. A high sensitivity 
with respect to density contrast was essential for the analy-
sis of magnesium degradation under physiological condi-
tions at P05. This helped Hereon researchers to build a 
computational model for the degradation process which is 
highly relevant for applications of biodegradable implants 
[6, 7]. At the P05 nanotomography instrument, the first use 
of a plenoptic microscope operating with hard X-rays was 
demonstrated. This proof-of-concept experiment opens new 
horizons to quasi-3D X-ray imaging without sample rota-
tion at spatial resolution of a few hundred nanometres [8].

Many experiments focused on residual stress analysis in 
engineering materials and components, including an in situ
laser beam welding experiment recording diffraction 
patterns at a rate of 10 Hz (Fig. 1). The flux up to 200 keV 
from the damping wiggler allows frame rates above 100 Hz 
as well as measurements in 4 cm thick steel samples. The 
group of Elisabeth Schültke from Universitätsmedizin 
Rostock [1] investigates the microbeam radiotherapy 
(MRT) technique for cancer treatment which requires an 
intense white beam. The corresponding experiments were 
successfully continued with a new roll-in roll-out experi-
mental station (Fig. 2) [2]. 

At beamline P07, conical slit cells have been extensively 
used for residual stress analysis within the EU project 
EASI-STRESS [3]. Conical slit cells define a gauge volume 
fixed in space and allow spatial resolution in beam direction 
in a bulk sample. They are used mainly for 3D residual 
stress mapping. The project EASI-STRESS deals with the 

The GEMS branch at DESY
Diffraction and imaging techniques optimised for the 
needs of materials research

Figure 2

Sketch of the MRT setup at the PETRA III beamline P61A. The inset shows 

microbeams produced by the multi-slit collimator. 

Figure 3

High-energy radiography of a laser beam welding process. Top images: two 

welding configurations: Al99.5 bead on plate and Al99.5 on CuSn6. Bottom 

images: The left panel shows the melt pool with intermixing, bubbles and 

keyhole; the right panel illustrates the derived model of the melt pool flow. 

(Figures adapted from [5] licensed under CC-BY 4.0.)

Figure 1

In situ laser welding experiment at PETRA III beamline P61A carried out by 

scientists from RWTH Aachen. Diffraction patterns are collected in two different 

directions using two energy-dispersive detectors. 

Organic semiconductor materials have a great potential 
for reducing the manufacturing costs of electronic compo-
nents. Researchers from the University of Siegen examined 
organic field-effect transistors (OFET) under operando
conditions at P03 with scanning nanodiffraction. The data 
obtained from the oligothiophene material indicated a high 
structural stability under the applied voltage [9]. Also at 
P03, researchers from the TU München have investigated 
structure heterogeneity and degradation of hybrid perov-
skite films, a materials class with a lot of potential for 
photovoltaics and optoelectronics applications. The data 
indicates how the spray deposited films bear tensile strains 
and how moisture-induced degradation is initiated [10].

Author contact: 
Christina Krywka, christina.krywka@hereon.de 
Peter Staron, peter.staron@hereon.de 
Martin Müller, martin.mueller@hereon.de 

References
1. https://strahlentherapie.med.uni-rostock.de/forschung/arbeitsgruppe-

  mikrostrahltherapie (accessed 19 Oct. 2022).
2. E. Schültke et al., Cancer (2022), accepted.
3. https://www.easi-stress.eu/ (accessed 19 Oct. 2022).
4. S. Flenner et al., Journal of Synchrotron Radiation 29, 230 (2022).
5. S. Hollatz et al., Journal of Materials Processing Technology 309, 117738 (2022).
6. B. Zeller-Plumhoff et al., Journal of Magnesium and Alloys 10, 965 (2022).
7. D. Krüger et al., Bioactive Materials 13, 37 (2022).
8. E. Longo et al., Photonics 9, 98 (2022).
9. A. Davydok et al., Nanoscale Research Letters 17, 22 (2022).

10. N. Li et al., Nature Communications 13, 6701 (2022).



102 | Light Sources and User Infrastructures Light Sources and User Infrastructures | 103

DESY is not only responsible for the construction and the operation of the European XFEL 
linear accelerator but also plays an important role as user. Moreover, DESY scientists are
developing lasers and detectors for usage at the European XFEL and are partners in
the largest user consortia: SFX, HIBEF and hRIXS.

Serial Femtosecond Crystallography (SFX)
The International SFX Consortium contributes experimental 
instrumentation to the ‘Single Particles, Clusters, and 
Biomolecules and Serial Femtosecond Crystallography’ 
(SPB/SFX) instrument of the European XFEL, to carry out 
serial femtosecond crystallography and solution scattering 
for high-throughput determination of macromolecular 
structures. The SFX Consortium works closely with the 
SPB/SFX team to achieve higher efficiency and flexibility of 
serial crystallography (see Fig. 1) and diffraction measure-
ments with the contribution of a second measurement sta-
tion, collaborates on improved sample delivery systems 
and diagnostics, and the development of software for data 

Helmholtz International Beamline for Extreme Fields (HIBEF)
The HIBEF user consortium contributes some of the main 
experimental drivers, scientific and technical personnel and 
scientific input for experiments at the High Energy Density 
(HED) instrument of European XFEL. It is led by the Helm-
holtz-Zentrum Dresden-Rossendorf (HZDR) in collaboration 
with DESY and the Central Laser Facility (CLF) from 
Rutherford Appleton Laboratory in the UK as the major 
consortium partners and founding members. 

The high-intensity laser ReLax is available in user operation 
since 2021. Hereby, relativistic plasma investigation can be 
performed in combination with several various X-ray based 
diagnostics like scattering, mainly SAX, spectroscopy and 
imaging.

Dipole-100X, provided by CLF, is under recommissioning 
after installation.The velocity interferometer system for 
any reflector (VISAR) system, contributed by the French 
HIBEF partner CNRS, is one of the main diagnostics in 
ramped laser compression experiments and is also under 
commissioning. More than 80 scientists from different 
international institutes plan the first community commis-
sioning experiment in the first of 2023.

The design of the pulsed magnetic field setup, generating 
fields up to 58 T, is almost finalised. The first major compo-
nents, like the heavy-load goniometer and capacitor bank, 
are already or will be soon installed. A first on-site test of 
the complete setup is planned for 2023.

Since Nov 2021, six user proposals were scheduled on the 
diffraction platform IC2: The experiments included X-ray- 
and pulsed laser-heating studies at static compression, 
dynamic compression in piezo-driven dynamic diamond anvil 
cells and shock compression using the pump–probe laser.

analysis. Members of the SFX Consortium engage with the 
community across the globe to reduce barriers for new 
user groups to conduct experiments at the European XFEL 
and strives to make serial crystallography more accessible 
to structural biologists. Examples of this are the XFEL Hub 
at the Diamond Light Source in the UK and the availability 
of serial crystallography instrumentation at PETRA III. In the 
last year, a micro-fluidic set up was introduced at the 
PETRA III beamline P11 consisting of a tape drive to intro-
duce microcrystals to the beam. Using the same small vol-
umes and preparations of crystal slurries as required for 
liquid-jet experiments at the SPB/SFX instrument, it is now 
possible to carry out time-resolved measurements of pro-
tein reactions over a wide range of time scales addressed 
with millisecond exposure times at the synchrotron to 
femtoseconds at the European XFEL. Likewise, the Road-
Runner chip scanning system is used at PETRA III and SPB/
SFX for low-background fixed-target serial crystallography. 
A new beam-sweeping device is being investigated that 
will enable megahertz measurements on extremely small 
amounts of protein at SPB/SFX.

One of the largest upcoming contributions of the SFX 
Consortium is the 4-megapixel in-vacuum AGIPD detector 
being constructed at DESY in the group of Heinz Graafsma. 
This will be delivered and installed next year. In preparation, 
the data acquisition system and power modules for the 
detector have been purchased. 

DESY Photon Science 
at the European XFEL 
User consortia of the Helmholtz International Beamline  

Heisenberg Resonant Inelastic X-ray Scattering (hRIXS) 
At European XFEL, commissioning of the Heisenberg RIXS 
spectrometer was conducted and for both the high resolu-
tion grating as well as the transmission-optimised grating 
design values have been reached. The users assisted 
commissioning based on community proposals with solids 
and liquid jet molecular samples; both allowed for first 
results on static high resolution RIXS and time-resolved 
experiments. These findings are currently worked out to 
first scientific publications. 

With the successful operation, full users’ operation has 
been started 2022 (Fig. 2), being on time and budget. In the 
users’ proposals, an alternating scheme of calls involving 
the ‘Chem’ chamber and the ‘solid state sample’ environment 
might be the most efficient use of the hRIXS infrastructure. 
Funding for hRIXS is provided by the Helmholtz Association 
via strategic investment in the Helmholtz International 
Beamline and other national funds (Italy, Germany). The 
project is partially supported by the ERC Advanced Grant 
‘EDAX’ at Potsdam University. A high-end detector is 
funded by Finnish partners through a FIRI grant. The hRIXS 
consortium includes partners from Germany, Switzerland, 
Finland, France, Sweden, Italy and the UK. The project is 
coordinated by Potsdam University in close collaboration 
with DESY and European XFEL.

Figure 1

View from the nozzle monitoring camera in the SPB/SFX instrument 

during a serial crystallography experiment. The camera was triggered 

on the second pulse in the train, and shows the plasma emission 

(in yellow) resulting from X-ray absorption and the jet explosion. 

(Credit: SPB/SFX Instrument staff) 

Figure 2

Aligning the hRIXS 

experiment from the 

control hutch.

Contact: 
SFX: Henry Chapman, CFEL/DESY and Universität Hamburg, 
henry.chapman@desy.de
HIBEF: Thomas Cowan, HZDR, t.cowan@hzdr.de
hRIXS: Alexander Föhlisch, Potsdam University and HZB, 
alexander.foehlisch@helmholtz-berlin.de
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Campus overview
Research centres and cooperations

The research and cooperation landscape at DESY Photon Science 
involves local, national and international partners with a number of 
research centres as nuclei for cooperation. All benefit from the 
excellent scientific environment and research facilities on the 
Campus Bahrenfeld. The image below highlights the light sources, 
research centres with involvement of DESY Photon Science as 
well as associated partner institutions on-site, such as EMBL and 
Hereon outstations. Some major cooperation activities with 

universities in networks and the interdisciplinary research 
platforms on campus are reported on within this chapter.

German universities are also closely involved at PETRA III and 
FLASH, for example, via BMBF-funded collaborative research. 
Developments in connection to PETRA III, FLASH and European 
XFEL are described in the chapter 'Light Sources and User 
Infrastructures’.
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Cooperation in research and education
Universities and networks overview

Doctoral students Ammar Bin Wahid and Laura 

Silletti working on their Raspberry PI project during 

the 2022 HELIOS retreat. (Photo: HELIOS, S. Tille) 

This year's PHGS graduates on site. 

(Photo: PHGS, K. Winkler)

Mobile X-ray tomographic scanner, developed at DESY, 

is designed to decipher closed cuneiform tablets.

Participants of the first DASHH retreat in the Ostsee-

resort Dampland in August 2022. (Photo: DASHH)

• Data Science in Hamburg – Helmholtz 
Graduate School for the Structure of 
Matter (DASHH)
DASHH is a joint project of DESY, 
Universität Hamburg, Hamburg 
University of Technology, Helmut-
Schmidt-University, Helmholtz-
Zentrum Hereon, Helmholtz Centre 
for Infection Research, Max Planck 
Institute for the Structure and 
Dynamics of Matter, European XFEL 
and Hamburg University of Applied 
Sciences.

DASHH’s goal is to train the next 
generation of data and information 
scientists in the field of novel data 
acquisition and analysis techniques 
to meet the challenges posed by the 
huge data sets generated by experi-
ments at large-scale facilities.

At present, 33 interdisciplinary PhD 
projects are funded by DASHH, 
mainly in the fields of photon science, 
particle physics, accelerator science 
but also structural biology, materials 
science and ultrafast X-ray science. 
In August 2022, DASHH organised a 
first, very successful three-day 
retreat at the Baltic Sea. The main 
focus was to foster the exchange 
among students. Moreover, DASHH 
regularly organises a PhD seminar 
and the Data Science Colloquium. 
www.dashh.org

Graduate Schools

•   PIER Helmholtz Graduate School (PHGS) 
PHGS is a graduate education pro-
gramme at DESY in cooperation 
with Universität Hamburg (UHH). In 
2022, almost 300 students are en-
rolled in PHGS. Doctoral candidates 
benefit from outstanding research 
in particle and astroparticle physics, 
nanoscience, photon science, infec-
tion and structural biology as well as 
accelerators and theoretical physics. 
PHGS offers numerous research and 
career skills courses but also super-
vision and a buddy programme. The 
annual PIER Graduate Week includes 
interdisciplinary lectures and work-
shops to introduce PhD students to 
the various science fields. During the 
2022 PIER PhD reception on 29 June 
at DESY, about 170 PhD students, 
supervisors, friends, relatives and 
staff met to welcome all new doc-
toral candidates and to honour the 
22 graduates present out of a total 
of 78 graduates from PHGS over the 
past 16 months.
graduateschool.pier-hamburg.de

• The Helmholtz-Lund International 
Graduate School (HELIOS)
HELIOS has been launched in 
October 2020 and focuses on instru-
mentation development in the fields 
of particle physics, molecular 
physics, nano(bio) science and 
ultrafast photon science. A major 
aim is to prepare young scientists 
for the next generation of instru-
mentation. The involved partners 
are UHH, Lund University, City of 
Hamburg and DESY. Twenty 
doc-toral candidates are currently 
enrolled in HELIOS.

Each year, HELIOS runs a training 
retreat at Lund University. 
The 2022 retreat was held on 
10-14 October and focused on the 
fundamentals of electronics, detec-
tors, distributed control systems as 
well as well as CPUs and FPGAs. An 
integral part of HELIOS is to connect 
doctoral researchers with industry´, 
therefore, alumni were invited, now 
working in the private sector, to 
meet the doctoral candidates and 
talk about their careers.
www.heliosgraduateschool.org

Strategic networks

• LEAPS
is a strategic consortium initiated by 
the directors of the synchrotron 
radiation and free-electron laser 
user facilities in Europe (League of 
European Accelerator-based Photon 
Sources).  

• PIER
is the strategic partnership between 
DESY and Universität Hamburg 
(Partnership for Innovation, 
Education and Research).

Excellence clusters

DESY Photon Science contributes to 
two excellence clusters at the Univer-
sität Hamburg:  

• ‘CUI Advanced Imaging of Matter’ (AIM)
Many of the FS lead scientists are 
strongly involved in the cluster. 
Since 1 July 2022, Christina Bömer 
leads a young investigator group 
funded within the development 
programme of AIM.

• ‘Understanding Written Artefacts’ (UWA)
Christian Schroer, leading scientist 
of PETRA III, is principal investigator 
of the research project ‘Reading 
Closed Cuneiform Tablets Using 
High-Resolution Computed   
Tomography’ within UWA. 

Collaborative research with 
German universities and 
institutions

• Tracking the active site in heteroge-
neous catalysis for emission control 
(SFB 1441), coordinated by Karls-
ruhe Institute of Technology (KIT)

• Tailor-made multi-scale materials 
systems (SFB 986), coordinated by 
Technische Universität Hamburg 
(TUHH)

• Atomic scale control of energy 
conversion (SFB 1073), coordinated 
by Georg-August-Universität 
Göttingen (GAU)

• Quantum cooperativity of light and 
matter (SFB 306), coordinated by 
Friedrich-Alexander-Universität 
Erlangen-Nürnberg (FAU)

• Center for Integrated Multiscale 
Materials Systems (CIMMS), 
coordinated by TUHH

• Center for Data and Computing in 
Natural Science (CDCS), coordinated 
by UHH

• Extreme Light for sensing and 
driving molecular CHirality (ELCH) 
(SFB 1319), coordinated by Univer-
sität Kassel

• DAta for PHoton and Neutron 
Experiments for a National Research 
Data Infrastructure (DAPHNE4NFDI), 
coordinated by DESY

Joint laboratories and 
institutes

• In the Helmholtz International 
Laboratory on Reliability, Repetition, 
Results at the most advanced X-ray 
Sources (HIR3X), DESY and the US 
National Accelerator Laboratory 
SLAC in California have joined forces 
to develop techniques and proce-
dures that enable the reliable appli-
cation of X-ray lasers.  

• DESY is partner of the Helmholtz 
Institute Jena which is an outstation 
of the GSI Helmholtz Center for 
Heavy Ion Research on the campus 
of the Friedrich Schiller University 
of Jena. The institute is mainly 
focused on applied and fundamental 
research at the borderline of 
high-power lasers and particle 
accelerator facilities.

• The Ruprecht Haensel Laboratory is 
a joint research facility of Christian-
Albrechts-Universität zu Kiel and 
DESY and combines state-of-the-art 
instruments and methods of 
nanoresearch, makes new develop-
ments available to international 
cooperation partners and, with joint 
appointments, ensures that teach-
ing in the field of nanoscience and 
surface physics is strengthened in a 
research-oriented manner.
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CFEL Partner Institutions
• Deutsches Elektronen-Synchrotron DESY
• Max Planck Institute for the Structure and Dynamics of Matter (MPSD)
• Universität Hamburg (UHH)

www.cfel.de

Laser pulses that briefly grab hold of floating molecules 
and align them precisely in space – this may sound like 
an original but academic party trick; however, these are 
the results which the team led by CFEL’s Jochen Küpper is 
now presenting in the article on ‘Picosecond pulse-shap-

ing for strong three-dimensional field-free alignment of 
generic asymmetric-top molecules’ [1]. The technique has 
great potential for research, too, because arranging 
molecules in a precise spatial configuration is an impor-
tant precondition for observing their extremely rapid 
behaviour in detail and even filming it. With their latest 
study, the experts have now managed for the first time 
to strongly align a relatively complex structure – the 
biomolecule indole (see Fig. 1.) – without the presence 
of a laser field. In the future, it should also be possible to 
use this new method on other complex molecules, such as 
amino acids, neurotransmitters or vitamins and possibly 
even entire proteins (see highlight section). 

Nonlinear phononics relies on the resonant optical 
excitation of infrared-active lattice vibrations to induce 
targeted structural deformations in solids. This form of 
dynamical crystal structure design has been applied to 
control the functional properties of many complex solids, 
including magnetic materials, superconductors and ferro-
electrics. However, phononics has so far been restricted 
to protocols in which structural deformations occur within 
the optically excited volume, sometimes resulting in 
unwanted heating. So far, nonlinear phononics has been 
thought to occur only within the small region of the 
crystal where the mid-infrared light pulse is present. 
Now, researchers from MPSD at CFEL have discovered 
that the ferro-electric polarisation of lithium niobate 
(LiNbO3) even changes in areas well away from the direct 
‘hit’ of the laser pulse, with the polarisation reversal 
occurring throughout the entire crystal. The team’s study 
of this hitherto unknown phenomenon – called nonlocal 
nonlinear phononics – has been published in the article 
titled ‘Nonlocal nonlinear phononics’ [2].

Contact: Ralf Köhn, ralf.koehn@cfel.de

Center for Free-Electron Laser Science
CFEL
Three institutions working successfully together

Figure 1

Next to the structure of the biomolecule indole in two selected orientations (left), 

one can see the measured signals indicating that these molecules are ideally 

aligned. To the right, one sees one of the molecular orientations during the lapse 

of time which is determined in the experiment by measuring the momentum of 

hydrogen ions in the molecule. (Credit: DESY, J. Küpper/C. Lopez Gonzalez)

Figure 2

An intense mid-infrared laser pulse hits a ferroelectric LiNbO3 crystal and kicks 

atomic vibrations only in a short depth below the surface, emphasised by the 

bright tetrahedra. Through anharmonic coupling, this strong vibration launches 

a polarisation wave, also called polariton, which propagates throughout the 

remaining depth of the crystal to modulate the ferroelectric polarisation. 

(Credit: MPSD, Jörg Harms)

Figure 1

CSSB staff in front of 

the 'Holsten Gate' after 

teambuilding activities 

at the CSSB retreat in 

Lübeck.

Centre for Structural Systems Biology 
CSSB
Together we investigate the molecular mechanisms of infections!  

After a long period of Corona-related restrictions, opera-
tions returned to almost-normal this year, and CSSB staff 
and scientists focused on reconnecting with one another 
and fostering a spirit of collaboration. To this end, CSSB 
held its first all-staff retreat, featuring a science slam and 
several team-building activities. The retreat was 
followed by a staff celebration of CSSB’s fifth birthday on 
June 29. During our Scientific Advisory Board meeting in Octo-
ber, CSSB scientific staff contributed to presentations, 
discussions and a poster session. All these activities have 
helped to build and strengthen a sense of community at CSSB.  

Research highlights
CSSB scientists combined ‘AlphaFold2‘ with experimental 
and computational techniques to figure out the human 
nuclear pore complex’s architecture in greater detail than 
ever before [1], deciphered two antimicrobial amyloid 
structures using cryo-electron microscopy [2], uncovered a 
novel exit pathway used by the Human Cytomegalovirus 
(HCMV) to spread infection in human cells [3] and revealed 
the architecture, complete functional cycle and the mecha-
nism of the RuvAB branch migration complex, a molecular 
machine involved in homologous recombination and DNA 
repair processes [4]. 

Our scientists are also involved in the development of new 
tools for the infection and structural biology community 
such as a method to predict the immune system’s response 
to individual peptides [5], a biophysical screening pipeline 
for cryo-EM grid preparation of membrane proteins [6], 
StarMap – a user-friendly workflow for computer-assisted 
molecular structure refinement [7] and AlphaPulldown – a 
Python package for protein-protein interaction screens 
using AlphaFold-Multimer [8].

New group leader 
Professor Meytal Landau will start her research group 
at CSSB in spring 2023. She successfully applied for a 

Helmholtz Distinguished Professorship entitled ‘Functional 
fibrils in the fight against pathogens’ and has a joint 
appointment from DESY and the University Medical Center 
Hamburg-Eppendorf (UKE). She will lead a group that 
investigates peptides that are produced across kingdoms 
of life with a prominent function being antimicrobial 
protection through their ability to form amyloid fibrils.

Awards
Charlotte Uetrecht (Univ. Siegen, LIV and DESY) was 
granted the Mattauch-Herzog Award for her development 
of mass spectrometry methods and technologies. The 
award is presented by the ‘Deutsche Gesellschaft für Mas-
senspektrometrie’ (DGMS) and considered one of the most 
prestigious scientific awards in analytical science. This is 
only the second time since its establishment in 1988 that the 
Mattauch-Herzog Award was presented to a woman.

Two postdoctoral scientists working in the Marlovits group 
have received awards: Jiri Wald was awarded the ‘UKE paper 
of the month’ and Catalin Bunduc was granted the ‘van 
Leeuwenhoek Award’ for the best publication as first author. 
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CSSB Partner Institutions
• Bernhard Nocht Institute for Tropical Medicine (BNITM)
• Deutsches Elektronen-Synchrotron DESY
• European Molecular Biology Laboratory (EMBL)
• Forschungszentrum Jülich (FZJ)
• Hannover Medical School (MHH)
• Leibniz Institute of Virology (LIV) 
• Helmholtz Centre for Infection Research (HZI)
• Research Center Borstel (FZB)
• Universität Hamburg (UHH)
• University Medical Center Hamburg-Eppendorf (UKE)

CSSB Stakeholders
• Federal Republic of Germany
• Free and Hanseatic City of Hamburg 
• Federal State of Lower Saxony
• Federal State of Schleswig-Holstein

www.cssb-hamburg.de

Contact: Kay Grünewald, kay.gruenewald@cssb-hamburg.de
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CXNS Partner Institutions
• Helmholtz-Zentrum Hereon, German Engineering Materials Science Centre (GEMS)
• Christian-Albrechts-Universität zu Kiel (CAU), Ruprecht-Haensel-Labor
• Technical University Hamburg (TUHH), Center for Integrated Multiscale Material 

Systems (CIMMS)
• Leibniz-Institut für Kristallzüchtung (IKZ Berlin)

photon-science.desy.de/research/centres_for_research/cxns
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CMWS Partner Institutions
60 partner institutions from 16 countries have expressed their support by a Letter 
of Interest (Fig. 1)
www.cmws-hamburg.de

On 12 April 2022, the long-awaited CXNS opening cele-
bration took place. It was really satisfying to meet in 
person for this occasion. We were able to welcome three 
ministers (Fig. 1): Federal Research Minister Bettina Stark-
Watzinger, Schleswig-Holstein's Minister of Education, 
Science, Research and Cultural Affairs Karin Prien and the 
Senator for Science, Research and Equalities of the City 
of Hamburg Katharina Fegebank. The president of the 
Helmholtz Association (HGF) Prof. Otmar Wiestler, as well as 
the heads of the CXNS cooperation partners, Prof. Matthias 
Rehahn from Hereon, Prof. Simone Fulda from Christian-
Albrechts-Universität zu Kiel (CAU) and project leader 
Dr. Peter Gaal from Leibniz-Institut für Kristallzüchtung (IKZ) 
also joined the event as our guests. Members of the Center 
for Integrated Multiscale Material Systems (CIMMS) – a joint 
research group of DESY and the Technische Universität 
Hamburg (TUHH) – and of course all DESY Photon Science 
groups linked with the building or its laboratories were present.

From late 2021 until spring 2022 onwards, almost all labo-
ratories in the new CXNS building were brought into work-
ing condition. They are now actively used for internal and 
user research in cooperation with the close-by DESY large-
scale facilities PETRA III and FLASH. Interest in all possible 
options of this interconnected research has already ex-
ceeded the capacity of the DESY NanoLab and the other 
laboratories in the CXNS. Thorough planning of manpower 
and capacities, especially in combined access of CXNS 
facilities and the large-scale facilities, is necessary and 

The Centre for Molecular Water Science (CMWS) is an 
international interdisciplinary research centre with a 
focus on molecular water in a variety of different scientific 
disciplines and applications. In tight collaboration with 
partners from all over Europe and beyond, CMWS 
researchers generate a deep understanding of the role 
of molecular water in chemistry, physics and biology, and 
thus provide the knowledge base for future sustainable 
technologies – a driver for innovation and transfer.

Driving water research forward
Numerous central research foci of the CMWS employ the 
X-ray methods available at DESY and European XFEL for 
studying molecular structure and dynamics on different 
timescales and in various environments. In 2022, targeted 
challenge-driven calls of the European XFEL and PETRA III 
were launched for the first time, focusing on ‘molecular 
water science’ in close collaboration with the CMWS. The 
installation of two CMWS laboratories on the DESY campus 
has been continued, offering for example Raman and FT-IR 
spectroscopy to CMWS partners. 

To further strengthen the common research activities, 
an Early Science Program (ESP) was launched by DESY in 
2019, supporting PhD projects between different CMWS 
partners. The programme is jointly financed by DESY and 
CMWS partners with equal contributions. The third call with 
a focus on the research agenda of the CMWS White Paper 
[1] was launched in 2022, and ten new projects are about 
to start. The success of the programme is highlighted by 
more than twelve publications in peer-reviewed journals in 
the last two years. Furthermore, the ESP fellow Christina 
Tonauer (Univ. Innsbruck/DESY) received the prestigious 

taken care of by the research teams at the CXNS and the 
beamlines at PETRA III and FLASH.

Mission of CXNS is to exploit synergies in novel materials, 
sensor technologies, X-ray based new materials imaging 
methods, novel catalyst materials for chemical processes 
and energy conversion as well as time-resolved studies of 
ultrafast processes on surfaces and nanostructures. 

In several mutual activities like joint beamtime proposals 
as well as nationally funded ‘BMBF Verbundforschung’ or 
DFG projects, this valuable interconnection of knowledge 
and facilities has already been proven to be fruitful and 
promising.

In 2023, the establishment of a laser laboratory as part of 
a DESY and IKZ cooperation is planned. It will provide CXNS 
with a femtosecond laser setup for time-resolved studies 
of nanomaterials.

Agnes Pockels Doctoral Award from the Deutsche Bunsen-
Gesellschaft for her work on near-infrared spectroscopy 
on high-density crystalline H2O ices.

First cooperation agreements for external CMWS hubs 
were finalised with the Katholieke Universiteit Leuven 
(Belgium) in the field of nuclear magnetic resonance 
spectroscopy. CMWS worked on different outreach 
projects to highlight the relevance of molecular water 
research and to explain it to a broader audience. In this 
respect, two articles were published in ‘Physik in unserer 
Zeit’ [2] and ‘Physik Journal’ [3]; also ‘FAZ Sonntagszeitung’ 
reported on the CMWS and molecular water research. 
Furthermore, the CMWS and the special anomalies of water 
are discussed in a recent Helmholtz resonator podcast.

Events
The CMWS DAYS took place in March 2022 as an all-online 
event with more than 230 participants. In this meeting, 
highlights of CMWS research were presented, and the 
dedicated calls on water research of European XFEL and 
PETRA III were discussed. The next CMWS Water Days are 
planned for 21-24 February 2023.

The CMWS Lunch Seminar series, which started during 
summer semester of 2021 with a focus on water-related 
science and technology, was successfully continued with 
more than 80 participants on average. The aim of the 
series is to intensify the scientific exchange within the net-
work of the CMWS and to introduce students and young 
scientists to the different research areas of the CMWS. 

In the frame of the PIER workshop series, CMWS research-
ers organised a joint workshop during which researchers 
from DESY, UHH and TUHH exchanged ideas to explore 
future possibilities to further strengthen molecular water 
research in Hamburg.

Contact: Andreas Stierle, andreas.stierle@desy.de

Contact: Claudia Goy, claudia.goy@desy.de

Centre for X-ray and Nano Science 
CXNS
Official opening ceremony in 2022

Centre for Molecular Water Science 
CMWS
Achieving a detailed molecular understanding of water 

Figure 1

At the opening ceremony (from left to 

right): A. Stierle (DESY), O. Wiestler (HGF), 

K. Fegebank (Science Senator City of 

Hamburg), H. Dosch (DESY), K. Prien 

(Science Minister Schleswig-Holstein), 

M. Rehahn (Hereon), S. Fulda (CAU), 

B. Stark-Watzinger (Federal Research 

Minister). (Photo: Daniel Reinhardt, DESY)

Figure 1

The CMWS network of partners. 



114 | News and Events114 | Science Highlights | Quantum, atomic and molecular science Facts and Numbers | 115114 | Facts and Numbers

Facts and Numbers
  > FLASH – Experimental halls and parameters 116

  > PETRA III – Experimental halls and parameters  117

  > FLASH – beamlines  118

  > PETRA III – beamlines  120  

  > Beamtime statistics 2022  122

  > DESY NanoLab – instruments  123

  > Committees 2022 124

  > Project Review Panels 2022 125



116 | Facts and Numbers Facts and Numbers | 117

FLASH
Experimental halls and parameters

FLASH – machine parameters

Electron energy range 
Normalised emittance at 0.4 nC (rms) 

Energy spread 
Electron bunch charge 

Peak current
Electron bunches per second (shared between FL1 and FL2)

FLASH1
0.35–1.35 GeV
0.4 mm mrad 
200 keV
0.01–1.2 nC
1–2.5 kA
5000

FLASH2
0.4–1.35 GeV
0.4 mm mrad
500 keV
0.01–1 nC 
1–2.5 kA
5000

FLASH – lasing parameters 

Photon energy fundamental 
Wavelength fundamental

Photon pulse duration (FWHM)
Peak power 

Single photon pulse energy (average)
Spectral width (FWHM)

Photons per bunch
Peak brilliance photons/sec/mm2/mrad2/0.1%

FLASH1
24–360 eV 
51–3.4 nm 
30–200 fs
1–5 GW
1–500 µJ
0.7–2%
1011–1014

1028–1031  

FLASH2
14–370 eV
90–3.3 nm
10–200 fs
1–5 GW
1–1000 µJ
0.5–2%
1011–1014

1028–1031

PETRA III
Experimental halls and parameters

PETRA III – machine parameters 
Electron energy

Circumference of the storage ring

Number of bunches

Bunch separation

Electron beam current

Horizontal electron beam emittance
Vertical electron beam emittance

Electron beam energy spread (rms)

6.08 GeV
2304 m

 40 (timing mode)
480 (continuous mode)

192 ns (timing mode)
  16 ns (continuous mode)

100 mA (timing mode)
120 mA (continuous mode) 

1.3 nmrad
0.01 nmrad
0.1%

141 µm × 5.2 µm

36 µm × 5.7 µm
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Horizontal × vertical beam size (rms) at 5 m 
undulator (high β section) and 10 keV photon energy

Horizontal × vertical beam size (rms) at 5 m 
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FLASH
Beamlines
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PETRA III
Beamlines
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DESY NanoLab
Instruments

PETRA III
Beamlines
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DESY NanoLab
Instruments Operated by

Sample preparation DESY
(CXNS, ground floor, laboratory 006a and 006b)
2 UHV sample preparation chambers DESY
Low energy electron diffraction DESY
Zn evaporation chamber DESY
Auger electron spectroscopy DESY 
UHV multi flange tunnel chamber DESY  
Surface spectroscopy DESY
(CXNS, ground floor, laboratory 006a and 006b)
UHV Infrared reflection absorption spectroscopy (IRRAS) DESY
X-ray photoelectron spectroscopy (XPS) DESY
Ultraviolet photoelectron spectroscopy (UPS) DESY 
X-ray diffraction DESY
(building 25, laboratory 023)
UFO chamber, 2 mini reactors, 2 gas mixer DESY
2 in situ UHV chambers DESY
Reflectometer DESY
2 six-circle diffractometers DESY
Microscopy and nanomanipulation
(CXNS, ground floor, laboratories 001-004, 006a 
PETRA III experimental hall ‘Max von Laue’, 47c, laboratory L096)

DESY

Scanning Auger microscope (SAM) DESY
Dual-beam focused ion beam (FIB-SEM) DESY | Bayreuth University
High-resolution scanning electron microscope (HR-SEM) DESY
Versatile high-resolution atomic force microscope (AFM) DESY
UHV scanning tunnelling / atomic force microscope (UHV-STM/AFM) DESY
Optical polarisation microscope DESY
Sputter coater DESY
Physical and magnetic sample characterisation
(CXNS, ground floor, laboratories 014 and 015)

DESY

Superconducting magnet DESY
Sample cryostat DESY
Vibrating sample magnetometer DESY 
AC Susceptibility DESY 
AC and DC resistivity and Hall effect DESY
AC calorimetry DESY
Thermal transport DESY
Magnetic microscopy DESY
Electrocatalysis and electrochemistry
(building 25b, laboratory 027)

DESY

Rotating disc electrode surface X-ray diffraction setup DESY
Combined infrared X-ray diffraction setup DESY | FAU Erlangen-Nürnberg
Hanging meniscus cell, flow cell DESY
Langmuir trough DESY | CAU Kiel

Beamtime statistics 2022
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Project Review Panels 2022Committees 2022           
Photon Science Committee PSC — advises the DESY Photon Science management

Christian David (chair) Paul Scherrer Institut, Villigen, CH
Stefan Eisebitt (vice chair) MBI and Technische Universität Berlin, DE
Serena DeBeer MPI-CEC, Mülheim an der Ruhr, DE
Kristina Djinovic-Carugo Universität Wien, AT
Jan-Dierk Grunwaldt Karlsruher Institut für Technologie, Karlsruhe, DE
Mark Heron Diamond Light Source Ltd, Didcot, UK
Simo Huotari University of Helsinki, FI
Oxana Klementieva Lund University, SE
Sarah Köster Georg-August-Universität Göttingen, DE
Michael Krisch ESRF, Grenoble, F
Jan Lüning Helmholtz-Zentrum Berlin, DE
Edvin Lundgren Lund University, SE
Thomas Pfeifer MPI for Nuclear Physics, Heidelberg, DE
Daniela Rupp Eidgenössische Technische Hochschule Zürich, CH
Bernd Schmitt Paul Scherrer Institut, Villigen, CH
Thomas Schröder Humboldt-Universität zu Berlin and IKZ, Berlin, DE
Andrea Somogyi Synchrotron SOLEIL, Saint-Aubin, FR
Stefan Vogt Argonne National Laboratory, Lemont, US
Nele Müller, Hermann Franz (PSC secretaries) DESY, Hamburg, DE

Komitee Forschung mit Synchrotronstrahlung KFS — representative body of the German 
SR and FEL user community
Jan-Dierk Grunwaldt (chair) Karlsruher Institut für Technologie, Karlsruhe, DE
Sarah Köster (vice chair) Georg-August-Universität Göttingen, DE
Taisia Gorkhover Universität Hamburg, DE
Christian Gutt Universität Siegen, DE
Birgit Kanngießer Technische Universität Berlin, DE
Dirk Lützenkirchen-Hecht Bergische Universität Wuppertal, DE
Bridget Murphy Christian-Albrechts-Universität zu Kiel, DE
Andrea Thorn Universität Hamburg, DE

Jonathan Zuegel (chair) Laboratory for Laser Energetics, Rochester, US
Miltcho Danailov Elettra-Sincrotrone, Trieste, IT
Thomas Dekorsy Deutsches Zentrum für Luft- und Raumfahrt e.V., Stuttgart, DE
Alan Fry SLAC, Menlo Park, US
Catherine Le Blanc Ecole Polytechnique, Laboratoire LULI, FR
Emma Springate STFC Rutherford Appleton Laboratory, UK
William White SLAC National Accelerator Laboratory, Menlo Park, US
Andreas Galler (LAC secretary) European XFEL, Schenefeld, DE
Nele Müller (LAC secretary) DESY, Hamburg, DE

Laser Advisory Committee LAC — advises DESY and European XFEL

Peter Müller-Buschbaum (chair) Technische Universität München, DE
Natalia Dubrovinskaia Universität Bayreuth, DE
Markus Mezger MPI für Polymerforschung, Mainz, DE
Daniela Rupp Eidgenössische Technische Hochschule Zürich, CH
Gregor Witte Ludwig-Maximilians-Universität München, DE

DESY Photon Science User Committee DPS-UC — represents the user community

Cormac McGuinness (ESUO President) Trinity College Dublin, IE
Carla Bittencourt Université de Mons, BE
Wojciech Gawelda Universidad Autónoma de Madrid, ES
Tom P. Hase University of Warwick, UK
Rainer Lechner Montanuniversität Leoben, AT
Derek Logan Lund University, SE
Bridget Murphy Christian-Albrechts-Universität zu Kiel, DE
Moniek Tromp Rijksuniversiteit Groningen, NL

For national delegates please see: www.esuo.eu/user-representation/user-delegates-representatives/

The European Synchrotron and FEL User Organisation ESUO (Executive Board)

Bulk and surface diffraction P08 | P23 | P24

Derek (Del) Atkinson Durham University, UK 
Jan Ingo Flege Brandenburgische Tech. Univ. Cottbus-Senftenberg, DE
Michael Hanke Paul-Drude-Institut für Festkörperelektronik, Berlin, DE 
Christiane A. Helm Universität Greifswald, DE 
Beate Kloesgen Syddansk Universitet Odense, DK 
Fouad Maroun Ecole Polytechnique Palaiseau, FR 
Reinhard Neder Friedrich-Alexander-Universität Erlangen-Nürnberg, DE
Beatriz Noheda Universiteit Groningen, NL 
Oliver Oeckler Universität Leipzig, DE 
Sander van Smaalen Universität Bayreuth, DE 
Hans-Georg Steinrück Universität Paderborn, DE
Chandan Upadhyay Indian Institute of Technology, Varanasi, IN
Matthias Zschornak Technische Universität Bergakademie Freiberg, DE
Florian Bertram, Dimitri Novikov, 
Martin Tolkiehn (PRP secretaries) DESY, Hamburg, DE

Coherent applications P10

Sylvain Bohic Research Centre INSERM, Grenoble, FR 
Manfred Burghammer ESRF, Grenoble, FR 
Ralf Busch Universität des Saarlandes, Saarbrücken, DE
Birgit Hankiewicz Universität Hamburg, DE 
Michael Paulus Universität Dortmund, DE
Ullrich Pietsch Universität Siegen, DE
Beatrice Ruta Université Claude Bernard, Lyon, FR 
Jesper Wallentin Lund University, SE 
Michael Sprung (PRP secretary) DESY, Hamburg, DE

EXAFS P64 | P65

Dmitry Doronkin Karlsruher Institut für Technologie, Karlsruhe, DE
Stephan Klemme Westfälische Wilhelms-Universität, Münster, DE
Dorota Koziej Universität Hamburg, DE
Aleksej Kuzmin University of Latvia, Riga, LV 
Dooshaye Moonshiram Materials Science Institute of Madrid, ES
Christina Roth Universität Bayreuth, DE 
Karel Saksl Slovak Academy of Sciences, Kosice, SK 
Claudia Schnohr Universität Leipzig, DE
Roland Schoch Universität Paderborn, DE
Kajsa Sigfridsson Clauss MAX IV Laboratory, Lund, SE 
Andrea Zitolo Synchrotron SOLEIL, Gif-sur-Yvette, FR 
Wolfgang Caliebe, Edmund Welter (PRP secretaries) DESY, Hamburg, DE

Extreme conditions P02.2 | P61 LVP

Martin Bremholm Aarhus University, DK
Daniel Errandonea Universitat de València, ES
Nadège Hilairet Université des Sciences et Techniques, Lille, FR 
Holger Kohlmann Universität Leipzig, DE
Sergey Lobanov Deutsches GeoForschungsZentrum, Potsdam, DE
Paolo Lotti Università degli Studi di Milano Statale, Milano, IT
Sergey Medvedev MPI für Chemische Physik fester Stoffe, Dresden, DE
Marco Merlini Università degli Studi di Milano Statale, Milano, IT 
Hauke Marquardt University of Oxford, UK
Guillaume Morard Sorbonne Université, Paris, FR 
Chrystele Sanloup Sorbonne Université, Paris, FR
Bjoern Winkler Goethe-Universität Frankfurt am Main, DE
Tony Withers Universität Bayreuth, DE
Hanns-Peter Liermann, Robert Farla 
(PRP secretaries) DESY, Hamburg, DE

HAXPES P22

Maria Hahlin Uppsala Universitet, SE 
Martina Müller Universität Konstanz, DE
Christian Papp Friedrich-Alexander-Universität Erlangen-Nürnberg, DE
Christoph Rameshan Technische Universität Wien, AT
Anna Regoutz University College London, UK 
Vladimir N. Strocov Paul Scherrer Institut, Villigen, CH
Christoph Schlüter (PRP secretary) DESY, Hamburg, DE
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High energy diffraction P07 (DESY) | P21.1 | P21.2

Frauke Alves Georg-August-Universität, Göttingen, DE
Emil Bozin Brookhaven National Laboratory, Upton, US
William Brant Uppsala Universitet, SE
Olaf Borkiewicz Argonne National Laboratory, Lemont, US
Per-Anders Carlsson Chalmers Tekniska Högskola, Gothenborg, SE 
Magnus Colliander Chalmers Tekniska Högskola, Gothenborg, SE 
Margit Fabian Centre for Energy Research, MTA, Budapest, HU
Jens Gibmeier Karlsruher Institut für Technologie, Karlsruhe, DE
Julia Herzen Technische Universität München, Garching, DE
Kirsten Marie Jensen University of Copenhagen, DK 
Simon Kimber Université Bourgogne Franche-Comté, Dijon, FR
Matt Miller Cornell University, Ithaca, US
Herbert Over Justus-Liebig-Universität, Gießen, DE 
Tobias Ritschel Technische Universität Dresden, DE
Joachim Wollschläger Universität Osnabrück, DE 
Ann-Christin Dippel, Martin von Zimmermann, 
Ulrich Lienert (PRP secretaries) DESY, Hamburg, DE

Imaging P05 | P06

Matthias Alfeld Delft University of Technology, NL 
Martin Bech Lund University, SE 
Ulrike Boesenberg European XFEL, Schenefeld, DE 
Asuncion Carmona Centre d'Etudes Nucléaires de Bordeaux Gradignan, FR
David Fenning University of California, San Diego, US 
Frank Friedrich Universität Hamburg, DE
Sebastian Kalbfleisch MAX IV Laboratory, Lund, SE
Florian Meirer University of Utrecht, NL 
Bert Mueller Universität Basel, Allschwil, CH
Guillermo Requena RWTH Aachen, DE 
Jürgen Thieme Brookhaven National Laboratory, Upton, US 
Katarina Vogel-Mikus University of Ljubljana, SI 
Ulrich Vogt Royal Institute of Technology, Stockholm, SE
Benjamin Wipfler Zool. Forschungsmuseum Alexander Koenig, Bonn, DE
Fabian Wilde, Gerald Falkenberg (PRP secretaries) DESY, Hamburg, DE

Inelastic, magnetic and resonant scattering                                                                                          P01 | P09

Manuel Angst Forschungszentrum Jülich GmbH, DE 
Elizabeth Blackburn Lund University, SE 
Kristina Kvashnina Helmholtz-Zentrum Dresden-Rossendorf (HZDR), DE
Catherine McCammon Universität Bayreuth, DE 
Daniel Merkel Wigner Research Centre for Physics, Budapest, HU 
Marco Moretti Politecnico di Milano, IT 
Valerio Scagnoli ETH Zürich, CH 
Volker Schünemann Technische Universität Kaiserslautern, DE
Joachim von Zanthier Friedrich-Alexander-Universität Erlangen-Nürnberg, DE
Ilya Sergeev, Sonia Francoual (PRP secretaries) DESY, Hamburg, DE

Materials science (Hereon) P07 (Hereon) | P61 (Hereon)

Jeremy Epp Leibniz-IWT, Bremen, DE
Guillaume Geandier Institut Jean Lamour, Nancy, FR
Astrid Haibel Beuth Hochschule für Technik, Berlin, DE
Christian Krempaszky Technische Universität München, DE
Ingo Manke Helmholtz-Zentrum Berlin f. Materialien und Energie, DE
Thomas Niendorf Universität Kassel, DE
Wolfgang Pantleon Technical University of Denmark, Lyngby, DK 
Walter Reimers Technische Universität Berlin, DE
Georg Schulz Universität Basel, CH
Carsten Siemers Technische Universität Braunschweig, DE
Dieter Lott (PRP secretary) Helmholtz-Zentrum Hereon, DE

SAXS/WAXS/GISAXS P03 | P62

Alexander Gerlach Universität Tübingen, DE
Thomas Hellweg Universität Bielefeld, DE
Marianne Liebi Chalmers Tekniska Högskola, Gothenborg, SE 
Fredrik Lundell Royal Institute of Technology, Stockholm, SE 
Giuseppe Portale Universiteit Groningen, NL
Konrad Schneider Leibniz-Institut für Polymerforschung Dresden e.V., DE
Qi Zhong Zhejiang Sci-Tech University, Hangzhou, CN
Stephan Roth, Sylvio Haas (PRP secretaries) DESY, Hamburg, DE

Soft X-ray and VUV P04 | P66

Yves Acremann ETH Zürich, CH 
Paola Bolognesi CNR-ISM, Istituto di Struttura della Materia, Roma, IT
Arno Ehresmann Universität Kassel, DE
Mark Golden Universiteit van Amsterdam, NL 
Aleksandr Luštšik University of Tartu, EE
Jan-Erik Rubensson Uppsala Universitet, SE 
Yasmine Sassa Chalmers Tekniska Högskola, Gothenborg, SE
Emma Sokell University College Dublin, IE 
Anna Vedda Università di Milano-Bicocca, Milano, IT
Moritz Hoesch, Aleksei Kotlov (PRP secretaries) DESY, Hamburg, DE

Soft X-ray FEL experiments FLASH

Christoph Bostedt Paul Scherrer Institut, Villigen, CH
Majed Chergui École Polytechnique Fédérale de Lausanne, CH
Hermann Dürr Uppsala Universitet, SE 
Irene Groot Universiteit Leiden, NL
Marion Harmand Sorbonne Université, Paris, FR 
Michael Meyer European XFEL, Schenefeld, DE
Robert Schoenlein SLAC National Accelerator Laboratory, Menlo Park, US 
Christian Schüssler-Langeheine Helmholtz-Zentrum Berlin, DE
Marc Simon Sorbonne Université, Paris, FR 
Julia Stähler Humboldt-Universität zu Berlin, DE
Martin Weinelt Freie Universität Berlin, DE
Philippe Wernet Uppsala Universitet, SE
Elke Plönjes-Palm, Rolf Treusch (PRP secretaries) DESY, Hamburg, DE

PEC: EMBL Life Science beamlines P12–P14 / PRP Bio-crystallography at P11

Savvas Savvides Ghent University, BE
Pau Bernadó CBS/CNRS, Montpellier, FR
Gwyndaf Evans Diamond Light Source, Didcot, GB
Robert Fischetti Argonne National Laboratory, Lemont, US
Mariusz Jaskolski Adam Mickiewicz University of Poznan, PL
Gergely Katona University of Gothenburg, SE
Annette E. Langkilde University of Copenhagen, DK
Javier Pérez Synchrotron SOLEIL, Saint-Aubin, FR
Teresa Santos-Silva Universidade NOVA de Lisboa, PT
Zehra Sayers Sabanci University, Istanbul, TR
Joel L. Sussman Weizmann Institute of Sciences, Rehovot, IL
Maria A. Vanoni Università degli Studi di Milano, IT
Mark J. van Raaij Centro Nacional de Biotecnologia, Madrid, ES
Gregor Witte Ludwig-Maximilians-Universität München, DE
Christian Schroer (DESY observer) DESY, Hamburg, DE

Powder diffraction P02.1

Dorthe Bomholdt Ravnsbæk Syddansk Universitet, Odense, DK 
Gregor Kieslich Technische Universität München, Garching, DE
Michael Knapp Karlsruher Institut für Technologie, Karlsruhe, DE
Daria Mikhailova Leibniz-Institut für Festkörper- und Werkstoff-  

forschung, Dresden, DE
Martin Sahlberg Uppsala Universitet, SE 
Anatoliy Senyshyn Technische Universität München, Garching, DE
Florian Spieckermann Montanuniversität, Leoben, AT
Claudia Weidenthaler MPI für Kohlenforschung, Mülheim a.d. Ruhr, DE
Mirijam Zobel Universität Bayreuth, DE
Martin Etter (PRP secretary) DESY, Hamburg, DE

Project Review Panels 2022
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The Helmholtz Association is a community of 18 scientific-technical and biological-medical 

research centres. These centres have been commissioned with pursuing long-term research
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It does this by identifying and working on the grand challenges faced by society, science 
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